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Preface

It was 1964 when Dr. Richard Feynman (Noble Laureate in Physics) delivered his
famous lecture, “There is Plenty of Room at the Bottom.” In this lecture, he gave
the concept of nanomaterials and predicted the possibility to put the entire 24
volumes of the Encyclopedia of Britannica under the head of a pin. Since then,
there is rapid development in the field of nanotechnology and today, what was
considered impossible is now a reality.

In the past few decades, nanomaterials and nanotechnology emerged from
fundamental concepts into a vast range of applications covering every aspect of life.
The unique properties of nanomaterials, especially contemporary nanomaterials
(CNMs), have played a prominent role in the nanotechnology revolution. The most
eye-catching features of these structures are their electronic, mechanical, optical,
and chemical characteristics, which open numerous avenues to future applications.
However, continuous discovery of new CNMs and rapid development in nan-
otechnology make it difficult for the industries to stay up-to-date with the
fast-changing technology landscape. Further, it is a challenging task to bring
CNMs from laboratory to market. Therefore, the latest developments and findings
of CNMs need to be highlighted to bridge the gap between the latest research and
its technical realization. Currently, the literature on CNMs is scattered into original
articles and review papers. This book would categorize this subject and provides an
overview and critical commentary that will be an invaluable reference for
researchers, scientists, and students, studying and working with nanomaterials for
engineering applications.

v



This book intends to introduce readers to a broad view of nanomaterials, from
fundamental principles to fabrication techniques, and from characterization to
applications. It is primarily intended as a reference book for graduate students in
materials science and other related engineering fields. It will also serve as a ref-
erence book for professionals that are interested in this field.

Miri, Sarawak, Malaysia Nabisab Mujawar Mubarak
Petaling Jaya, Malaysia Mohammad Khalid
Sepang, Malaysia Rashmi Walvekar
Petaling Jaya, Malaysia Arshid Numan

vi Preface



Contents

Importance of Nanomaterials in Engineering Application . . . . . . . . . . . 1
Lau Yien Jun, Fahad Saleem Ahmed Khan, Nabisab Mujawar Mubarak,
Lau Sie Yon, Chua Han Bing, Mohammad Khalid, and E. C. Abdullah

Graphene and Its Composites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
Marlinda Ab Rahman, Suresh Sagadevan, and Mohd Rafie Johan

Carbon Nanotubes and Their Composites: From Synthesis
to Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
Mahesh Vaka, Rashmi Walvekar, and Swarnalatha Yanamadala

Synthesis of Nanoclay Composite Material . . . . . . . . . . . . . . . . . . . . . . . 69
Pratap Kumar Deheri and Biswabandita Kar

Metal-Organic Frameworks (MOFs) . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
Nurul N. M. Ishak, N. N. M. Khiruddin, N. Nasri,
and T. B. S. A. Ravoof

Conducting Polymers and Their Composites . . . . . . . . . . . . . . . . . . . . . 147
Ankit Jadhav, Sundus Saeed Qureshi, Harshit Jadhav, Sabzoi Nizamuddin,
Abdul Sattar Jatoi, Shaukat Ali Mazari, Israr Ahmed,
Humair Ahmed Baloch, M. T. H. Siddiqui, and Nabisab Mujawar Mubarak

Two-Dimensional Transition Metal Carbides and Nitrides (MXenes):
Synthesis to Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179
Muhammad Zahir Iqbal and Saman Siddique

Chalcogenides Nanocrystals and Its Applications . . . . . . . . . . . . . . . . . . 201
Arunachalam Arulraj, U. Mehana Usmaniya, Govindan Senguttuvan,
Vadivel Sivakumar, and Mohammad Khalid

Quantum Dots Synthesis and Application . . . . . . . . . . . . . . . . . . . . . . . 229
Jaison Jeevanandam, Satheesh Kumar Balu, Swetha Andra,
Michael K. Danquah, Manisha Vidyavathi, and Murugesan Muthalagu

vii



Synthesis of Thin Film and Its Application . . . . . . . . . . . . . . . . . . . . . . 267
Sohail Ahmed and Shahzad Abu Bakar

Synthesis, Spectroscopic Characterization and Applications
of Tin Dioxide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 285
Hawazin Alghamdi, Benjamin Concepcion, Shankar Baliga,
and Prabhakar Misra

Perspective Future Development of Nanomaterials . . . . . . . . . . . . . . . . 319
Jamal Akhter Siddique and Arshid Numan

viii Contents



Importance of Nanomaterials
in Engineering Application

Lau Yien Jun, Fahad Saleem Ahmed Khan, Nabisab Mujawar Mubarak,
Lau Sie Yon, Chua Han Bing, Mohammad Khalid, and E. C. Abdullah

Abstract Nanomaterials have gained prominence in technological advancement
due to their exceptional tunable properties and enhanced performance over their bulk
counterparts. These nanomaterials are revolutionising various industrial applications
due to their outstanding, and unique characteristics. In this chapter, a summary of
the fundamental engineering concept of nanomaterial, particularly carbon nanomate-
rials are included. Besides, this chapter also highlights the engineering applications
of nanomaterials in diverse industrial fields, such as biomedical, food processing,
biotechnology, environmental remediation, construction, renewable energy, elec-
tronics, and energy storage. Lastly, the potential effects of nanomaterials on human
health are briefed. In short, nanomaterials are expected to bring breakthrough
development field of the leading cutting edge of nanotechnology.

Keywords Nanotechnology · Nanomaterials · Engineering applications

1 Introduction

Nanomaterials are defined as the materials that possess one or more external dimen-
sionswith a dimensional size ranging from1 to 100 nm.Richard Feynman,whowas a
Nobel Prize winning American physicist, was broadly credited with the kick-starting
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of the modern interest in nanotechnology [21]. In the year 1959, he gave a visionary
talk at an annual meeting of an American Physical Society, entitled “There’s plenty
of room at the bottom”. In his speech, he laid the conceptual foundations of manipu-
lating individual atoms andmolecules at the atomic level using tiny and precise tools.
In the year 1974, a Japanese Professor Norio Taniguchi had termed this field as “nan-
otechnology”, which describes the level of precision in manufacturing materials at
the nanometre scale [87].

In the past decades, nanomaterials are growing explosively worldwide as an
important product of nanotechnologies owing to their extraordinary physiochem-
ical properties. Nanomaterials offer unique functional applications as they possess a
high surface to volume ratio, as well as superior mechanical, chemical, and physical
properties. Figure 1 illustrated the comparison of the sizes of nanomaterials.

It is essential to fabricate nanomaterials with high functionality and suitable prop-
erties for various applications. Generally, there are two approaches to synthesise
nanomaterials, which are the “Top-down” and “Bottom-up” methods. For “Top-
down” approach, it involves making structures and devices from bulk materials
without specific control at the atomic level. One of the main benefits of “Top-down”
method is the large scale production in the industrial setting [29]. Nevertheless, the
main shortcomings of this method are high cost and energy consumption, lengthy
processing time, and the deformation of surface structures [88]. The examples of
“Top-down” method including mechanical milling, cutting, chemical etching, laser
ablation, electro-explosion, and lithography.

On the contrary, the “Bottom-up” method involves the assembly of atomic scale
materials to generate a controlled nanostructure. The advantages of this method are
economical technique, controllable particle size, surface properties, and deposition
parameters [8]. Nonetheless, the disadvantages of this method are difficulty in mass
production, and chemical purification of nanomaterials is required [38]. The physical

Fig. 1 Comparison of nanomaterial sizes
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and chemical processing “Bottom-up” methods are by spinning, atomic layer depo-
sition, vapour-phase deposition, electrolytic deposition, self-assembled monolayer,
spray pyrolysis, and sol–gel method.

2 Type of Nanomaterials

They are various type of nanomaterials, which can be classified into organic and inor-
ganics categories, as shown in Fig. 2. For organic groups, it consists of carbon-based
nanomaterials, such as fullerene, single-walled carbon nanotube (CNT), graphene
and buckyball. On the other hand, the inorganics group can be further categorised
into metal, metal oxide and quantum dots categories. The commonly used metal and
metal oxide nanomaterials are gold (Au), aluminium (Al), silver (Ag), copper (Cu),
zinc (Zn), aluminium oxide (Al2O3), silicon oxide (SiO2), iron oxide (Fe2O3), tita-
nium dioxide (TiO2), and copper oxide (CuO). Moreover, the examples of quantum
dots are cadmium selenide (CdSn) and zinc sulphide (ZnS).

Nanomaterials can be classified further into several classes based on their shapes
and number of dimensions. For instances, zero-dimensional (0-D), one-dimensional
(1-D), two-dimensional (2-D) and three-dimensional (3-D). 0-D nanomaterials
exhibit in spherical and clusters forms, such as fullerene, gold and silver nanoparti-
cles. Besides, 1-D nanomaterials show in tube, wire, fibre or rod forms, for example,
carbon nanotube (CNT).Additionally, 2-Dnanomaterials are in films or sheets forms,
such as graphene or graphene oxide (GO). Furthermore, 3-D nanomaterials are in
3-D structure, such as diamond and graphite. These nanomaterials can be exhibit in
amorphous or crystalline structures. Figure 3 displayed the types of nanomaterials
in various dimensions. In this section, carbon-based nanomaterials are highlighted
due to their wide applicability in diverse fields.

Fig. 2 Types of nanomaterial
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Fig. 3 Type of nanomaterials with different dimensions

2.1 Fullerene (0-D)

Fullerenes are molecular composed of carbon, which are also known as Buckyball
or Buckminister fullerene (C60). Their first discovery in the year 1985 by Kroto
et al. [48], was awarded Nobel prize in chemistry 10 years later. They are made of
carbon atoms in the form of tube, ellipsoid or hollow spherical shapes. Fullerene
exhibited in several unique properties such as exceptional durability, high electron
affinity, extraordinary radical scavengers, and ease of modification. Nevertheless,
the insolubility of fullerene in the polar solvent has restricted its applicability. The
attention of fullerene has reduced gradually recently with the increasing focus on the
research of CNT and graphene-based materials.

2.2 Carbon Nanotubes (1-D)

CNTs are cylindrical carbon structures with diameters in the range of a nanometre.
CNTs aremainly categorised as single-walled carbon nanotube (SWCNT) andmulti-
walled carbon nanotube (MWCNT) based on their structure and geometry. SWCNT
is formed by rolling up a single sheet of graphene, while MWCNT is formed by
rolling up multiple sheets of graphene. CNTs have received considerable attention in
diverse fields of science since their discovery. This is because of their exceptional and
desirable characteristics, such as extraordinary mechanical, thermal, and electrical
properties. Besides, the surface properties of theCNTs can be engineered and tailored
easily according to the application required [34, 42]. A wide range of application
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possibilities has been explored with CNTs, such as their use in pharmaceutical,
medicine, biosensor, bioremediation, biofuel cell development, agriculture and food
processing industries [43, 55, 61, 96].

2.3 Graphene and Its Derivatives (2-D)

Graphene is a single layer of sp2 hybrid bonded carbon atoms packed in the form of
a two-dimensional and hexagonal honeycomb structure. The discovery of graphene
by Konstantin Novoselov and Andre Geim in 2004 has received immense attention
to exploring its potential applications [67]. The most commonly used method for
synthesis of graphene and its derivatives are chemical vapour deposition (CVD),
epitaxial growth, and mechanical exfoliation methods [50]. Graphene and its deriva-
tives have unique chemical, physical, electronic, optical, and thermal properties [93].
Due to these excellent features, graphene and its derivatives have gained attention in a
broad spectrum of applications, prominently in the biomedical, electronic, biosensor,
energy storage and environmental pollution control [36, 99].

2.4 Graphite (3-D)

Graphite is a layered honeycomb structure, where multiple layers of graphene sheets
are bonded through weak Van derWaals forces, with sp2 hybridised crystal structure.
It is also known as one of the world’s softest minerals. Pristine graphite can be
classified into three major types, which are a crystalline flake, vein or lump, and
amorphous graphite [92]. Nevertheless, pristine graphite is not often used due to their
brittle nature, shear-planes and inconsistent mechanical properties [25]. The most
common application of graphite is in lithium-ion batteries, lubricants, refractories,
and lead pencils [39, 44].

3 Nanomaterial for Engineering Application

For the past few decades, the rapid development of nanotechnology has made a
massive revolution in various industrial applications [20, 91]. The emergent features
of nanomaterials, such as superior mechanical, chemical, optical, thermal and elec-
trical properties, make them received tremendous attention among researchers in
multidisciplinary fields [55, 61, 96]. Today, the use of nanomaterials is increasing
with widespread commercial applications in consumer products, such as cosmetics,
food agriculture, electronics and automobile, and so forth. Also, the technical appli-
cations of nanotechnology have extended to techniques in various fields, such as
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Fig. 4 Application of
nanomaterials in various
industries fields

biotechnology, construction, renewable energy, andbiomedical.Moreover, nanotech-
nology also provides solutions to environmental challenges, particularly in the
areas of wastewater treatment and air pollution treatment. Figure 4 displayed the
applications of nanomaterials in various industry sectors.

Nanomaterials have a noticeable impact on various applications in biomedical
fields, such as therapy, biosensor, diagnosis, novel approaches for treatment, as
well as prevention. In addition, nanomaterials can be used in various forms, such
as thin film coating, reinforced or filler materials, or connecting materials. As
compared to conventional materials, nanomaterials can produce lighter, stronger,
bacteria-resistant, and corrosion-resistantmaterials. Examples of nanomaterials used
in everyday applications are sports equipment, cosmetics, and automobiles. More-
over, nanomaterials play an important role in electrical and electronics applica-
tions as it can provide a larger storage capacity with lower power consumption.
In recent years, nanotechnology is employed in environmental remediation applica-
tions, particularly in the fields of wastewater treatments. Also, in the food industry,
nanomaterials are used for antimicrobial and antioxidant agents, to prolong the shelf
life and the freshness of food. Furthermore, nanotechnology has also made a signif-
icant impact on renewable energy, particularly energy conversion and storage. Few
of the nanomaterials applications are briefly described in the next section, whereas
the application of nanomaterials based on various fields is listed in Table 4.
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Fig. 5 Nanomaterials
employed in cosmetic
products

Nanomaterials 
in Cosme�c  
Industries

Metal and 
Metal 
oxides

Carbon

Vesicular 
Lipids

Nanoclays 
and Silica

Synthe�c 
Polymers

Solid 
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3.1 Cosmetics and Personal Products

The primary use of nanomaterials in cosmetics is to improve the distribution of
cosmetic constituents into the skin. The minor size of lipids vesicles can allow these
materials to be immersed more rapidly into skin. Scientific researches to validate
these statements have given differing outcomes. These can be because of the study
surroundings, for instance, size and strength of nanoparticles thatmake it challenging
to attain steady results even within the similar lab [35]. Varying physico-chemical
properties of vesicles can also cause changes in the interaction with the skin. Few
vesicles that cannot infiltrate the skin can conveniently release their constituents onto
the skin’s surface in away that eases uptake and penetration into the skin’s layers [65].
Moreover, nanomaterials can be employed to impart stability to formulations that
have constituents that can decompose because of oxidation and various other reasons.
Nevertheless, carrier nanoparticles might have strength concerns upon application
to the skin.

Nanoparticles of zinc oxide (ZnO) and titanium oxide (TiO2) are commonly
employed in sunscreen drug products. However, they can also be used in cosmetic
goods (where the subsequent product can be cosmetic or drug) [68]. These nano-
materials effectively block ultra-violet (UV) rays but also result in a translucent
formulation that is attractive to the customer (Fig. 5).

Silver nanoparticles have been used as preservative/anti-bacterial agents in
customer products. Cosmetic goods in theUnited States cannot provide anti-bacterial
claims as this claim is linked with physiological function; therefore, it uses in drugs
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Table 1 Recent studies on cosmetic product using nanomaterials

Nanomaterial Description pH Penetration References

Quantum dot-655/COOH Shape: Ellipsoid
Diameter: 6–12 nm
Hydrodynamic diameter: 18 nm
Skin: Pig

9 Negative [78]

Quantum dot-655/PEG Skin: Human stratum corneum 8.3 Negative [18]

TiO2 nanparticles Particle size: 200 nm
Skin: Pig

– Negative [23]

TiO2 nanparticles in oil/water Paricle size: 10 × 50 nm
Skin: Pig

– Negative [79]

ZnO nanoparticles Skin: Human epidermal – 0.03% [102]

Size: 15–30 nm
Duration: 24 h
Skin: Human

– Negative [64]

are limited. Furthermore, nano-silver is also not listedCosmeticDirective of theEuro-
pean Union (Annex-5) [70], which is the list of approved preservatives permitted in
cosmetic products (Table 1).

3.2 Automobiles and Transportation

According to the United Nations, it is estimated that globally vehicle fleet will be
double from 750 × 108 million today to around 1.5 × 109 by 2030 [31]. It raised
the question linked to the safety of passengers, traffic regulation system, contam-
inant reduction and adequate recycling at the end of value added chain to protect
scarce resources are turning more crucial. In regard to these concerns, nanotech-
nology contributes significantly to essential development and fabrication of advanced
processes and materials in a different sector, particularly in the automobile industry.
For example, new era tyres attained their high durability, mileage as well as grip via
nano-scale soot particles and silica [63].Materials with nano-scale layer and particles
have valuable impacts on the interior and exterior surfaces, on the body/engine and
drive. Nanomaterials are employed to different body parts, tyre, engines, interiors,
emissions, electronics and chassis. The nanomaterials linked with automobiles are
briefly described below:

a. Light-Weight Body Parts

One of the most known topics associated with automobiles is its weight reduction.
The light weight automobiles will increase fuel efficiency, decrease manufacturing
cost and cut down the carbon dioxide (CO2) emissions. It is estimated that through
reducing the automobile weight by 10%, there will be 7% fuel economy [17]. More-
over, issues like stability, smooth drive and crash resistance could also be improved by
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vehicle weight reduction. Considerable number of development had been conducted
on this path but failed to manage efficiency and safety. In addition, materials close to
engine parts must hold significant thermal resistance, but outer and structural parts
must be build of materials that possess excellent mechanical stability. Yet, materials
employed such as thermoplastics have shown lowmechanical and thermal resistance,
and thus it can only be considered after modified via reinforcements.

Carbon nanotubes are light-weight and approximately 150 times stronger than
steel. Consequently, CNTs are an appropriate alternative of steel in automobile parts.
Incorporation of nano-scale clay in the polymer matrix can produce a nanocomposite
that can be used to produce automobile part close to the engines due to high thermal
stability [62]. Moreover, clay nanocomposite reinforced with polyamide, polycar-
bonates and polypropylene are known used polymer nanocomposites. Once these
nanomaterials are combined with polymers, their thermal resistance as well as flame
retardance will incline [60]. With the use of hybrid solution and nanocomposite, a
vehicle that weights typically 900 kg of steel can be reduced to 300 kg. Nanocom-
posite plastic provides on average 25%weight savings over highly filled plastics and
80% over steel. Volkswagen uses long fiber reinforced thermoplastic (LFRT) that
provides better design flexibility, high strength/weight and impact resistance, and
corrosion reduction in comparison to metals [59].

b. Paint-Coating

The primary concerns related to conventional paints are in-efficient flame retardant,
paint transfer efficiency, limited adhesive and surface finish to water and dust parti-
cles. Most of these issues can be solved with the incorporation of different nanopar-
ticles into these paints [71]. Nanoparticles like boehmite (AlOOH), silicon dioxide
(SiO2) and zirconium dioxide (ZrO2) are entrenched in UV curable lacquers which
offering in enhanced abrasion resistance. TiO2 and ZnO nanoparticles will support
to enhance UV resistance features and also reflecting those noxious rays [45, 84]. In
addition, a combination of nanoparticles with fluoro-methyl group extend its pore
volume and surface area that support surface roughness.

c. Scratch–Resistance

The brand-new appearance of vehicle body shell must be ensured after number
of years of operation and washes. The vehicle coating can be affected due to the
scratch/abrasion on the surface. Thus, it is a difficult task for science society to come
upwith scratch/abrasion resistant coatings without damaging their other features [54,
100]. Nanotechnology plays a vital role in regards to scratch and abrasion resistant
coating. Glasel and co-workers produced scratch and abrasion resistant film with the
support of siloxane encapsulated silicon dioxide (SiO2) nanoparticles [7]. Because
of the identical distribution of nanoparticles in polymers, scratch resistant feature
can be enhanced without affecting other properties. Similarly, nano-alumina have
displayed adequate reaction in this aspect.



10 L. Y. Jun et al.

Compared to conventional paints, nano-varnish have shown good paint bril-
liance and scratch resistance. The purpose of this technological effect is the rein-
forced ceramic particles which are combined to varnish layer, nano-scale. Degussa
AEROSIL R9200 is the known commercially used nanoparticles in the varnish [3].

d. Tyres

Carbon black is the first nanomaterial used as a reinforcing element that was mixed
with the tyre. The two main ingredients are soot and silica that are employed as a
reinforcing element in the tyre [53]. Substantial fuel efficiency, as well as sustained
durability, is attained through the use of soot at nano-scale, as it has coarser surface
compared to those employed in normal tyres. Nanoparticles hold extensive surface
energy, an association of soot nanoparticles with normal rubber in the tyres is signif-
icant, which leads to improved rolling resistance and lowers inner fraction [90].
The combination of nano-silica (10%) to styrene butadiene rubber (SBR)/natural
rubber support to enhance the grip and wear resistance of the tyre. Moreover, it has
been reported tensile and hardness properties can be improved through multi-walled
carbon nanotubes (MWCNTs) (3%) mixing with SBR or natural rubber [56].

e. Other Uses in Automobiles

Apart from above-mentioned automobiles parts, nanomaterials have wide-spectrum
application in automobile sector such as nano-fluids, nano-filters, fuel cells, cooling
systems, nano-electronic mechanical system (NEMS), and damping and braking
system [76]. CNTs are employed for the storage of hydrogen fuel in fuel cells, as it
can store a significant amount of hydrogen and can be easily retrieved. The efficiency
of the batteries can be enhanced via a metal electrode of lithium ion batteries with
nanoparticles. Similarly,magnetorheological fluids can support powerful and smooth
damping and braking [74]. Magnetorheological fluids contain magnetic nanoparti-
cles dissolved in a solvent and at the time of minor pressure change/magnetic field
happens, the particles will align, consequently fluid viscosity increases (Table 2).

3.3 Agriculture

The primary usage of nanomaterials in agriculture is to incline the crops and lands
productivity, specifically under sub-optimal situations, started in the early twenty-
first century [33].Nevertheless, nanotechnology stays amoderately under-discovered
area in agricultural science [94]. Different nanomaterials with promising potential to
modernise the agricultural sector havebeen introduced, analysed through a significant
number of merits and demerits [12]. They normally elevate food safety, crop and
quality growth andmonitor environmental surroundings, moreover, cracking number
of agricultural issues, for instance, soil structure issues, pesticides delivery, plant
disease, pollutants detection and fertilisers [75]. Varied nanomaterials are considered
in the agricultural sector such as CNTs (single-walled CNTs, multi-walled CNTs),
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Table 2 Nanomaterials applications in automobile sector [69]

Nanomaterials Merits Demerits Applications

Long fiber reinforced
thermoplastic

Extensive impact
resistance, high
stability

Production is
challenging

Body parts

Silicon dioxide (SiO2) Lower paint toxicity,
support self-healing

Uniform dispersion is
challenging

Paint coating

Copper dioxide (CuO2),
Molybdenum disulphide
(MoS2), Titanium dioxide
(TiO2)

Coefficient of friction
can be lowered up to
50%

Life-span is shorter Engines

Layered double
hydroxides (LDH)

Absorbs heat, enhances
char growth

Stability concerns Paint coating

Carbon nanotubes (CNTs) High mechanical
stability and
light-weight

Expensive Body parts

Soot, carbon black, silica Exntended durability,
fuel efficiency is higher

Uniform dispersion is
challenging

Vehicle tyres

Copper oxide
(nano-fluids)

Upgrades heat transfer
coefficient

Agglomeration issues Engines

Carbon nanotubes
(CNTs), copper (Cu), zinc
oxide (ZnO), Gold (Au)

Zero-toxicity, good
efficiency

Relatively expensive Vehicle interior

silver (Ag), zinc (Zn), titanium dioxide (TiO2) and graphene oxide (GO) [33, 47].
Hence, methods of this promising methodology involve safeguard against diseases
and pathogens, enhanced efficiency of fungicides, pesticides, herbicides, leading to
improved plant growth and maintained discharge [13, 33]. Nanomaterial enhance
efficiency, production and agricultural safeguard, as they are valid in nearly every
component of the agricultural sector such as transportation, processing, production
and storage [19].

Practically, nanomaterials usage covers numerous purposes in agricultural. The
primary purpose is that of enhanced fertilisers’ delivery, resultant in elevated elements
uptake via plants cells and lessened nutrients loss. They offer synchronisation of
micro and macronutrients delivery [30]. Nano-structured fertiliser improves the
effectiveness of nutrient usages via larger surface areas, mark delivery mechanism,
slow and maintained discharge in response to biological demands and environ-
mental triggers. Nano-iron (Fe), nano-phosphorous (P), nano-zinc (Zn) and nano-
magnesium (Mg) are fewcommonnano-fertilisers examples. Furthermore,CNTs can
be employed as nutrients delivery for micro/macronutrients to reduce their applied
quantities with promising consequences in agricultural since they have competitive
thermal, chemical, electrical andmechanical properties [47, 86]. The second purpose
is that of pest and insect management. Few nanoparticles have excellent capability in
control and management of pests because of its slow and active discharge of active-
compounds, for instance, zinc oxide, titanium dioxide and gold, considering them
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Table 3 Few examples of nanomaterials employed in the agricultural sector

Nanomaterial Function of
nanomaterial

Industrial name Application

Zinc (Zn)-nanoparticles,
copper (Cu)-nanoparticles,
boron (B)-anoparticles, Iron
(Fe)-nanoparticles, bio
humus

Fertiliser Motawazen, Saula,
Solocross, Green
Earth NanoPlant

Nano-fertilizers

Copper doped
montmorillonite

Detection of
propineb fungicide

– Nano-sensors

Copper (Cu)-nanoparticles,
Polymeric-nanoparticles,
Zinc (Zn)-nanoparticles

Bactericide,
controlled release
and fungicide

Bio-nano technology Nano-pesticides

Poly-epsilon caprolactone Controlled release – Nano-herbicides

as economical and reliable substitutes for synthetic chemicals with negative-side
effects. Nano-pesticides decline organic solvent discharge and undesired pesticides
movement. Moreover, nanomaterials can locate, detect as well as report pathogens
in crops as intelligent field systems and speedy analytic tools for pathogens detection
alerting growers to use the required materials earlier to on-set of symptoms [19, 83].

Another purpose is that of nano-fungicides. Chemical fungicides have a harmful
impact on plants with health and environmental concerns. Nano-fungicides offer a
worthful solution to afore-mentioned issues based on the size and shape of nanoparti-
cles. Ag-nanoparticles are well-known nano-fungicides because of its antimicrobial
characteristics. Similarly, ZnO-nanoparticles also show anti-fungal, anti-bacterial
and antimicrobial properties, whereas, TiO2-nanoparticles possess anti-bacterial and
photo-catalytic activities that follow to plant safeguard [23, 46].

The last purpose comes in nano-sensors forms, vastly considered in the agricul-
tural sector because of its ability for pollutions monitoring in environment, aquifer
and soil.Monitoring crop health, soil conditions and plant pathogens detection can be
performed conveniently and precisely through nano-sensors [97]. The well-known
nanomaterial employed as a sensor is Ag-nanoparticles. Table 3 lists the common
nanomaterials used in the agricultural sector [27] (Table 4).

4 Risks of Nanotechnology

Despite the remarkable properties of nanomaterials, it is essential to evaluate their
toxicity and potential adverse impacts on human health, as well as the environment.
The toxicity of nanomaterials is dependent on the particle sizes, nature, shapes,
solubility, surface properties and chemical composition of the nanoparticles. The
possible exposures of nanomaterials with the human system are via inhalation,
ingestion, and skin penetration [80]. There are several researchers reported the
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Table 4 Few other application of nanomaterials in various fields

Applications Examples References

Biomedical and health care • Gold nanoparticles for targeted delivery of
drugs directly to cancer tumours

• Liposomes nanoparticles for controlled and
targeted drug delivery

• Quantum dots used for detection and
diagnosis of cancer

• Graphene and carbon-based nanomaterial as
wearable multifunctional sensor, for
monitoring skin temperature, wrist pulse,
breathing, and pressure mapping

[22, 51, 89]

Construction Materials • CNT, GO and SiO2 nanomaterials are used
as reinforced cement composites

• CNT as reinforced metal matrix composite
to produce stronger, ultralight and
corrosion-resistant nanocomposite materials

• ZnO nanoparticles are used as coatings to
reduce ultraviolet radiation exposure

• Silver nanoparticles are embedded in paint
to provide antimicrobial properties to the
surface

• TiO2 nanoparticles are used as glaze coating
to provide anti-fouling properties

[2, 15, 52, 66, 85]

Electronical and electronics • Carbon-based nanomaterials as electrodes in
supercapacitors, which has large storage
capacities and fast charged/discharged rates

[14, 40, 98]

Environmental remediation • Nanomaterials, such as CNT, graphene
oxide, as adsorbents to remove heavy metals
and pollutants from water bodies

• Incorporation of functional nanomaterials,
such as TiO2, Al2O3, CNT and zeolites, into
filtration membranes to improve the
mechanical and thermal stabilities,
permeability, fouling resistance, as well as
adsorption capability of pollutants

[26, 41, [57, 95]

Food packaging • Nanoclay for food packaging due to their
strong mechanical and thermal properties

• Nanoemulsion as edible coating for
preserving and storing food

• Gold nanoparticles as food sensors to
monitor the food quality and safety

[77, 81]

(continued)

potential human health risks of nanomaterials, such as carcinogenicity, genotoxi-
city, pulmonary inflammation and circulatory effects [6, 73]. Table 5 summarises the
possible toxic effects and risks of nanomaterials.
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Table 4 (continued)

Applications Examples References

Food processing • SiO2 nanomaterial as anti-caking agent to
maintain the flow properties in powdered
products

• Titanium dioxide (TiO2) used as food colour
additives and flavour enhancers

• SiO2-gallic acid nanoparticles as
antioxidants

• Silver (Ag) and zinc oxide (ZnO)
nanoparticles as antimicrobial agents in food
packaging industry

[10, 32, 72]

Food agriculture • Fertilisers coated with nanocapsules or
nanoparticles for delivery of agri-chemicals
and fertilisers to enhance the absorption of
the nutrients by the plants

• Nanomaterial as a pest control agent to
increase the effectiveness towards pests

• Zinc oxide (ZnO) quantum dots used as
pesticide detection

• Magnetic nanoparticles for the smart
agrochemical and herbicide delivery system

• MWCNT nanomaterials to increase the plant
production rate and

• TiO2 nanomaterial as sensor for monitoring
soil condition, pesticides and crop growth

[28, 47, 72]

Renewable Energy • Carbon nanomaterial for direct conversion of
sunlight into electricity

• Graphene used as metal-free catalyst in fuel
cells

• Metal–organic frameworks for hydrogen
storage

[1, 37, 101]

Sensor • Metal oxide nanomaterials for various
sensor applications, such as gas sensor,
chemical oxygen demand (COD) sensor, and
biosensor

[5, 11, 49]

5 Conclusion

Today, nanomaterials have become one of the most focused research areas due to
their rapid development and their great potential for commercial purposes. The recent
advances in engineered nanomaterials have opened up new opportunities in diverse
industrial applications, ranging from biotechnology and biomedical to electronics
and energy storage applications. Despite the superior properties of nanomaterials,
the toxicity and potential associated risks of nanomaterials need to be addressed
and regulated satisfactorily before the complete realisation of nanotechnology in
industrial applications. Until now, there is a lack of standardised procedures to eval-
uate the safety and impact of nanomaterials on the environment. More research and
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Table 5 Possible risks and toxic effects of nanomaterials

Nanomaterials Possible risks and toxic effects References

CNT • Pulmonary inflammation
• Granulomas
• Fibrosis
• Genotoxicity
• Lung cancer

[9, 82]

Fullerene

Al2O3 • Oxidative stress
• Genotoxicity
• Skin penetration
• Malfunction of organ, such as liver, kidney, spleen, lung and
brain

[4, 24]

CuO

TiO2

ZnO

Gold • Distribution into other organs, such as central nervous system [16, 58]

efforts are required to minimise the potential adverse impact of nanomaterials on the
environment and human health.
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Graphene and Its Composites

Marlinda Ab Rahman, Suresh Sagadevan, and Mohd Rafie Johan

Abstract Recent years have seen many innovations of graphene in various fields
such as physics, chemistry, biology, andmaterials science. Graphene-basedmaterials
and their composites have a wide range of promising applications including elec-
tronics, biomedical devices, membranes, wearable sensors, and actuators. Graphene
is a 2-dimensional (2D) array of carbon atoms in planar and hexagonal forms. Each
carbon is sp2-hybridized and connects three stable bonds C–C–μ at 120° apart. The
unhybridized p-orbital, together with the same p-orbitals across the entire 2-D plane,
is perpendicular to the sp2-hybridization plane onother carbon atomsby Ś interaction.
Graphene-based nanocomposites have drawn a great deal of attention in scientific
communities, due to its extraordinary magnetic, mechanical, thermal and optical
properties, and a large surface region. This chapter, therefore, presents different
techniques in the graphene synthesis method and its excellent physical and chem-
ical properties. Various manufacturing processes of graphene-based composites are
introduced. In conclusion, the remaining challenges and perspectives in functional
science and engineering for graphene nanocomposites are discussed.

Keywords Graphene · Composites · Synthesis methods · Physics · Chemical
properties

1 Introduction

The graphite was discovered in a 16th-century mine close to Borrowdale in Cumbria,
England. At the beginning of its finding, the graphite used for marking and descrip-
tive purposes for example, nearby farmers used mine graphite blocks to mark their
sheep. Due to its softness and dark colour, graphite has long been used as a partic-
ular type of lead. Graphene is a single carbon layer with a graphical structure in the
chemical literature. Graphene is also classified as single carbon layers that appeared
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in the inter-compound of graphite. For example, it exists in a sequence of naphtha-
lene, anthracenes, coronene, etc. For standard carbon jargon, the term “graphene
layer” is also considered [1]. Since its discovery [2], the atomic structure with one
layer has revolutionized the nanotechnology platform. After 2004, with its exponen-
tially growing uses, graphene has invaded the nanotechnology market. Graphene is a
“magic bullet” for the composite world due to its extraordinary properties. Graphene
research achieved an unusually high elevation and was established in 2009 by Geim
as a champion of the applied sciences.

Graphene is a single flat sheet from graphite and has the ideal two-dimensional
(2D) structure with a monolayer of carbon atoms packed into a honeycomb crystal
plane. Figure 1 shows the two-dimensional honeycomb structure of carbon atoms in
graphene along with the high-resolution transmission electron microscopic (TEM)
image. The TEM image clearly shows the hexagonal lattice with carbon–carbon
distance 0.14 nm. Graphene is considered as the fundamental building block
for graphitic materials of all other dimensions. It can be wrapped up into zero-
dimensional (0D) fullerenes, rolled into one-dimensional (1D) nanotubes and stacked
into three-dimensional (3D) graphite. Therefore, graphene is called the mother of
all graphitic carbon-based nanomaterials. Figure 2 illustrates the schematic diagram
demonstrating that graphene is themother of all graphitic forms.Graphene is a crucial
structural element in carbon allotropic, including graphite, carbon nanotubes, and
fullerenes.

Therefore, graphene is a unique example of a layer of atomic membranes. Like
any other membrane, two-dimensional structure distortions cost very little energy
in a three-dimensional environment, so graphene has excellent potential for folding,
distorting, forming scrolls, wrinkles, blisters, creases, etc. Nevertheless, graphene

Fig. 1 TEM image of a
graphene sheet illustrating
the crystalline lattice (bond
length ~0.14 nm) (Dato et al.
2009) [3]. It can be wrapped
in 0D fullerenes, rolled in 1D
nanotubes, or stacked in 3D
graphite (see Fig. 2) [4]
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Fig. 2 Graphitic allotrope structure of a 0 D-fullerenes, b 1D-carbon, c 2D-graphene and d 3D-
graphite (stacking of graphene layer)

can be stabilized to measure its properties through a substratum or scaffold experi-
mentally. The high exfoliation potential of graphite-stacked strata is the most chal-
lenging aspect of graphite preparation [5]. Graphite is defined as a stack of graphene
layers that rely on the stacking arrangement. This stacking relatively depends on the
graphene orientation plane. Due to the weak interaction of each layer of graphite, the
graphite constituent can easily be cleavaged. Graphite is a heap of graphene sheets
that are tied together by van der Waals (see Fig. 2d), which is less fragile in-plane
bonds than the covalent. As mentioned, the weak van der Waals interaction between
the graphene sheets may make it easy to exfoliate a thin stack of graphene sheets
from a bulk graphite, i.e., when it is scratched over a rough surface thin layers of
graphite sticks to that surface.

There have been several attempts to synthesize graphene on a large scale in
response to the demands of different industries, in particular, the composite sector,
where graphene use has changed the state-of-the-art global market radically for
the manufacturers. Graphene has drawn enormous interest in the scientific commu-
nity because of its extraordinary physical, electrical, and mechanical properties [6,
7]. Some of the unique properties of graphene including high electron mobility at
2.5 × 105 cm2 V−1 s−1 [8], high mechanical rigidity with Young’s modulus of 1
TPa and intrinsic strength of 130 GPa [9], extremely high thermal efficiency over
3,000 W m K−1 [10], α-optical absorption is about 2.3% (in the network constant
α [11], entirely permeable for any form of gas [12] and capable of extremely high
densities of electrical current (a million times higher than copper) [13]. Graphene
is applied in many sectors to a host matrix with a range of improved properties,
including aeronautical technologies [14], electronics [15], long-lasting electricity
[16], environmental [17], medicines [18] and food.
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2 Synthesis Methods

Since Geim and Novoselov’s first discovery of stable graphene monolayer in 2004,
tremendous efforts have been made to prepare the graphene. Two approaches, clas-
sified as top-down and bottom-up, can be used to prepare graphene, as shown in
Fig. 3. There are six significant techniques, including mechanical exfoliation [2,
19], epitaxial growth [20], CVD [21, 22], solvothermal [23, 24], graphite thermal
expansion and chemical reduction of graphene oxide (GO) [25, 26] and microwave-
assisted exfoliation [27] have been employed to prepare these two approaches to
produce graphene. However, thermal [28, 29], hydrothermal [30], chemical [31,
26] and solvothermal reduction can be obtained in bulk quantities [23, 32]. These
approaches are also versatile, scalable, and suitable for wide-ranging applications.

Fig. 3 Synthesis method of graphene from graphite

Fig. 4 shows the electronic
band structure of single-layer
graphene [33]
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2.1 Top-Down Approach

In the top-down approach, graphene is made from graphite or graphite derivatives
physical exfoliation, including mechanical cleavage, sonication, chemical oxida-
tion, and graphite electrochemical exfoliation. The micromechanical technique of
cleavage exfoliated graphene, which highly oriented via a scotch tape technique
within graphite flakes. In 2004, Geim and Novaselov pioneered this technique. The
consistency of single sheets of graphs [4] has benefited from this method. Stankovich
et al. later introduced the ionizing process for the preparation of graphite oxide. This
method involves the dispersion of graphite oxide n by acoustic hydrazine in a fluid
medium [26]. Centrifugation eventually is an isolation process of non-exfoliated
graphite from graphene. Unfortunately, incomplete removal of different functional
groups during reduction processes causes the low quality of graphene as compared to
graphene that is produced by the scotch-tapemethod. The twoprimary forms of liquid
exfoliation methods, i.e., surfactant-free and surfactant-assisted liquid phase exfolia-
tionhavebeen successfully identified inCiesielski andSamorì [34].At present, chem-
ical oxidation is themost promising techniquewith a high yield of graphene products.
Graphene oxide sheets are obtained from graphite oxidation flakes subjected to three
main methods formulated by Brodie [35], Hummers (1958), and Staudenmaier [36].
These methods produced GO layer structures with a brighter colour than graphite
due to the loss of electronic conjugation brought during the oxidation of GO.

The GO layers are constructed of oxidized graphene sheets adorned with epoxy
and hydroxy groups and with edge carboxy (Lerf—Klinowski model). These layers
are composed of the basal planes. Such oxygen functionalities make hydrophone
oxide galleries simple to interpose with GO hydrophilic graphene and water
molecules. This oxygen versatility can also be called a graphite-type of intercalation
complex between covalently binding oxygen-bonding, non-covalent, water-binding
layers of carbon graphite oxide, and water molecules. In comparison, electrochem-
ical graphite preparation was used to create the colloidal suspension of chemical
sheets of Graphene [37].

The graphite sheets also can be prepared by using commercial graphite rods.
This technique can be achieved by submerged graphite rods in an imidazolium-
based phase-separated mixture of water and ionic liquids with an applied potential
of 10–20 V. This technique was claimed to create ionic-liquid graphite functional
sheets deriving from the precipitated anode of graphite (Liu et al.) [37]. In this DMF
suspension, AFM calculated the average CMG box thickness of ~1,1 nm. Diverse
forms of ionic fluids, as well as various ratios of ionic liquid to water, can affect the
properties of graphene nanosheets.
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2.2 Bottom-Up Approach

Walt de Heer and Claire Berger fromAtlanta group [38], has developed another alter-
native method to obtain graphene consists of exposing to high temperature (>1100
°C) known as an epitaxial growth on SiC crystal (4H or 6H–) [39]. This method
produces graphene epitaxial growth that the dimensions are depending on the size of
the selected SiC substratum. The SiC surface shapes graphene, silicone, or finished
carbon and has excellent effects on the thickness of the graphene, its stability, and its
carrier density. This approach helped to define the critical characteristics of graphene
and attracted more researchers, especially in the semiconductor industry.

The synthesis of graphene in a single layer (0001) ruthenium crystal plane using
the chemical vapour deposition (CVD) process was reported in 2008 by Vazquez de
Parga et al. [40]. The CVD process for the production of few-layer graphic image
films on nickel layers documented by Kim et al. [21]. The template films were
also successfully transferred without extreme mechanical or chemical processing
onto random substrates to maintain the high crystalline consistency of the gener-
ated graph. Graphene may also be synthesized by using plasma-enhanced chemical
vapour (PECVD) deposition to reduce costs at lower reaction temperatures [41].
Wang et al. have reported the first development of mono and some layers of graphite
by radiofrequency PECVD on multitudes by injecting a gas mix of CH4 and H2 at
900W at a temperature of 680 °C [42]. and by introducing a gas mixture of CH4 and
H2 at a temperature of 680 °C [42].

3 Physical and Chemical Properties

This section aims to show the exciting features of a single, two, or few layers of
graphene sheets. Until implementing the properties of the single graphene, it is
crucial to understand the graphene structure clearly. Graphene in one layer may
be described as a single two-dimensional material that is densely packed into a
honeycomb crystal grid with carbon atom sheets. Bilayer and few graphene layers
have two-dimensional carbon atom sheets of 2 and 3–10 layers, respectively. The
graphene structures composed of over 10 two dimensional layers are used as a dense
graphene board. The best way to determine the thickness of the graph sheet is to use
microscopic and spectroscopic techniques.

Information onmorphology and graph layer numbers can be investigated by using
transmission electron microscopy (TEM). Single-layer Graphene displays a dark
line and two or a few layers of graphene showing a folded edge with two faint
lines. Raman spectroscopy, on the other hand, is another way to investigate graphene
layer thickness. The first graphene spectra order of the Raman spectra of D, G,
and 2D bands that match plane vibrations [43]. The number of graphene layers
of G and 2D bands, their form, and the section strength ratio can be verified. G-
band sensitivity decreases as the number of layers increases. The G-band downshift
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also demonstrates the increasing proportion of graphene layers. The change in layers
shown by changing the shape, width, and position of the 2D band. The 2D bandwidth
will distinguish between the single, bi, and few layers of graphene. The graphene of a
single layer shows a peculiar electrical structure, showing an alternating band in the
Brillouin region (Fig. 4), in two sharp points (K andK′). SLG is, therefore, expected to
possess specific unique characteristics concerningmetals, semiconductors, and semi-
metals. The optimistic features of the space are portrayed in single-layer graphene,
while there is no energy difference in the few layers graphene. The more layers the
graphene structure contains, the more polished the stuff. Graphene has an excellent
gas adsorption structure and hydrogen absorption.

4 Graphene with Composite Materials

Graphene can increase the conductivity and strength of bulk materials. This may
also help to establish superior composite consistency. To create composites that
are conductive and highly resistant to heat and pressure, graphene can be added to
metals, polymers and ceramics. Graphene composites have many potential appli-
cations, creating unique and innovative materials with a lot of research going on.
Recently, there are many applications based on coupling materials like graphene-
polymer, which is widely used in medical implants, automotive and recycling, etc.
The composite materials are structures formed to create unique finished content,
incorporating two or more elements with different properties. They are also known
as combination materials or direct composites. They’re not combined or merged, but
in the final organic form, they remain separate. Thanks to their properties, composite
materials can bemade stronger, lighter, or softer than traditionalmaterials by incorpo-
rating their different components. The bulk of the composites contain two materials-
matrices (or binder) composed of a bundle of more durable fibres or fragments. Fibre
glass, produced as the first plastic composite in the 1940s, is a typical example of
this structure and is still commonly used. Fine glass fibres, tissued- into a fabric, are
used as reinforcing fibre glass in a plastic or resin matrix. Although composites are
not a new concept (for example, for thousands of years, dry mud bricks embedded in
stroke have existed), many new and exciting composites have been produced using
the latest technology. Through carefully choosing and updating the matrix, as well
as the best manufacturing process to implement it, substantially superior products
can be produced with tailored features for specific needs. Composite building mate-
rials, for example, concrete or asphalt, various metal composites, plastic blends, and
ceramic composites, are usually constructed.
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4.1 Composites with Polymers, Metals, Metal Oxides

It has attracted excellent graphene properties to be used as potential composite mate-
rials to achieve more exciting performance in electronics, optics, and photonic appli-
cations. In various matrix substances such as polymers, epoxy metals, and metal
oxides, graphene and its derivatives have been incorporated. In 2006, Ruoff et al.
synthesized the early introduction of graphene into the polymer matrix by solution-
phase mixing with polystyrene. The polystyrene—graphene composite that formed
exhibits a low percolation threshold of nearly 0.1 vol. percent at room temperature.
Most of the previous composite graphene/polymer studies used graphene deriva-
tives such as graphene oxide (GO) and reduced GO (RGO) as polymer matrix fillers
combined with polyvinyl alcohol (PVA) [44], poly(methyl methacrylate) (PMMA)
[45], poly(arylene sulfide) [46] and epoxy [47, 48].

However, the technique of ex-situ hybridization is likely much more straightfor-
ward than the method of in-situ hybridization. The graphene and pre-synthesized
or commercially available nanocrystals are generally mixed in the medium of the
solution. In this process, stacking through some linking molecule is one of the mech-
anisms involved in absorbing nanoparticles such as several examples, gold nanoparti-
cles [49] and CdS nanoparticles [50] with surface modification on initial nanocrystal
preparation and dispersion of graphene. Also reported was the manufacture of other
metals such as silver, palladium, and platinum nanoparticles/graphene composites
synthesized through covalent interaction [51].Whereas graphene hybridization using
semiconductor oxides was typically applied to TiO2 or ZnO as well as to nanocom-
posite materials based on graphene synthesis. This method can be used to produce
a high-quality graph-based nanocomposite without the use of any stabilizing agent.
Many approaches have been used for the acquisition and analysis of these composites:
electrochemical path, covalent mixture, thermal breakdown, and a sol–gel phase.

With support from UV and ethanol solution-photocatalytic reduction, William
et al. [52], as well as Akhavan et al. [53], developed graphene/ZnO or graphene/TiO2

composites. In all the above synthesis, carbonmaterial/ZnOsystemshaveoutstanding
characteristics. Graphene ZnO is therefore vital for environmental applications
employing a quick, reliable, and cost-effective method.

5 Civil Engineering Applications

The unique mechanical, thermal, optical, and electrical properties of graphene will
soon benefit civil engineering, says the National Physical Laboratory’s Andrew
Pollard. Graphene has many potential applications in civil engineering, but consis-
tency raw material issues need to be overcome. Scientists at Manchester University
first isolated graphene flakes in 2004 and winning a Nobel Prize in Physics 6 years
later. Every year in this new and exciting area of research, the many excellent proper-
ties of the material have led to thousands of scientific publications and patents. It has
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already been used for flexible electronics, energy storage, nanocomposites, sensors,
thermal management, and liquid filtration. Carbon is one of the universe’s most
common chemical elements and Life’s essential elements. Furthermore, graphene is
one of the universe’s most straightforward molecular structures. For this 2D carbon
material, though, while the future is bright, it is not without challenges. Lack of trust
in the supply chain is one of the crucial barriers to real-world applications.

Most companies that want to develop graphene-enabled products are commonly
struggling to find a reliable source of graphene suppliers’ material. It is due to batch-
to-batch variability. This problem can be worsened by the fact that the supplier nor
the end-user uncertain about the physical or chemical properties of the graphene.
The issue of commercialized graphene is the black powder or liquid containing
flakes of one or several layers of graphene, as well as graphite, from the hundreds
of suppliers worldwide. It is challenging to measure a statistically representative
amount of nanoscale flakes for each piece of material that can be produced on the
ton-scale. Similarly, there are no standardized measurement procedures to do this,
and therefore there are no well-defined quality control techniques.

Graphene, another type of carbon nanoparticle, has recently revealed its excel-
lence in enhancing various advanced properties as well as the desired mechanical
properties, showing a path to the formation of a super concrete structure. Graphene
and derivatives such as graphic nanoplatelets, graphene oxide, and lower graphene
oxide provide increased stress sensing, temperature sensing and EMI shielding, wave
absorption. Graphene has some remarkable and excellent properties such as large
unique surfaces (2630 m2 g−1), high intrinsic strength (130 GPa). Young’s firm
package (~1.0 TPa). There is no improvement only in the rheology characteristics,
but in the electrical properties of the material by integrating graphene into the cement
composite. The electrical properties of the GNP-cement composite are critical. They
can be used to track damage in a concrete structure so that the civil infrastructure is
protected, secure, and reliable. Non-destructive testing has been shown to provide
quick and effective inspection of these systems [54, 55].

Nevertheless, it is the concrete self-sensor that can track its stress that is impor-
tant for this age. Through measuring shifts in the electrical resistivity factor [54], the
pressure of cement-based composite reinforced conduction fillers can be detected.
Automotive sensing is associated with the breakdown of conduction fibres when
cracks are initiated in the cement composite, which enhances the sample’s resistivity.
As cracks open due to tensile loading or cracking, the resistivity values will be posi-
tive while the compressive load will be negative. A multifunction, high-performance
composite based on types of cement, capable of perceiving damages in real-time
automatically, will be generated in newly developed Nano-carbon engineering [56–
59]. CNT consists of sp2 derivatives, graphene sheets rolled up into a cylindrical
tube, of a single layer of carbon [60]. The two-dimensional structure will be formed
if these rolled CNT sheets are opened in one direction. Such two-dimensional sheets
have an even higher surface area and aspect ratio (GNP). The effect of the improved
GNPmortar crack on the adjustment of electrical resistance [61]. Samples (cube and
prism forms) have been found to have responded to an increase in electrical strength
with an increase in crack size. For the same relative crack size, the adjustment of the
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electrical resistance of the cube was more critical than that of the prism. According
to the authors’ knowledge, however, the response of the GNP-cement composite to
different damage levels was not investigated. Therefore, in this analysis, Bingham,
Revised Bingham, Herschel—Bulkley, and Casson models were used to test the
fluvial properties of the GNP cement paste. In the flow curves of cement paste, a
discrepancy was measured for different percentages of graphene nanoplatelets. The
rheological properties of graphene cement paste with varying periods of rest (time
between sample casting preparations) and shear rate cycles also were evaluated. The
self-sensing properties of cemented concrete based on GNP were later determined.
For calculating the electrical resistance, the four-sample procedure was used. Frac-
tional improvements to strain sensitivity and intensity have been observed and used
to determine self-sensing characteristics. Ultimately, the use of the GNP-cement
composite sample was tested with the reinforced plate.

6 Mechanical Engineering Applications

The global automotive industry is facing major challenges, including CO2 emis-
sion reductions, health risk, and energy efficiency. A new direction for greener and
healthier cars is thus more than necessary. This situation opens up such a chance
that graphene-based innovation is the right solution. With our commercial secret
manufacturing process, the final cost of innovating the car industry by graphene is
no longer the slow down factor. Graphene has significant uses in composites and
coatings for producing light, sturdy and healthy vehicles. Graphene is more than
200-fold stronger than steel and can absorb carbon fibre, concrete, and aluminium
components which able to increase the physical stability of the car. Heated car seats
graphene-enhanced can be realized now without high-energy waste. In the years to
come, graphene will strengthen or replace existing lithium batteries.

About seven or eight years, lightweight vehicles with graphene will be on the
market and could lead to a much lighter and more energy-efficient production of
automobiles. That is the expectation of Sunderland University, leading a consortium
promoting revolutionary material. There is currently a pilot plant operating in Japan.
University scientists worked on bumper made of graphene that can absorb 40%
more energy than the standard item when added to carbon-reinforced plastic in some
way. The result could be much lighter cars and more compact vehicles. Graphene
is developed to produce a single-atomic substance or 1 million times thinner than a
human hair, by breaking down graphite as the same material used in pencils. When
dissolved powder in fluid, small amounts can be combined with the solvent used
for impregnating carbon fibre. In the same process, a thermoplastic material can
be moulded when it is heated and cooled actively. In this case, when molten, the
graphene is combined with the rubber.
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7 Electronics Engineering Applications

7.1 Energy Storage

Graphene has been looked at as an alternative to the current materials used in storing
ions on the electrodes of supercapacitors. The greater the surface area, the more ions
can be stored on it. Graphene has a theoretical surface area of around 2600 square
meters per gram. Unfortunately, that theoretical surface area can be translated into
a real device because that surface area is only achievable with a standalone sheet of
graphene. In order to get it to work in a practical device that will provide a decent
volumetric capacitance, you need to stack several sheets on top of each other. At this
point, the theoretical surface area is lost, and you get about the same surface area
you can get with the activated carbon used today.

Graphene thus makes it a rare commodity for batteries and supercapacitors to
use. Graphene can enable faster charging and more energy-saving devices. It is
also possible to use graphene to improve fuel cells. Graphene has a range of other
practical applications: anti-corrosion coatings and lacquers, reliable, precise sensors,
faster and better electronics, versatile screens, powerful solar panels, quicker DNA
sequencing, and more. Applications of graphene are so broad and received attention
in every company to gain benefits from this new material. The impact of these new
materials will be more fitting in the soon future.

7.2 Electronics

Graphene is an important and broad building block that seems to gain every industry’s
attention for this new material. Moreover, this entire carbon atom structure has
unique quantum properties. These graphene properties will help us study Majorana
Fermions’ properties and achieve superconductors at a high critical temperature.
Based on such research, new types of flexible solar cells and new types of quantum
computers can be created. In new energy and quantum computing, graphene tech-
nology has excellent potential. Graphene edges have become the best material for
making supercapacitors in the field of new energy because they can carry a large
amount of charge. In addition, a large number of studies have been conducted using
graphene or derivative structures for thin-film solar cell electrodes. It is possible to
make the most efficient all-carbon-based solar cells with 3D structures and organic
chemical modification based on the newly discovered graphene quantum properties.
Carbon nanotubes are excellent microelectrodematerials as graphene derivatives and
have great potential in brain-computer interfaces. It is biocompatible compared to
the metal electrode material while having excellent electrical conductivity, and it
is also easier to perform molecular-level modifications to induce synapse growth.
Also, these electrodes have been tested by some studies. Smaller and more efficient
computers can be manufactured using graphene-based materials. This computer can
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improve the efficiency of the EEG signal analysis, thus achieving a more individu-
alized two - way human and computer adaptation. Thus, it can help users to learn
more quickly on how to operate the brain-computer interface.

8 Conclusions and Future Work

Graphene has excellent mechanical, thermal, electrical properties and is a better
substitute for traditional nanofillers for polymer matrices. We addressed recent
advances in the materials, processing and future applications of graphene nanocom-
posites. It also defined various techniques and the excellent physical and chemical
properties of the graphene synthesis process. Therefore, it is necessary to make
further contributions to the identification of biocompatibility, to improve the stability
of nanocarriers, to their size and also to provide more studies on the toxicity of
this new material. The physical and chemical features of graphene have appeared
with graphene electronics, including biosensors, organic solar cells, actuators, and
touch screens. Graphene is used in future electronics via lightweight, stretchable
structures as a possible part of these properties. Although many technically feasible
solutions are currently being established, there are still several practical difficulties.
The advantages of graphics-based materials are primarily mentioned in this analysis,
as described and listed.

Nonetheless, the world of graphene is feasible with less costly pilot-scale produc-
tion technologies. Rising GO can achieve this to graphene, one of the major chal-
lenges shortly. After the reduction process successfully reaches the pure graphene,
its outstanding electronic and mechanical properties will be recovered. In short, it
has unique features for various engineering uses. Graphene and its composites have
unique properties.
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Carbon Nanotubes and Their
Composites: From Synthesis
to Applications

Mahesh Vaka, Rashmi Walvekar, and Swarnalatha Yanamadala

Abstract Carbon nanotubes (CNTs), accidentally discovered wonder material from
fullerene, is still a material of researcher’s interest because of its superior proper-
ties and ability to transform/bind into different material via different hybridisations
(sp, sp2, sp3). After the structural identification of carbon nanotubes in 1991by
Iijima, the different types of carbon nanotubes, such as single, double and multi-
walled have become one of the potential candidates of the study. In the 1990s and
2000s, the physics and chemistry behind the carbon nanotubes have been devel-
oped from both conceptual and experimental studies. After that, the introduction of
different synthesis methods and the evolution of properties for different applications
are isolated and intensively studied. Besides, CNT based composites have grabbed
a lot of attention in the scientific world due to their superior properties that are
beneficial for various commercial purposes. This chapter aims to provide different
properties of CNTs, synthesis techniques of CNTs, CNT-based composites and their
applications in different fields. In conclusion, current challenges and future perspec-
tives for the development of low-cost synthesis and production for commercialisation
and material/device development.
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1 Introduction

The evolution and identification of a potential candidate within the area of nanotech-
nology called carbon nanotubes (CNTs) from fullerene came into existence in 1991
[1, 2]. Iijima first observed a cylindrical tube-like graphitic carbon structure known
as multi-walled carbon nanotubes (MWCNTs) visually by using a transmission elec-
tron microscope (TEM) was only 2–20 layers, followed by synthesis of MWCNTs
in large quantities [3–5]. Later, Iijima and Bethune come up with the synthesis of
single-walled carbon nanotubes (SWCNTs) in 1993 [6, 7]. SWCNTs is nothing
but an elongated form of fullerene or graphene rolled into a cylindrical shape, as
shown in Fig. 3.1. Moreover, the single-walled carbon nanotubes (SWCNTs) and
multi-walled carbon nanotubes (MWCNTs) differ in properties; the structure differs
length in microns, diameter in nanometers, their L/D ratio also varies depending
upon the number of walls present as shown in Fig. 3.2 and a careful selection of
SWCNTs and MWCNTs is required for application studies.

In addition to this, double-walled carbon nanotubes (DWCNTs) were also discov-
ered during 1991, but less attention was paid due to lack of synthesis and purity.
However, the first synthesis of DWCNTs was reported in 1998 and came into exis-
tence only in late 2000 [8, 9]. Thess et al. [10] first reported the Vertically-aligned
carbon nanotubes (VACNTs) in 1996, where 70%of nanotubes were rolled into rope-
like structures. Later, in the same year, Li et al. revealed the large-scale synthesis of
vertically-aligned carbon nanotubes, which is of the 50-μm thick film grown using
chemical vapour deposition (CVD) method [11]. In 2006, Qian [12] reported a new
kind of few walled carbon nanotubes (FWCNTs) with 2–5 layers of sidewalls and
diameter less than 10 nm. Thermal chemical vapour deposition technique was used
for the synthesis of FWCNTs, which shows extraordinary mechanical and electrical
properties.

Fig. 3.1 Graphene rolled into a cylindrical form of SWCNT

(a) (b)                              (c)

Fig. 3.2 a Single-walled b double-walled and c multi-walled carbon nanotube structures
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1.1 Structure

Iijima first reported and discovered that the carbon nanotubes were cylindrically
rolled graphene-like form/sheet with different diameters and orientations (helicities
and chiralities). The structural pattern of the carbon nanotube comes from the rolled
graphene sheet that can be labelled by a pair of integers (n, m). For suppose if we
consider the rectangle with corner equivalent points OABB′ in the graphene sheet
as depicted in Fig. 3.3, where →

Ch

indicates the boundary of the nanotube connecting

the points O and A, while →
T

represents the axis of the tube. The cross-section of a

tube to high symmetry direction in the sheet is described by angle θ. The integers (n,
m) represents the unit vectors along with bi-directional in the lattice structure of the
graphene sheet, which determines the shape and chirality of the nanotube [13, 14].

For example, if (m = 0, θ = 0°) the nanotube structure is named as zigzag
nanotubes, whereas, if (n = m, θ = 30°) the nanotube structure is categorised as
armchair nanotubes. If (0 < |m| < n, 0 < |θ| < 30°) then the nanotubes are classified
into chiral nanotubes as shown in Fig. 3.4. The change in diameter and chiral angle
of nanotubes affect the electronic properties/characteristics of nanotubes during the
synthesis process, as shown in Fig. 3.5. For instance, if n – m/3 = i with a finite
bandgap makes zigzag and chiral nanotubes metallic or else in most of the cases,
nanotubes can be semiconductors [15]. The formation of such metallic and semi-
conducting single-walled carbon nanotubes can be isolated in a particular region by
type, i.e., density differentiation and this density gradient can be due to the use of
chemicals.

The comparison between the SWCNTs, DWCNTs, andMWCNTs characteristics
in different aspects are tabulated in Table 3.1. Moreover, the thermal and mechanical
properties ofCNTs depend on the type ofCNTs, defects, diameter, length, and finally,
on different techniques used for the synthesis of different CNTs.

Based on the above superior properties, the usage of CNTs is categorised for
different kinds of applications. Moreover, the use of different types of CNTs for
certain applications requires large quantities of CNTs with high purity and reliable
synthesis procedures. Additionally, the synthesis process determines the type of

Fig. 3.3 Carbon nanotubes construction from a graphene sheet
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Fig. 3.4 Different structures formed from a graphene sheet such as Armchair, Zigzag, and Chiral

CNTs, and some of the most commonly used synthesis techniques of CNTs are
Chemical Vapour Deposition (CVD), Arc Discharge, and Laser Ablation. However,
CVD is the most significant and highly recommended method for bulk synthesis and
direct device integration. Different type of CNT synthesis procedures is discussed
below in the next section in detail.
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Fig. 3.5 A metallic and
semiconductor single-walled
carbon nanotube isolated
from density gradient

Table 3.1 Comparison of SWCNTs, DWCNTs, and MWCNTs features in different aspects [16]

Characteristics SWCNTs DWCNTs MWCNTs

Size 0.4 to few nm in
diameter

0.33 to 0.42 nm
inter-wall distance

˜ 0.33 nm inter-wall
distance

Layers Single-layer Double layer Multiple layers

Purity Poor (70%) Good (90%) Good (95%)

Synthesis
techniques

Laser ablation,
Arc-discharge, CVD

Arc-discharge, CVD,
Peapod method

Laser ablation,
Arc-discharge, CVD,
Peapod method

Characterisation Simple A bit complex Very complex

Bulk synthesis
production

Difficult easy Very easy

Electrical
behaviour

Metallic/semiconductor Metallic/semiconductor Metallic

Bandgap Varies from 0.4 to 2 eV Very few bandgaps Zero bandgap

Thermal
properties

Thermally stable up to ˜
1800 °C in Ar, 750 °C in
air
Thermal conductivity >
3500 Wm−1 K−1

Thermally stable up to ˜
2000 °C in Ar, 800 °C in
air
Thermal conductivity ˜
600 Wm−1 K−1

Thermal stability
differs with length and
diameter
Thermal conductivity
> 3000 Wm−1 K−1

Mechanical
properties

Young’s modulus: ˜ 1.8
TPa (E + T)
Tensile strength: ˜ 1 TPa
(E)

Young’s modulus: 0.73
to 1.33 TPa (E)
Tensile strength: 13 to
46 GPa (E)

Young’s modulus:
0.27 to 0.95 TPa (E)
Tensile strength: 11 to
63 GPa (E)
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Table 3.2 Comparison of different techniques used for CNTs synthesis [3, 64]

Factors Arc-discharge Laser ablation Chemical Vapour
Deposition (CVD)

Process Difficult Difficult Easy

Availability of raw
materials

Difficult Difficult Easy and abundantly
available

Conditions used Ar/N2 gas at 500 torr Temp range from
500–1000 °C at
atmospheric
conditions

Ar gas (low pressure)

Production Low Low High

Yield 70% 80–85% 95–99%

Purity Low Medium–High High

Working temp range ˜ 4000 °C 30–1000 °C 500–1200 °C

Product synthesis SWCNTs, MWCNTs,
DWCNTs, FWCNTs

SWCNTs,
MWCNTs

SWCNTs, MWCNTs,
DWCNTs,
vertically-aligned
MWCNTs

Carbon sources Graphite Graphite Hydrocarbons

Cost per unit High High Low

Table 3.3 Comparison of
mechanical properties
between different materials
[68, 73–75]

Materials Young’s
modulus
(GPa)

Tensile
Strength
(GPa)

Density
(g/cm3)

SWCNTs 1054 150 N/A

DWCNTs
(zigzag)

1260 – –

MWCNTs 1200 150 2.6

Steel 208 0.4 7.8

Epoxy 3.5 0.005 1.25

Wood 16 0.008 0.6

2 Synthesis Techniques of CNTs

The most commonly used synthesis techniques are arc discharge and laser ablation
to produce CNT at a higher temperature. However, recently chemical vapour deposi-
tion is the promising preparation method that replaces the other existing techniques
because of its low-temperature conditions (< 800 °C). Another important aspect of
being considered during CNT production is nanotube length, diameter, orientation,
alignment, and purity. Moreover, the synthesis of CNT in bulk production requires
catalysts that will be one of the major concerns. The other problems while producing
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in large quantities are different types of impurities such as graphite, fullerene, amor-
phous carbon, and different types of metals (Fe, Co, Mo or Ni) and quantity depends
on the type of techniques used [17]. Thus, techniques with high precision and high
purity are considered to produce CNT in bulk production with low cost is preferable.

2.1 CNT Synthesis Using Arc Discharge

Arc dischargemethod is the first known technique used for the assembly of SWCNTs
and MWCNTs and further optimised to produce in higher quantities later. Iijima
first time recognised MWCNTs using arc discharge technique [3]. They used similar
conditions of theKratschmer-Huffman technique for fullerene production and carbon
whiskers production technique described by Bacon [18]. This method uses two
graphite electrodes placed 1-mm distance from each other with a diameter of 5–
20 mm and used an inert gas (He or Ar) under atmosphere conditions at a pressure
of 500 torrs [19]. The setup uses the very high current (50–120 A), and voltage
(12–25 V) produces an arc between the two electrodes, which raises the temperature
inside and leads to carbon evaporation from the electrodes. The evaporated carbon
then again re-condenses and forms CNT on the cathode, but the main drawback with
this method is impurities [14]. Anyhow, the synthesis of SWCNTs and MWCNTs
became easy and cost production need to be considered.

MWCNTs synthesis is very easy, and the most commonly used technique is elec-
tric arc discharge (DC arc discharge). The experimental setup consists of two water-
cooled graphite electrodes placed inside a chamber with helium gas at atmospheric
pressure. Ebbesen and Ajayan reported the large-scale synthesis of CNTs using a
modified arc discharge method under He atmospheric pressure [4]. Few studies have
been published on the bulk synthesis of CNTs using the arc-discharge technique. Shi
et al. [20, 21] evidenced the production of high yield of SWCNTs (10 g per day)
under very high He pressure of 500–700 torr. Ando et al. [22] demonstrated bulk
production of SWCNTs (1.24 g/min) with high purity obtained when the highest
current of 100 A used with plasma jet-assisted DC arc-discharge method.

The synthesis of DWCNTs in large-scale is a bit complex compared to SWCNTs
andMWCNTs production; still, few researchers achieved the synthesis of DWCNTs
using an arc-discharge technique. Hutchison et al. [23] used a graphite rod of 8.2 mm
in diameter as an anodewith the help of catalysts (Ni, Co, Fe, andS) for the production
of DWCNTs under Ar and hydrogen mixture using arc discharge technique. Sugai
et al. [24] usedY/Ni catalyst for the production of high-quality DWCNTs using high-
temperature pulsed arc discharge techniques. Huang et al. [25] developed DWCNTs
super bundles etched on the bowl-like cathode under a hydrogen-free atmosphere
using an arc discharge method.

Su et al. [26] first time reported the synthesis of few-walled carbon nanotubes
(FWCNTs) in large quantity under low-pressure air condition using the arc discharge
method with iron and sulfur as catalyst and promoter. The effective synthesis of
FWCNTs was found between 6–12 kPa under air pressure. However, when low
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pressure and high pressure of 3 kPa and 15 kPa restricts the low-synthesis of
FWCNTs.

2.2 CNT Synthesis Using Laser Ablation

The other significantmethod used for CNT synthesis is pulsed laser deposition (PLD)
technique, where the properties of CNTs rely on different factors such as peak power,
continuous wave versus pulse, energy fluence, the oscillation wavelength of the laser,
the pressure inside the chamber, the chemical composition of the material, pressure
and flow rate of the gas, temperature, different substrates. Laser ablation is considered
as one of the most critical ones of PLD, that produces high purity SWCNTs with
high quality. Guo et al. [27] first demonstrated this technique for the preparation
of SWCNTs using the same principle and mechanism of arc discharge. Still, the
only difference is the usage of laser on to the target graphite material using catalyst
materials such as Ni and Co.

Laser ablation process works similarly as the arc discharge technique. In both the
techniques, carbon is formed from the graphite vapourisation. SWCNTs are formed
when metals such as Ni, Co and Pt are doped with the graphite target material. In this
method, the target material is inserted into a quartz tube and placed inside a furnace
further heat to 800–1500 °C temperature. A black powdery substance of carbon is
formed near the water-cooled Cu collector after passing 500 torrs of Ar gas through
the tube. Thess et al. [10] reported high-yield (70–90%) of CNT from graphite using
this technique. The main drawback of this technique is production cost is very high,
and the cost of the laser is also expensive. The formed CNTs using this method has
impurities due to catalysts, carbon impurities and byproducts from carbon material
require purification that again increases the total cost of the process. Additionally,
the purification step might damage the CNT structure and dope the CNTs (Fig. 3.6)
[28].

Fig. 3.6 a Schematic representation of Arc dischargemethod for the production of CNT, b Pictorial
diagram of Laser ablation technique for the production SWCNTs
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Bolshakov et al. demonstrated the synthesis of SWCNTs without any additional
heat supply to the graphitematerial by using a 2 kWcontinuous-wave CO2 laser abla-
tion technique in Ar condition [29]. The results showed that the SWCNTs achieved
byCO2 laserwith increased laser powerwas about 1.2–1.3 nm in diameter.Moreover,
introducing UV laser opens a novel production of CNTs mechanism because of its
high quality compared to infrared laser in the photochemical ablation that is advanta-
geous for photothermal ablation technique. Few studies used different laser sources
or types for the preparation of SWCNTs using metal catalysts and reinforced agents
such as polyurethane and polystyrene. Lebel et al. [30] prepared SWCNTs incorpo-
rating into the polymermatrix of polyurethane usingUV-laser (KrF excimer) ablation
technique. The results revealed that themechanical strength andmechanical modulus
increased by 15 times compared to the infrared laser preparation method. Kusaba
and Tsunawaki [31] reported the preparation of SWCNTs using XeCl excimer laser
with the oscillation wavelength of 308 nm under Ar gas using Co and Ni catalyst
at 1273 K, 1373 K, 1473 K and 1623 K temperature. The results indicated that the
formation of high quality and yield of SWCNTs with a mean diameter of 1.2–1.7 nm
and length of 2 mm.

Hu et al. [32] demonstrated the preparation of thin-walled carbon nanocages with
different shapes in liquid using pulsed-laser ablation (PLA) technique without any
presence of a catalyst. In this method, the formation of carbon nanocages is not due to
the condensation of gas but because of bubble blowingmechanism. Compagnini et al.
[33] successfully deposited carbon nanowalls at the electrode surface using a laser
ablation technique in liquid under the electric field. The negatively charged particles
generated a flower-like structure at the electrode (anode) surface using plasma and
deposition mechanisms. Schauerman et al. [34] synthesised high purity, high yield,
and purification efficiency of SWCNTs. They investigated the impact of catalyst
on the particle size of SWCNTs by using pulsed laser vaporisation technique. The
results indicated that the use of nanometal catalysts such as Ni and Co produces
SWCNT of high purity, yield and offers thermal oxidation of SWCNTs by removing
the carbon impurities without the use of any acid treatments.

Recently, Stramel et al. [35] prepared MWCNTs and MWCNT-based thin films
using pulsed laser deposition with pulsed; diode-pumped, Tm:Ho:LuLF laser. The
results showed that the high-qualityMWCNTs formedwith very less degradation and
these thin films when formed with the combination of polystyrene targets (PSNTs)
onto the silicon substrate. The results revealed that the thin films formed from
pure MWCNTs showed higher quality than the PSNTs targets. Bonaccorso et al.
[36] reported a similar study for the preparation of MWCNTs thin films using the
PLD technique that commercially uses polystyrene-nanotubes pellets on alumina
substrates.
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2.3 Chemical Vapour Deposition (CVD)

Chemical vapour deposition using thermal [37] or plasma-enhanced (PE) is one of
the most popular and commonly used methods for the production of CNTs. The most
economic feasibility and large scale production of high purity CNTs is possible with
other CVDmethods such as water-assisted CVD [38, 39], oxygen assisted CVD [40],
hot-filament (HFCVD) [41], microwave plasma (MPECVD) [42] or radiofrequency
CVD [43] are some of the currently used techniques compared to laser ablation. The
main advantage of the CVD technique is to obtain high purity CNTs and easy control
of the reaction rate.

Fotopoulos and Xanthakis [44] produced SWCNTs by base growth in thermal
CVD and formation of a subsurface carbon layer after the deformation of Ni catalyst
nanoparticle. These effects are due to the adsorption on the catalyst nanoparticles
during C2H2 pyrolysis confirmed by the recent in situ video-rate TEM studies. The
growth of CNTs using catalysts in the CVD method through plasma irradiance or
heat (thermal CVD) by decomposition of carbon source. For the efficient growth of
CNTs, the most commonly used catalysts are metals such as Fe, Co, and Ni [45] and
by improving the growth of CNT, catalysts are doped sometimes with metals such
as Au [46]. The most common hydrocarbon sources such as methane [47], ethane
[48], ethylene [49], acetylene [50], xylene [51], their mixtures [52], isobutene [53]
and ethanol [54] are used in CVD for the synthesis of CNTs [55].

Zhu et al. [56] prepared DWCNTs using catalytic chemical vapour deposition
(CCVD) method using metal catalysts such as Fe and Co decomposed on to the
mesoporous silica substrate. The results showed a uniform shaped high percentage
ofDWCNTswith crystal-like alignment. Ramesh et al. [57] imitated a similarmethod
to produce high-yieldDWCNTs using Fe/Co catalyst onmesoporous silica byCCVD
of alcohol. Hiraoka et al. synthesisedDWCNTs using zeolites as a substrate inCCVD
of acetylene on the well-dispersed metal particles fixed in heat-resistant zeolites at
900 °C and above [58].

Lyu et al. used Fe-Mo/Al2O3 as a catalyst at 900 °C by decomposition of benzene
as a perfect feedstock to synthesise high quality and pure DWCNTs [59]. Zhang et al.
used nickel oxide-silica aerogels as a catalyst for the preparation of MWCNTs with
40–60 nm diameters by the catalytic decomposition of methane at 680–700 °C for
120 min [60]. Jiang et al. [61] investigated the CNT growth in-situ on the pretreated
graphite electrode (GE) using CCVD technique and Ni(NO3)2 as a catalyst. The
prepared CNTs has a length of 200 to 1000 nm due to shorter growing time with
the outer diameter of 80 nm and an inner diameter of 20 nm. Feng et al. prepared
high-quality DWCNTs in one-step CCVD technique under argon gas using acetone
as a carbon source, ferrocene as a source of Fe catalyst and thiophene as a promoter
at a synthesis temperature of 1170 °C.

Li demonstrated the synthesis ofwell-alignedMWCNTs on a large area of SiO2/Si
substrate coated with Ni through pyrolysis of C2H2 using thermal CVD method at
900 °C. Because of the higher density of Ni particles and steric hindrance effect
between the neighbouring CNTs, a better arrangement of CNTs can be obtained.
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The crystallisation of CNTs increased with the increasing NH3 pretreatment, which
plays a critical role in controlling the surface morphology of metals and getting the
alignment of MWCNTs. Moreover, CNTs grow by a tip growth mechanism that was
displayed using Energy-dispersive X-ray spectrum (EDX) analysis [62]. Kim et al.
[63] proposed a new technique for the production of CNTs using three various iron-
containing proteins such asmyoglobin, cytochrome c and haemoglobin to control the
structure and size of CNTs accurately. These proteins are firmly bound to the amine-
terminated self-assembled monolayer surfaces (SAM) by peptide bonds between the
amine group of SAM and carboxyl group of the proteins for the CNT production.
This technique is strictly constraint to SWCNTs synthesis (Table 3.2).

3 Properties of CNTs

CNTs are one of the promising material among the carbon family with larger surface
area, electrical, mechanical and high aspect ratios. CNTs are tubular structures
with different chirality, degree of graphitisation and different diameters show some
versatile and superior properties. This section particularly highlights the physical,
mechanical, electrical and optical properties of CNTs.

3.1 Mechanical Properties of CNT

Carbon nanotubes are predominantly dominant in mechanical properties such as
tensile strength and Young’s modulus. Several studies in the last few years [65–67]
have explained the mechanical properties of CNTs, both theoretically and experi-
mentally. The tensile strength of CNTs is due to the covalent sp2 bond between the
neighbouring existing carbon atoms. Due to the C–C bonds in the lattice, CNTs are
expected to achieve high Young’s modulus in the axial direction. Moreover, when
SWCNTs are formed from graphite sheets, the σ bonding between individual carbon
atoms increases along their axis [68]. This bonding makes CNTs stronger and stiffer
with the highest tensile strength and Young’s modulus. Young’s modulus is generally
related to the material stiffness and it is defined as the stress applied to the material
with the resulting strain. For practical applications such as nanoelectromechanical
systems (NEMS) resonators [69], bioengineering [70] and electrochemical actuators
[71], etc., Young’s modulus of the material must be known before using it.

The Young’s modulus for SWCNTs reported being very high about 1 to 1.8 TPa
due to its diameter is between 1–2 nm, which makes them a suitable material for
probe tips of the scanning electron microscope. The modulus of SWCNTs mainly
depends on the diameter and chirality. However, in the case of MWCNTs, it depends
on the disorder in the sidewalls [72]. Besides, Young’s modulus of MWCNTs is 1.2
TPa higher than the SWCNTs, and this is due to the difference in diameter of the
tubes and also the van der Waals forces acting between the tubes [68]. Due to minute



48 M. Vaka et al.

structural defects of CNTs, their elasticity function is tremendous and resumes back
to the original shape when subjected to severe twists and bends (Table 3.3).

3.2 Electrical Properties of CNT

CNTs exhibit excellent electrical properties and remain amaterial of interest formost
of the researchers until date. The structural defects on the CNTs make it electrically
more conductive than the existing materials. CNTs possess low electrical resistivity
of 10–6 �-m. However, changes in structure, chirality, diameter, and other functional
changes might significantly alter the electrical properties of CNTs. In a few cases,
the chiral forms of CNTs also exhibit different electrical properties [76–79]. The
electronic structure of CNTs changes when different materials bind to the surface of
CNT, resulting in electrical conductivity variation.More interestingly, the addition of
different materials occupy and bind with different functional groups on CNT surface
via different interactions such as covalent, non-covalent, electrostatic, hydrogen,
and finally�-� interactions that affects the electrical properties. On the other hand,
based on the chirality and diameter, SWCNTs and MWCNTs can be classified as
either metallic or semiconducting.

3.3 Thermal Properties of CNT

Since graphite and diamond show low heat capacity and high thermal conductivity,
CNTs are rolled form of graphite structure are expected to exhibit the same thermal
properties due to the photon band structure [80]. In addition to excellent electrical
andmechanical properties, CNTs also displays exceptional thermal properties.More-
over, the inter-tube coupling in SWCNTs and inter-shell coupling in MWCNTs indi-
cates low specific heat that is similar to three-dimensional graphite [81, 82]. Pop
et al. developed a thermal conductivity model as a function of CNT diameter and
temperature and found the thermal conductivity of 1.7 diameters and 2.6 mm long
SWCNTs at room temperature was nearly 3500 Wm−1 K−1. The thermal proper-
ties of SWCNTs were achieved by Joule self-heating over 300–800 K temperature
range produced from high-bias (I-V) electrical characteristics [83]. Kim et al. [84]
measured the thermal conductivity of MWCNTs at room temperature is above 3000
Wm−1 K−1 that is two orders higher magnitude than the bulk MWCNTs. Few other
parameters such as photon-active modes, length of the free path for the photons, and
boundary surface scattering also affects the thermal properties of CNTs [85–87].
Moreover, the diameter, length of the tube, morphology, structural defects, atomic
arrangements, and the presence of impurities also influence the properties of CNTs
[88–90]. Some of the physical, electrical, thermal, elastic, and optical properties are
summarised in Table 3.4.
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Table 3.4 Properties of CNTs [91]

Physical properties Values

Equilibrium structure SWCNTs (average diameter) 1.2–1.4 nm

Distance between opposite carbon atoms 2.83 Ǻ

Parallel carbon atoms separation 2.456 Ǻ

Analogous carbon bonds separation 2.45 Ǻ

Carbon bond length 1.42 Ǻ

C–C tight bonding overlap energy ~2.5 eV

Group symmetry (10,10) C5V

Lattice constant 17 Ǻ

Lattice parameter (10,10) Armchair 16.78 Ǻ

(17,0) Zigzag 16.52 Ǻ

(12,6) Chiral 16.52 Ǻ

Density (10,10) Armchair 1.33 g/cm3

(17,0) Zigzag 1.34 g/cm3

(12,6) Chiral 1.40 g/cm3

Interlayer spacing (n, n) Armchair 3.38 Ǻ

(n, 0) Zigzag 3.41 Ǻ

(2n, n) Chiral 3.39 Ǻ

Optical properties

Fundamental gap Metallic (n-m/3) 0 eV

Semiconducting (n-m not divided by 3) ˜~0.5 eV

Electrical transport Conductance 12.9 K�−1

Resistivity 10–4 �.cm

Current density (maximum) 1,013 A/m2

Thermal transport Conductivity ~3,000 W/m/K

Phonon mean free path ~100 nm

Relaxation time ~10 to 11 s

Elastic behaviour SWCNTs (Young’s modulus) 1 TPa

MWCNTs (Young’s modulus) 1.28 TPa

Maximum tensile strength ~100 GPa

4 CNT Based Composites/hybrids

Composites are formed by combining two or more materials to enhance the elec-
trical, mechanical or specific properties [92, 93]. In the case of composites, onemate-
rial acts as a filler (nanoparticle, nanowires, nanotubes, etc.) and the other behaves
as supporting material or matrix (polymer, ceramics). Usually, random mixing of
different materials results in unique properties and, in some cases, non-uniform
properties are observed [94]. Hybrids nanoparticles are traditionally formed via the
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assembly of different materials/particles on the carbon material. In this situation, one
acts as an active agent, and the other behaves as inactive. Different types of materials
such as metals, metal oxides, polymers, ceramics, nanowires, and peptides/proteins
formed interactions with carbon materials for various applications [95, 96]. These
interactions are of two types: (1) Strong covalent interactions, and (2) Electrostatic
interactions, hydrogen, Vander Waals, and �-� interactions [97].

Due to high surface area, high conductivity, excellent chemical and electrochem-
ical stability, and very good mechanical strength, CNTs have emerged as a new class
of material used for a wide range of applications. However, the hydrophobic nature
of these materials such as CNTs, MWCNTs, and SWCNTs makes it hard to dissolve
in polar fluids such as water compared to non-polar fluids such as silicon oil etc.
Differentmaterials such asmetals (Ag, Au, Pt, Pd, Ru and their alloys) [98, 99], metal
oxides (SiO2, TiO2, Al2O3, Fe2O3, Fe3O4, ZnO, CuO, CeO2 etc.) [100], polymers
[101], ceramics [102] bind to CNTs either by covalent or non-covalent interactions.
These composites show tremendous improvement in different properties compared
to single nanoparticles/nanomaterials.

4.1 CNT-Based Metal Nanoparticle (CNT/MNPs) Composites

The interaction of a new kind of materials such as metal nanoparticles and CNTs
(MNPs/CNTs) hybrids that combine the properties of both the materials and exhibit
unique properties due to the interaction between MNPs/CNTs. Planeix et al. [103]
first reported the synthesis and application of hybridMNPs/CNTs in 1994 for hetero-
geneous catalysis. Taking advantage of this discovery of hybrids/composites, several
researchers started exploring different hybrids in different applications.

Interestingly, the composites of metal or semiconducting NPs with CNTs are
obtained via two different ways. The first approach is using the bare NPs, i.e., with
the help of precursors NPs are deposited or grown on the surface of the CNTs.
The second approach where NPs are formed before and later bind to CNTs through
oxygen functional groups either by covalent or non-covalent interactions. Generally,
in the case of the first scenario, CNTs do not react with the metal salts but behaves as
a conducting wire and supports for the deposition of NPs. Mostly, these MNPs grow
via the process of nucleation on the CNTs surface via van derWaals interactions, and
in few cases, the adhesion of MNPs is, even more, stronger than this. This process
is carried out by performing the metal cation reduction by applying heat, light, and
reducing agents [99]. Researchers have explored and extensively studied somemetals
such as Au, Ag, Pt, Pd, Rh, Ru and Ni [104–110]. Xue et al. [105] used different
kinds of metals such as Pt, Ag, Au, Pd and Cu NPs were grown on MWCNTs by
thermal decomposition of metal salts under hydrogen stream. Additionally, CNTs
not only act as a supporting material but also act as a template in determining the
metal nanoparticles size.

Ang et al. [111] used Pd and Sn catalytic nuclei to activate CNT using a single-
step approach. The formation of Ni and Pd NPs on CNTs by electroless plating
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Fig. 3.7 Electroless deposition of metal nanoparticles on CNTs (Preprinted with the permission of
the publisher) [108]

technique using activated carbon nanotubes as a precursor. Choi et al. [108] reported
MNPs/CNTshybridmaterial by formingPt andAuNPson the sidewalls of SWCNTs.
They claimed that the reduction of metal ions on the CNT surface did not involve
any catalyst or reducing agent. The author noticed that the reaction was spontaneous
and observed the formation of MNPs on CNTs after the dispersion of CNT into
HAuCl4 (Au+3) or Na2PtCl2 (Pt+2) for 3 min duration. CNTs act as a template for
the deposition of MNPs on CNT structure and was successfully examined by atomic
force microscopy (AFM) as shown in Fig. 3.7.

Few studies [112–114] reported the formation of MNPs on CNTs using the elec-
trodeposition method. The deposition of Au, Pt and Pd NPs on CNTs formed under
control potential and concentration of salt precursors in the electrochemical cell.
Moreover, the CNTs surface fully occupied by the metal NPs, and the presence of
hydroxyl, carboxylic and other functional groups did not behave as activators during
electrodeposition.

Coleman et al. [115] used the Bingel reaction to modify the CNT surface with
thioether groups that act as a bridge between Au NPs and CNTs binding. Ellis et al.
[116] demonstrated the hydrophobic interactions between the monolayer coated Au
NPs on to the sidewalls of CNTs. Octanethiols act as a capping agent to coat gold
NPs that are anchoring to the acetone-activated CNTs used for device applications.

Researchers carried out the functionalisation of CNTs with pyrene derivatives,
other aromatic compounds via �-� interactions [117–120]. The pyrene molecule
chain ended with thiol group is coated on CNTs, where Au NPs are introduced to
bind on to the CNTs surface through �-� stacking. The fluorescence of pyrene is
quenched fully by CNTs, and total quenching after binding with Au NPs is observed
although, the enhancement in the signal is observed using Raman spectroscopy and
other spectroscopic studies. The electron transfer between the electron donor, Zn
porphyrin and acceptor SWCNTs is due to�-�, andCoulombic interactions between
CNTs bound with pyrene and Zn porphyrin [119]. The result indicates the charge
transport and charge transfer between CNTs, pyrene, and Zn porphyrin.

The metal NPs attached to the oxidised CNTs through electrostatic interaction
[121–129] have been reported in the literature. The cationic polyelectrolyte bind to
the carboxylic groups on the oxidised surface of CNT via electrostatic interactions.
Thus, the negatively charged Au NPs anchor to the polyelectrolyte chain attached to
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the surface of CNTs [121]. Few studies also reported the assembly of MNPs/CNTs
nanohybrids through electrostatic layer-by-layer technique [130, 131].

4.2 CNTs-Based Metal Oxide (CNTs/MO) Composite

In recent years,CNTs/MOcomposites gained a lot of attentiondue to their remarkable
superior properties and significant impact on the performance of the composites.
CNTs/MO are broadly divided into two categories based on the application and
the material composition in the composite. Class I: oxidised functional groups on
CNT bind to the MO either by covalent or non-covalent binding. Class II: CNTs
are strongly fixed or embedded within the MO matrix [132–134]. The synthesis of
CNTs/MO composites have been reported as (1) in-situ approach and (2) ex-situ. In
the case of in-situ technique, the nanoparticles are prepared and attached on CNTs
through functional groups either covalently or non-covalently, whereas, in the case
of ex-situ, the nanoparticles are decorated on the CNTs using a different technique
[135].

The most commonly used in-situ techniques are an electrochemical reduction,
electrodeposition, sol–gel, hydrothermal and CVD [136–138]. The main advan-
tage of using this method is the formation of different types of NPs, nanorods, or
nanobeads with controlled thickness, size, structure and also morphology. The main
drawbackwith this kind of approach is the structural damage toCNTs, and sometimes
it led to decomposition of the structure/nanoparticles during the harsh treatments that
eventually effects the overall performance of the composite. The advantage of the
ex-situ method was easy controlling of the size and morphology of the nanoparticles
that were already prepared using different techniques. As the nanoparticles bind on
the surface of the CNTs through various interactions and oxygen functionalisation,
the distribution and concentration of MO NPs on the CNT surface can be easily
controlled [139, 140].

The important factor was the mechanical properties of CNTs/MO composite,
where the quality, uniformity and low quantities of CNTs do not show any effect on
the mechanical properties of CNTs/MO composite. Moreover, the higher the number
of CNTs in MO suppress grain growth and restricts the densification. The decrease
in the toughness of MWCNTs in the matrix is due to a more defective structure
compared to SWCNTs. The load transfer is only on the outer layer of MWCNTs,
and the inner layers do not have any interaction withMO. Therefore, MWCNTs have
a very less load transfer effect than the SWCNTs [141, 142].

The other parameters taken into consideration are the ratio of nanoparticle on
the CNTs surface by determining the initial concentration and type of precursor
used. Moreover, the increase in MO ratio results in the formation of agglomeration
on the surface of CNTs. The size and morphology of the nanoparticles on CNTs
dependon synthesis treatment, temperature and time. Finally, the uniformdistribution
of nanoparticles on CNTs to form a good composite based on the parameters and
conditions [143].
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4.3 CNTs-Based Polymer Composite

The rapid development of CNTs-polymer composite due to extremely superior prop-
erties such asmechanical, electrical, and thermal properties used as a potential candi-
date for different applications, where CNTs replaces other materials to form CNTs-
polymer composite with improved effectiveness and performance. This improved
performance of the composite is due to the strong covalent interaction and weak non-
covalent interaction between the CNT-polymer. The preparation of CNTs-polymer
composite via acid functionalisation enhances the strong bonding properties between
CNTs and polymer matrix. Thus, the carboxylic end groups present on CNTs effec-
tively interact with the polymer to improve the mechanical strength and Young’s
modulus [144–147]. Additionally, the presence of carboxylic functional groups on
the CNTs actively form a covalent type of interaction with the polymer molecule.
The interaction between CNTs-polymer classified into “grating from and grating to”
[148–150].

The initiators are fixed onto the CNTs surface initially in the grating-from tech-
nique, followedby the development of polymermolecules bound to theCNTs through
in-situ polymerisation.The advantageof thismethod is the synthesis of a highgrafting
density polymer-functionalisedCNTs.However, the amount of initiator and substrate
need to be considered strictly during this technique due to the limited availability
of the polymer. Moreover, the higher the amount of CNTs restricts the matrix grain
growth and thus hinder the densification. The latter method is based on the binding of
the polymer molecule to the CNTs functional group with the existing functionalised
end polymer through a favourable chemical reaction. The benefit of this technique is
that the polymers with functional groups available in the market can also be used for
interaction. However, the main disadvantage of this approach is that the binding of
polymer chains sterically on the CNTs surface initially restricts the scattering of any
other additional macromolecules to the CNTs surface hence resulting in low polymer
loading [151].

The non-covalent functionalisation of CNTs and polymer molecules involves van
der Waals, �-�, CH-� or electrostatic interactions. The main benefit of this type of
functionalisation is that the CNTs structure does not change while retaining the elec-
trical andmechanical properties.However, the limitationwith this non-covalent func-
tionalisation is the ability of the load transfer reduce because of the weak interactions
between the wrapping molecules and the CNTs surface [150, 152, 153].

The other significant factor in developing a better physical binding between CNTs
and polymer matrix is designing a proper manufacturing technique of the composites
apart fromenhancing themechanical, electrical, thermal and stress transfer properties
of CNTs-polymers [154].
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4.4 CNTs-Based Ceramic Composites

Roy, Komarnenei and colleagues first coined the term ‘nanocomposite’ to ceramics.
They used the sol–gel technique to synthesise a hybrid ceramic composite with
the metal nanoparticle leads to monophasic or multiphasic composite [155]. Niihara
[156] first proposed the concept of structural ceramic composite in 1991 and later, An
et al. [157] developed a structural ceramic composite on Si3N4/SiC and Al2O3/SiC
system by adopting the same technique to study the effect of CNTs on mechanical
and tribological properties. However, ceramics face some serious issues such as poor
resistance to creep, degradation of mechanical properties at high temperatures, low
fracture toughness and strength, fatigue and thermal shock. Several attempts have
been made to overcome all these issues by introducing the micron-sized particulates
such as platelets, whiskers, and fibres at the matrix grain boundaries. However, these
micron-sized fillers do not resolve the problems successfully. The incorporation of
nanometer-sized particles into ceramics has opened a new window to control the
microstructures passively [158].

Due to strong mechanical and electrical properties, CNTs act as an alternative
material than others to form ceramic-based composites. In few cases, the structure
of the CNTs causes damage by high-temperature sintering. Still, the CNTs structure
can be retained during spark-plasma-sintering to form the composite material [159,
160]. In somecases,CNTs formpoor interactionswith solvents ormatrix components
because of their large surface areas and high aspect ratios [161]. Due to van derWaals
forces acting between the neighbouring nanotubes, SWCNTs turns into ropes and
bundles and form an agglomeration.

Moreover, the high loading fractions of material occupies the available matrix
material and favours agglomeration because of the large area of filler and shortage of
the matrix material. It is known that the nanocomposites show improved properties
up to certain loading fractions and beyond the limit tends to the agglomeration of
CNTs. However, when considering the electrical conductivity of CNTs, mesh-like
structures connecting is desired. To obtain better results, the initial dispersion of
CNTs is significant and allowed the CNTs network to spread [162, 163].

5 Applications of CNTs

CNTs evolved as an emerging material in different applications due to its superior
properties such as mechanical, electrical, optical and chemical properties. Due to
the large surface area to the aspect ratio of CNTs, various methods were employed
and used in several applications such as biomedicine, energy-related applications,
environment, and sensors [164]. Several researchers have explored various types of
materials to integrate with CNTs to improve the properties further or discover novel
properties in other diverse areas of nanotechnology to fulfil the current demands. The
addition of CNTs to other materials tune their properties and enhance the properties
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that apply to the desired application. Few of the CNT applications are discussed
under this section:

5.1 Transparent Electrodes

Organic solar cells and organic light-emitting diodes (OLED) are made up of opti-
cally transparent electrodes that are strong, flexible and conductive. Thin layers of
CNTs provide additional benefits by acting as a flexible electrode compared to the
existing metal oxide like indium tin oxides [165]. The sheet resistance of CNTs with
OLEDs remains the same under bending because of its flexible and superior nature.
In contrast, the sheet resistance increases drastically for ITO-based electrodes due
to cracks on the surface [166].

5.2 Supercapacitors

Supercapacitors are the perfect replacement for lithium-ion batteries due to the pres-
ence of the charged double layer to store energy. CNTs act as potential material
for electrochemical double-layer capacitors (EDLC) because of the high surface
area. Signorelli et al. [167] formed CNTs on top of the conductive substrate, which
performed seven times higher than the existing activated carbon-based devices in
terms of energy densities. Xie et al. [168] reported that the CNTs/metal composite
can further improve the performance with increased capacitance from 29.8 F g−1 to
250.5 F g−1.

5.3 Fuel Cells

Proton exchange membrane fuel cells (PEMFCs) and direct methanol fuel cells
(DMFCs) have grabbed a lot of attention as a sustainable and clean energy source
[114, 169–171]. The drawback with these fuel cells was the increased cost of Pt
catalyst, and the cost can be minimised by depositing the metal catalyst on the CNTs
surface.

5.4 Sensors

CNTs used as a natural sensing element with high sensitivity to detect specific
molecules were reported by Swager et al. [172]. CNTs with a large surface area
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and adsorptive properties acts as a carrier to bind with metals, metal oxides, poly-
mers to form a sensory system with high specificity. Jiang et al. developed a novel
CuO/MWCNTs electrode for the detection of glucose in human serum samples, and
the composite showed high sensitivity of 2596μAmM−1 cm−2 and response time of
about 1 s with the addition of 0.10 mM glucose than the normal MWCNTs electrode
[173].

5.5 Hydrogen Storage

CNTs showed a significant effect on hydrogen storage research due to its high aspect
ratio. Few studies reported that CNTs as a promising material for hydrogen storage
capacity but most of the experimental data was controversial, and some of them are
non-reproducible as well. Dillion et al. [174] reported 10mass% of hydrogen storage
capacity for SWCNTs. Still, this topic is debatable, and it is unclear whether CNTs
can store hydrogen. More intensive research needed to explore the significance of
CNTs in hydrogen storage applications [175]. Silambarasan et al. [176] outlined
the reversible and reproducible hydrogen storage using functionalised SWCNTs
with borane. Absorption of hydrogen by the functionalised SWCNTs for different
time durations has been designed and employed using hydrogenation setup. The
results showed maximum storage of hydrogen at 50 °C was about 4.77 wt% and at a
higher temperature ranging from 90–125 °C, the samples become dehydrogenated.
Besides, the amount of hydrogen storage in functionalised SWCNTs increases with
the increasing hydrogenation duration.

5.6 Heat Transfer and Thermal Energy Storage Applications

The addition of nanoparticles into the base fluids can enhance the thermophysical
properties such as thermal conductivity, specific heat capacity and thermal stability,
etc. Several studies reported that the addition of CNTs, MWCNTs and CNTs hybrids
improved the heat transfer performance [177–184]. Additionally, surface wettability
plays a significant role in fluid flow behaviour and heat transfer performance. The
potential use of microstructured materials in heat transfer applications has been
highlighted by a few researchers [185–188]. Few other studies also reported the
addition of CNTs showed increase heat transfer rate or performance [189–192].

5.7 Biomedical

The attachment of biomolecules to CNT by covalent and non-covalent interactions
makes the CNTs development possible in biomedical applications [193–195]. CNTs
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for bioelectronic applications have become an interesting field, such as neural pros-
thetic devices [165]. Another important field of research that CNTs widely used is
therapeutics. CNTs have been reported as molecular transporters for human T-cells
and as an anticancer drug [196, 197].

6 Challenges

CNTs due to their high surface area, aspect ratio, and superior properties widely
used in different applications. The synthesis, purification, processing and fabrication
of CNTs are still facing problems and remain a key challenge. However, during the
synthesis process of metal/MWCNTs composite, the traces of metal nanoparticles
are most commonly seen impurities in CNTs. These impurities play a significant role
in changing the behaviour or properties of CNTs reported by Sljukic et al. [198].

Another crucial question associated with CNTs is solubility and dispersion, and
several efforts have beenmade to overcome this by forming non-covalent interactions
such as diazonium chemistry, by oxidation of defect sites, and using solubilising
agents but the pristine CNTs observed to be insoluble in polar solvents such as water
in few cases [199–202]. This allows a different type of solution methods such as
spin coating, drop-casting to form CNT-based composites for future applications.
However, many studies reported that the covalently functionalised CNTs showed
higher solubility but still impact the electronic properties of the materials [165].

7 Conclusions

We conclude that SWCNTs, DWCNTs, MWCNTs, and the nanocomposites have
emerged as a potential candidate for different applications. The synthesis, purifica-
tion, processing and fabrication of CNTs-based devices exhibit superior properties
such as mechanical, electrical, high aspect ratios and large surface area for wide-
range of applications. The structural changes may vary the properties of nanocom-
posites after covalent and non-covalent interactions and further increase the quality
of composites that currently restricts the applications of CNTs. With the continued
improvement of research and new technologies, tremendous progress can be expected
in the field of CNTs.
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Synthesis of Nanoclay Composite
Material

Pratap Kumar Deheri and Biswabandita Kar

Abstract The immense research interest in clay sciences is driven by the easy avail-
ability in nature, extraordinary properties, wide range of applicability, cheaper and
less toxicity. Clay minerals have a huge potential to explore and/or manipulate appli-
cation specific physical properties in the lab. Nano-structured clay broadly can be
classified as aggregated nano-clay, isolated nano-clay particles (tactoid), interca-
lated clay and exfoliated clay. Clay shows the properties related to nano-structuring
to its fullest when exfoliated and many interesting physical, morphological charac-
teristic and improved properties are observed. Clay based nano-composites mate-
rials provide significant properties improvements even at low nanoparticles content.
Effort is made to strengthen the understanding on effect of size, shape and the chem-
ical compositions to properties relations. The optimization of adsorption properties,
swelling behavior, rheological properties optimization, nano-sized clay development
and design of polymer–clay composites development opens the new prospect of
research and application of clay minerals. To obtain a uniform distribution with
strong linking between polymer to particles remains a critical challenge in order to
obtain properties like flame retardant, mechanical, barrier and thermal properties, etc.
This chapter focuses more in-depth on the synthesis and properties of clay-polymer
composite. Processing of Clay-polymer nano-composites such as conventional solu-
tion blending, melt blending, in situ polymerization and the use of ultrasounds in
enhancement of nanoparticles dispersion has been discussed. To reach the optimal
properties that is required for specific applications, selection of composition, clay
microstructure and processing is the key and has been elaborated in this section.
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1 Introduction

To define the term clay or clay mineral is very complicated. The term clay is used to
represents thefineparticles (less than2μm) formed fromrockor earth crust bynatural
erosion and chemical weathering process [1]. In general, clays consisted of mixtures
of fine grained clay minerals, quartz, carbonate, and metal oxides. According to the
CMS Nomenclature Committee clay is primarily of fine-grained minerals that is
generally plastic at appropriate water contents and will loss plasticity when dried or
fired [2, 3]. These definitions do not include synthetic clays and clay-like materials.
Natural clays are highly heterogeneous in compositions and properties. Structural
imperfection, compositions variations, presence of different impurities, variable crys-
tallinity limits the practical applications of natural clay. This leads to more and more
research in development of clay minerals in lab with control size, shape, composi-
tion and better properties. The diverse application of clay minerals is further corrob-
orated by the wider species of clay present with different compositions, the wide
range of physical and chemical properties and the large probability of compositional
modifications.

Natural clays are mixture of hydrous metal-phyllosilicates, quartz, carbonate and
metal oxides. However, synthetic clays are hydrous metal-phyllosilicates without
quartz, carbonate and metal oxides. The metal ions can be aluminum, iron, magne-
sium, alkali metals, alkaline earth metals etc. in varying atomic percentages.
However, the term clay is quite frequently used to represent the clay minerals (sheet
metal-silicate structure). The phyllosilicates are broadly divided into two different
groups depending on the layer type, structure and numbers. First one is 1:1 layer
consisting of one tetrahedral sheet and one octahedral sheet and the second one is
a 2:1 layer containing an octahedral sheet between two opposing tetrahedral sheets
[4]. The basic building blocks in both the groups are comprised of octahedral and
tetrahedral sheets. However, the compositions and arrangements of these layers in
different clay minerals are very different. These differences in compositions and
layer stacking account for most of the different in their physical and chemical prop-
erties. In this chapter, the six groups of clay minerals (Kaolinite, Smectite, Illite,
Vermiculite, Chlorite and Allophanes), their chemical and structural properties are
discussed. Clay nano-structuring such as clay nano tubes, nano particles and nano
sheets is presented. Clay surface modifications and nano clay-polymer composites
synthesis with their mechanical and physical properties are discussed.

1.1 Clay: Structure and Compositions

Clay or clay minerals are distinguished based on their different crystal structure [2,
5]. There is a close relation between the crystal structure to the bulk physical and
chemical properties of clay. Here we are discussing the clay structure starting from
the basic building unit tetrahedron and octahedron. The clay minerals classes and
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types are so vast it is out of scope of this chapter to discuss each in details. Here, the
important and more frequently observed clay structures will be discussed.

Tetrahedral sheet (phyllosilicates): Clay minerals are called phyllosilicates
(derived from Greek word phyllus meaning leaf). “Phyllosilicates are characterized
by their layered structures composed of polymeric sheets of silica tetrahedra". The
tetrahedron is formed by cations surrounded by four oxygen anions. In clay minerals
the predominant central cation is silicon (Si4+) (Fig. 1a) [6]. In the SiO4

4− tetrahe-
dral; central Si with a 4+ charges is bonded to surrounding four O with 2− charges.
This resulted in a net negative charge of−4 in SiO4

4− tetrahedral. In phyllosilicates,
three basal oxygen of the SiO4

4− tetrahedra are shared with other tetrahedra and
form a six member rings. As the three basal oxygen of the tetrahedron are shared
only the apical oxygen is free and retains a charge of −1. This leads to formation of
basic structural unit of Si2O5

−2 (Fig. 1b) [6, 7]. However, in some clay the central
silicon cation in a tetrahedron is partially substituted by aluminum and magnesium
resulted in extra negative charges.

Octahedral sheet: The second structural unit in a clay mineral is the octahedral
sheet. The octahedral layers are very much similar to the structure of either Brucite
[Mg(OH)2] or Gibbsite [Al(OH)3]. In brucite octahedra, the cations are+2 ions like
Mg+2 or Fe+2 while in gibbsite [Al(OH)3] octahedra the cations are +3 like Al+3

or Fe+3. The octahedral sheet is formed by sharing of the hydroxyl group at the
corner of each octahedron (edge sharing) Fig. 2 [6, 7]. In the brucite structure, all the
three octahedral sites are occupied. In the Gibbsite structure every 3rd cation site is
unoccupied to maintain charge neutrality. When the entire octahedral site is filled it
is called tri-octahedral sheet while the other is termed as di-octahedral sheet.

The Clay Layer: These basic building block (tetrahedron and octahedron) are
linked together to form the layer clay structures. Most phyllosilicates contain
hydroxyl ion (OH−), with the OH− located at the centre of the six member ring
(Fig. 3) [6]. Thus, the structural unit becomes Si2O4(OH)−3. In the octahedral sheet

Fig. 1 a Silica tetrahedron; dark black color atom is silicon bonded to four oxygen tetrahedral,
b phyllosilicates; silicate tetrahedra bonded through corner sharing oxygen to other three silicate
tetrahedron forming a six member ring [6, 7]
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Fig. 2 a Octahedral unit; the central octahedral formed by oxygen/hydroxyl ions site is occupied
by metal ions, b Brucite; if central atom is+2 metal ion and c Gibbsite structure; if central atom is
+3 metal ion [6, 7]

Fig. 3 Si2O4(OH)−3, the
octahedral building block,
four of the apical oxygen
from Si2O5

−2 unit is shared
to form the octahedral [6, 7]

cations, usually Fe+2, Mg+2, or Al+3 are bonded to four of the apex oxygen of tetra-
hedral sheet and the centered OH− ions of the phyllosilicate. The horizontal linkage
of multiple octahedra forms the octahedral sheet.

Now imagine the octahedral layer is a tri-octahedral containing Mg+2 or Fe+2. If
two of the octahedral OH− ions are replaced with the apical oxygen O2− of the tetra-
hedral Si2O4 sheets, a tetrahedral–octahedral (T–O) layer structure is formed. This
kind of layer structure is observed in serpentine mineral. However, if the octahedral
layer is di-octahedral containing Al+3, the obtained (T–O) layer is termed as Kaoli-
nite clay (Fig. 4). The formed T–O clay layers are bonded to the top (or bottom) of
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(a)

(b)

Fig. 4 Tetrahedral—octahedral T–O and T–O–T layer structure [6, 7]

another T–O layer by Van der Waals bonds, electrostatic force or hydrogen bonding
between the layers. Now, suppose 2 more of the OH ions in the octahedral layer are
replaced by O2− of two different Si2O4 tetrahedral layers. This leads to a T–O–T
layer formation. The T–O–T layers are boned either by weak Van der Waals force,
electrostatic force or hydrogen bonding between the layers in a clay system. If an
Al+3 is substituted for every 4th Si+4 in the tetrahedral layer, this causes an excess−1
charge in each T–O–T layer. Positive metal ions like K+1 or Na+1 is bonded between
the two T–O–T layers to maintain the charge neutrality.

Clay minerals classification: As discussed; clay minerals can be divided into two
groups depending on the number of tetrahedral and octahedral sheets in the layer
structure. In a 1:1 structure one tetrahedra is covalently attached to one octahedra
and in a 2:1-type structure one octahedra is sandwich between two tetrahedra. These
layers are connected by week Vander Waals force, electrostatic force or hydrogen
bonding between the layers to form clay crystallites. These inter-layers are conve-
niently characterized by x-ray diffraction peak at low 2θ values compared to other
characteristic peaks. Interlayer interactions areweak and can easily be disrupt.Hence,
interlayer can easily be accessed by water, organic cations or polar organic liquids.
This phenomenon is termed as intercalation and causes the lattice to expand. This
again can bemonitored by x-ray diffraction peak shifting to a lower diffraction angle.

1:1 (T–O) type minerals (Kaolinite and Halloysite): The 1:1 structure is made up
of one Al-octahedra layer and one silicate tetrahedral layer. The common examples
of 1:1 layered structures are Kaolinite and Halloysite (Fig. 5). Kaolinite is the most
common clay in this group and the common chemical formula is Al2Si2O5(OH)4.
It contains Al3+ in octahedral site and Si4+ in tetrahedral site. The adjacent layer is
connected by hydrogen bonding between theH ofOHof octahedral sheet and oxygen
of tetrahedral sheet. There are three planes of anions; one plane consists of the basal
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Fig. 5 Kaolinite and Halloysite clay structure [7]

O2− ions of the tetrahedral sheet, the second consists of O2− ions common to both
the tetrahedral and octahedral sheets and the third is O2− of octahedral basal plane.
It has very little isomorphous substitution at both octahedral or tetrahedral site and
hence no permanent charge. As it is charge neutral, the cation exchange capacity is
also very low. Halloysite is very similar to kaolinite except the interlayer water. The
water is present as a hydration sphere to the cations present between the inter-layers.
The representative chemical formula for halloysite is Al2Si2O5(OH)4.nH2O. When
n= 2, halloysite is in its fully hydrated form and has a single layer of water between
the 1:1 layers and is named halloysite-(10 Å). But when n = 0, halloysite in a less
hydrous form and is called halloysite-(7 Å). The name is derived from the differences
in the interlayer spacing as a result of the degree of hydration. In general, clays occur
as thin plate like structure but halloysite often occur as tubular, fibrous or spherical
particles.

2:1 (T–O–T) type minerals: Unlike 1:1 clay mineral, 2:1 structure is more diverse.
The 2:1 structure is made up of two silicate tetrahedral layer, one each side of the
octahedral layer Fig. 4 [6]. 2:1 structure has four planes of anions; two are the basal
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oxygen of the two tetrahedral sheetswhile the other two are the inner planes consist of
oxygen and hydroxyls commonly shared between octahedral and the two tetrahedral
sheets.

Pyrophyllite: To start with, let’s consider the simplest 2:1 pyrophyllite struc-
tures. It consists of one Al3+ octahedral layer sandwich between two Si4+ tetrahedral
layer Fig. 6 [7]. As the tetrahedral sheets contain only Si4+ and the octahedral sheet
contains only Al3+ the idealistic chemical formula of pyrophyllite can be written as
Al2(Si4)O10(OH)2. The charge is balanced making the pyrophyllite clay layer elec-
trically neutral. Hence, the pyrophyllite clay layers are held together only by weak
Van-der Waals forces to form the clay crystallites.

Micas: Mica minerals structure is almost similar as pyrophyllite and have the 2:1
layer structure. However, the chemical formula is different. The important difference
is; one fourth of tetrahedral site Si is replaced byAl (Fig. 7) [7]. As Si+4 is replaced by

Fig. 6 Pyrophyllite clay structure [7]

Fig. 7 Mica clay structure [7]
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Fig. 8 Vermiculite [7]

Al+3 a negative charge is induced in the clay structure. This excess negative charge
is balanced by monovalent cations such as Na+, K+ that occupy interlayer sites
between two 2:1 layer. Taking all this into consideration the derived representative
chemical formula for mica is KAl2(AlSi3)O10(OH)2. Al3+ in octahedral site resulted
in dioctahedral clay. The octahedral site can also accommodate Mg2+ in place of
Al3+ and resulted in tri-octahedral clay structure. In some of the mica clay, Fe2+ and
Fe3+ can substitute for Mg2+ and Al3+ in the octahedral site and Na+ and Ca2+ can
substitute for K+ in the interlayer.

Vermiculites: Vermiculites have 2:1 layer structure (T–O–T structure). They have
an inter-layer charge of 0.9–0.6 per formula unit. These negative charges are neutral-
ized by the interlayer cations like Na, K, Ca and Mg (Fig. 8) [7]. These interlayer
cations loosely bound and are exchangable with other inorganic and organic cations.
The high charge per formula unit gives vermiculite a high cation exchange capacity.
A vermiculite chemical structure can be represented as: M+

0.75 Al2(Si3.25Al0.75)
O10(OH)2, here M+ represents ex-changeable Na, K, Ca and Mg cations.

Smectites: The smectite group clays consist of 2:1 (T–O–T) layer structure
similar tomica and vermiculite and contains hydrated exchange-able cations (Fig. 9).
However, the effective charge per formula unit is 0.6–0.2. The most common smec-
tite clay minerals observed are Montmorillonite, beideilite and nontronite. Though
all the three class are di-octahedral clay, the metal ions at tetrahedral and octahe-
dral center are different. An idealized smectites molecular formula is Smectite ion
exchange capacity is low compare to vermiculite as the net interlayer charge is less.
However, the swelling capacity is very high for smectite type of clay minerals.

Chlorites: Chlorite is recognized by its green color. A generalized chemical
formula of chlorite is (Mg,Fe,Al)3(Si,Al)4O10(OH)6. Here the octahedral Mg2+ is
substituted by Fe3+, and Al3+. The elements Al3+ can occupy both octahedral sites
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Fig. 9 Smectite clay structure [7]

as well as tetrahedral Si4+ sites. It too has a 2:1 (T–O–T) layer structure with excess
negative charge (Fig. 10) [7]. This excess negative charge is neutralized by interlayer
Mg2+ ions that form a brucite like octahedral structure. Hence, in chlorite clay the
T–O–T layers sandwich the octahedral Mg(OH)2 layer.

Allophanes: Till now we were discussing well-ordered x-ray crystalline clays.
However, the allophanes are poorly crystalline or amorphous in nature. Its idealistic
chemical formula is Al2O3·(SiO2)1.3–2·(2.5–3)H2O.

Fig. 10 Chlorite clay structure [7]
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Two characteristic aspect of any clay structure is important to understand its
microstructure and properties. First is the lattice mismatch between the tetrahedral
and octahedral sheets and its effects on the clay microstructure. And second is the
polymorphism due to deferentmodes of laminate stacking. Tetrahedral silicate sheets
have two planes of oxygen/hydroxyl ions. One plane is formed by apex oxygen O2−
and the other plane is by the shared O2−, OH− of the tetrahedrons. An isomorphous
substitution of silicon atom by bivalent metal ions like Fe2+, Mg2+ or a trivalent
metal cation such as Fe3+ or Al3+, the silicate develops an excess negative charge.
This excess charge is neutralized by interlayer positively charged ions such as Li+,
Na+, K+, Mg2+, Ca2+ etc. These ions are exchangeable by the cations in the solution
some time can be from a organic cations. Sodium Na+ or lithium Li+ cations in the
clay interlayer leads to high osmotic pressure between the platelets. This may lead to
infinite swelling in presence of water (swelling clay). The clay platelet formations,
stacking, agglomeration and exfoliation are characterized by the d001 basal spacing
(along c-axis) and is determined by XRD and electron micrographs.

2 Nanoclay

Recently, science and technology in the field of nanotechnology has become one
of the most interesting and fast-growing multidisciplinary research areas in both
science and engineering. Nano-materials are classified as materials with at least 50%
particles are between 1–100 nm scale [8]. Materials on the nanometer (atomic) scale
possess different structural, physical, chemical or biological properties than that of
bulk of the same materials [9]. At nanometric scale, atoms located at a surface is
considerably high compared to total number of atoms in thematerial [9].Hence,many
chemical and physical properties that are controlled by surface phenomena such as
catalytic, electrical, magnetic and mechanical properties, crystal growth mechanism
and thermal conductivity properties are different than the bulk materials.

However, differentiating nano-clay materials from bulk is not straightforward.
Nano-scale material can also be differentiating than the bulk materials based on
the significant change in properties. It is the size range below which the material
properties are different than the bulk materials [8]. However, the properties transition
is abrupt and different for differentmaterials. Anotherway to define nanomaterials is;
at least one dimension of the materials should be in nanometer range.An uncertainty
in the definition and classification of nano-clay will always persist. However, in this
chapter, the Nano clays term is used for clay minerals with at least one dimension
in nanometer range that is below 100 nm. So, depending on the dimensionality clay
particles will be termed as nanoparticles, nano-plate or nano-fiber. Depending on
chemical composition and nanoparticle morphology nanoclays are montmorillonite,
bentonite, kaolinite, hectorite, and halloysite.
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2.1 Clay Nanostructure

Nano-structured clay exists in nature by its own. If the claymicrostructure is analyzed
closely, one can find the bulk clay is agglomerations of nano-structured units like
rods, tubes and plates. With little effort these agglomeration can be breaks into
individual nano-structures to exploit the nano-properties to its fullest [10]. More
obviously, making clay nano-plates is interesting from the clay layers which are
nanometers thickness stacking together makes the clay structure. The clay micro-
structural studies have attractedmuch attention in recent years due to theirwidespread
applications.

Clay Nanorods: One-dimensional nanoscale clay minerals with nanorod-shape
morphology have also received more and more research attention because of the low
cost and safer chemicals. Nanorods have one-dimensional nano size effect and been
widely used in polymer composites, catalyst, adsorbents and others. Palygorskite
(also called as attapulgite) is a representative natural nanorod with the theoretical
formula of Si8Mg8O20(OH)2(H2O)4•4H2O. Palygorskite is from the family of sepi-
olite. It has a 2:1 ribbon-layer structure. However, unlike the ideal 2:1 phyllosilicates,
in palygorskite–sepiolite group clay the apical oxygen atoms point away from the
basal oxygen atom plane in opposing directions to form ribbons of joined pyroxene-
like chains. The apical oxygen atoms pointing along either the [100] or the [−100]
direction, that is, in opposing directions (Fig. 11) [11]. Four apical oxygen atoms
of two opposing tetrahedral strip and two OH groups (or by OH2 groups in some
cases) link to metal cations (typically Mg or Al in palygorskite and sepiolite) to form
octahedral coordination. Strips that are eight octahedra wide link to tetrahedra via
apical oxygen atoms in sepiolite, and strips that are five octahedra in width occur in
palygorskite.

The perfect palygorskite crystal is a tri-octahedral mineral in which all the octahe-
dral sites are occupied byMg2+ ions. However, isomorphous substitution of all Mg2+

by trivalent metal ions like Al3+ and Fe3+ leads to the formation of di-octahedral
layer. If Mg2+ ions are partially replaced by Al3+ and Fe3+ can be resulted in mix

Fig. 11 Projection of the monoclinic palygorskite (a) and sepiolite (b) structures along the [001]
direction [11]
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(a) (b) (c)

Fig. 12 Clay nano-rods and nanofibers [12, 14]

di and tri octahedral layers. As a result, crystallographic defects are observed in the
octahedral sheets of natural palygorskite. The charge imbalance leads to high inter-
layer negative charges that are compensated by exchangeable cations. The natural
palygorskite microstructurally preferred nano-rods shape and the aggregated rod
bundles (Fig. 12) [12]. However, sepiolite has a fibrous structure that has made it
a potential candidate to be used for the preparation of eco-materials such as super-
absorbent composite, environmental repair materials and flame-retardant materials.
The palygorskite unique crystal structure, the layer stacking mode and nano-rod
microstructure resulted in plentiful pores, higher aspect ratio, better ion exchange
capacity (about 30–40meq/100 g) in it. Palygorskite has excellent colloidal stabiliza-
tion properties, adsorption, reinforcing properties, thermal and mechanical stability.
And is explored as a potential candidate in these applications. In order to achieve
the optimum properties and to extends its applications nano-structure processing is
very important". Many physical methodology such as ball milling, extrusion, high
speed shearing and ultra-sonification along with surface modifications are studied to
obtain optimized nano-structure that can have better properties [12, 13]. However,
such treatment will leads to reduce in aspect ratio of these nano-rods. However,
sepiolite prefers nano-fibrous morphology (Fig. 12) [14].

Clay Nanotubes (halloysite and imogolite nanotubes): Naturally occurring
nanotube-structured materials are predominantly imogolite and halloysite clay. “The
outer and inner surfaces of clay-based nanotubes can be easily modified with organic
groups, provides new chemical functionalities. These natural nanotubes have enor-
mous research interest for developing nanocatalysts, gas storage, controlled delivery
systems, nanowires, clay polymer nanocomposite agents etc. The structural formula
of halloysite is Al2Si2O5(OH)4•nH2O; n is 2 for hydrated and 0 for dehydrated
halloysite [15]. It is a 1:1 di-octahedral clay that belongs to kaolin group. It can
retain the morphology even after losing the water, and only the lattice parame-
ters slightly changed. The schematic representations of the crystalline structure of
halloysite-(10 Å) and the structure of a single tubular halloysite particle is shown in
(Fig. 13)”.[16].

The halloysite clay consists of “one layer of corner-shared tetrahedral SiO4 sheet
stacked with an edge-shared octahedral AlO2(OH)4. The octahedral layer and the
SiO4 tetrahedral layer are linked by sharing of apical-oxygen of the SiO4 tetrahedron.
Hence, one surface of the octahedral unit layer consists entirely of the apical oxygen
of the tetrahedral sheet and the other surface is composed of the OH groups of the
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Fig. 13 Schematic of halloysite-(10 Å), Al2Si2O5(OH)4•2H2O [16]

octahedral sheet. There is a lattice mismatch in between octahedral AlO2(OH)4 layer
and SiO4 tetrahedral layer in both a and b directions. For silica SiO4 tetrahedra a
is 5.02 Å, b is 9.16 Å, and for alumina octahedral AlO2(OH)4 layer a is 5.07 Å, b
is 8.66 Å. This lattice mismatch between the octahedral and tetrahedral sheets and
weak interlayer bonding resulted in clay layer rolling to nano-tube formation [17–
19]. The halloysite layer rolling in the b direction is preferred over a direction. In
halloysite nanotube (HNT), the outer tube surface is made up of siloxane (Si–O–Si)
groups and the internal surface is made by a gibbsite-like array of Al-H groups”.

Whenhydrated, n=2 themineral is calledhalloysite-10Ådue to its d001 spacingof
10 Å (Fig. 14) [20]. However, heating halloysite-10 Å to 120 °C leads to irreversible
water loss (n = 0) [15, 20]. The interplanar d001 spacing reduced to 7 Å forming

Fig. 14 Halloysite 10 Å [20]
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halloysite-7 Å. The structural differences can directly be observed by XRD study
(the basal d spacing of 0.72 nm and 1.05 nm for halloysite-7 Å and 10 Å respectively
[16]. The TEM images show that the halloysite particles have a cylindrical shape
(Fig. 15). The cylindrical particles contain transparent central area longitudinally
align to the tube axis. This indicates that the tubular particles are hollow and open-
ended. In the case of dehydrated halloysite, the clay layers are rolled over and over
to form a multi-layered nanotubed very similar to a multiwall carbon nanotubes
structure.

Imogolite is also a naturally occurring aluminum silicate that is originated from
volcanic materials such as pumice and volcanic ash. Microstructurally it is too prefer
a nanotube morphology. The tube outside diameter is about 2–2.5 nm, inner diameter
is about 1 nm and lengths vary from tens of nanometers to micrometers (Fig. 16).
The estimated structural formula of imogolite is Al2SiO3(OH)4 [21]. The tube walls

Fig. 15 TEM images of halloysite [16]

Fig. 16 Single-walled imogolite nanotube: aluminum (blue); silicon (yellow); oxygen (red);
hydrogen (white).[22]
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consist of a single continuousA1(OH)3 (gibbsite) sheetwith the inner hydroxyl group
is replaced by oxygen. Three of these oxygen is commonly shared by Si–OH group
through covalent bond forming the O3SiOH tetrahedron units [21, 22]. Hence, both
Al-octahedra and Si-tetrahedra are interconnected by sharing three oxygen atoms
forming the 1:1 clay layer with free OH group at both outer and inner surface of the
tube (Fig. 16) [22]. The imogolite structure is very different from halloysite structure.
In halloysite, the curved octahedral [Al(OH)3] layer forms the internal surface of the
nanotubes whereas the tube outer surface is composed of Si–O–Si groups. HRTEM
shows tubes bundle forming characteristic patterns containing holes (Fig. 17) [21].
The imogolite tubes may now extend for microns.

Clay Nano sheets: Compared to one-dimensional nano-scale tubes/fibers, the
two-dimensional layered structure is more predominant. The typical 1:1-type sheet-
shaped clay minerals are kaoline and halloysites. Though halloysites tube/fiber
microstructure is dominant, the kaolinites usually showplanarmorphologies (Fig. 18)
[19]. In 1:1 clay, one octahedral and one tetrahedral layermake the clay laminates (T–
O). In a 2:1 type clay, one octahedral and two tetrahedral layers make the clay lami-
nates/platelets (T–O–T). Examples includes montmorillonite, bentonite, saponite,
and hectorite clays [23]. “The thickness of single-layer platelets/laminates in the dry

Fig. 17 HRTEM of imogolite [21]

Fig. 18 a MMT Film, b Nanosilicate sheet [19, 25]
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state is about 1 nm. Their lateral size can exceed several tens of nanometers. The
primary unit of clay structures are of multiple alumino-silicate sheets with irregular
polygonal shapes at average dimension of 100 nm × 100 nm × 1 nm for individual
sheets [24]. This high aspect ratio drives the platelets to self assemble to a regular
film like clay structure. SEM micrographs showed that a cross section of an MMT
film has a wavy texture” (Fig. 18) [25].

3 Nanoclay–polymer Composites

Composite materials can be defined as a mixture of physically distinct two or more
phases (micro-structurally) in such a way that the bulk properties are different and
superior to those of the individual components [26]. In composite materials the
reinforcement fibre/particles are embedded in a continuous phase called matrix. The
reinforcement are hard materials and they can withstand maximum load and serve
the desirable properties. The matrix binding the reinforcement phases in place and
distributes the stresses among the constituent reinforcement materials. Another kind
of layer composite is termed as laminates. In this laminates, reinforcement layers are
bound together by alternate matrix layers.

In composites, Polymers make ideal matrix materials as they are easily avail-
able, lightweight and can easily be mould into desirable shape. The two different
important class of polymers are; thermoset-plastics and thermo-plastics. Thermoset-
plastics irreversibly become rigid upon heating. Thermoset plastics are in general
soft-solid or liquid. Curing/heating increase the cross-linkage and develops a well-
bonded three-dimensional molecular structure. The curing process is irreversible; it
decomposes insteadofmelting.Thermoset plastics are; vulcanized rubber, fibre glass,
polyster resin, polyurethane, melamine, Bakelite, silicon and epoxy resin. Thermo-
plastics are molten at elevated temperature but harden upon cooling. The materials
can be reheated and reshaped repeatedly. Thermoplastic includes; polyethylene (PE),
polypropylene (PP), polyvinyl chloride (PVC), polystyrene (PS) andpolyester (PET).

One disadvantage of both kind of plastic is the low load bearing capacity (low
elastic modulus G). Thermoplastics soften appreciably as they are heated. Their
modulus decreases and they begin to creep (slowly deform over time) at higher
temperatures. The effort is to overcome this limitation. Filling polymerwith inorganic
filler increases the modulus and increases their heat distortion temperature. It is
commonly thought that adding fillers is to lower the overall materials cost of the
composite. This is, however, rarely the case. Polyethylene (PE) and PP are the least
expensive per unit volume compared to fillers [27]. Addition of any common filler
increases the material cost of these polymers. However, the addition of filler changes
nearly every property of the polymer with many advantages, and naturally, some
disadvantages. The properties of the composite depend upon the volume percentage
of filler added and are usually in between those of the component materials. Several
of the properties such as density, modulus and yield strength can be predicted by the
rule of mixtures (volume fraction). To make good composites one needs to know
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about polymers, engineering, fillers and surface science. That is why the study and
application of composites so challenging, fascinating and rewarding.

3.1 Bulk Clay Materials to Nano-clay Transition

If we go by definition, even natural clays can be termed as nano-structured clay as
the layer thickness is in nano scale range. In clay the different way of assembly of
silica-oxygen tetrahedrons and aluminum ormagnesium-oxygen octahedrons lead to
the formation of a variety of nano layered structures. These nanosheets are stacked on
top of each other like sheets of paper to form sandwiched structure with the interlayer
cations [28]. However, the advantages of nano-structured materials have not been
fully realized due to the larger size in their natural existence. This drives the research
and innovation pertaining to nano-clay synthesis. If these layers can be separated in
a system, the nanomaterial properties can be fully explored. Recently only a large
number of research work has been focusing on techniques to separate out individual
two dimensional layers of clay material called exfoliation. The individual layers
in bulk clay materials are separated out by either inserting polymer (polymer–clay
composite) or water molecule in the interlayer (swelling clay) [2].

The polymer/clay composites are broadly divided into three categories. First one is
the conventional composites; clay materials are just mixed with polymer matrix. The
clay aggregated particles lose their original aggregated states in polymer systems. The
individual clay particles are called tactoids. Second one is intercalated nanocompos-
ites; polymer molecules get into clay inter-layer and are sandwich in between clay
platelets. The third one is exfoliated nanocomposites; individual 1 nm thick clay
layers are separated in the continuous polymer/matrix [9]. These three different state
clay particles state can be studied byXRD. As the basal spacing along c-axis increase
the XRD peaks related to it will move to a lower theta value and completely disap-
pear at exfoliation. Based on the above discussion, polymer-nano-clay system can be
classified as tactoid, intercalated clay and exfoliated clay-composites (Fig. 19) [29,
30].

Disaggregation of Crystal Bundles or Aggregates: So, to start with we can visu-
alize the clay nano-system as aggregated clay nano-particles. In aggregated form the
nanoparticles (nanorods, nanofibers, nanotubes, nanosheets) are closely associated
with may be through week interactions. The other forms of clay nano systems are;
(1) tactoid; individual clay particles, (2) intercalated clay; polymer in between clay
platelet and (3) exfoliation; platelet loose the regular order stacking. To achieve better
mechanical properties of nanoclays system the aggregates need to be separated by
an efficient method. Naturally occurred clay nano-rods or nano-fibers usually exist
as bulk crystal bundles or aggregates. It is very difficult to disperse in either water or
common organic solvents [28].

Tactoids: Some of the cases clay gallery does not expand primarily due to strong
interaction between clay layers and its poor affinity to the polymers or solvents [31].
However, the particles aggregates are weakly bonded and can be separated with little
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Fig. 19 Form of nano-clay system in a polymeric matrix [30]

force in the form of sear stress and sonification. Thus can be dispersed into well
separated individual particles with less or no swelling. This leads to formation of
tactoid structures; individual clay particles are dispersed in a matrix system. Nano-
clay particulates are dispersed uniformly. The interplanar distance along c-axis (d100)
is defined as the basal plane spacing. If the polymer enter in between these inter-plane
termed as intercalations. If it does not enter, d100 spacing of clay remains unchanged
and the composite is tactoids. In this composite, 2–20 layers of clay (small tactoids)
are well dispersed in the polymer matrix.

Intercalated Nano Composites: If the clay platelets are weakly bound and have
high affinity to polymer, it is highly likely that the polymer chains penetrate into
the interlayer region of the clay/tactoids. The interlayer spaces expand slightly, it
allows polymer chains or solvent to penetrate in between the clay interlayers. The
interlayer spacing increases but layer stacking is still intact. The formed structure is
called intercalated structure (Fig. 20) [32, 33]. This is predominant if affinity between
polymer and clay is moderate. This results in an ordered multiple layer structure with
alternating polymer/inorganic layers at a repeated distance of a few nanometers and
is termed as intercalated composites [34]. Due to intercalation, though the interplanar
spacing d001 increases the clay laminate remains stacked. The change in inter layer
d001 spacing in z-direction of clay can be monitored by x-ray diffraction (XRD)
measurements. But XRD cannot quantify how much is the intercalated matter. Even
XRD is not efficient on the identity of the guest species in the interlayers. If the
intercalated clay layers are attached by edge hydroxyl group resulted in another
class of nano-composite termed as flocculated nanocomposites. The ‘flocculation’
could also be due to long polymer chains that can be intercalate into two or more
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Fig. 20 Intercalated montmorillonite [33]

clay galleries. Here, the log chain polymer acts as a bridging agent to attach these
clay gallery through their edges. In fact, most of the intercalated nanocomposites
are combination of single stacks and flocculated nanostructure. The micro-structural
difference directly can be observed using electron microscopic (TEM) analysis of
composites.

Exfoliated Nano composites: In the case of exfoliated structures, clay layers
are well separated and clay loss it layered stacking identity. Clay sheets are well
separated and homogeneously dispersedwithin the continuous polymer phase (nano-
composite) or may be in a solvent (swelling clay) [29, 31]. X-ray diffraction is a very
useful technique to differentiate the exfoliation from the intercalation structure. In
the case of exfoliation, the x-ray peak related to the inter-layer spacing that appears at
the lowest 2θ value will disappear. Clay-polymer nano-composites when exfoliated
is known to have the best properties. The optimal properties are due to the optimal
interaction between clay platelets and polymers [34]. A composite for which basal
spacing d001 is more than 10 nm is designated as exfoliation. Conventional XRD is
not efficient to monitor this change and electron microscopy (TEM) is a useful tool
to study this change.

There are two types of exfoliation namely ordered and disordered. In ordered
exfoliation, the inter layer spacing is increased but they are still stacked together
(intercalated, but interplanar spacing is 10 nm). In disordered structure the clay lami-
nates are randomly oriented. Most often clay-polymer nano-composites are mixture
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of both intercalated and exfoliated clay structures. This type of mixed microstructure
could be due to insufficient mixing time or shear energy. The amount of dispersion
of clay platelets in polymer matrix is determined by the clay and polymer intrinsic
properties. Clay aspect ratio, volume fraction of clay, interactions between polymer,
clay and clay surface modifying agent and processing conditions are key factors to
achieve the complete exfoliation. Generally fully exfoliated polymer–clay nanocom-
posites are only found in volume fractions of clay lower than 3% due to the small
size of clay platelets. This difference in the structural features can easily be identified
using TEM but cannot be distinguished by X-ray diffraction studies.

3.2 Organic Modification of Clay

To obtain the nanoclay-polymer composites and realize its optimum properties,
mixing and interactions of polymers and clays at atomic level is needed.However, just
mixing does not always form nanocomposites. Clay surface/platelets are hydrophilic
in nature due to large number of−OH group presence on the other hand in majority
polymers are hydrophobic. Hence, modification of either the clay or the polymer is
necessary. All most all clays used in clay-polymer nanocomposite preparation are
pre-modified materials. Modification starts with a purification and surface treatment
steps.

Hydroxylation is conducted to develop more −OH group at clay surface at basic
medium [35]. Alkali activation can moderately break the Si–O–M and Si–O–Si
bonds and remove the metal cations (i.e., Al3+, Mg2+ and Si4+ from the phyllosilicate
backbone. Hence, new adsorption sites are created and the surface negative charges
are increased. In contrast, acid treatment leads to an increase in the surface area
of clay [36]. However, dissolution of the inner M-OH catalyzed by acid or basic
treatments may alter the structure of clay.

To enhance clay nanostructure organo-philicity, organic modification is very
important. Cation exchange using quaternary ammonium salt of organic compound
is the most commonly implemented method for organo-philic modification
[37]. As organic cation size is greater than that of interlayer cations present,
exchange increases the basal distance. This facilitates the intercalation of inorganic
solvents/monomer/polymer melt in the interlayer space. Intercalated montmoril-
lonite (MMT) with organo-quaternary ammonium salts with terminal carboxylic
acid groups increases the clay nylon-6 polymer interaction and provide intercalated
clay-polymer nanocomposites [38]. However, it is important to control the amount
of cation exchange to have optimum organo-philicity to avoid steric hindrance that
would prevent the intercalation of organic molecules. There are three different way
for organic modifications [37]; (a) solid–solid process, involves grinding of clay
powders and surfactant followed by heat treatment to ensure the diffusion of surfac-
tant molecules in the interlayer space, (b) liquid–solid process, the clay solid is
mixedwith surfactant in a solvent with constant stirring and (c) liquid–liquid process,
the clay and surfactant both are dispersed in a common solvent. The liquid- liquid
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Fig. 21 Conformation of alkyl-ammonium salts in clay inter-layers; a mono-layer parallel to clay
sheet, b bi-layer parallel to clay sheet, c paraffin structures, and d micelles [42]

process is much more effective than the solid–solid mixing in organo-clay modifica-
tions. Other interesting modifications methods of clay includes; organo-silane [39],
organo-phenyl iodonium [40], and diazonium salt grafting [41].

The arrangement of the alkyl ammonium salts in interlayer spaces depends on
the alkyl ammonium initial concentration, alkyl chain length and cation exchange
capacity (CEC). The arrangement can be; (a) mono-layer parallel to clay sheet, (b)
bi-layer parallel to clay sheet, (c) paraffin structures, and (d) micelles as shown
in (Fig. 21) [42]. Organo-silane modification is the creation of covalent bonds
between organo-silane and the clay matrix. Most often, after hydrolysis the silanes
become silanols and react with clay hydroxyl groups to form siloxane bonds [43].
The most accessible hydroxyl groups of clay are located on sheet edges resulted
from broken links of alumino-silicate crystal. Organo-silane attached to clay surface
through ether linkage by binding to these −OH groups. The three different possible
grafting/intercalation of organo-silane is illustrated in (Fig. 22) [43]. It is possible to
achieve new interfaces between the filler and thematrix by selecting the proper chem-
ical structure of organo-silane. The organo-silane with a functional group will react
with polymer or with its monomers. A covalent coupling between clay and polymer
will take place. Organo-silane with a carbon chain without a reactive functional
group will form van der Waals bonds with the polymer matrix in the nanocompos-
ites. Diazonium salt is initiator for many polymerization reactions". It is anticipated
that clay-polymer nanocomposites can be prepared by in-situ radical and photo poly-
merization methods using the anchored diazonium salt [44, 45]. The incorporation
of diazonium salt in clay layers is through grafting and/or intercalations (Fig. 22)
[44].
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Fig. 22 Intercalated/grafted organosilane in clay layers (a–c) and diazonium salts (d) [43, 44]

3.3 Nanoclay-Polymer Composites Synthesis

Broadly fabrication of clay/polymer nanocomposite can be visualized as dispersion
of clay nano-particles in a polymer. It will leads to either just dispersion of clay
in polymer matrix or intercalation of polymer in between clay layers or exfolia-
tion of clay layer. But in real situation it can be a combination effects depending
on the clay-polymer properties and processing conditions. However, the selection of
synthesis strategies is decided by the nature and compatibility of the clay and polymer
to be used. If the clay layer interfaces are compatible with the polymer interca-
lated clay-polymer composites can be synthesized without the surface pretreatment.
In real situation, clay surfaces and interfaces are hydrophilic because of Si–OH
group. However, the polymers are predominantly hydrophobic in nature due to long
chain hydrocarbons. Hence, both are not compatible as such. Pretreatment of either
the clays or the polymers or both is necessary to achieve a uniform dispersion,
strong bonding and optimum composites with high mechanical properties. The most
common clay-polymer composites synthesis techniques are; (a) melt blending, (b)
solution blending, (c) in situ polymerization, (d) electro-spinning; and (e) layer by
layer (LBL) assembly/lamination. Depending on the clay/polymer properties and to
develop the desiredmicrostructureswith desired properties either one or combination
of multiple techniques are used in synthesis.

In situ polymerization: In insitu polymerization, the monomer is first introduced
between clay platelets by homogeneous mixing. Mixing leads to monomer intercala-
tion or swelling of the clay in the monomer solution. Followed by polymerizing the
monomers in between the particles. The polymerization is carried out by the heat,
electromagnetic radiation or a chemical activation [46]. The other polymerization
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process such as radical polymerization, photo-polymerization, click coupling chem-
istry, ring opening polymerization and emulsion polymerization methods are also
used for clay-polymer composites synthesis [46]. Controlled radical polymerization
has an advantage over other process in minimizing the side reactions and resulted in
uniform molecular weight polymers.

This technique was first used by Toyota research group for the preparation of
Nylon-6 polymer/clay nanocomposite from caprolactam monomer [47]. Exfoliated
nanocomposite of nylon-6 and montmorillonite was obtained from the polymer-
ization of caprolactam in the interlayer space of montmorillonite. This method is
suitable for the preparation of clay-composites based on mainly thermoset polymer
such as epoxies and styrene. The degree of dispersion and exfoliation is controlled
by the clay andmonomer chemistry. The interlayer connectivity and affinity between
monomer and clay laminates polarities determine the diffusion rate and equilibrium
concentration of monomer within the clay galleries [48]. Advantages attributed to
in situ polymerization are; (1) clay-polymer composites based on both thermoplastic
and thermoset plastic can be synthesized, (2) surface grafting of polymers on clay
laminates; surface grafting improves the clay polymer interactions and hence the
composites properties, (3) enhance clay dispersibility and (4) less stringent thermal
process requirements.

In situ polymerization is “themost suitable preparationmethod for polyolefin-clay
nanocomposites because of the freedom in selecting broad processing temperature
and solvent [49]. An improved method for producing nylon 6/clay nanocomposites
using an in situ polymerization process that effectively exfoliates the clay layers
is illustrated in (Fig. 23) [50]. Amino-lauric acid (ω-amino acid) is first added to
aqueous hydrochloric acid. The amine groups are attached to H+ ions. This proto-
nated amino-lauric acid is positively charged and can be exchanged with interlayer
sodium that facilitates the polymer intercalation in sodium montmorillonite. These
intercalated amino acids have terminal free carboxyl groups. Under appropriate reac-
tion conditions, these carboxyl groups will initiate ring-opening polymerization of
caprolactam. Thus, resulted in nylon 6 polymer chains that are ionically bonded to
the clay platelets. The length of these polymers chain is driven by the free energy
of polymerization”. The polymer growth forces the platelets apart until complete
exfoliation is attained.

Solution intercalation methods: This method is suitable if clay is expandable
or swell-able in the solvent. In this method a solvent is selected in such a way
that clay can be dispersed in it. The polymer or pre-polymer is dissolved in the
solvent. Solvent penetrates the interlayer making the clay interlayer expand and
makes passage for the polymer chains. The polymer chains are absorbed onto the
delaminated sheets. The solvent can be removed by vaporization or precipitation
leaving the polymer chain in between the clay laminates resulted in intercalated
nanocomposite formation. Solvents such as water, acetone, chloroform, acetonitrile
and toluene can be used for such process. The solvent evaporation allows the polymer
chains to diffuse between the layers and trapped in between as a sandwich structure.
It may forms intercalated, exfoliated or combination of both depending on the nature
and extend of the interactions between polymer and clay sheets.
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Fig. 23 In situ formation of nylon-6/MMT polymer [50]

The process consisted of three stages; (1) clay dispersion in polymer solution, (2)
controlled removal of the solvent and (3) composite film casting [51]. The clay and
polymer dispersion is accelerated with energetic agitation such as stirring, reflux,
shear mixing and ultra-sonification. Ultra-sonification is an efficient process for the
dispersion of nano clays in a polymer solution. Ultrasound breaks up nano clay
clusters through cavitation in the solution and/or exciting resonance vibrations of
the clusters. However, this process is less applicable in industry as it requires large
volume of solvent.

Melt blending methods: The process is also termed as melt-intercalation. This
method is highly effective for thermoplastic (polypropylene, polycarbonate, Nylon-
6) nanocomposites preparation. Clays are organically modified and polymer chains
are surface modified to enhance compatibility that promotes the exfoliation. In this
process in general the polymer is melted and combined with the desired amount of
the intercalated clay. The melt-blending process is two types static and dynamic. In
static melt blending; the clay-polymer mixture is heated in vacuum at a temperature
approximately 50 °C above polymer glass transition temperatures [51]. In dynamic
process; the composite is prepared using amelt mixer (extruder) in the presence of an
inert gas such as argon or nitrogen gas. In this method polymer mixed with clay filler
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is heatedwith constant shear stress sufficient to pull apart clay-platelets". The process
is termed as extrusion process. In this extrusion process, by changing the extruder
screw configuration better control over shear force is achieved and hence resulted
in better clay-polymer mixing. Higher shear rates tends to provide better dispersion.
Processing conditions, surface modification and compatibility of clay and polymer
matrix all are very important in attaining the optimum dispersion with optimum
properties. Extrusion is preferable and popular methods among industries to prepare
clay-polymer composites due to flexibility in process parameters and versatility.

Melt intercalation is considered environmentally friendly as no solvent is involved
in this process. It is preferred for preparing clay/polymer nanocomposites of thermo-
plastics matrix. However, to attain a homogeneous dispersion of nanoparticles in the
polymer matrix is still challenging. Melt-blending method often results in incom-
plete filler dispersion. This leads to clay particle aggregations at higher clay loading.
In melt blending, mixing process needs to be optimized for optimal microstructure
and properties. The process optimization includes varying temperature, screw-speed,
residence time and shear stress. Again, the degree of dispersion, intercalation and
exfoliation is controlled by; (1) clay agglomerate structure, packing density, aspect
ratio, purity, (2) polymer matrix melt viscosity and (3) shear force. However, the
shear forces generated in most extruders are not sufficient enough to delaminate and
disperse the clay in the polymer matrix uniformly.

An extruder is consisted of a materials feed system (hopper), melting or plasti-
cizing system, a screw that simultaneouslymix themoltenmaterials and push through
a die opening (nozzle head). Extrusion is the process in which a molten material is
pressurize through a nozzle to produce an long product of constant cross section [52].
Single screw extruders are the most commonly used in the polymer industry due to
the straight forward design, low cost and it reliability. Figure 24, shows schematic of
a single screw extruder [52]. Polymer -clay mixture can be fed through the hopper.
The materials than conveyed forward by the screw. Heating elements over the barrel
soften or melt the polymer. In this case, the screw has dual role; mixing the polymer

Fig. 24 a Schematic of an extruder and b Pressure zone in extruder [52]
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mixture and push forward themolten polymer or polymermixture through the nozzle.
Depending on the pressure exerted by the screw and barrel system three zones are
identified as indicated in Fig. 24b [51]. (1) The feeding zone (close to the hopper
opening); polymer is mixed with the reinforcement and gradually compacted at a
certain speed. (2) The transition zone; the polymer mix will be in molten state and
the fusion takes place. The trapped air escapes by means of the feed hopper. (3)
Compression section; the molten material is homogenized and pressurized to exit
the extruder through the nozzle.

Ultrasound assisted extrusion is a new development. Use of ultrasound energy
during extrusion process improves the additives dispersion in polymer melt. The use
of ultrasound during extrusion process disturbs the flow pattern of molten polymer
mixture. This agitation leads to increase in the movement of the molecular chains,
so the dispersion of additives in polymer matrix is improved. Intercalation under
ultrasound is higher for low feed rate [53]. The application of ultrasound leads to 33%
increase in flexuralmodulus of poly-lactic acid-sepiolite composites [54].Ultrasound
disaggregated the sepiolite agglomerates, resulting in a better dispersion of the filler
for a determined concentration of clays.

4 Structural Characterization of Polymer/clay
Nanocomposites

In polymer/clay nanocomposites properties are direct results of the microstructures.
It is important to know “the degree of intercalation/exfoliation and its effect on the
nanocomposite properties. Hence, the micro-structural analysis of the clay, modified
clay and the prepared nanocomposite is important.Common techniques such asX-ray
diffraction (XRD) analysis, scanning electron microscopy (SEM) and transmission
electronmicroscopy (TEM) arewidely used to characterize themicro structure. Clays
due to the layered structure shows a characteristic peak in XRD analysis. The peak
position (2θ) is indicative of the interlayer separation in clay structure. Using the
peak peak position value in the XRD spectra the inter layer space can be calculated
using Bragg’s law (Eq. 1).

nλ = 2d sin θ (1)

where λ is wave length of X-ray radiation used in the diffraction experiments, d is
inter-layer spacing and θ is measured diffraction angle. Any change in the d-spacing
of a clay layers by organic modification or polymer intercalation can be confirmed
by XRD spectra. Increasing of d-spacing results in shifting of related XRD peak
toward lower diffraction angles (2θ). The shift in peak position (2θ), is directly
related to the degree of intercalation/exfoliation. In exfoliated clay composite the
XRD peak related to the interlayer spacing will disappear completely. For example
Fig. 25 shows the XRD patterns of polystyrene-hectorite nanocomposites [30]. It
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Fig. 25 XRD patterns of
polystyrene/fluoro-hectorite
nano-composites [30]

indicates the increasing of layers spacing due to the intercalation or exfoliation. The
(001) peaks for hectorite clay is at 2θ = 5.5°, corresponding d(001) is 1.6 nm". As
the polymer intercalated in clay layer d(001) is increased to 2.9 nm due to increase in
layer gap. In exfoliation the d(001) XRD peak is completely lost [30].

Transmission electron microscopy (TEM) technique is also an essential tools for
evaluation of the nanocomposite structure and complementary to XRD observation.
It shows the structural features of polymer/clay nanocomposite. One can visually
observe the nanostructure of nanocomposites and clay d-spacing. In the TEMmicro-
graphs of clay-polymer composites the darker lines represent the clay laminates. The
clay laminates are made of heavier elements such as Al, Si and O generates darker
contrast in TEM bright field imaging. The polymer matrix or the polymer present
in inter layer spacing of clay is composed of lighter atoms such as C, H, N and Na.
Hence these regions are identified by the bright contrast. Therefore, in a TEM bright
field image of a clay-polymer composite; the spacing between darker line shows the
d-spacing and dispersion status. The overall structure of the nanocomposite including
intercalation, exfoliation, dispersion and defects of clay layer can be conclusively
obtained using TEM technique. For example Fig. 25 shows the TEM micrograph of
montmorilonite (MMT)-epoxy nanocomposites [55]. The montmorilonite (MMT)
interlayer increased to 5.8 nm an indicative of partial exfoliation. The interlayer
distance increased to 10–25 nm in fully exfoliated structure (Fig. 26).
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Fig. 26 TEMmicrograph of organically modified montmorilonite (MMT)-epoxy nanocomposites
[55, 56]

5 Properties and Applications of Nanocomposites

The polymer–clay nanocomposites research is driven by the properties improvements
in: mechanical, barrier, flame retardant, electrical, and biodegradable. Because of the
low price, availability, high aspect ratio as well as desirable nanostructure and inter-
facial interactions, clays is highly desirable as filler in polymers. The addition of
clay-nanostructures to the polymers aims to produce the polymer/clay nanocompos-
ites with desired properties for desired applications. It can provide improved tunable
properties at very lower percentage of loadings.

5.1 Mechanical Properties

The mechanical properties enhancements are summarized in Table 1. Additions of
clay (1–5wt%) increased the tensile strength,modulus ofmany polymers. The impor-
tant aspect in the application of fillers to the polymer is improvement in the mechan-
ical properties and hence fillers are called as reinforcement agents. The reinforcement
is due to the higher resistance of rigid filler against applied load. In general, addi-
tion of clay to polymers resulted in improved and new unexpected properties. As a
result, the clay-nanocomposites have wide applications in automobile components,
packaging materials, construction materials, flame retardants, protective films etc.
[30].

Nanoclay-polymer composites achieved high tensile strength, tensilemodulus and
shear strength compared to polymer only with little or no loss in impact resistance
[30]. Improvements in mechanical properties are achieved without loss of optical
clarity by 1–5% clay addition to the polymers. The reinforcing ability of clay fillers
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Table 1 Mechanical properties of polymer–clay nano-composites

Polymer
matrix

Clay-percentage loading
(wt%)

Mechanical properties comparison References

Virgin polymer Nano-composites

PP 2.1
(montmorillonite-MMT)

Modulus-429 MPa
Tensile
strength-21.1 MPa

Modulus-578 MPa
Tensile
strength-23 MPa

[57]

5.3
(montmorillonite-MMT)

Modulus-797 MPa
Yield
strength-25 MPa

PE 3.5
(montmorillonite-MMT)

Modulus-102 MPa
Yield
strength-7.3 MPa
Yield strain-7.1%

Modulus-140 MPa
Yield
strength-9.4 MPa
Yield strain-6.8%

[57]

5.4
(montmorillonite-MMT)

Modulus-180 MPa
Yield
strength-10.3 MPa
Yield strain-5.8%

PET 1 (Cloisite-15A)
(modified-MMT)

Young’s
Modulus-19 MPa
Tensile
strength-40 MPa

Young’s
Modulus-24 MPa
Tensile
strength-45 MPa

[58]

5 (Cloisite-15A)
(modified-MMT)

Young’s
Modulus-26 MPa
Tensile
strength-41 MPa

Epoxy
resin

3
(montmorillonite-MMT)

Tensile
strength-15 MPa
Rockwell
hardness-32

Tensile
strength-20 MPa
Rockwell
hardness-40

[59]

5
(montmorillonite-MMT)

Tensile
strength-17 MPa
Rockwell
hardness-32

Polyvinyl
alcohol
(PVA)

2 (Halloysite-nanotubes) Young’s
Modulus-5.5 MPa
Tensile
strength-115 MPa

Young’s
Modulus-5.8 MPa
Tensile
strength-112 MPa

[60]

10
(Halloysite-nanotubes)

Young’s
Modulus-6 MPa
Tensile
strength-108 MPa

Chitosan 2 (Halloysite-nanotubes) Young’s
Modulus-750 MPa
Tensile
stress-20 MPa

Young’s
Modulus-900 MPa
Tensile
stress-30 MPa

[61]

(continued)
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Table 1 (continued)

Polymer
matrix

Clay-percentage loading
(wt%)

Mechanical properties comparison References

Virgin polymer Nano-composites

7.5
(Halloysite-nanotubes)

Young’s
Modulus-1240 MPa
Tensile
stress-54 MPa

Polyimide 1 (modified-smectite) Storage
modulus-2006 MPa

Storage
modulus-2216 MPa

[62]

5 (modified-smectite) Storage
modulus-2852 MPa

is controlled by particle size, structure and surface properties. Smaller clay particles
impart greater reinforcement, increase elastic modulus and tensile strength. Smaller
in size larger is the surface area. Hence, larger is the contact area with polymermatrix
that leads to increase in reinforcement [5]. Specific surface area of clay particle is
proportional to the shape/geometry of the clay. Spherical particles of 1 μm have
surface area of 6 m2/g. However, nano-clay platelets have the highest surface area
in order of 300–450 m2/g which makes it more effective for reinforcement [9]. At
exfoliation the clay platelet surface area can be up to 1200 m2/g. In polymer–clay
composites the clay filler will carry the maximum portion of applied load, if the
interfacial interactions between filler and matrix are adequate. However, it is widely
recognized that the excellent properties of nano-composites have yet to be achieved.
This is particularly true at higher volume fraction.

5.2 Thermal Properties and Flame Retardancy

Thermo-gravimetric analysis (TGA) is frequently used to analyze thermal stability
of a polymeric material. The weight loss is monitored as a function of “tempera-
ture after formation of volatile materials at high temperatures. Clay minerals are
almost stable in the temperature ranges that organic polymers degrade in to volatile
compounds. Therefore, in TGA experiments the clay content of nanocomposites is
remain as residue. Generally, presence of the clay in the polymer matrix is consid-
ered to improve the thermal stability. Clay layer is better insulator and mass transport
barrier to the volatile compounds released during degradation. TGA result showed
that PMMA clay nanocomposite had 40–50 °C higher decomposition temperature
than the virgin PMMA”. The increment in decomposition temperature is attributed
to restricted thermal motion of PMMA in the gallery [63]. If heated in nitrogen or
even in air, polystyrene (PS) -clay nanocomposites degrades 30–40 °C higher than
the pure PS degradation temperature [64].

The flame/fire retardancy of polymers is substantially important in many appli-
cations. In past years halogen based/phosphorus based flame retardants additives
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were frequently used in polymers. These compounds improve the flame retardancy
of polymers without changing the polymer properties. However, the halogenated
compounds release toxic gases and have pushed the market trends to halogen-free
flame retardants. Studies showed that clay nano-structures show some degree of
flame retardancy along with the mechanical properties improvements. In the case
clays appear to help nanocomposite to form layered carbonaceous char and this char
acts as a barrier for O2 as well as combustion products generated during decom-
position to prevent further burning. However, it is observed that clay materials are
beneficial for retarding the flame spread but no improvement in the ignition retar-
dancy [65, 66]. Therefore, the clay minerals are used together with a low fraction
of conventional flame retardants. The clay minerals and halogen/phosphorous based
flame retardants have considerable synergistic effect in the reduction of ignitability
of polymers.

5.3 Gas Barrier Properties

Polymer based packaging materials have low barrier properties compare to glass
or metal packaging materials. Polymer packages are permeable to small molecules
like gases, water vapor and low molecular weight compounds like aromas, flavors
and additives present in food. The degree of permeability is different for different
polymers and different molecules. Clays are considered to enhance the barrier prop-
erties. Clay sheets are naturally impermeable to all these molecules. When present
in polymer (polymer–clay composites), they form a maze like structure or create
a tortuous path. Thus, presence of clay laminates creates a longer pathway in the
polymer matrix for diffusing gases thus reduces the permeability. The barrier prop-
erties enhancement depends on the degree of exfoliation of clay into clay-laminates in
polymer matrix. This creates a impermeable laminates network in the gas molecules
diffusion path. Increasing lateral length of clay sheet, degree of exfoliation and degree
of dispersion increases barrier properties of the polymer matrix.

6 Conclusions

Polymer–nanoclay composites are attractive due to novel materials properties than
the only polymericmaterials. Clay is preferred as nano-fillers due to easy availability,
low cost and less toxicity. Adding clay nano materials to polymer matrix resulted
in tactoids, intercalations and exfoliations depending on the processing conditions.
Polymer–clay composites obtain better mechanical properties, fire retardant and gas
barrier properties. They are mainly dependent on the type of nanoclay, modification
and synthesis approach. In general, melt blending is considered to be an industri-
ally viable, efficient and environmental friendly process. The in-situ polymerization
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technique has more control on the clay intercalation, dispersion of nanoclays in the
polymer matrix.
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Metal-Organic Frameworks (MOFs)

Nurul N. M. Ishak, N. N. M. Khiruddin, N. Nasri, and T. B. S. A. Ravoof

Abstract This chapter outlines the design and synthesis of a class of highly
functional porous materials known as MOFs (Metal-Organic Frameworks) by
various techniques including conventional, microwave-assisted, electrochemical,
mechanochemical and sonochemical methods. The physical attributes of various
MOFs like the strength of the frameworks and surface area, thermal stabilities,
chirality, luminescence and magnetic properties are also elaborated upon, citing
recent literature. MOFs as composites, specifically with nanoparticles, metal oxides,
organic polymers and polyoxometalates are outlined. The use of MOFS in engi-
neering applications, especially in CO2 capture, storage of gases, catalysis, sensing,
drug delivery and as semiconductors are discussed, using specific and recent
examples.

Keywords Porous materials · Metal-organic frameworks · MOF-composites · Gas
storage · Catalysis · Drug delivery

1 Introduction

Porous materials are a class of materials with low density, large specific surface
area, and interesting physical, mechanical, thermal and electrical properties [67].
According to International Union of Pure and Applied Chemistry (IUPAC), these
materials can be classified based on their pore diameters, which is microporous
(<2 nm), mesoporous (2–0 nm) and macroporous (>50 nm) [99]. Porous materials
such as zeolites, mesoporous silica, activated carbon and microporous polymer have
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been intensively investigated as ideal platforms for various applications especially
in gas storage, chemical sensing, energy conversion and catalysis.

Since the early 1990s, research intomaterialswith polymeric andporous structures
based on organic/inorganic hybrid materials have been on the rise. In relation to this,
Metal organic frameworks (MOFs) are a rapidly emerging unique type of crystalline
porousmaterials.MOFs are self-assembled from inorganicmetal clusters and organic
bridging ligands via strong covalent bonds. Via a self-assembly mechanism, the
extended one dimensional (1D), two dimensional (2D) and three dimensional (3D)
structures are built where the metal centres (known as the connector) are linked
by ditopic or multitopic organic ligands, known as linkers (Fig. 1). An important
feature of MOFs is that their framework structures, pore environment, functionality
can be fine controlled by the choice of metal and organic building unit. Therefore,
the topology of the network is determined by the intrinsic structural features of the
choice of metal ions with different oxidation states and organic linkers.

In the synthesis of such inorganic-organic hybrid materials, transition metal
or lanthanide salts are reacted with rigid, often aromatic, organic donor ligands,
which feature two or more Lewis-basic functional groups, usually neutral nitrogen
donors (e.g., pyridyl, cyanide groups) or neutral/anionic oxygen donors (e.g.,
carbonyl, alkoxy, carboxylate groups) [78]. The synthesis of MOFs are normally
conducted under mild conditions. A few methods to synthesise MOFs have been
reported including conventional synthesis which used electrical heating and non-
conventional synthesis at room temperature. Other alternative synthetic routes
includingmicrowave-assisted, electrochemical,mechanochemical and sonochemical
methods have also been used in the synthesis of MOFs. These methods can produce
MOFs with varying particle sizes and size distribution as well as morphologies

Fig. 1 Extended structures ofMetal Organic Frameworks (MOFs) based on metal centre and linear
ditopic ligands featuring different structural dimensionalities. Sourced from Kitagawa et al. [44]
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that can influence the material properties. In fact, the pore size, pore shape, network
topology and surface functionality aremore important to develop the unique structure
of MOFs [26] The structure of MOFs can also have influenced by other factors, such
as the coordination environment ofmetal ions, themetal-to-ligandmolar ratio, ligand
structure, the presence of solvent molecules, counter ions, reaction temperature, pH
value of the solution and many other factors [95].

MOFs have numerous advantages compared to conventional porousmaterials like
zeolites or activated carbon, in terms of their ability to fine-tune the structures by
rational design and incorporate functionalities into the molecular material. MOFs
possess a highly crystalline nature, extraordinarily low densities (1.0–0.2 g/cm3),
large pore sizes (up to 29 Å), large free volume, high surface area (500–4500 m2/g),
and fascinating topologies [57]. The choice of the initial metal cluster and organic
linkersmakes it possible to vary some parameters will leads to newways of designing
materials with tailored physicochemical properties.

Composites are multi-component materials with multiple phases with at least
one continuous phase [96]. MOF-composites have received astounding interest due
to their various applications especially in separation and catalysis. By compositing
MOFs with active components, the properties of MOF, stability, morphologies as
well as their potential applications could be improved. In general, there are two
basic types of MOF composites, which are discontinuous phase and continuous
phase [2]. Discontinuous phase occurs when a component (such as a polymer) is
unable to form an inter-grown and continuous layer on MOFs surface. This type
of MOF-composite tends to crack and is not stable for applications especially in
gas separation. Continuous phase MOF-composites are MOFs that contain special
and specific chemical functionalities and are selective, thus they have good potential
in gas adsorption studies. The design of MOF-composites by combining the MOF
precursor with nanoparticles, metal-oxides, polymers and polyoxometalates creates
materials that can be used in various applications such as hydrogen storage, catalytic
processes, energy storage, acidic gas adsorption and ammonia adsorption [103].

Owing to their porous structure, large surface area, good stability and ability to
be functionalized, MOFs are good candidates in catalysis, gas separation, and ion
exchange reactionswhere zeolites are commonly used. SinceMOFs have continuous,
uniform and permeable channels, they can provide active sites on the pore surface and
transport reactants/products to or from inner reactive vessels in catalytic applications
[60]. In addition, the high porosities, tunable framework structures, and immobilized
functional sites of MOFs can allow gas storage in pore spaces and interact with ions
gasmolecules [53]. Therefore, the high surface areas ofMOFs also could concentrate
analytes to high levels and enhance detection sensitivity making them useful as
chemical sensors. Moreover, the specific functionality of MOFs allowed specific
recognition with exceptional selectivity by host–guest interactions or size exclusion.
Thus, the increased regeneration and recycling uptake and release of substrates are
due to the flexible porosity of the frameworks [101].

Recently, MOFs have been given much attention in the improvement of drug
delivery and cancer theranostic carriers [97]. MOFs possess the following obvious
advantages compared to traditional drug carriers: the versatile structures of MOFs
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with various morphologies, sizes, compositions, chemical properties, and multifunc-
tionalities allow stimuli-responsive drug controlled release [33, 59] Notably, the
modification of MOFs has no significant alteration in their desirable physicochem-
ical properties, where the controllable of sizes, shapes, and high uniformity are still
maintained as in the parent material [69].

In this chapter, the synthesis and design of metal organic frameworks via several
synthetic methods and their physical and chemical properties will be discussed. The
improvement of the properties of these materials as MOF-composites also will be
detailed. MOFs as promising porous materials, their engineering applications in gas
storage, catalysis, chemical sensing and drug delivery will also be outlined.

2 Design and Synthesis of Metal Organic Frameworks
(MOFs)

Synthetic method development plays an important role in this area of research
where many types of functional groups can be incorporated directly into the struc-
ture which may be tailored to suit the need for specific applications. To under-
stand the direct synthesis effort, the knowledge of possible topologies, functionality
of organic linkers, metal coordination environments and the formation of desired
inorganic building blocks are vital. This section details the variety of synthetic
methods employed in MOFs synthesis including the chemistry concepts behind
solvothermal reaction conditions, microwave assisted synthesis, electrochemical and
mechanochemical synthesis as well as sonochemical synthesis (Fig. 2).

2.1 Metals with Vacant Sites

In the early stages of MOF synthesis, direct assembly of particular metal nodes and
organic linkers was the usual main approach. Transition metal ions are often used
as the inorganic components of MOFs. Generally, different metal ions are known to
have different coordination numbers and geometries, including linear, square planar,
tetrahedral, square pyramidal, trigonal bipyramidal, octahedral, trigonal prismatic
and pentagonal bipyramidal [72]. In principle, the metal ion which has more than
one vacant site or labile site has great potential to react with bridging ligands in
order to make MOFs [37]. It is also known that the more labile metal ions are Cu+,
Cu2+, Ag+, Cd2+, Zn2+, Co2+ and Ni2+ and these feature prominently in the field of
coordination polymers. Among these geometries, metals with tetrahedral structures
are usually used to generate network topologies of MOFs.

Therefore, the Secondary Building Units (SBUs) approach in MOF chemistry is
the most significant contributor to its rapid development. Basically, SBUs are the
formation of polynuclear cluster nodes which are often based on metal-carboxylate
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Fig. 2 Overview of the synthesis methods and final products in MOF synthesis. Sourced from
Stock and Biswas [86]

bonding. The structures will be thermodynamically stable via strong covalent bonds
and mechanically stable because of strong directional bonds that can lock down the
position of metal centres in MOFs [40]. The use of multidentate linkers such as
carboxylates allow the formation of more rigid frameworks due to their ability to
aggregate metal ions into M-O-C clusters. The SBUs are sufficiently rigid because
the metal ions are locked into their positions by the carboxylates.

The SBUs are represented as large rigid vertices resulting from the joining of rigid
organic links to produce extended frameworks with high structural stability. Metal
clusters such as zinc (Zn), chromium (Cr) and zirconium (Zr)with different coordina-
tion numbers (CN) produce different morphologies when reacted, for example, with
benzene dicarboxylate (BDC) linkers (Fig. 3). Another example is bridging 1,3,5-
benzenetricarboxylates (trimesic acid) reacted with Cu2+ ions that formed structural
Cu2(OCR)4 units assembled from a number of metal ions and ligands. The ligand
and metal ions are considered the primary building units. This is analogous to alumi-
nosilicate zeolite chemistry, where nine SBUs based on the tetrahedral AlO4 and
SiO4 primary building units have been classified.

In the late eighties and nineties of the last century, pioneering work on the targeted
synthesis of porous 3D structures was done by Robson and co-workers (1990). The
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Fig. 3 Example of other SBUs with different MOFs structures. Sourced from Butova et al. [13]

utilisation of organic linkers of distinct geometries together with metal ions yielded
supramolecular structures exhibiting a specific structure type, for example, diamond
[35], rutile [5] or PtS-like [1] topology, which featured the same topology as the
respective inorganic minerals, but with largely extended cell parameters.
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2.2 Organic Linkers as Building Blocks of MOFs

The basic requirements for organic linkers in MOFs are that they can form coordi-
nation bonds with a central metal or secondary building units (SBUs). Linkers or
ligands with rigid backbones are often preferred because the rigidity helps to sustain
the pore structure after the removal of the guest molecules. As illustrated in Fig. 4,
the bond between metal and linkers can be both nitrogen–metal coordination bonds
and metal-carboxylates covalent bonds [29].

Organic linkers can be either electrically neutral, cationic or anionic. Figure 5
shows some examples of ligands that consist of rigid 3- and 4-connecting N-donor
ligands [37]. These linkers are especially useful as pillars in the construction of
pillared-layer 3D networks. Besides, carboxylate ligands which are known as anionic
linkers are also widely used nowadays to construct 3D MOFs. This is due to their
ability to aggregate metal ions into clusters and therefore formingmore stable frame-
works. However, cationic organic ligands have remained mostly unused, owing to
their low affinities for cationic metal ions. A rigid 3-connecting ligand, 4,4′-azo-
1,2,4-triazole has six potential atoms that can coordinate withmetal ions to form a 3D
structure as was reported by Zhang and Shreeve [104]. Similarly, a 4-connecting flex-
ible tetrazole ligand, 1,5-bis(tetrazolo)-3-oxapentane was synthesised by Cui et al.
[99] as an organic linker to construct porous MOFs to enhance CO2 uptake. In 2008,
Lin et al. successfully synthesised 3D MOFs constructed from polycarboxylate acid
and flexible imidazole-based ligands.

In the synthesis ofMOFs, the use of long organic linkers will provide large storage
space and a greater number of adsorption sites inside a given material. However, two
or more frameworks can grow and mutually intertwine together because the large
spacewithin the crystal frameworkmakes it likely to form interpenetrating structures.
Therefore, several methods have been developed to prevent the interpenetration and
engineer more stable frameworks.

Fig. 4 The covalent bond
formation between metal
cluster and organic linkers.
Sourced from
Gonzalez-Nelson et al. [29]
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Fig. 5 Examples of some organic linkers used in the synthesis of MOFs. Sourced from James [37]

2.3 Conventional Synthesis

Conventional synthesis is commonly applied to reactions that are executed by conven-
tional electric heating where the main parameter in the synthesis is the reaction
temperature. MOFs are usually synthesised using conventional solvothermal and
non-solvothermal methods. Solvothermal reactions basically occur in a closed vessel
system where autogenous pressure is created above the boiling point of the solvent.
Non-solvothermal reactions occur at the boiling point of solvent under ambient
pressure which can also be classified as room-temperature or elevated temperature
reactions.

Hoskins and Robson [35] stated that precipitation followed by recrystallization
of synthesised MOFs mainly relied on low temperatures or slow evaporation of the
solvent. Since there is possibility to tune the rate of nucleation and crystal growth,
these methods are well-known techniques used to grow molecular or ionic crystals.
In order to grow crystals from clear solutions, the concentration of the reactants need
to be adjusted until the critical nucleation concentration is exceeded. Crystal growth
will take place when the particles exceeded the critical radius by increasing the reac-
tion temperature or by evaporating the solvent. Several crystallization methods such
as solvent evaporation, layering of solutions, and slow diffusion could lead to concen-
tration gradients which allow the formation of MOFs crystals [86]. Therefore, large
crystals suitable for single crystal X-ray structure determination are often obtained
by the concentration gradient method where temperature gradient or slow cooling
process was applied to a reaction mixture. Some prominent MOFs such as MOF-5,
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MOF-74, HKUST-1 or ZIF-8 were obtained at room temperature by just mixing
solutions of the starting materials. This method is also known as direct precipitation
where crystallization ofMOFs occurs in a short period. The formation of product can
be influenced by different reaction temperatures and thereforemore condensed/dense
MOF structures are obtained at high temperature reactions. In some ways, increasing
reaction temperature is needed to obtain suitable crystallinity and reaction rates, espe-
cially when using more inert ions. Yet, the morphology of the crystals can also be
affected by reaction temperature and prolonged the reaction times can result in the
degradation of the MOF crystals.

2.4 Microwave-Assisted Synthesis

In the previous section, the synthesis ofMOFs occurs while in a solution and temper-
atures ranging from 27 to 250 °C by conventional heating. Generally, energy is intro-
duced when heat is transferred in the oven through convection. Alternatively, energy
can also be introduced by electric potential, electromagnetic radiation, mechanical
waves (ultrasound) andmechanochemical methods [83]. The energy source is related
to the pressure, energy per molecule and also duration introduced in the system.
Thus, the type of product formed and the morphology of the crystals depend on
these parameters.

In synthetic chemistry, microwave irradiation is a well-known method used in the
synthesis of MOFs. Microwaves (MW) can be described as a form of electromag-
netic radiation with a frequency range between 300 and 3000 000 MHz. Generally,
this method depends on electromagnetic interaction waves and the mobile charges
generated. The mobile charges can be polar solvent molecules, ions in solution or
electrons, ions in solid. During heating, an electric current is formed due to electric
resistance of the solid. While in solution, an oscillating field causes the change of
molecule orientations permanently when the polar molecules align themselves in an
electromagnetic field. Thus, by applying appropriate frequencies and temperatures in
the system, the kinetic energy will increase due to the collisions between molecules.

Generally, the synthesis of MOFs using MW has often been carried out at a
temperature above 100 °C with reaction times less than 1 h. There are only several
reports that describe the systematic parameters (such as solvent, irradiation time,
reaction temperature, power level, molar ratio of the reactants and reactant concen-
tration) to optimise the reaction conditions for MOFs synthesis [86]. Basically, the
synthesis of MOFs using MW irradiation can allow fast synthesis of products with
small crystallite sizes. Besides fast crystallization, the other advantages with this
technique include phase selectivity, narrow particle size distribution and also facile
morphology control [51].

A few metal (III) carboxylate-based MOFs (M = Fe, Al, Cr, V, Ce) have been
successfully synthesised via MW irradiation. For example, Cr-MIL-100 was synthe-
sised using microwave at 200 °C over 4 h with a 44% yield which was comparable to
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conventional electric synthesis. Meanwhile, Cr-MIL-101 was successfully synthe-
sised with increasing reaction time in the microwave which resulted in an increase
in the dimensions of nanoparticle sizes from 40–80 to 70–90 nm and more homo-
geneity [39]. In another report, nanocrystals of Cr-MIL-101 was produced without
using THF as solvent and lowering the reactant concentration and increasing the
pH of the reaction mixture which resulted in ~50 nm crystal sizes and a yield of
37% [42]. Synthesis conditions such as temperature and method of heating greatly
affected the crystal sizes obtained.

2.5 Electrochemical Synthesis

The first pioneers of synthesising MOFs using electrochemical techniques was by
researchers at BASF (a German chemical company) in 2005 [3]. The main objective
of this technique in the syntheses are the exclusion of anions, such as nitrate, perchlo-
rate, or chloride. Instead of using metal salts, the metal ions in anodic dissolution are
introduced to the reaction medium, which contains the dissolved linker molecules
and a conducting salt. This is to avoid the formation of anions in the course of the
reaction and to initiate a continuous process resulting in large amounts of product.
To avoid deposition of metal on the cathode, protic solvents, or other compounds
such as acrylic, acrylonitrile, or maleic esters were used during the synthesis [86].
Electrochemical techniques are advantageous for industrial processes due to their
ability to run continuously and high yields of product was obtained compared to
normal batch reactions.

The well-known MOF copper-based MOF, HKUST-1 consisting of Cu2+ ions
constructed from 1,3,5-benzenetricarboxylic acid (BTC) was used to illustrate the
formation of coated copper electrodes by electrochemical reaction. When an anodic
voltagewas applied to the copper electrode, Cu2+ ionswere produced as a conducting
salt into the synthesis solution containingBTCandmethyl tributyl ammoniummethyl
sulfate (MTBS). Densely packed films of HKUST-1 crystals were found to be easily
prepared by electrochemical methods and the chemical structures were in agreement
with the conventionally synthesised HKUST-1 [3]. By altering the synthesis condi-
tions, the crystal size can be tuned with a range of 2–50μm. Therefore, the thickness
of the thin film can be varied accordingly. When high voltage is applied from 2.5 V
up to 25 V in the system, a high concentration of metal ions is produced thus yielding
smaller sized crystals coating on the surface of the thin film. Therefore, if more water
was added to the synthesis mixture, crystal formation would slow down thus yielding
larger crystals [3].

Porous organic-based conductingmaterials have been on demanddue to their good
properties in applications such as photovoltaics, super capacitors, batteries, catalysis
and chemical sensing. Therefore, the electrochemical technique is one of the common
techniques used to prepareMOF thinfilmsbydepositing active substrates ormaterials
into a parent MOF. For example, a study was carried out by employing electrochem-
ical technique to synthesis microporous conductive polymers using MOF thin film.
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Fig. 6 Preparation of MOF thin film with polyaniline. Sourced from Lu et al. [62]

Three different parent MOFs were used which were HKUST-1, Zn2(BDC)2DABCO
and MIL-68 (In). The MOF thin film acted as a template to enhance the conductivity
and formation of the porous polymer. In this case, polyaniline played a role to tighten
the MOF layer through imino group bonding and transferring electrode under elec-
trochemical conditions. As illustrated in Fig. 6, a layer of conducting polyaniline in
DMFwas coated on aPt electrode (substrate). The polyaniline/Ptwas then introduced
into the MOF solution to allow heterogeneous nucleation and crystal intergrowth.
The study found that the thickness of MOF/polyaniline/Pt thin films were in a range
of 2–100μm.At the end of the process, porous polyaniline was obtained by digesting
the MOF thin film in HCl solution. The prepared porous polyaniline exhibited a high
BET surface area of 986 m2 g−1 and high electric conductivity of 0.125 S cm−1 [62].

2.6 Mechanochemical Synthesis

In mechanochemical synthesis, the mechanical breakage of intermolecular bonds
followed by a chemical transformation takes place for example, by milling in ball
mills. This technique can be carried out at room temperature under solvent-free
conditions and short reaction times, normally in the range of 10–60min,which results
in high yields containing small-sized particles. In mechanochemical reactions, the
presence of a liquid component can lead to an easy crystallization process, high
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crystallinity of product and yield. Therefore, the diffusion and permanent forms of
new surfaces can be obtained by continuous milling of the components.

This technique was first performed on MOFs under solvent-free conditions
using organic linkers with low melting point and hydrated metal salts containing
basic anions. The common use of metal acetates or carbonates lead to crystalline
compounds with the presence of acetic acid as a by-product. The by-product can
be removed by thermal activation. In 2006, the synthesis of a Cu(INA) MOF was
carried out by mixing copper acetate and isonicotinic acid (HINA) in a ball mill
for a few minutes. This resulted in a well-crystallised product with a formula of
Cu(INA)2.x H2O.y AcOH [75]. Two years later, this technique was used again to
compare two different MOFs (HKUST-1 and Cu(INA)2) by investigating the metals
used, the mode of introduction, the linker, solvents and also the synthesis conditions
[74]. HKUST-1 was successfully synthesised by mixing copper acetate and benzene
tricarboxylic acid (H3BTC) under solvent-free conditions. However, the formation
of HKUST-1 needed longer mixing times compared to Cu(INA)2 which occurred
spontaneously after 1 min of mixing. Interestingly, the addition of small amounts of
acetic acid during milling sharply increased the formation rate of Cu(INA)2 rather
than HKUST-1. This was due to the high porosity of HKUST-1 which caused instant
absorption of liquid components preventing participation in dissolution thus affecting
the reaction mixture [13].

2.7 Sonochemical Synthesis

Sonochemical synthesis basically takes place with the supply of high-energy ultra-
sound energy to a reaction mixture. Ultrasound radiation is the cyclic mechanical
vibration with a frequency between 20 and 10 kHz, which is the upper limit of human
hearing. Cyclic alternating areas of compression (high pressure) and rarefaction (low
pressure) will be formedwhen high-energy ultrasoundwaves interact with liquids. In
the low pressure region, the pressure drops below the vapor pressure of the solvents
and reactants lead to cavitation. Cavitation is a phenomenon in which small bubbles
grow under the alternating pressure by the diffusion of solute vapor into the volume
of the bubble, thus accumulating ultrasonic energy. When the bubbles reach their
maximum size, they become unstable and collapse. This process of bubble forma-
tion leads to the rapid release of energywith heating and cooling rates of >1010 K s−1,
temperatures of ~5000 K, and pressures of ~1000 bar [86].

The synthesis of MOFs using sonochemical techniques is easy to carry out since
it is very fast, energy-efficient, environmentally-friendly and can be done at room
temperature. Interestingly, nanocrystals are often obtainedby sonochemical synthesis
which are advantageous for specific applications. High yields of product have been
reported with short reaction times at ambient temperatures. The first sonochemical
synthesis of [Zn3(BTC)2]was carried out bymixingZn(OAc)2 andH3BTC in ethanol
and water in an ultrasonic bath at room temperature conditions. The only parameter
tested was the reaction time, where short reaction times of 5–10 min led to spherical
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Fig. 7 Sonochemical synthesis of the catenation isomers PCN-6 and PCN-6′ at different ultrasonic
power level. Sourced from Kim et al. [43]

particles in the range of 100–200 nm, while long reaction times at 30 and 90 min
resulted in long needle-like shapes with diameters up to 900 nm [77].

Another study investigated the effect of ultrasonic power levels on two
examples of interpenetrated and non-interpenetrated structures of PCN-6/PCN-
6′ (MOF containing copper nitrate and 4,4′,4′′-S-triazine-2,4,6-triyl-tribenzoic
acid, H3TATB) and IRMOF-9/IRMOF-10 (MOF containing zinc nitrate and 4,4′-
biphenyldicarboxylic acid, BPDC) [43]. From the findings, lower power levels led to
non-interpenetrated structures whereas higher power levels led to phase-pure inter-
penetrated structures of the MOFs as in Fig. 7. Thus, consistently small uniformly-
shaped particles were obtained with sizes of 1.5–2 μm for PCN-6′, 4.5–6 μm for
PCN-6 and ~5–20 μm for IRMOF-9 and -10 from the sonochemical synthesis [86].

Thus, MOFs can be synthesised by conventional synthesis (including
solvothermal and non-solvothermal), microwave, electrochemical, mechanochem-
ical and sonochemical synthesis but the most commonly used synthesis method for
MOFs is the solvothermal method as it is possible to tune the nucleation process and
enhance the crystal growth.However, this depends on the type of product required, for
example, nanosizedMOFs orMOF thin films as per their use in various applications.

3 Physical and Chemical Properties of MOFs

MOFs are advantageous compared to other well-known porous materials such as
zeolites, activated carbon and mesoporous silica, due to their ability to tune the
structure and functionality. The tunability in MOFs is significantly different from
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the traditional zeolites whose pores are confined by rigid tetrahedral oxide skele-
tons which are difficult to alter. Previously, MOFs research only focused on direct
synthesis methods to design new structures. Different synthetic methods have been
studied to develop different sizes, shapes and improved properties of MOFs for
specific applications. The choice of appropriate metal clusters and organic linkers or
the design of organic linkers play an important role in the synthesis ofMOFs, in order
to obtain interesting physical and chemical properties. This makes them promising
candidates in applications such as gas storage, catalysis, drug delivery, sensors and
luminescent materials. In this section, the physical and chemical properties of MOFs
are briefly described.

3.1 Rigidity and Flexibility of the Frameworks

Construction of MOFs by organic and inorganic elements can lead to materials with
unique properties. Therefore, the use of multidentate rigid ligands incorporated in
MOFs can result in stable frameworks [23]. These rigid organic linkers allow robust
and high structural stability. The concept of reticular design ofMOFs (IRMOF series)
was described by Yaghi et al. [100] where the use of long bridging ligands led to
interpenetration and decrease in void space. To overcome these issues, Kitagawa et al.
[44] reported CPL-n compounds as a “pillared layer construction” in the synthesis of
MOFs [11]. A pillared layer construction is coordination of pillar linkers into metal
nodes from 2D layers to construct 3D porous frameworks which are more stable
structures. From the findings, the MOFs showed some structural transformations
after guest molecule accommodation which meant that the MOFs could respond to
external stimuli, making it special compared to rigid zeolites and activated carbon.

MOFs can be classified into three classes, where the 1st generation MOFs have
frameworks that collapse irreversibly upon removal of guest molecules. The 2nd
generation MOFs are non-conformationally changeable frameworks which main-
tain their robustness after the removal of guest molecule. Lastly, the 3rd genera-
tion of frameworks exhibit flexibility and dynamic functionalities, leading to guest
responsive adsorption behaviour [11, 34].

When external stimuli such as removal of guest molecules, heating, magnetic
and electric fields were applied to the flexible MOFs, some reversible structural
transformations occurredwhereas therewas no change in the robustMOFs. Examples
of robust MOFs are MOF-5 and HKUST-1, while MIL-53 andMIL-88 are examples
of flexible MOFs [17, 20, 55, 81]. Robust MOFs with high porosity and surface area
with permanent pore size and shape are assets in gas storage applications.Meanwhile,
flexible MOFs are advantageous in gas separation applications [11].
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3.2 Surface Area

In terms of pore sizes, specific pore volumes and surface area, MOF materials are
much better than zeolite materials. These properties make them advantageous in
selective catalytic reactions including bulky molecules which could not penetrate
into the smaller zeolite pores. Microporous MOFs are defined as MOFs with pore
sizes of the framework less than 2 nmwhich can selectively capture small molecules.
The pore sizes formesoporousMOFs are between 2 and 50 nmwhich can encapsulate
large molecules [46].

Surface area dimensions of MOFs can be tailored accordingly where longer
linkers with a number of phenyl rings can increase the surface area and build ultra-
high porosity MOFs. Previous research showed the surface area of MOF-177 at
4,500 m2/g, which was almost five times higher than zeolites with the narrowest
dimension (10.8 Å) of the pores [16]. The construction of NU-1000 (NU is North-
western University MOF-100) with a tetratopic linker, 1,3,6,8-(p-benzoate)pyrene
and zirconium cluster was reported to form a mesoporous framework with pore sizes
estimated at about 30 Å and microporous pores of around 12 Å (Fig. 8) [94]. Due
to the high surface area possessed by NU-1000, Chen et al. [19] was able to encap-
sulate insulin into NU-1000 as an alternative to the traditional method of injection
of insulin into type-2-diabetes patients. The mesoporous size of NU-1000 allowed
insulin with the size of 13 Å × 13 Å to diffuse through the framework with a high

Fig. 8 The structure of NU-1000 synthesised from a tetratopic linker, 1,3,6,8-(p-benzoate)pyrene
and zirconium cluster, ZrOCl2 with benzoic acid. Sourced from Wang et al. [94]
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loading of about 40% insulin in 30 min, therefore proving that the MOFs was able
to capture large-sized molecules due to their high surface area [19].

MOFs have great potential in gas storage applications. Several MOFs were
reported to have a high methane uptake of ~160 cm3 (STP) storage [36]. Due to
large surface area of MOFs, high adsorption capacity of methane were obtained.
However, microporous MOFs are unable to encapsulate large molecules such as
proteins and drugs. Therefore, mesoporous MOFs play a more important role to
overcome the problems faced by microporous MOFs, due to their larger pore sizes.

3.3 Thermal Stability

The strong bond in Si–O and Al–O is difficult to break due to the high kinetic
stability of zeolites that is consistent with their high energy barrier. The coordi-
nation bond strengths are lower in MOFs and therefore MOFs are expected to be
less thermally stable. This usually happens and typically decomposition occurs at
lower temperatures than zeolites. The stability of the framework is mainly controlled
by the inorganic building blocks and the chemical bond strength between the inor-
ganic building blocks and the connectors (linkers). Oxygen- and nitrogen-containing
organic linkers-provide stability to the frameworks from the strong covalent interac-
tions between metal and linkers. Identification of stable and flexible new inorganic
building units is therefore of utmost importance for the development of new, usable,
open hybrid structures.Generally, thermal degradation ofMOFs involves node-linker
bond breakage first followed by linker combustion and the thermal stability of MOFs
is usually limited to 350–400 °C. MIL-53 (made up of scandium and oxygen (ScO6)
nodes with 1,4-benzodicarboxylic acid struts between the nodes) is one example of
a porous MOF structure that is stable above 500 °C [14].

There are a few types of MOFs degradation processes which are amorphization
[7], node-cluster dehydration, melting [90], hydrogenation or graphitization [25].
In the linker-graphitization process, the degradation products can be useful mate-
rials. Generally, most MOFs are incorporated from divalent cations (i.e., Zn(II),
Cu(II), Co(II) and Cd(II)), and carboxylate or N-donating linkers. By using equiv-
alent oxyanion-terminated linkers with a large number of vacant metal centre sites,
such as Ln(III), Al(III) Zr(IV) and Ti(IV), the thermal stability can be improved due
to stronger metal–ligand bonding.

Wang et al. [92, 93] reported an aerosol-based approach to study the thermal
stability of metal–organic frameworks (MOFs) for the synthesis of MOF-based
gas phases used for highly active catalysis. Temperature-programmed electrospray-
differential mobility analysis (TP-ES-DMA) was used to characterize temperature-
dependent morphological changes directly in the gas phase, and the results were
shown to be highly related to the thermal stability of MOFs determined by tradi-
tional porosity measurements and crystallinity. Three different MOFs have been
used in the studies which were Cr-based MIL-88B-NH2, Fe-based MIL-88B-NH2
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Fig. 9 The encapsulation of MOFs (Cr-based MIL-88B-NH2, Fe-based MIL-88B-NH2 and UiO-
66) with copper oxide using gas-phase evaporation-induced self-assembly approach and catalytic
CO Oxidation. Sourced from Wang et al. [92, 93]

and UiO-66. Studies show that Cr-based MIL-88B-NH2 exhibited a higher decom-
position temperature (T d) at 350 °C compared to the Fe-based MIL-88B-NH2 which
was at 250 °C. This is because Cr provides a more stable binding with the amino-1,4-
benzenediacarboxylic acid (NH2-1,4-BDC) linkers. Meanwhile, there was a signif-
icant decrease of T d by ~100 °C in UiO-66 [92, 93]. Interestingly, UiO-66 showed
high catalytic activity and stability in carbonmonoxide oxidation after encapsulation
with copper oxide using a gas-phase evaporation-induced self-assembly approach
(Fig. 9). This was because UiO-66 provided an active support template creating
Cu–Zr–O interfaces which enhanced the catalytic CO oxidation.

Hence, thermal stability is very important in order forMOFs to be of use in specific
applications especially in heterogeneous catalytic applications. The stability of the
framework can be increased by ensuring good hard-hard or soft-soft interactions
between ligand and metal to increase the bond strengths and high decomposition
temperatures.

3.4 Chirality

Chirality is widespread in nature and chiral MOFs can be used in chiral recogni-
tion, chiral separation and chiral catalysis. Chirality is an important feature of many
materials and has applications in chemistry, pharmacy, agriculture and medicine.
Enantiomers of the same substance can show different functionalities from each in
human bodies or the environment [61]. Chirality can be introduced into the MOF by
simply choosing a chiral building blocks from the organic ligands.

Mallick et al. [63] was first reported on a chiral hexagonal MgMOF constructed
from an achiral organic building unit named Mg-MOF-1 [Mg(3,5-PDC)(H2O)]
(Fig. 10), synthesized using a solvothermal method in dimethylformamide (DMF).
Structure determination by single-crystal X-ray diffraction revealed that this chiral
MOF was constructed by coupling Mg2+ ion helices with achiral 3,5-pyridine dicar-
boxylates, coordinated to water molecules which showed a 3D framework parallel to
the hexagonal channels. Interestingly, Mg-MOF-1 remained stable and porous after
evacuation of the coordinated water molecules. This MOF has been investigated in
gas adsorption application and was found to have good selectivity towards hydrogen
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Fig. 10 Crystal Structure of Mg-MOF-1. Re-drawn from CCDC 772894

(H2) gas (ca. 0.8 wt% at 77 K) and carbon dioxide (CO2) uptake (ca. 0.7 mmol g−1

at 298 K) [63].

3.5 Luminescent Properties

One of the most interesting properties of MOFs is their luminescence behaviour.
These materials are an important area of research because of their applications
as small molecule sensors, pH sensors, light concentrators, photovoltaic devices,
antennae in photosensitive bioinorganic compounds and high technology optics.
MOFs can be considered excellent solid-state luminescence materials since they
have structural predictability and well-defined environments for the chromophores
in crystalline form. The combination of size or shape-selective absorption with lumi-
nescence can make MOFs good sensor materials. Luminescence supports the coor-
dination of polymers with d10 elements and bridging ligand containing nitrogen or
oxygen. Benzene di- and tricarboxylates are examples of bridges that may exhibit
luminescence in coordination of polymers with metal nodes such as zinc or cadmium
[38].

For examples, two stilbene-based MOFs were successfully synthesised by Bauer
et al. [6] by using trans-4,4′-stilbene dicarboxylic acid (LH2) and zinc nitrate in two
different solvents. The use of dimethyformamide (DMF) has resulted in 2D network
structure Zn3L3(DMF)2 while a 3D porous framework structure of Zn4OL3 was
obtained when diethylformamide (DEF) was used (Fig. 11). The optical properties
of both MOFs indicated that the LH2 organic ligand acted as a chromophore. In fact,
the rigidity of the stilbene ligand increased after coordinated with the metal centre
thus resulting in increased emission lifetimes of the MOFs crystals [6].

In particular, lanthanide MOFs also have unique luminescence properties such
as high luminescence quantum yields, long-lived emission large Stokes shifts and
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Fig. 11 Structure and luminescence properties ofZn3L3(DMF)2 (left) andZn4OL3 (right). Sourced
from Bauer et al. [6]

characteristically sharp line emissions [21]. These materials produce an effective
platform for chemical sensing since the luminescent intensity of lanthanide ions
is very sensitive to the details of the coordination environment structure and the
interaction of ligands or lanthanide ions with the analyte [21]. A MOF, Eu(BTC)
was reported to have high selectivity luminescent sensing towards small molecules
such as dimethyl formamide (DMF), acetone and ethanol [18]. When the activated
Eu(BTC) was immersed into different solvents, they exhibited significant improve-
ment due to the effects of quenching. From the report, a gradual decrease in fluores-
cence intensity was observed upon addition of acetone to the 1-propanol emulsion
of Eu(BTC). This suggested that the binding interaction of the open metal sites with
guest solvent molecules played an important role where the weakly coordinated 1-
propanol was replaced by DMF and acetone molecules causing the addition and
reduction of luminescence properties [21].

3.6 Magnetic Properties

Magnetic properties have become of interest in the construction of MOFs as
magnetismcanused to further enhance the potential applications of theMOFs.Gener-
ally, the linked with diamagnetic organic ligands paramagnetic metal ions are which
can then be used efficiently in transmittingmagnetic exchange [48]. Transitionmetals
such as V, Cr, Mn, Fe, Co, Ni and Cu are common metal centres that have paramag-
netic properties. The variable oxidation states that exist in these metal ions allow two
important parameters which are spin quantum and magnetic anisotropy. Therefore,
the use of polycarboxylic ligands with these metals can form MOFs with different
flexible structures and different bridging modes which can affect the magnetic prop-
erties. In addition, the introduction of guest molecules in non-magnetic frameworks
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can enhance the magnetism of the MOFs thus these properties are advantageous for
MOFs as sensors, lasers, non-linear optics and display devices [31, 49].

There are two common magnetic phenomena that can occur in the MOFs which
are ferromagnetism and anti-ferromagnetism. Generally, ferromagnetism is created
when the metal ions have unpaired electrons and thus the atom has a net magnetic
moment. When an external magnetic field is applied, a parallel coupling spin
exhibits strong attraction towards the magnetic field and their magnetic proper-
ties can be retained after the removal of the external field. Therefore, Magnetic
Metal Organic Frameworks (MMOFs) can be designed by the choice of magnetic
materials for their specific purposes [49]. An example of a chiral 3D Ni-Glurate,
[Ni20(H2O)8(C5H6O4)20.40H2O] was successfully synthesised showing ferromag-
netic behaviour with a Curie temperature (Tc) of 4 K. Since nickel has four parallel
neighbouring electrons, Ni–O–Ni bonds are formed between nickel clusters and
oxygen from carboxylate ligands which occurred at edge-sharing nickel with octahe-
dral geometry.However, the lowTc value indicated that the frameworks showedweak
ferromagnetic interactions due to significant large Ni–O–Ni bridge angles (>90°) on
the crystal structures [30].

Antiferromagnetic properties are generated when an antiparallel coupling of the
metal ions and organic free radical entities were formed in the MOF structure. A
cobalt MOF constructed from a 4,4′,4′′-S-Triazine-2,4,6-triyl-tribenzoate (TATB)
ligandwith a formula of Co3(TATB)2(H2O)2 (Fig. 12a) formed a non-interpenetrated
porous network where trimetallic cobalt clusters were extended by the TATB ligand
pairs. This compound showed antiferromagnetic coupling between the neighbouring
Co2+ (Fig. 12b). From the magnetic susceptibility measurements, the paramagnetic
properties were found at a temperature range of 2–300 K [102].

Fig. 12 a 3D framework structure of Co3(TATB)2(H2O)2. b Susceptibility as a function of temper-
ature (inset shows the 1/χ vs. T curve along with theoretical fitting). Sourced from Yu et al.
[102]
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Another study was carried out by Harbuzaru et al. [31] in the synthesis of Ln3+

based materials, ITQMOF-1 and ITQMOF-2 (ITQMOF = Instituto de Tecnologia
Quimica Metal Organic Framework) with 4,4′-(hexafluoroisopropylidene)-
bis(benzoic acid) (HFIPBB) ligand. In particular, both MOFs had similar properties
but different structures since ITQMOF-2 was obtained from a secondary phase of the
synthesised ITQMOF-1. The luminescent and magnetic properties of ITQMOF-1-
Tb showed a strong green emission under UV light and a ferromagnetic interaction
of Tb3+ ions. Meanwhile, the mixed Eu and Gd ITQMOF-1-(5Eu-95Gd) showed an
antiferromagnetic interaction of Gd3+ and Eu3+ ions, thus exhibiting a red colored
emission under UV light. Interestingly, ITQMOF-1-Eu was investigated for their use
as sensor devices to detect ethanol in the presence of water under ambient conditions,
and they were found to display excellent potential as sensors.

4 Metal Organic Frameworks as Composites

Over the last few decades, much efforts have intensified in making novel MOFs
and studying their applications. Despite their versatility and functionality, MOFs
also have several problems associated with them which is poor chemical stability
that interferes with their full potential use [82]. Besides that, due to the high metal
content of MOFs, some solvent molecules can still remain attached and bonded
with metal atoms thus hindering the interaction of substrate and the MOFs. This
may be cause the limitation of the MOFs applications [82]. MOFs also have several
problems with their physical properties as most have brittle crystalline frameworks
and typically exist as insoluble powders [70]. They also have poor physical strength,
low process ability, hydrolytical instability and suffer from irreversible structural
degradation after several hours of exposure to humid air.

Thus, studies onMOFs compositeswere initiated to formmultifunctional compos-
ites that exhibit high performance with sophisticated architectures in order to rectify
the issues associated with MOFs.

MOFs composites are materials that are made up of one MOF and one or more
definite constituent materials where the character of each stays intact in any task. In
general, there are dominant components that stands for a matrix material (continuous
phase). Other components that make up a composite with matrix material represent
a functional species or discontinuous phase [106]. Composite MOFs with other
components have been reported to be excellent materials in many applications such
as gas storage and catalysis. In this section, four types of MOF-composites will be
discussed (Fig. 13).
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Fig. 13 MOFs composites
with their functional
materials
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4.1 Preparation of MOFs Composites

There are several approaches for the synthesis of MOF composites. According to
the composite structures, there are two basic types of MOF composites which are
discontinuous phase and continuous phase. For the preparation of MOF composites
whereMOFs are in a continuous phase, severalmethods have been used. Thismethod
can be categorized into several main classes. In one of these methods, MOF precur-
sors are mixed with pre-synthesised materials and then the synthesis procedure is
performed.

This concept is known as ‘bottle around ship’ (BAS). In the BAS method, large
particles of the composite materials are immobilized inside the cage of the MOF
(Fig. 14a). This can only be done by in situ synthesis of the MOF. The MOF is built
from the precursors around the composing materials, and when the MOF formation
is complete, the composing materials are inserted into the pores [2, 98, 106]. This
approach involves incorporating MNPs in a MOFmatrix, which involves the control
ofmetal precursor using a variety of techniques. For example, infiltration of solutions,
deposition of vapors and solid grinding to introduce metal precursor, followed by
reduction of the metal precursors to metal atoms.

Petit et al. [73] disclosed several articles on Graphite oxide/MOF (GO/MOF)
composites prepared using this procedure and successfully applied it in the gas phase
of adsorptive removal of toxic gas such as NH3, H2S, NO2, and so on. In these
composites, the GO layer was slightly separated and arranged between the MOF
planar cage structures. In some cases, for this type of synthesis, the particles of the
composing materials can be trapped in the pores of the MOF and thus can be stable
or immobilized [73].

In another preparation method, the MOF composite was formed from the precur-
sors of the composite materials and the preformed MOF. This method is sometimes
called the ‘ship in a bottle’ (SIB) (Fig. 14b). In this case, the composing material is
forming inside the MOF cage and the diffusion of the precursors is usually carried
out in the cages by a solvent system. Due to the size increase, the particles remain
stable inside the cages. In most cases, the precursors of the composing materials
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Fig. 14 Different strategies in the encapsulation of composite formation: a ‘bottle around ship’
(BAS) approach where the porous host materials are produced around the encapsulated materials;
b ‘ship in a bottle’ (SIB) where guest moieties are prepared in the presence of porous host and; and
c the composite prepared by either ‘bottle around ship’ (BAS) approach or ‘ship in a bottle’ (SIB)
approach. Sourced from Ahmed and Jhung [2]

are added into the solution and disseminated into the pores. Then the composite is
formed by stabilizing the complexity inside the pores of the MOFs by chemical or
thermal methods (Fig. 14c) [2, 98, 106].

One of the best examples of this is the direct encapsulation of different porphyrines
into zeolite-like Metal Organic Frameworks (ZMOFs). The resulting composites
were successfully used in catalytic oxidation. Although SIB techniques are widely
known for zeolite composites, their research in the field of MOFs has only recently
begun and there are many opportunities to apply this encapsulation method to MOFs
[73].
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4.2 MOF-Metal Nanoparticle Composites

As a new class of catalysts, metal nanoparticles (MNPs) have been widely studied.
Composites containing nanoparticles and MOFs have unique properties of MOFs
including incisive crystal structures, extended surface area, single site catalysis,
special confined nanopores, tunable and uniform pore structures, but avoid some
intrinsic weaknesses such as limited electrical conductivity and lack of “conven-
tional” catalytically active sites [106] in nanoparticles using porous MOFs because
they have permanent nanoscale cavities and are thermally stable. Therefore, MOFs
can be used as a host materials to hold and stabilize the guest nanoparticles. MNPs
have different physicochemical properties than their bulk counterparts as a result of
the large surface to volume ratio, making them attractive candidates for many appli-
cations. Depending onmetal properties andMOF supports,MNP@MOF composites
have been widely used in hydrogen storage, catalysis and sensing by utilizing MNP
growth restriction in MOF matrices as well as surface area and size selectivity of the
MOFs [106].

A solution infiltration method is used to prepare non-mobilized MNPs in MOFs,
where a solution of the metal precursor, normally in the form of a common inorganic
salt, is used. When the dissolved porous MOFs is soaked in the metal precursor
solution, MNPs infiltrate into the pores of MOFs by capillary force, which is then
followed by reduction using reducing agents such as H2 and NaBH4 to obtain MNPs
accumulated in MOFs. As an example, MIL-100(Al) ([Cr3F(H2O)3O(btc)2], btc =
1,3,5-benzenetricarboxylate), with tetrachloropalladinic acid solution was used in
this purpose, Zlotea et al. [107] synthesized dispersed Pd NPs embedded in MIL-
100 with a mean size of 2.5 nm. The framework of MIL-100(Al) has two types of
large cavities (internal diameters: 2.1 and 2.5 nm) with a smaller window opening
size of 8.7 Å. The corresponding Pd/MIL-100(Al) composite showed a high metal
content of 10 wt% without degradation of the porous host. The significant decrease
in BET surface area and the total pore volume of the composite determined that the
insertion of Pd NPs altered the pore structure of MIL-100(Al) [107].

4.3 MOF–Metal Oxide Composites

Metal oxide nanomaterials with shape, size, crystallinity and functionality are widely
used in applications such as electronics, optics, electrochemical energy consuming
and storage, solar energy harvesting and also catalysis. To further improve the prop-
erties and introduce new functions, several attempts to integrate metal oxides, espe-
cially magnetic or semiconductor properties, and MOFs into core–shell nanostruc-
tures have been implemented [106]. The preparation methods for these composites
are as follows:

1. The generation of metal oxides in the cavities of MOFs via oxidative annealing
or decomposition in the preloaded precursors.
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2. The encapsulation of pre-synthesisedmetal oxide NPs inside theMOFsmatrices.
In this method, the metal oxide cores that undergoes pre-treating with a material
such as Polyvinyl pyrrolidone (PVP) has increased flexibility toward aMOFs and
can facilitate the growth of the MOFs around metal oxide NPs. Alternatively,
the use of metal oxide NPs as both the template and metal precursors for the
formation of MOFs, namely self-template synthetic strategy, can also be used to
obtain well-defined core–shell nanostructures.

As an example, Müller et al. [66] reported a solvent-free two step syntheses
used in the synthesis of metal-oxide-NP@MOF nanocomposites by dispersing the
metal oxide nanomaterials inside the MOFs. The two steps were using gas phase
infiltration of the volatile metal precursors and followed by oxidative annealing of
the loaded metal precursors. Nanosized ZnO and TiO2 from ZnEt2 and Ti(O-iPr)4
were hosted inside MOF-5. Based on the results, doubly loaded Cu/ZnO@MOF-5
and Au/MOx@MOF-5 (M = Zn, Ti; x = 1, 2) samples were prepared by gas phase
loading of MOx@MOF-5 with the corresponding volatile organometallic molecules
and hydrogenolysis was thermally activated [66].

4.4 MOF–Organic Polymer Composites

Organic polymers own many unique characteristics, including ease of production,
light weight, and good thermal and chemical stability, where the properties are desir-
able for integration with other functional materials to make composites. Besides
that, compared to the polymers in the bulk state, confined polymers at the nanometer
scale exhibit more fascinating and unexpected properties. Therefore, a new method-
ology for controlling polymer synthesis within porous MOFs has been developed to
produce MOF–organic polymer composites formed from various combinations of
MOFs and organic polymers that would constitute a class of composite materials
with mixed properties.

Solution blending is the simplest and most effective technique to incorporate
MOF crystals in the polymers. Polymers are usually soluble in organic solvents
so this technique has been widely used to synthesize MOF/polymer composites.
To obtain the maximum homogeneity of the MOFs within the solution, sonication
or mechanical stirring is applied to a solution mixture containing the MOFs and
dissolved polymer. Finally, evaporation of the solvent results in the formation of a
MOF/polymer composite [106].

In 2005, the first polymerisation of styrene (St) in the nanochannels (7.5× 7.5 Å2)
of [M2(bdc)2(ted)] (M = Cu or Zn; ted = triethylenediamine) was reported by
Uemura et al. Quantitative recovery of the stationary polystyrene (PSt) with a molec-
ular weight of ~55000 was achieved by decomposing the host framework in NaOH
solution. The recovered PSt showed a narrower distribution of molecular weight than
those synthesized in bulk and solution [89].
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4.5 MOF-Polyoxometalate Composites

Polyoxometalates (POMs), is a species of metal oxide clusters that has high nega-
tive charge properties and are a distinctive class of molecular inorganic compounds
with different composition, sizes and shapes [106]. POMs play an important role
in various fields, such as catalysis, medicine, electrochemistry, photochromism and
magnetism. Particularly, the catalytic applications of POMs in oxidation reactions
has been of interest to researchers. However, under catalytic conditions, POMs tend
to have low specific surface area and decreased stability. Thus, immobilizing POMs
in porous solidmaterials such asMOFs is a promising approach to solve their inherent
problems and then optimize their catalytic performance. The dispersion of POMs in
MOFs prevent POMs from conglomerating and deactivating, thereby their catalytic
properties can be enhanced (Scheme 1).

In recent years, many guest structures of POM@MOF have been synthesized
through self-assembly reactions mainly driven by the chemical coordination of each
component. Buru et al. [12] prepared a series of POM@HKUST-1 composites based
on heteropolyacids with a formula of HnXM12O40 (X = Si, Ge, P, As; M = W, Mo),
from simple one-pot hydrothermal reactions (Fig. 15). X-ray crystallographic anal-
ysis showed that theKeggin (heteroponic acid structure) of the polyanions were alter-
nately arrayed as guests inHKUST-1 cage, and only about half of the pores in the host
were occupied. The catalytic performance of PW12O40@HKUST-1 with accessible
catalytically active siteswas evaluated by the hydrolysis of esters in excesswater. The
result showed ahigh catalytic activity and size selectivity of thePW12O40@HKUST-1
[12].

1. Straightforward approach

Involves the direct impregnation of

POMs moieties into the pores of MOFs

This approach has drawbacks,

including a low loading amount of

POM, low homogeneity and leaching

during reactions

2. Template effect

POMs act as noncoordinating anionic

templates to construct the three-

dimensionalMOFs.

The MOF pores do not allow leaching,

prevent agglomeration and deactivation 

of active species

Scheme 1 Method of preparation of MOFs polyoxometalate composites
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Fig. 15 The composite of POM @ HKUST-1 composite by simply mixing MOF and polyanion
precursors. a Keggin polyanion. b Three-connected node and hexagonal face (blue) defined by a
BTC ligand linked to six adjacent Cu2+ ions. c SBU and square face (green) defined by four Cu2+

ions. d Cube of eight sodalite-like truncated-octahedral cages sharing square faces. Sourced from
Buru et al. [12]

5 Metal-Organic Frameworks in Emerging Engineering
Applications

In recent years, MOFs have been regarded as one of the important porous materials.
The combination of various types of metal nodes and unlimited choices of organic
linkers has led to the expansion of the MOF family. MOFs possess advantages over
zeolites and activated carbons as traditional porous materials are unable to tune the
structures. The organic linkers in MOFs can be modified by incorporating active
functional groups to tune the pore surfaces of MOFs and the construction of MOFs
usingunsaturatedmetal centre enableMOFs to fulfill some important and challenging
applications. These examples of structural tunability with some properties of MOFs
including large surface area, structural tunability, and high thermal and chemical
stabilities have made MOFs ideal candidates for industrial applications. MOFs have
been extensively used in gas storage, drugs delivery, chemical sensing, catalysis and
semiconductors. This review intends to describe the important structural features of
MOFs in industrial applications.
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5.1 Carbon Dioxide Capture

The sharp rising level of atmospheric carbon dioxide, CO2 has caused serious envi-
ronmental concern as a result of anthropogenic emissions due to human activities.
Themajor activities, predominantly from the combustion of fossil fuels, are expected
to increase in the future due to the accelerating demand for economic development
which causes global warming and deterioration such as land droughts, destruction
of marine life and floods [50]. Hence, there is a need to develop materials that can
remove the excessive amounts of CO2 from atmosphere. Aqueous amine solutions
have been used extensively to remove CO2 from gas mixtures. However, aqueous
amine solutions have several limitations including low regeneration as the aqueous
amine solutions are unstable towards heating which leads to the decomposition of
the solution, thus, decreasing the adsorbent material performance in CO2 capture
[79].

Zeolites are one of the most established adsorbents to remove CO2 and these
materials have attracted considerable attention as they possess several interesting
features such as high thermal and chemical stability and low heat capacities [9, 41].
However, the performance of zeolites gradually decreased due to the exposure to
water vapor in the flue gas stream which lead to low CO2 adsorption over time [54].

In the past decade, metal-organic frameworks (MOFs) have been recognized as
one of the most innovative materials in chemistry and serve as promising adsorbents
for CO2 capture [65]. In comparison with traditional adsorbent materials, MOFs
demonstrated excellent properties in terms of extraordinary surface area, tunable
pores and diverse active sites for industrial applications [88]. The design of MOFs
for CO2 capture is based on the pore sizes, active functional groups, pore volume and
unsaturatedmetal sites.Mg-MOF-74 is an example of aMOF that exhibited excellent
capacity in storing CO2 at 298 K and 1 bar. Mg-MOF-74 is comprised of magne-
sium (Mg(II) in the metal cluster of the framework which forms one-dimensional
secondary building units (SBUs) bonded to 2,5-dihydroxyterephtalate that play a role
as inorganic nodes in Mg-MOF-74 (Fig. 16) leading to the formation of large hexag-
onal channels (~12 Å), thus, allowing CO2 molecules to coordinate at vacant sites
of the unsaturated metal centre of Mg(II) after the evacuation of guest molecules in
the framework. It was observed from the uptake of CO2 using Mg-MOF-74 that the
unsaturated metal centres were a main factor as they exhibited high heats of adsorp-
tion (Qst) at low pressure, hence, allowing strong electrostatic interactions and high
selectivity toward CO2 [9].

5.2 Methane Storage

An alternative cleaner fuel using natural gas has attracted considerable attraction as
a new method to replace our dependency on petroleum. Methane gas is a component
of natural gas which is environmentally clean and cheaper and it is considered as
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Fig. 16 The structure of Mg-MOF-74. C atoms are shown in gray, O atoms in red, 6-coordinate
Mg atoms and terminal ligands in pink, and 5-coordinate Mg atoms in blue. H atoms and terminal
ligands on the fragment at top right are omitted for clarity. Sourced from Britt et al. [9]

an alternative source of energy for automobile transport [15]. Methane also contains
the highest hydrogen to carbon ratio in comparison to other hydrocarbons and the
combustion ofmethane emits only small amounts of CO2 [50]. Despite these benefits,
the deployment of methane in the transportation sector has been quite challenging
as the volumetric density of methane gas is very low at about 0.04 MJ/L in ambient
conditions which constrains the utilization of methane gas in various applications
[64]. Hence, it was deemed necessary to develop alternative ways to enhance energy
density for large scale productions of natural gas.

CompressedNatural gas (CNG)andLiquefiedNaturalGas (LNG)are the common
methods used for natural gas storage (such as methane). Nevertheless, these methods
are associated with several disadvantages which include expensive storage cost and
efficiency methane storage at ambient conditions. Therefore, Adsorbed Natural Gas
(ANG) has become the most prominent method to store methane by reducing the
pressure at room temperature to enable the methane to be stored in lightweight
and inexpensive fuel tanks. The use of adsorbent materials for methane storage has
been evaluated using zeolites and activated carbons. However, zeolites exhibit low
methane uptake at 100 cm3 (STP) cm−3 (Standard temperature: 273.15 K and pres-
sure: 101.325 kPa) due to their extreme hydrophilicity and low micropore volume.
Activated carbon also recorded low methane uptake around 50–160 cm3 at STP as it
is quite difficult to tune the pore size of activated carbons which limits it’s practical
application as adsorbent materials for gas storage [32].
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Fig. 17 The formation of HKUST-1. Sourced from Furukawa et al. [27]

MOFs have been recently studied in methane storage applications relying on
electrostatic and van der Waals interactions [56]. Growing studies have reported
using establishedMOFs for methane storage. The incorporation of unsaturatedmetal
sites in the framework led to an excellent amount of CH4 storage based on strong
interactions between CH4 and MOFs at unsaturated metal sites. Based on previous
studies, HKUST-1 in Fig. 11 was utilized as adsorbent material for CH4 storage and
the framework exhibited remarkable performance on CH4 uptake of about 276 cm3

(STP) cm−3 at 298 K and 65 bar [71]. Recent studies have also reported high total
volumetric and gravimetric CH4 uptakes in a new MOF, Cu-tbo-MOF-5. This type
of the framework was inspired from the building unit of HKUST-1 that was arranged
in a tbo (The bold letter code represents network topologies from the Reticular
Chemistry Structure Research (RCSR) which is an underlying topology constructed
with 3,4-connected networks with square SBUs containing copper paddle wheels
(Fig. 17).

Cu-tbo-MOF-5 is comprised of 3,6-dimethyl-1,2,4,5-tetra-(biphenyl-3′,5′-
dicarboxylic acid) benzene, (H8L)withCu(II) synthesised under solvothermal condi-
tions (Fig. 12). The presence of methyl groups at the centre of the organic linkers are
key in increasing the electron density of the ringwhich lead to strongπ–π interactions
in the framework and CH4 thus, increasing the maximum capability of Cu-tbo-MOF
to capture CH4. Consequently, Cu-tbo-MOF recorded a volumetric total uptake about
221 cm3 (STP) cm−3 and a gravimetric total capacity of 372 cm3 (STP) cm−3 at 85 bar
and 298 K. Cu-tbo-MOF proved to be the best performingMOFs for CH4 which was
attributed to the structural features of the framework containing unsaturated metal
sites, Cu(II) and expanded organic linkers that provided good interaction sites, thus,
increasing the capacity of CH4 capture [85] (Fig. 18).
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Fig. 18 a Four connected square-like paddle wheels, b Octatropic linker, 3,6-dimethyl-1,2,4,5-
tetra-(biphenyl-3′,5′-dicarboxylic acid)benzene, (H8L) and c Crystal structure of Cu-tbo-MOF-5.
Sourced from Spanopoulos et al. [85]

5.3 Volatile Organic Compounds (VOCs)

Aromatic hydrocarbons such as toluene, xylenes, benzene and ethylbenzene are clas-
sified as components of volatile organic compounds (VOCs) which are one of the
groups of toxic pollutants. These types of hydrocarbons are present in indoor/outdoor
air which are emitted from cleaning products, paints, gasoline and chemical indus-
tries. Long exposure to these pollutants causes adverse effects on environmental and
human health. The development of solid porous materials are highly desirable to
capture VOCs from the environment, thus, minimizing the impact on health and
environmental concerns from the emission of VOCs [4].

Vellingiri and colleagues [91] carried out an investigation of the interaction of
VOCs (benzene, toluene, styrene and p-xylene) with several types of MOFs; MOF-
199, MOF-5 and Eu-MOF. From the experimental data, MOF-199/HKUST-1 was
found to have strong interactions with polar VOCs due to the presence of unsaturated
metal sites, Cu(II), thus, showing a high amount of adsorption capacity of VOCs at
72.2 mg g−1 (Fig. 19). DFT simulation analysis also proved that the strong π–π
interactions between 1,3,4-tricarboxylic acid and VOCs molecules played an impor-
tant role in influencing the adsorption of VOCs molecules [91]. Another example
was reported on the use of HKUST-1 as a pre-concentration material which had a
good performance in the adsorption and desorption of benzene at low concentrations
[52].
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Fig. 19 Illustration of HKUST-1/MOF-199 capturing VOCs from the surrounding. Sourced from
Leidinger et al. [52]

5.4 Catalytic Applications in Knoevenagel Condensation

Knoevenagel condensation is defined as the reaction between a carbonyl compound
(aldehydes/ketones) and a compound containing methylene groups for the formation
of new carbon-carbon bonds [45]. This condensation is important for the production
of α,β-unsaturated compounds that act as intermediates in the formation of drugs,
natural products and chemicals for industrial applications [68]. Solid base catalysts
such as alkali or alkali earth metal oxides have been widely used in the condensation
reaction in homogeneous systems. However, the separation and disposal of solid-
based catalysts in homogeneous systems has been quite challenging, thus, affecting
the recyclability of the catalyst and low catalyst loading [68].

In pursuit of developing solid base catalysts in heterogeneous systems,MOFs have
attracted continuous attraction owing to their high thermal and chemical stability
which allows the recyclability of the framework after being reused several times.
Different types of basic sites on MOFs produces different yields and this was proven
from the cooperative study of the catalytic activity of benzaldehyde andmalonitrile in
toluene at 23 °C for 2 h using a solid porous catalyst; an unfunctionalisedMOFs,UiO-
66 and a functionalized series of UiO-66, NH2-UiO-66 and RNH2-NH-UiO-66. The
types of basic sites onMOFs structures play an important role in determining the yield
of the product. From the experimental results, the unfunctionalisedUiO-66 had yields
of below 1%whichwas due to absence of amine groups in the structure. The catalytic
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activity of NH2-UiO-66 and UiO-66 showed remarkable differences, where RNH2-
UiO-66 exhibited high yields of around 97% in contrast to the unfunctionalised
UiO-66 and NH2-UiO-66. This was due to the incorporation of primary aliphatic
amines on RNH2-UiO-66 rather on the aromatic amines of NH2-UiO-66 which only
recorded low yields of about 5% [105].

5.5 Chemical Sensors

MOFs have framework structures that possess interesting structural features for a
wide range of applications. Luminescent MOFs (LMOFs) are constructed using d10

metal ions that often lead to ligand-ligand charge transfer. Taking advantage of the
structural features of LMOFs, many researchers have used LMOF structures for
chemical sensors.

This concept was applied in synthesising LMOF-311 and LMOF-312 using
1,1,2,2-tetrakis(4-(4-carboxyphenyl)phenyl) ethane (H4TCBPE) and cadmium(II)
nitrate tetrahydrate, Cd(NO3)2.4H2O for LMOF-311. LMOF-312 was synthesised
using H4tcbpe and zinc(II) nitrate hexahydrate. Both MOFs were used as chem-
ical sensors for nitroaromatic compounds (nitrobenzene, 2,6-dinitrotoluene, p-
nitrotoluene, m-nitrotoluene). The photoluminescence spectra of LMOF-311 and
LMOF-312 indicated good luminescence, where LMOF-311 acquired an internal
quantum yield about 66.8% and LMOF-312 achieved a yield of 65.7%. LMOF-311
was selected for chemical sensor application studies using fluorescence titration by
adding the nitroaromatic compounds and the Stern-Volmer (SV) plot was applied
to interpret the sensing efficiency (KSV ) of LMOF-311. From the range obtained
for nitroaromatic compounds, the highest KSV constant was for 2,6-dinitrotoluene at
2063M−1 which proved that LMOF-311 detected to 2,6-dinitrotoluenemore strongly
than other nitroaromatic compounds [92, 93].

Another iridium(III)-basedMOFwas successfully developed as a chemical sensor
for Fe3+ and Cr2O7

2− and an optical sensor for selective sensing for adenosine
triphosphate (ATP2−) over adenosine diphosphate (ADP2−) in aqueous media. The
Iridium(III)-basedMOFwas constructed using the iridium complex, Ir(ppy)2(L)(ppy
= 2-phenylpyridine and L = organic dicarboxylates) and cadmium nitrate hexahy-
drate, Cd(NO3)2. 6H2O. The iridium complex is a significant complex for chem-
ical sensing due to their long-lived phosphorescence and high quantum yields which
possess distinct advantages for sensor applications. The sensor activity of the iridium-
based MOF showed good data for Fe3+ where the KSV value was recorded at 1.165
× 104 M−1 which was due to a strong quenching effect on the iridium-based MOF.
For the detection of the anion, Cr2O7

2−, the iridium-based MOF clearly showed
high selectivity towards Cr2O7

2− and recorded a high KSV value around at 3.475 ×
104 M−1 [24].
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5.6 Drugs Delivery Systems

The structural features ofMOFs allow the encapsulation of drugs and the frameworks
are promising materials to deliver drugs to the specific locations in the human body.
The interior environment of theMOFs structures also play an important role for drug
administration. This is based on research that was conducted using UiO-66 for the
encapsulation of ibuprofen (IBU)where the building unit of the frameworkwas based
on zirconium(IV) oxoclusters, (Zr6O4(OH)4) and 1,4-benzenedicarboxylic (BDC)
arranged as a coordination polymer, forming tetrahedral (~8 Å) and octahedral (~11
Å) cavities [80]. UiO-66 was tested for its chemical nature using simulated water
adsorption isotherms by Grand Canonical Monte Carlo (GCMC) simulations. From
water adsorption isotherms, UiO-66 was classified as hydrophobic because of the
water condensing at 80% relative humidity in the pores of the frameworks [28].
Ibuprofen (IBU) is a hydrophobic drug (log P: 3.97) and has functionalised benzene
linkers with specific functional groups such as carboxylic acids and alkane chains
which create weak interactions (π–π staking and hydrogen bonding) within the pores
of UiO-66 that enhances the loading capacity of IBU into UiO-66. The loadings of
IBU into UiO-66 achieved 97% for the first hour, which indicated the same compat-
ible chemical nature (hydrophobicity) of the drug and MOFs. To prove the presence
of IBU in UiO-66, several characterisations were carried out using Fourier trans-
form infrared spectroscopy (FTIR) to observe the shift of the ν(C O) group. That
was indicative of interactions of IBU with the framework structure in comparison
to the FTIR of pure IBU. For the drug release study, high performance liquid chro-
matography (HPLC) was conducted to measure the amount of IBU delivered, which
recorded about 46± 2% as the influence of hydrophobicity of the framework decided
the drug release performance [80].

Another example of a cationic drug carrier, MOF-74-Fe(III) was successfully
developed by Yang et al. [97] through the oxidation of neutral MOF-74-Fe(III) [36].
The study showed that the cationicMOF exhibited around 15.9 wt% loading capacity
of ibuprofen (IBU) [97] (Fig. 20). Interestingly, during the preparation process, two
distinctive IBU− anions were present in the MOF channel after the production of

Fig. 20 Schematic presentation of the process ofMOF-74-Fe(II) oxidation to a cationic framework
and drug loading. Sourced from Hu et al. [36]
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hydroxide, thus, two different release behaviors were observed. The first release was
sodium ibuprofen and other coordinated free anions due to ion exchange between
the encapsulated drug and PBS solution. The following release was the targeted drug
through competitive adsorption with phosphate anions [36].

5.7 Semiconductors

In recent years, there has been increasing interest in the development of electronic
and optoelectronic devices with high performance energy storage to replace tradi-
tional inorganic materials. MOFs are promising for electronic applications due to
their unique properties which include structural tunability and large surface area
[26]. However, the implementation of MOFs in device applications such as electro-
chemical capacitors [84], thermoelectric generators [10] fuel cells [8] and chemical
sensors [47] remain challenging due to their low electrical conductivity [87].

The structural features ofMOFs containing carboxylate linkers andmetal ions that
are connected by electronegative oxygen or nitrogen atoms require a high amount of
voltage for electrons to pass through the organic linkers.As a result, poor overlap from
d-orbital of metal to the electronegative oxygen atoms results in the low electrical
conductivity of MOFs. Therefore, MOFs have been designed to improve electrical
conductivity by constructing the framework using planar organic linkers that consist
of benzene and triphenylene derivatives linkers with active functional groups (amine,
thiol and hydroxyl) and squaremetal complexes to form two-dimensional (2D)MOFs
with stacked honeycomb lattices to improve electrical conductivity. The stacked
honeycomb lattice from benzene and triphenylene derivatives ligands allow full π-
d conjugation which is important to improve the electrical conductivity of MOFs.
In 2018, Dong and colleagues developed a 2D MOF based on polycyclic aromatic
hydrocarbon, 1,2,3,4,5,6,7,8,9,10,11,12-perthiolated coronene (PTC) as an organic
linker to coordinate with planar iron-bis(dithiolene) as shown in Fig. 21, forming a
framework structure of hexagonal lattices and van der Waals layer to be utilized as
the material for ferromagnetic semiconductors. From the experimental results, the
coronene-based conjugated PTC-Fe 2D MOFs showed excellent electrical conduc-
tivity with ~10 S cm−1 at 300 K and the framework also showed semiconductor
properties as the value of electrical conductivity gradually decreased upon cooling.
The semiconductor behaviour of the MOFs was measured by variable-temperature
studies where the bond between PTC and Fe displayed a ferromagnetic ground state
at low temperature. This was due to the hybridization of d/p orbital of Fe and the
coronene core with the iron-bis(dithiolene) nodes. The hybridization of the orbitals
influenced themagnetic properties of the stacked honeycomb lattice. Incorporation of
square metal complex and high number of benzene rings in the framework structure
enables MOFs to be promising materials for device applications [22].
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Fig. 21 The structure of
PTC-Fe 2D MOF. Sourced
from Dong et al. [22]

6 Conclusions, Limitations and Future Research

MOFs are porousmaterials constructed via self-assembly from inorganic and organic
bridging which are constitute a relatively new and actively studied class of mate-
rials. In principle, the wide choice of metal clusters together with infinite choices
of ligands allows the formation of materials that have a large range of structural,
catalytic, magnetic, electrical, and optical properties. Thus, the rational design and
functionalisation on the structures can be achieved by using rigid and flexible organic
bridging ligands which enable the fine-tuning of their properties.

As shown in the synthesis of MOFs, the variety of possible organic linkers and
positively and negatively charged frameworks makes MOFs are more advantageous
materials compared to zeolites, activated carbon and mesoporous silica. The various
synthesis methods have proved that MOFs can be simply synthesised and can give
different types of crystals according to their purposed. Therefore, in situ and ex
situ methods are necessary to study the different stages of crystallization because
these techniques will comprise of various analytical tools with the combination
of theoretical methods. These methods are suitable to synthesise new or improved
metastable polymorphs and MOFs [76]. Not only the synthesis has to be carefully
planned and strategized but the activation and characterisation of these new MOFs
need to be considered. Synthesis of functional metal organic frameworks need to be
well-planned to improve the properties for specific applications.

The study of MOFs as platforms to prepare composites is still at their early stages
but very rapid progress is being made. When designing the composites, the primary
consideration is the structure and property of the parent MOFs. The fact is that the
current studies are often focused on MOF-5, MIL series, ZIF family and HKUST-1.
Thus, alternatives to synthesise chemically and thermally stable porous MOFs on a
large-scale synthesis are necessary. For the time being, the nature of the functional
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materials added to MOFs is very clear which is critical to construct composite struc-
tures and improve the composite properties. The nature of the interface between the
MOFs and the secondary composites affects the composite performance. Therefore,
an understanding of the interactions that occur at the interface is highly recom-
mended in order to investigate structure–property relationships and to design high-
performance MOF-composites for the next generation. The combination of different
guest moieties within one MOF and the use of different functional material can open
up new approaches in developing multifunctional materials.

From the engineering applications of MOFs, we can conclude that MOFs
constructed from flexible and rigid ligands are found to be useful in selective gas
adsorption. Therefore, MOFs has become one of the most promising applications in
size-, shape-, and enantio-selective catalysis. Since microporous MOFs have limited
pore sizes for the encapsulation of drugs, much research is necessary to understand
the potential of MOFs for drug delivery applications. Many studies have reported on
the toxicity of MOFs and their bio-degradation, thus, more efforts should be made
to design nontoxic or low toxicity and good biocompatible MOFs. These can allow
prolonged stay in blood circulation and ensure the decomposition of products can be
processed through the body’s metabolic system.

Future work may be focused on more discussion on the activation processes,
post synthetic modification and Solvent Assisted Linker Exchange (SALE) in the
synthesis ofMOFs, in order to improve their physical and chemical properties. Silica
nanochemistry and quantum dots (QDs) have multiple functionalities, and unique
electrical and optical properties. Additionally, the immobilization of enzymes on a
solid support can enhance their reactivity and selectivity, Hence, MOF-silica, MOF-
quantum dots and MOF-enzyme composites are future promising leads in MOF-
composites research.

In conclusion, MOF research has achieved great advances in the last decade from
their structural diversity till their applications. Many new types of applications have
emerged and will continue to do so, as real-world solutions are needed. Therefore,
the future of this field of research is indeed very bright.
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Abstract The on-going shrinkage in the size of electronic devices and the high-
power generation of electrical appliances have led to new challenges in insulating
polymers for packaging applications. The main aim of this review is to study fabrica-
tion of polymer composites coupled with improved electrical properties and thermal
resistivity, with lower dielectric constant, lowers thermal expansion and the cost asso-
ciated with the production of such composites. Polymeric materials are an excellent
choice for production of electronic materials as they can be processed with ease
and are economical. The disadvantage of using polymers for processing of electri-
cally conductivematerials is that they possess low thermal conductivity. However, the
properties can be enhanced by incorporating appropriate fillers that have high thermal
conductivity; these include boron nitride, aluminium oxide and silicon nitride. This
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chapter aims to review the available conducting polymers, fillers, processing tech-
niques, final properties, and the end use applications of such conducting polymer
composites.

Keywords Polymers · Conductivity · Conduction mechanism · Composite ·
Electrode

1 Introduction

Conducting polymers were discovered by chemical polymerization of pyrrole and
aniline about a century ago [120]. After their discovery, these materials gained
increasing interest and popularity [142] due to their outstanding processability and
low cost [60]. The insulating nature of such polymers is the basis for their application
in electrical and electronic fields [189]. However, material scientists are interested
in imparting conduction to polymers by mixing polymers with conductive materials
to form conductive polymer composites [109]. The conductive polymer compos-
ites provide several advantages, including low density, redox properties, ease of
shaping, unique morphologies, corrosion resistance and a wide range of electrical
conductivities [189, 7]. Due to these extraordinary characteristics of conductive
polymer composites, they have several applications in electric devices, drug delivery,
chemosensory, and actuators, etc. [1, 96]. The conducting polymers are also being
tested for their applications in solar cells, which shows the potential of their use
within that field [65]. Similarly, due to suitable physical and electrical characteris-
tics, low cost, ease of manufacturing, conducting composites are being tested, and
used for several applications like, supercapacitors, electrochromic devices, batteries,
solar cells biomedical applications, and sensors [110].

These are polymers with conjugated chain structures, which are doped with
epoxies to increase their conductivity through redox reaction and protonation. This
happens on the cost of elasticity of the polymer as when any electron shifts from one
orbit to another which causes deformation in shape, which ultimately determines the
size of lattice deformation [176]. Some of the well-known conducting polymers are
polypyrrole (PPy), polythiophene, polyacetylene, poly(3,4-ethylenedioxythiophene)
(PEDOT), and polyaniline (PANI), etc. [118]. Chemical preparation of conducting
polymers through oxidative coupling enables the formation of conducting polymers
to the sizes of micrometer (mm) and nanometer (nm) ranges [125].

Shape memory polymers (SMPs) have also been introduced. These polymers
come with better desired properties, ease in manufacturing and low cost [88].
The SMPs and blends provide with improved mechanical, thermal, electrical,
magnetic, shape, light and water properties [103]. The fabricated desired proper-
ties expand the application horizon of SMPs. These are potential candidates for
uses in aerospace, biomedical devices, energy, textiles, civil engineering, bionics
engineering, electronics and household appliances and products [102].
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The most commonly used conductive components for blending with polymers
to fabricate conductive polymer composites to impart conduction in polymers are
carbon fibers, conducting polymers, e.g., polyaniline, carbon black and metal parti-
cles [109]. Different conductive fillers show different behaviour in imparting conduc-
tion into polymers because of their diverse intrinsic nature. For example, threshold
percolation of fibre blended nitrile rubber composite lies between 10 and 20 per
hundred rubber (phr), whereas it falls in the range of 20 to 35 phr for carbon black
incorporated nitrile rubber composites [128].

Vapor grown carbon nanofibers (VGCNF)/polymers have been reported as robust
conductive polymers and are cost effective compared to CNTs, multi-walled carbon
nanotubes (MWNTs), single wall carbon nanotubes (SWNTs) [3]. This provides an
option of replacement of CNTs, MWNTs and SWNTs with VGCNF. Strong inter-
fibre bonding and preparation of these fibres with polymeric resins sometimes reduce
electrical conductivity and tensile strength.Afibre loadingof 15%has been suggested
to keep resistivity’s below 0.15 � cm and conductivity has been reported to increase
up to ten times by addition of epoxy composites [129, 159]. The percolation threshold
of below 1 wt.% fibre has been found to provide better conductivity for VGCNFs
[186]. Boron nitride (BN) helps in electrical insulation when added to VGCNFs for
thermal conduction applications [133].

2 Polymers and Conducting Polymers

Polymers have several macroscopic and microscopic characteristics, including elec-
trical transport, semiconducting and optical properties [179]. The invention of
conductive polyacetylene has attracted a lot of attention to conductive polymers.
Doping at maintained thermal stability and mechanical flexibility makes these
conducting polymers for several extended applications. There are several tech-
niques and methods for polymers synthesis, including chemical and electrochem-
ical polymerization. Several methods for synthesizing new conducting polymer
composites have been reported involving the use of template-directed synthesis, gas
phase polymerization, chemical functionalization, formation of conductive polymer
compounds. The morphology, thickness, chemical state, and conductivity of the
compound can be easily controlled. Various materials and composites are presented
in Fig. 1. The conducting polymer composites use materials like metal ions, nanopar-
ticles, metal nanostructures and metal oxides, carbon materials, molecular species,
i.e., metal phthalocyanines and biologically active components such as enzymes,
antibodies, antigens, and proteins. The purpose of preparing new composites is to
derive new unique properties not observed in the individual components [20, 36, 40,
77]. These polymers conduct electricity because of substitution of the compound
that may have metal conductivity or maybe a semiconductor [6].

The conducting nanomaterial polymers are of interest due to their enhanced
and superior characteristics than their host counterparts. Conductive polymers have
received considerable attention due to their range of excellent properties such as high
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Fig. 1 Conducting polymers and their composite materials [110]

conductivity, high specific strength, high specific modulus, high thermal stability,
corrosion resistance, fatigue resistance, eco-friendly and economical. Some of the
most commonly used applications for conductive polymers are conductive adhesives,
electrostaticmaterials, electromagnetic shielded electromagnetic interference (EMI),
artificial nerves, aircraft structures, diodes and transistors [72]. Figure 2 represents an
outline of a broad conductivity range for conducting polymers and their composites.

2.1 History and Conduction Mechanism of Conducting
Polymers

In 1975, the innovation of poly sulphur nitride intensified the research on conducting
polymers, which acts as a superconductor in low temperatures [43]. The electrical
conductivity of polyamide was enhanced from 10–9 to 105 S cm−1 by doping with
oxidizing agents (AsF5, I2, NOPF6) or reducing agents (sodium naphthalide) [146].
This triggered interest in the scientific community to study and develop new systems
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Fig. 2 Conductivity ranges for conducting polymers and their composites [67]

of conducting polymers. The synthesis of poly-paraphenylene was carried out by
Ivory et al. [63], they developed transfer complexes of highly conducting charge
with both p and n types dopants. The conductivity value was increased by several
magnitudes i.e., from 10–5 to 500 cm−1. Treatment with aqueous H2SO4 through
electrochemical oxidation on the platinum electrode can lead to the production of
conducting polymer known as ‘Pyrrole Black’ [66].

The conductive mechanism in these polymers is quite complicated as these mate-
rials display conductivity along a spectrum of about fifteen magnitude orders, yet
many distinct processes within separate systems. The conducting polymers demon-
strate increased electrical conductivity through several orders of doping magnitude.
To understand the electronic phenomena in such systems, the principle of solitons,
polarons and bipolarons was used [17].

2.2 Conducting Polymers

The π- electron backbone present in conducting polymers is liable for unusual
behaviour in terms of electrical conductivity. This elongated π-conjugated arrange-
ment in conducting polymers comprises of single and double bonds which alter-
nate throughout the polymer chain. Such organic polymers with high electrical
conductive values are named as ‘synthetic metals’ [41]. Many researchers studied
conducting polymers contributing in various applications such as analytical chem-
istry, biosensing devices [48], supercapacitors [168], memories [9], transistors [9],
lithium ionic batteries [112], sensors [163], and actuators/artificial muscles [8].

Conducting polymer nanostructures have quickly become a growing field of
studies since the last two decades as they show unique characteristics linked to their
nanoscale size and have significantly enhanced device efficiency [78, 89]. Several
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techniques like hard/soft-template techniques [114, 165], electrospinning tech-
nology [182], and well-controlled solution synthesis [57] can be used to synthesize
conducting polymer nanostructures.

Conducting polymer nanostructure are anticipated to show an enhanced efficiency
than bulk conducting polymers in terms of technological applications due to their
distinctive properties of the nanoscale size [188]. The unique characteristics linked to
this nanoscale provide better electrical conductivity [172], wide specific surface area
[122], brief ion transport path lengths and reduced interfacial impedance between
the electrolyte and electrodes, due to mixed conductive mechanism in terms of
ionic and electronic conductivity [119, 172]. Polythiophene, polyaniline, polypyrrole
are considered good polymer conductors with better electrochemical activity. They
are used in lithium batteries and pseudocapacitors as essential electrode materials
[111, 112, 136].

Fused depositionmodelling commonly referred to as additivemanufacturing tech-
nology is widely used in three-dimensional (3D) printing. Additive manufacturing
technologies have a broad range of applications in the field of automotive, tissue engi-
neering, aerospace, nanotechnology and fashion industry [37, 61, 94]. Fused depo-
sition modelling 3D printing is a rapid, simple, reliable and affordable technique for
the production of plastic structures and prototypes with a refined resolution allowing
complex designs [166, 170]. High functionality and excellent electrical properties
can be achieved by incorporating particle and nanomaterial reinforcements into poly-
mers. The electrical conductivity of manufactured parts by 3D printing enables the
in-built sensors and signal processing functionalities of structure [28]. Polymers can
be made electrically conductive with the addition of graphene, carbon nanotubes and
carbon black or by their combination [126]. The three main processes for production
of conductive polymer nanocomposites are solution processing, in-situ polymeriza-
tion, and melt mixing. Wei et al. [169] used graphene reinforced ABS composite
for fused deposition modelling and observed improved electrical conductivity. A 5.6
wt.% graphene loading resulted in an improvement of four instructions of magnitude
in the electrical conductivity [169].

By incorporating the thermally reduced graphene nanofiller, the potential to impart
conductivity to polymers is considered superior to other competing nanofillers like
carbon nanotubes [137]. The conductive fillers in this technique having preferential
affinity are added as a co-continuous structure into the immiscible polymer blend,
resulting in the selective localization of nanofiller at the interface or inside one of the
phases [58]. This selective localization is controlled mainly by joined action of ther-
modynamics and kinetic factors [173, 180]. During melt-mixing, the nanoparticles
selectively locate in a more favourable phase to reduce free energy of the system.
In contrast, the kinetic factors define the localization of nanoparticles in the phase
having lower viscosity during melt mixing.

Carbon nanomaterials have been proven to be very beneficial in material and
polymer industries for years after their development. Carbon nanomaterials like
fullerene, carbon nanofiber, graphene, etc. and their hybrids have proven to be revolu-
tionary in producing astonishing composites used in the field of electronics, automo-
bile, showbiz, and sports industry. Due to their fascinatingmultifunctional properties,
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they are also used in aerospace and defense industries. The electrical properties of
these composite materials are one of the most important properties in determining
the effectiveness of polymer matrices materials [81]. The study of electrical proper-
ties of numerous carbon nanofiller composites proves that the performance is greatly
influenced by using different fabricating techniques, types of polymer matrices used
and the materials involved in a process [91].

The composites containing carbon black, even with a least amount of fillers, can
have electrical conductivity of 101S/mdue to filler’s zero-dimensional shape.A zero-
dimensional shape cannot be constructed easily as it requires efficient conductivity
and stronger networks between the matrices [115]. Contrary to the carbon black-
reinforced composites, the one-dimensional shaped carbon nanofillers and carbon
nanotubes can have a better electrical conductivity of 104 S/m [107]. It is recom-
mended that the nanofillers should be handled carefully otherwise high percolation
can occur as well as agglomeration of nanofillers can be expected [95, 101].

Carbon nanotubes decorated with metal helps in increasing the electrical conduc-
tivity of composites by 106 S/m. Among all nanocomposites, this has the best elec-
trical conductivity that can be achieved. Moreover, the plating of metal particles
also limits agglomeration affecting a significant decrease in loading level and perco-
lation threshold [23]. Polymer composites, which are graphene based, include both
reduced graphene oxides and graphites. It also has an excellent electrical conductivity
of 101 S/m, though the percolation threshold is not satisfactory. The graphene-based
nanocomposites potential can be further explored if graphene layers fromgraphite are
detached. Moreover, efficient techniques are required to prevent aggregate formation
[81]. Among others, the 3D carbon reinforced nanocomposites display a balanced
type of composites. It shows significant improvements in decreasing percolation
threshold, loading level and enhanced electrical properties. In situ fabrication designs
impart high electrical conductivity in the nano-foam reinforced 3D composites [70].

Recent developments in the electrical properties of polymeric materials help
towards production of dielectric polymer composites. Mostly polymers have low
thermal conductivities around 0.1 to 0.5 W/mK instead, they exhibit significant
thermal insulation. Thermal conductivity of polymeric materials can be increased
by introducing fillers like boron nitride, aluminium oxide, silicon nitride, etc. [60].
Several factors are involved in determining the thermal and electrical conductivity
of the polymers, such as intrinsic thermal conductance of the filler and matrix, filler
type/size/shape/aspect ratio/loading/dispersion, etc. Specifically, thermal conduc-
tivity cannot be readily determined by only figuring out one of the following factors.
All factors must be accounted whenever the property, such as thermal conductivity,
is of concern. For example, the researcher may expect that with increasing filler size,
the loading must increase as well. However, it has been proven wrong many times
that by increasing filler size, a decrease in loading has been observed [55].

Surface treatment methods are very important in increasing the thermal conduc-
tivity of filler particles. This technique not only improves the filler dispersion prop-
erties but also enhances its adhesion between the polymer matrix and filler. This
decreases the thermal resistance of the polymeric material significantly and enhances
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its thermal conductivity. The effectiveness of thermal conductivity of the composite
is also dependent upon the thickness of surface treatment [60].

A composite such as silica–carbon-epoxy resin was prepared to attempt higher
conductivity of composites. Such kind of composites improves not only electrical
conductivity but also present enhanced service properties. It was proved that the
content of silica also helps to enhance the conductivity of composites [190]. Conduc-
tive strong networksmade up by carbon black-particles determine the conductivity of
a material. By introducing silica into composites facilitates and resists the formation
of conductive networks. There is still some ongoing research in this area of study
[190].

2.3 Classification of Conducting Polymers

In general, polymers are insulating materials; however, four major types of semi-
conducting polymers are established to date, including charge transfer polymers,
conjugated conductive polymers, ion-conductive polymers and electrically conduc-
tive filled polymers. Conductive filled polymers were first produced in 1930 to
prevent corona discharge. Inventions of new substances with superior properties
often produce the latest technology. The main discovery of conductive polymers
growth was observed in 1960. The polysulfide has an ambient temperature conduc-
tivity of about 103 (cm.cm)−1. These innovations are important because they indicate
the presence of high polymer conductivities and encourage the increased quantities
of work needed to make other polymer conductors. Electronic polymer conductors
are important candidates for many applications because many of their features have
common problems in conventional random access memories, including corrosion,
matrix inconsistency, weight, and ecological veracity. In addition to corrosion resis-
tance and lightweight, several important features of the conductive polymers can
be adapted to different applications. The work of conductive polymers has given
rise to new scientific concepts and the potential of novel technologies. The signif-
icance of conductive polymers is reflected in the 2000 Nobel Prize in Chemistry,
MacDiarmid, Shirakawa and Heeger, who invented and developed the conductive
polymers [92]. Due to its unique properties such as electrical properties, reversible
doping and doping procedures, controlled chemical and electrochemical properties,
and simple processability, several conductive polymers and their derivatives have
attracted special attention in nanoscience and nanotechnology. These include poly-
acetylene, polypyrrole, polyaniline, poly(p-phenylene), poly(phenylene)))s, poly(p-
phenylene vinylene), poly(3,4- Ethylene dioxythiophene), polyfuran and other poly-
thiophene [86, 90, 151]. The structure of some of these conductive polymers is shown
in Fig. 3.
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Fig. 3 Structures of some common conducting polymers [27]

2.3.1 Polyacetylene

In themid-1970s, polyacetylene, which is an organic polymer having a repeating unit
(C2H2) was the first conductive polymer produced by Heeger [53]. The presence of
highly conductive polyacetylene resulted in a rapid injection of research activities
to discover new conductive polymers, which enabled the use of organic compounds
in microelectronics. This discovery found that a rapid combustion around polymer
with oxidative doping increases conductivity [90]. In 1976, Alan MacDiarmid et al.
reported that mixing with iodine improves conductivity of polyacetylene raises six
times, i.e. because of load carriers. Furthermore, it has been reported that polymers
produced at varying folding levels exhibit a wide variety of electrical properties
ranging from insulator to metal. The polyacetylene itself is too unstable to have any
real value, and its structure includes the core of all conjugated conductive polymers.
Very few people believed that a correctly substituted polyacetylene molecule would
exhibit superconductivity at ambient temperature [52]. Yamamoto et al. are the first
to shape the electrical conductivity of the order of 105 S/cm for trans polyacetylene
sample [177].

2.3.2 Poly (thiophene)s

Poly(thiophene) is an important conductive polymer for the production of environ-
mentally and thermally stable materials. In 1980, a new Poly(thiophene) derivative
was developed at theBayerResearchLaboratory inGermany [83]. Poly(thiophene) is
likemanyother linear polyachromatic compounds and is insoluble in organic solvents
[152, 135] studied the electrochemical synthesis and explained the conducting abil-
ities of substituted Poly(thiophene). Conventional synthesis methods [98], general
methods [134], Conjugated-polymer-based chemical sensors [100] for conducting
polymers are well reported in the literature.
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2.3.3 Polyaniline

Polyaniline was first reported by Henry Lethe in the middle of the nineteenth century
while working on products of polyaniline in acidic media under electrochemical
and chemical oxidation processes [75, 74] reported the impact of electrode mate-
rial on non-volatile resistive-memory apparatus (electrical-switching type) finding
that lower electrode material transformed the properties of the living polymer layer.
Athawale andKulkarni [5] reported that polyaniline respondedwell to ethanol during
the substitution of derivatives such as ethanol, methanol, butanol, propanol, and
heptanol sensors. Using vacuum deposition techniques Misra et al. [106] synthe-
sized a high quality doped polyaniline film. Crowley et al. [24] studied the manufac-
turing and operation of polyaniline/CuCl2 as an H2S sensor. Banerjee discussed on
the manufacturing of Polyaniline/nanofiber reinforced nanocomposite microbalance
sensor as hydrochloric acid (HCl) sensor [12]. The authors found that low concen-
trations of HCl was quickly detected in natural water systems. De Surville et al.
[31] reported high conductivity in polyaniline by electrochemical polymerization.
Likewise, Diaz and Logan [34] synthesized electroactive films of polyaniline which
can be utilized as an electrode.

2.3.4 Polypyrrole

Polypyrrole, which is an organic polymer produced through the polymerization of
pyrrole, was found to be a conducting polymer in 1968. Several studies exist on
polypyrrole for ease of preparation and excellent redox performance [44], capacity
to give immense conductivity, stabilized oxidized form [171], water solubility, useful
electrical and optical properties. Pyrrole black is obtained as a powder through chem-
ical polymerization of pyrrole. Those are well-known to be pyrrole polymers in
which the bonding is mainly through alpha, alpha’ carbon [99]. described the pyrol-
ysis of tetraiodopyrrole to make astonishingly conductive materials, an independent
film with sufficient mechanical properties was synthesized using electrochemical
techniques, to study the system as a conductive polymer [33]. Dallolio et al. [25]
manufactured polypyrrole via oxidation of pyrrole in H2SO4 as a black powder
couple with ambient temperature. Their work was later extended by IBM personnel,
who found that the film of this polymer could be obtained through electrochemical
polymerization [147].

2.3.5 Poly (3,4-Ethylenedioxythiophene)

Poly (3,4-ethylenedioxythiophene) is a conductive polymer based on 3,4-
ethylenedioxythiophene monomer. Poly (3,4-ethylenedioxythiophene) transparent
thin oxide films, highly stable and acceptable bandwidth, and short redox potential
[68]. Antistatic coatings for polymers and glass, multi-conductor bodies, organic
LED screens, nanofiber electrodes for unit stimulation, cathode materials, solar cells
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in electrolytic capacitors, printed circuit boards, color textiles in rapidly growing
organic semiconductor areas, transparent electrodes for thick film electrolumines-
cence, welding passage and unloading [14, 45, 73]. Vanadium pentoxide nanofibers
are used to synthesize poly (3,4-ethylenedioxythiophene) by nano-fiber grafting
methods. Add 3,4-ethylene glycol dithiophene to an aqueous camphor H2SO4

and V2O5 nanofiber sol–gel solution and initiate polymerization with (NH4)2S2O8

[191]. Preparation of alkyl-substituted ethylenedioxythiophene derivatives (EDT-C1,
EDT-C6, and EDT-C10) was reported by Heywang and Jonas in 1992 [54].

2.3.6 Poly (Phenylene Vinylene)

Poly (phenylene vinylene) is a diamagnetic material, having a structure between
polyaniline and polypyrrole, and having a very low conductivity of 10–13 S/cm [18].
Oriented poly (phenylene vinylene) has high crystallinity, mechanical strength and
environmental stability. When iodine, iron chloride, alkali metal or acid are added,
the conductivity increases but the stability decreases. Typically, the unsubstituted
misaligned poly (phenylene vinylene) shows reasonable conductivity in the doping
range of 10–3–100 S/cm synthesized by the popular Gilch pathway. The first PLED
luminescent layer was prepared in 1990 using poly (phenylene vinylene) [139].
Although poly (phenylene vinylene) based devices have poor absorption and lens
degradation, their derivatives encompass many applications in research cells [80].

2.3.7 Polyphenylene and Polyparaphenylene

Polyparaphenylene is a precursor of the conductive polymer of the rigid rod polymer
host family made from repeating p-phenylene units and converted into conductive
form using an oxidizing agent or additive. In 1980, polyaniline was doped with
polyparaphenylene to achieve comparable conductivity [11]. It is an example of a
non-alkyne polymer which can be folded by an electron donor or electron acceptor to
provide electrical conductivity. Ballard et al. studied homogenization using benzene
as transformation substrate for synthesizing of polyparaphenylene to obtain a cis-
dihydrofuran derivative from bacterial fermentation [71]. Very high crystalline poly-
paraphenylene film was synthesized via electrochemical oxidation of C6H6/96%
H2SO4 solution.
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3 Physical and Chemical Properties of Conductive
Polymers

Conductive polymers exhibit conductive, magnetic, electronic, optical, humectant,
mechanical, and microwave absorption properties. A number of the properties of
conductive polymers are shown in Fig. 4.

3.1 Chemical and Electrochemical Oxidation or Reduction

Poly-acetylene, through conversion of chemical oxidation or reduction reaction to
metallic conductor, is considered the first intrinsic insulating polymer (CH)x. Ozaki
et al. suggested a list of oxidizing and reducing agents responsible for the effective
modification for the conductivity of (CH)x [113]. Many oxidizing agents show effec-
tiveness, while alkali metals were the only reducing agents. The following reactions
show a typical oxidation and reduction process during a charge transfer.

(CH)x + 3/2yI2 → (CH)y+x
(
I−3

)
y (1)

(CH)x + yNa0 → (CH)y−x
(
Na+)

y (2)

Fig. 4 Properties of conducting polymers [27]
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Polyolefinic ions are presented apparently in the above equations of (CH)x conduc-
tive derivatives produced fromoxidation/reduction agents through charge neutralized
by counter ions [152]. These counterions intercalate through the planes. However,
poly-acetylene remains an interesting member of this category of polymers. In some
cases, themonomerwas reactedwith oxidizing agents and oxidation and polymeriza-
tion was performed simultaneously in a single step, e.g. conductive poly-acetylenes
were obtained by reacting AsF5 with solid acetylene [174].

Electrochemical oxidation or reduction can also lead to the formation of poly-
acetylene. The counter ions show up in the electrolyte solution. Electrochemical
oxidation and polymerization are simultaneously carried on for chemical modifica-
tion. This method produces flexible and stable polypyrrole films by electrochemical
oxidation and polymerization of pyrrole [174].

3.2 Magnetic Properties

Conducting polymers have extraordinary magnetic properties and technical applica-
tions. In addition, the structural andmagnetic properties of nanomaterials are incorpo-
rated into the polymer matrix [108]. The electrical conductivity of polyaniline/nickel
oxide nanocomposites were investigated. As the nickel oxide ratio increased in
polyaniline, magnetization increased. Conductive polymer/ferromagnetic thin film
was prepared with side anodizing technology [178]. In a process where sodium
dodecylbenzene sulphonate was used as a surfactant and an additive, a polypyrrole
composite with ferromagnetic behaviour is prepared by a chemical method. The
magnetic properties of the final composite exhibit ferromagnetic properties, such as
high saturation magnetization and achieved the maximum conductivity of 10 S/cm
in the most suitable synthetic medium [87]. Composite particles containing different
proportions of NiFe0.95Gd0.05O4 ferrite/polyaniline were prepared by in situ poly-
merization. Aphesteguyet al. chose different ferrite or aniline ratios to polyaniline
and found that the magnetic properties were increased [4]. Electrical and Magnetic
properties of polyaniline coatings were investigated.

The coercive force is largely unaffected, and the saturation magnetization is
considerably reduced. Zaidi et al. studied the preparation and characterization of a
new polymer polyanilinecyanokinodimethane, and receptor molecule tetracyanokin-
odimethane, prepared by polyaniline [185]. Themagnetic calculations concluded that
the polymer was ferromagnetic or ferromagnetic with a Curie temperature above
350 K and with a maximum saturation magnetization of 0.1 JT−1 kg−1. Gosk et al.
described the magnetic properties of polyaniline doped with FeCl3 [42]. Ferromag-
netism in polyaniline was observed by Trivedi [161]. Billas and his group studied
the magnetism in iron, cobalt and nickel clusters from atomic to bulk level [16].
Ferromagnetic polyaniline with conductivity in an applied magnetic field has also
been synthesized and characterized [192].

Owing to the well-known technological properties besides their remarkable
magnetic properties, magnetism of conductive polymers exhibits great significance.
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Polymer matrix manifests the structural characteristics along with other magnetic
attributes; thus, making the transition metal oxide nanoparticles is quite distinct in
their nature. The magnetic and transport features of conducting polyaniline/nickel
oxides have alreadybeen evaluated byNandapure et al. [108]. Itwas also assessed that
with the enhancement of weight percentage of nickel oxide nanoparticles in polyani-
line, the conductivity of polyaniline/nickel oxide nanocomposites gets diminished,
while ameliorating the magnetization. Anodic oxidation technique was employed by
Yan et al. to compose the conductive polymer/ferromagnet films [178]. The chem-
ical technique in the presence of p-dodecyl benzenesulfonic acid sodium salt as a
dopant and surfactant was deployed to fashion a composite of polypyrrole with ferro-
magnetic behaviour. Ferromagnetic behaviour as in the high saturated magnetization
was illustrated through magnetic attributes of the ending composites. In the presence
of utmost conducive circumstances, the maximized value of conductivity procured
was of 10 S/cm [87]. In situ polymerization approach was successfully exploited to
synthesize particles of NiFe1.95Gd0.05O4 composites with varying fractions of ferrite
and polyaniline.

Magnetic aspects were also enhanced with the usage of the enhanced ratio
of polyaniline, while individual proportions of ferrite/aniline were analysed by
Aphesteguy et al. [4]. It was also analysed that polyaniline coating gave varying
magnetic properties along with conductive properties. The coercivity nearly remains
unaltered, while the saturation magnetization remarkably curtailed. The preparation
and characterization of a unique type of polymer, namely, polyanilinecyanoquin-
odimethane was delineated by using polyaniline along with an acceptor molecule
tetracyanoquinodimethane [185]. The magnetic features of polyaniline doped with
FeCl3 were also reported by Gosk and co-workers [42].

3.3 Optical Properties

Das and Prusty [27] reported the remarkable optical properties such as optical refrac-
tive index for conductive polymers. The innovative properties of conductive poly-
mers coupled with molecular dopants such as fullerenes have been detected by [181].
The optical reflectance polyacetylene coupled with enhanced accumulation of potas-
sium along with the optical features analysed by Kramers–Kronig study, were well
evaluated by Tanner et al. [157].

Akagi et al. [2] produced composition of helical PA [(CH)x] with the usage of
left and right-handed screw structures under the chiral nematic reaction field. The
concomitant effect on the optical and electrical properties of indium tin oxide/CP
electrodes after treatment with ammonium sulfide was evaluated by Lin et al. [85].

Extensive reports on unique optical properties are also available in the litera-
ture [27, 181] reported novel optical features in CPs doped with molecular dopants
like fullerenes. Tanner et al. [157] investigated optical reflectivity of doped high
concentration potassium and the optical properties predicted by the Kramers–Kronig
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study. For the first time in the chiral nematic reaction field, Piao synthesized the
polyacetylene [(CH)x] helix with the left and right helical structure [2].

3.4 Mechanical Properties

Conducting polymers magnetic properties have been analysed in detail in this
section. The significant amount of information on unpaired spins and groups carrying
charges are obtained from investigating this property. The mechanical properties for
a conducting polymer based composite (CPC) of CNTs, polypropylene and graphite
nanocompositeswere investigated bySulong et al. [154]. They also studied the results
of different concentrations of fillers and functionality of chemicals on the mechan-
ical properties of CPC. CPC, when functionalized, showed better results in strength
and elongation as compared to the simple produced CPC from flexural and tensile
tests. The highest flexural strength was found to be 80 MPa and tensile strength
was 35MPa. Functionalized CPC also has higher hardness than the simple produced
CPC. The mechanical properties were calculated onmachine and in transverse direc-
tion of uniaxially oriented polyphenylene vinylene thin film. Uniaxial extension and
thermal exclusion of the poly sulphonium was used to synthesize this uniaxially thin
film polyphenylene vinylene [93]. The properties resulted from it are anisotropic in
nature and they are influenced by the degree of molecular orientation. In machine
direction, the modulus was between 2.3 and 37 GPa and in the transverse direction, it
was found to be between 2.3 and 0.5 GPa. Somanathan studied the tensile properties
of 3-cyclohexyl thiophene conducting polymer. The mechanical properties of hybrid
proton and the combination of sulfonated polyether ketones base was investigated
by [144].

The mechanical properties of CP were thoroughly researched as they facilitate
with valuable information on load bearing groups and unpaired rotation. Sulong et al.
[154] discussed the mechanical properties of graphite, carbon nanotube, polypropy-
lene nanocomposite (CPC) conductive polymer composites, etc. Better strength and
elongation have been demonstrated by functionalized CPC than the CPC generated
in tensile and bending tests. The maximum bending and tensile strength are 80 and
35 MPa, respectively. These polymers also show higher rigidity than CPC produc-
tion. These characteristics are anisotropic and depend on the degree of molecular
orientation. The Young modulus ranges from 2.3 to 37 GPa and lateral 2.3 and 0.5
GPa, as a function of the longitudinal plot ratio. Somanathan and Wegner [149]
examined the tensile properties of conductive poly (3-cyclohexylthiophene) films at
different temperatures.
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3.5 Microwave Absorbing Properties

Conducting polymers are also investigated for their unique microwave absorbing
properties. Ting studied these properties in detail through free space method. They
determined the complex permeability/permittivity and loss due to reflection in the
microwave range [160]. They also investigated that the addition of PANI over a
wide frequency range was useful for achieving high absorption. TiO2 nanoparticles,
along with PANI nanocomposites for microwave absorptivity was studied by Phang
et al. [124]. Initiated polymerization using a facile surface method was employed
for synthesizing nanocomposites or nanorods of PANI with Titanium oxide. Various
studies have been reported, one of which is by Guo which shows in a 3.5% solu-
tion of NaCl the absorption of microwave on magnesium alloy via electrochem-
ical impedance spectroscope [46]. Polystyrene and polyvinyl pyrrolidone magnetic
nanofiber properties of microwaves absorption were investigated by Guo et al. [46]
At ambient conditions the nanofibers with diameters between 30 to 40 nmwere found
to have coercive field of 25 kV and 1.1 emu/g saturation magnetization [72].

Conductive polymer, an innovative material of interest to microwave is changing
because of its low density, simple workability, and low cost. Ting determines the
microwave absorption characteristics through determination of the complex perme-
ability, and loss of reflection in the microwave frequency range by the free field
method [144]. They also show that the addition of PANI is valuable for achieving
excellent absorption over awide frequency range. Phang et al. [123, 124] investigated
microwave absorption properties of PANI nanocomposites containing TiO2 nanopar-
ticles [194] demonstrated the synthesis of PANI nanocomposites reinforced with
tungsten oxide nanoparticles and nanorods using surface-initiated polymerization
techniques. It was demonstrated that the electrochemical impedance spectroscopy
study of the magnesium alloy microwave absorption shell in 3.5% by weight NaCl
solution. Hosseini and Sadeghi [56] investigated the microwave absorption prop-
erties of polystyrene polyvinylpyrrolidone magnetic nanofibers and found that the
magnetic nanofiber showed extraordinay microwave absorbing properties.

3.6 Electrical Conducting Properties

The electrical conductivity with respect to polymer mainly depends on doping
percentage of, the alignment of the polymer chains, the length of the conjugate,
and the purity of the sample. ECP is a molecule and lacks a long-range mode. The
molecular structure of the polymer produces electron motion around each macro-
molecule. For polymers and inorganic semiconductors, the method of producing
high conductivity is different. The increased conductivity depends on the additives
in the polymer and involves the generation of self-aligned excitons such as soli-
tons, polarons and dipoles. These particles create a strong interaction between the
chain loads generated using the exciter. These polarons combine to produce a pair
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of non-electrode polarizers for use as charge carriers. Their conductive applications
are eased through molecular engineering of the required properties [22]. Leung et al.
calculated the optical as well as electrical properties of copolymers PA [76]. Tanaka
et al. studied the optical and electrical properties of PA doped and its dependence
on temperature [72]. The author also discussed the effects of thermal isomerization
and impurities on the electrical properties of PA Tanaka and Danno [156] In 1989,
Begin et al. studied the electrical properties of PAs that were highly prone to p-
doping [13]. The conductivity of PA dopped is maximum achieved conductivity to
date for any polymer material [162]. However, commercialization has not yet been
achieved due to poor stability and processability issues. Matsushita explained the
effects of printing on the resistance of doped PA and iodine [97]. Long et al. synthe-
sized properties of electrical properties for carbon nanotube PANI composites [97].
Huang prepared highly self-assembled PANI gold nanowires and PANI CNTs [59].
Sarma et al. studied the synthesis of PANI compounds that result in Au nanoparticles
as oxidation and reducing agents [59]. Chapman et al. discussed the PF-doped PPy
with respect to its low energy conductivity [19]. Factors affecting conductivity are
the density of the loads, their mobility, direction, presence of dopant materials, and
the temperature.

3.7 Wettability

The performance of polymeric materials heavily depends on wettability. Other appli-
cations include anti-reflective properties formobile phones or optical equipment such
as cameras etc. Antibacterial adhesion is also one of the important applications along
with other factors. A lot has been researched in this area of polymeric properties, Xu
et al. investigated surface wettability of titanium oxide nanorod films combined and
modified with triethoxyoctysilane [175].

Surface wetting exhibits a very imperative role for material properties, liquid
distribution and separation, membrane cells and antibacterial adhesion are some
of the applications where wettability is considered prime property. Xu et al. [175]
reported synthesis and surfacewettability of TiO2 nanorodfilms alteredwith triethox-
ocytilsilane. Darmanin and Guittard [26] examined fibre structure, and wettability
of the poly (3-alkyl-3,4-propylenedioxythiophene) for nanoporous, microporous or
micro/nanostructure. Lin et al. [84] studied the development of the adjustable wetta-
bility characteristics of poly(3-alkylthiophene) films. Teh et al. [158] studied the
effect of redox-induced PPy recombination on wettability and surface morphology.
San and Isik-Gulsac [138] reported the effect of fluoropolymer-based additives on
the wettability of polymer composite bipolar sheets with different additives/binders
and additive/filler ratios was investigated.
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4 Polymer Composites and Their Synthesis Methods

Conductive polymers can be useful in various commercial applications such as solar
energy conversion [148], high-power fuel cells [130], supercapacitors [120], and
energy storage [142], are gaining popularity since last decade. The polymers with
electrical conductivity mainly includes polypyrrole [32], polyaniline [35] and poly-
acetylene [22]. These polymers are considered important due to their exceptional
optical, chemical and electrical properties [116]. The main aim of the research in
this area is to improve the applicability of conducting polymers [164]. This can be
done by introducing appropriate organic and inorganic materials to form conducting
polymer composites having superior properties than the polymer itself. The hybrid
composite can be prepared by combining various materials, including CeO2 [39],
TiO2 [153], SnO2, and ZrO2 [15, 29]. There are three main methods for preparing
electrically conductive polymers: solution casting, chemical and electrochemical
polymerization.

4.1 Synthesis Methods

4.1.1 Solution Casting

Solution casting method for synthesizing conducting composites involves the use
of a solvent suitable for dissolving both polymers in order to attain a homogeneous
mix. The polymers are mixed by stirring and finally cast to obtain composite films.
Electrically conductive polyaniline (PANI) composite with acrylonitrile-butadine-
styrene (ABS) as matrix was developed using solution casting technique, for use
as a sensor material by [69]. Chloroform was selected as a suitable solvent for
synthesizing the PANI-ABS composite, as it has polarity similar to that of PANI
and ABS. Other organic and water-based solvents have also been used to fabricate
conductive composites using the solution casting technique. Electrically conductive
PANI-ABS composite was synthesized by adding different concentrations of PANI
in ABS and 100 ml of chloroform. The resistance values at various loadings of PANI
were reported to range between 100 and 330 F/g [38].

Solution casting is generally employed for carbon nanotubes (CNT) and graphene
based polymer composites [50], as this method allows the even dispersion of
nanotubes. In the solvent casting method, a polymer solution is prepared and
nanofiller are dispersed separately in a solvent using sonication Fig. 5. In the case of
polymer/CNT based nanocomposites, the CNT must be surface modified to achieve
a stable and homogeneous dispersion. The polymer solution and nanofiller solution
prepared using the same solvents are mixed, to allow the polymer to adsorb to the
surface of the filler [67]. The solvent is finally removed through evaporation, to obtain
the composite.
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Fig. 5 Fabrication of conductive polymer composites through solution casting method. Figure
taken with permission from [67]

4.1.2 Chemical Polymerization

Polymer composites having high stability and conductivity can be synthesized using
chemical polymerization method [120]. This method includes synthesis of polymers
with high conductivity by simple oxidations (with an oxidizing agent) of partic-
ular monomers. Ammonium persulfate and ferric chloride are the commonly used
oxidizing agents. There are advantages and disadvantages to employing this method
on a commercial scale. Thismethod is favourable for large-scale commercial produc-
tion because it delivers an inexpensive, relatively simple and effective method to
accomplish polymerisation. When the oxidizing agent is added to the monomer
solution, it leads to the formation of a thick layer or film of the polymer,this permits
its bulk manufacture.

In addition, this method is suitable to synthesize all kinds of conductive polymers
[10]. However, with this method, high homogeneity cannot be achieved as compared
to other methods like electrochemical polymerization. Also, the final conductivity
of the polymers after preparing by the chemical methods has at all times remained
lesser than their electrochemically produced counterparts. Furthermore, the final
properties of the synthesized polymer largely depend on the oxidant, the purity and
choice of selected solvent, reaction temperature and time [10]. This in turn, affects
the repeatability and reliability of the synthesis method.

4.1.3 Electrochemical Polymerization

Electrochemical polymerization is conducted by passing a current through the elec-
trodes which are placed in a solution. This solution contains the solvent, monomer of
the desired polymer and a doping material [10]. Through this, a thin film of desired
polymer can be accumulated on the electrode. The polymer chains are formed as the
current deposits the monomer, which oxidises the electrode having positive charge
on the surface. The final properties of the polymer synthesized using electrochemical
polymerization depend on the deposition charge, doping material, electrode system,
temperature, time and the solvent used [10]. Additionally, this method of synthesis
can only be used with some particular monomers which can easily endure oxida-
tion, when in contact with electrical current,these include PANI and polypyrrole
(PPY). The conductivity with respect to electrical of poly(vinyl chloride) (PVC)
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based composite with uniformly distributed PPY was studied by De Paoli et al. [30].
The main advantage of preparing the composites using the electrochemical polymer-
ization method is that the final properties of the composite films can be altered by
altering or controlling the conditions of electrolysis [131]. Further, this method of
synthesizing electrically conductive polymer composites eradicates the necessity of
harmful dopants and strong oxidizing materials [30]. A unique method of synthe-
sising PVC/PPY composites was reported in this study. Firstly, a thin layer of PVC
was formed on the outer surface of an electrode. Secondly, this surface-treated elec-
trodewas employed tomakePPY in the pores of PVC.The solvent employed for elec-
trochemical polymerization was Acetonitrile, as it has similar polarity to that of PVC
[30]. The quantity of PPY in the PVC/PPY composite was altered by altering the time
of electro polymerization. The final results showed that a PVC/PPY composite with
superior conductivity, high mechanical strength and excellent stability was achieved
using electro polymerization method.

Another study reported by Peng et al. [120], showed high homogeneity of carbon
nanotube and good interaction among the polymer matrix and carbon nanotubes,
when prepared using the electrochemical deposition method. The homogeneity of
carbon nanotubes led to conjugation and strengthened electron delocalisation among
the chains of the polymer [120]. This ultimately resulted in exceptional electro-
chemical storing capacities and rapid charge/discharge converting, making them
favourable conductor materials aimed at high power supercapacitors.

Electrochemical polymerization allows the fast deposition of conductive poly-
mers, however the number of bioactive particles that can be incapacitated into the
polymer using this method is limited [10]. Also, the quantity of the polymer that
can be produced is constrained by the electrode surface area and shape. This requi-
site of an electrode creates additional difficulty of creating the composites using
electrochemical polymerization [145].

4.1.4 Melt Blending Method

This method includes the mixing of the polymer and filler in molten state [150]. This
method is particularly of interest as it does not involve the use of toxic solvents.
The filler is mixed in polymer matrix (thermoplastic) mechanically through extru-
sion at high temperatures, closer to the polymer matrix melting point. The resul-
tant composite has the polymer chains intercalated among the filler fragments. The
speediness and ease of this method has made it the most favoured one for large
scale production. This method is also suitable for the polymers which cannot be
synthesized using solution casting or any other processing technique [67].
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5 Applications of Conducting Polymers and Composites

Several applications of conducting materials and composites have been discovered
so far. Due to their nature of electronic and ionic conductivity, reversible doping,
adjustable chemical and electrochemical characteristics, low cost and convenient
processability they introduce due application in a variety of fields. Some of the well-
researched areas for thesematerials have been batteries, light emitting diodes (LEDs),
sensors/bio-sensors, electro-optic and optical devices, membranes/films microwave
and conduction-based devices, electrochromic devices, electrochemical andmechan-
ical devices, energy storage devices, fuel cells, supercapacitors, corrosion protection,
electrorheological fluids, tissue engineering, neural interfaces, actuators semiconduc-
tors, lithography, artificial muscles, catalysis, drug delivery, biomedical, analytical
applications etc. [140, 132, 27].

The batteries are based on three fundamental components, known as the anode,
cathode, and electrolyte. The anodes and cathodes are selected based on their
conducting potential so that the transfer of positive and negative ions should be facili-
tatedwithminimal dissipation of energy.Moreover, capacity, life, battery voltage and
environmental implications play a major role selection of material for anodes, cath-
odes and electrolytes. Due to their nature, conducting polymers have witnessed their
applications in batteries, especially lithium-ion batteries. The conventional liquid
electrolyte batteries introduce a risk to electric vehicles, which can be mitigated
using solid conducting polymers and composites. The solid conducting polymer
electrolytes can be produced by crosslinking of mobile chains to develop networks
or by the development of solid polymer electrolytes (SPEs) with supramolecular
architectures [104]. Single-ion conducting polymer electrolytes (SIPEs) prepared
by lithium sulfonamide methacrylic monomer, bifunctional poly(ethylene glycol)
methyl ether dimethacrylate (PEGDM) and poly(ethylene glycol) methyl ether
methacrylate (PEGM) in the presence of propylene carbonate (PC) shown lithium
transference number approaching to unity and ionic conductivity σ ≈ 10−4 S cm−1

at ambient temperature [127]. Ion-solvation-site connectivity plays a vital role in
polymer electrolytes for high lithium-ion conductance [105]. Poly(ε-caprolactone)
(PCL)/Succinonitrile (SN) blends integrated with polyacrylonitrile(PAN)-skeleton
with hierarchical architectures has exhibited high ionic conductivity, degree flexi-
bility, large electrochemical windows, thermal stability and good flame-retardance
strength [187].

Core/shell particles of poly (3,4-ethylenedioxythiophene) (PEDOT) and sulphur
showed great electrochemical performance when they were as used as the cathode
material for Li/S battery [21]. The polyaniline/TiO2, while used a cathode in
rechargeable battery, has shown charge–discharge properties up to 50 cycles than
its conducting polymer alone [49]. Polypyrrole and polythiophenes doped with
redox-active Fe(CN)64− anions are reported to enhance 56 to 300% redox capacity
[193]. Attaching physical or chemically FeIII/FeII redox couple to the Skelton of
a conducting polymer enhances stability of the charge–discharge properties and
increases electrode capacities as witnessed for chemically attaching ferrocene to
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the pyrrole Skelton [117]. Polypyrrole is reported to lower the initial irreversible
capacity loss of the silicon anode due to a decrease in the thickness of the solid
electrolyte-interface (SEI) layer, which leads to the higher coulombic efficiency and
improved cycle life [47].

This highlights that conducting polymers and composites used in all three basic
components as anodes, cathodes and electrolytes improve the efficiencies of batteries,
their life and charge–discharge cycle, reduce environmental concerns, and lower the
overall cost of the battery.

Different metals have been doped for the development of conducting polymers
and composites for light emitting diode development. Due the deformative nature
bistable curvatures shape-memory polymer light-emitting diodes (PLEDs) by silver
nanowire/polymer electrode result in a minimal loss of electroluminescence [184].
Silver nanowire-polymer composite electrodes are used as electrophosphorescent
polymer light-emitting diodes in different colours like blue, green, and red enhanced
20–50% efficiency than control devices on indium-doped tin oxide ITO/glass [79].
Single-walled carbon nanotube (SWNT)-polymer composite electrodes have been
reported to increase the intrinsic stretch-ability [183]. SWNTs can increase Conduc-
tivity of more than 100 S cm−1 and stretch-ability of more than 100%, which can
lead to a display stretch-ability up 50% without mechanical or electrical damage
[141]. Elastomericpolymer light-emitting devices (EPLEDs) with rubbery elasticity
can emit light when exposed to strains up to 120% [82]. In the presence of hydro-
genated styrene ethylene butylene styrene (SEBS) block copolymers, the poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) has depicted 3100
S/cm under 0% strain and over 4100 S/cm under 100% strain, which lasted even
3600 S/cm after 1000 cycles to 100% strain [167]. Modification of PEDOT:PSS
with sodium-poly(styrenesulfonate) enhances work function and photoluminescence
intensity of the overlying perovskite layer [121].

The conductive polymers have a potential application in themedical sciences also,
for instance, intrinsically conducting polymers have been proven to be promising in
medical field aswell. These conducting polymers are used inwound healing and engi-
neering skin tissues [143]. They have been found to be novel for fast wound care. Due
to their enhanced antibacterial property, they have the potential in controlled drug
usage/delivery as well. Hence the enhanced electrical conductivity property helps
simulating the wound area directly and results in accelerated recovery of a wound.
The electrical conductivity is modulated through an electrical stimuli which help in
controlled release of drugs to the wound area [62]. The study mainly summarizes the
data available in healing the wound and engineering skin tissues. Most commonly
used conductive polymers for these purposes are polypyrrole, polyaniline, polythio-
phene etc. and their derivatives. Two of these conductive polymers (polyaniline and
polypyrrole) have been examined and studied and provided potential outcpmes in this
field. They are used frequently in wound care and hydrogels. Polypyrrole has been
applied in skin tissue engineering. Conducting polymers are also used in combination
with biomolecules or sometimes they are doped to make biocompatible polymers.
Sometimes co-polymerization and blending is also done to enhance the biocompat-
ibility of the polymers and their physical nature. Overall, conducting polymers are
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one of the major applications used in area of engineering of skin tissue and wound
healing [155].

The incorporation of intrinsically/inherently conducting polymer with conductive
fillers produce conductive polymer-based composites. These composites have great
electromagnetic interference (EMI) shielding. They also show an increase in elec-
tromagnetic waves absorption rather than reflection which makes strong conductive
networks [51]. Thus, the incorporation from recent advancements in the multi struc-
tural composites from intrinsically conducting polymer and conductive polymer-
based composites have been proven to be promising techniques for electromag-
netic interference (EMI) shielding applications. Enhanced electromagnetic interfer-
ence shielding was achieved by presenting processing parameters, characteristics
dependent on the frequency and morphological structures adjustments. The relevant
mechanisms from the following applications were also comprehended. The study has
helped understanding all the anomalies/nonuniformities involved for enhancing elec-
tromagnetic absorption inside the EMI shielding materials. For instance, in blends
of biphasic polymers the localization and morphology of the filler has improved
electromagnetic absorption. In polymer based materials either the lightweight or the
one’s with high EM absorptivity the feature that was found fascinating was EMI
shielding potential of a composite [64].

6 Conclusion

The final properties of electrically conductive polymer composites, including the
thermal conductivity, is dependent on the inherent thermal conductivity of the mate-
rials used, i.e. the matric and the filler. Further, the filler concentration added in the
matrix, aspect ratio, shape, size and extent ofmiscibilitywith thematrix also affect the
properties of conductive polymer composites. The overall properties of the prepared
composites are reliant one or all of the above factors. Additionally, the filler surface
treatments have been studied extensively to enhance the even distribution and misci-
bility of the filler within the matrix. Surface modifications of fillers have reduced
the thermal resistance at the interface and ultimately this led to increased thermal
conductivity. Filler must be selected appropriately, so that it improves the overall
properties of the prepared composite, including the dielectric properties. Depending
on the filler and polymer type the processing method can be selected. The fillers
are added to improve the properties of the composite, as the polymer is not suitable
by itself for commercial applications. Adding surface modified fillers have certainly
increased the potential of conductive polymer composites for future applications.
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Two-Dimensional Transition Metal
Carbides and Nitrides (MXenes):
Synthesis to Applications

Muhammad Zahir Iqbal and Saman Siddique

Abstract Recently, a novel family of two-dimensional materials, called MXenes,
comprising of early transition metal nitrides and carbides was discovered with
intriguing characteristics and potential applications. MXenes are synthesized by
adopting various top down and bottom up approaches such as selective etching of
“A” element fromMAX phases result in a new MXene element, for instance, Ti3C2,
V2C, Ti3CN, MoC2, Ta4C3 etc. MXenes exhibit high metallic conductivity in which
solid layers are bonded together with strong ionic, covalent and metallic bonds. The
hydrophilic nature of MXene enhance its practical applications such as electrocata-
lyst, energy storage devices and in biomedical applications. Here, the chapter reviews
the basic structure of newly discovered MXene materials, different synthesis tech-
niques, structural, electrical and optical properties. Some potential applications in the
field of biomedical, energy conversion and electrochemical energy storage systems
and electrocatalyst are also presented in this chapter.

Keywords MXenes · Synthesis · Properties · Applications · Biomedical · Energy
storage

1 Introduction

Two-dimensional materials (2DMs) have achieved a significant importance over the
last decade due to exceptional structural, electrical and optical properties. Graphene
was the first 2DM discovered in 2004 by Novoselov, comprising of atomically thin
carbon sheets bonded covalently in a honeycomb structure [1]. Additionally, various
two-dimensional materials have been synthesized such as hexagonal boron nitride
(hBN) [2], silicene [3], arsenene [4], germanene, bismuthene [5, 6] and transition
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metal dichalcogenides [7]. Among various two-dimensional materials some are insu-
lators such as hBN while some are semiconductors as transition metal dichalco-
genides, silicene, arsenene and bismuthene. Two-dimensional materials are utilized
in various scientific applications ranging from electronics to electrochemical energy
storage and conversion devices such as field effect transistors, supercapacitors and
lithium ion batteries [8–10].

Recently, a novel class of 2DMs entitled as “MXene” has been discovered with
similar properties as that of other 2DMs. MXenes are categorized as early transition
metal carbides and nitrides.MXenes are obtained by etching and chemical exfoliation
of layered carbides in MAX phases, where M is the early transition metal, A is the
IIIA and IVA group elements such as aluminum (Al) or silicon (Si) and X represents
carbon or nitrogen atom and the suffix “ene” represents their similarity with that of
graphene. The general formula used for MXene is Mn+1AXn where n ranges from 1
to 3 [11–13]. The first ever MXene material “named as Ti3C2Tz” was synthesized in
2011 by heating Ti3AlC2 in hydrofluoric acid at room temperature [14]. During this
process, aluminum atoms are substituted by oxygen atoms, hydroxyl ions or fluorine
atoms. The removal of aluminum layer effects the bonding strength ofMn+1Xn layers
and allow them to be separated easily. Due to the removal of Al layer from the
MAX phases, the obtained product was termed as MXene due to 2D nature and
similar properties as that of graphene such as high electrical conductivity and stability.
Figure 1 represent the schematic illustration of MXene elements having single M
layer or a mixture of two different M layers.

Here, M can be any element such as Ti, Ta, V, Nb etc. The MXenes studied so far
includes V2CTx, Ti3C2Tx, Ta4C3Tx, Nb4C3Tx, Ti2CTx and Nb2CTx, here Tx denote
the surface groups such as oxygen, fluorine and hydroxyl ions [16–18]. Some other
MXene solutions have also been reported such as Ti3CNTx, (V0.5Cr0.5)3C2Tx and
(Ti0.5Nb0.5)2CTx having thickness less than 1 nm [19, 20].

MXenes have distinctive properties of metallic conductivity and hydrophilic
nature which exposedmany promising applications in energy conversion and storage
devices such as hydrogen evolution reactions, supercapacitors, sodium capacitors,
potassium, lithium and sodium ion batteries [21–25]. The discovery and extensive
utilization of MXene, extends their potential applications in the development of
future nanoelectronics and energy device applications.

Fig. 1 Schematic of MXenes having single and bilayers of M element [15]
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2 Synthesis of MXenes

Generally, two routes are employed for the synthesis of MXene including bottom-
up approach and top-down approach. The bottom-up approach utilizes chemical
vapor deposition (CVD) technique which is used to synthesize high quality film on
a substrate. In most of the cases, the films grown by this method contains stacked
multilayers of the material. On the other hand, the second method for the synthesis
of MXene is the top-down approach including exfoliation of layered materials. This
method is further subdivided into chemical and physical exfoliation. The synthesis
technique is clearly understandable by the flowsheet diagram as shown in Fig. 2.
Following section summarizes different techniques for the synthesis of MXene.

2.1 Synthesis of MXene by Bottom-Up Approach

In recent years, many bottom-up techniques have been exploited for the synthesis
of transition metal nitrides and carbides such as CVD technique [26, 27], plasma
enhanced pulsed laser deposition (PELPD) technique and template method [28]. The
materials produced by using these techniques exhibits high crystallinity. However,
the thin films produced by such methods are not single layer but consists of few thin
layers having the similar electronic characteristics as that of other two-dimensional
materials.

Fig. 2 Flowsheet diagram of synthesis of MXenes dividing in two main categories
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Xu et al. was the first to report the synthesis of transitionmetal carbides crystals by
using chemical vapor deposition technique in which copper and transition metal was
used as a substrate [29]. The stack of copper and molybdenum foils was preheated at
a high temperature of 1085 °C to produce thin films of α-Mo2C crystals. The crystals
were grown on liquid copper surface in the presence of methane and hydrogen.
The liquid copper layer exhibits many advantages as it improves the decomposition
process of methane by acting as a catalyst and it also provide a channel for controlled
diffusion of molybdenum atoms to the liquid copper surface which leads to the
formation of Mo2C crystals on copper surface. Figure 3a is the schematic illustration
of Mo2C crystals that are grown on a Cu and Mo substrate. The as-grown ultrathin
crystals of Mo2C is based on various definite shapes such as rectangles, triangles
and hexagons having 3–20 nm thickness. Moreover, after etching of copper by using
(NH4)2S2O8, the crystals can easily be transferred on any desired target substrate.
It was also observed that Mo atoms consisted of a symmetrical hexagon structure
having rotational symmetrywith three or six domains except octagon and rectangular
crystals [30]. Figure 3b–d illustrate three different domain boundaries which have
a strong impact on the conductivity of 2D materials. Further studies showed that
the crystal shape of Mo2C can be transformed from triangular to other polygonal
structure by varying the amount of methane flow [31].

Similar to the formation of Mo2C crystals, Wang et al. reported the growth of
tantalum carbide (TaC) crystals by using CVD technique [34]. Ammonia as a source
of nitrogen can be used for the synthesis of two-dimensional TaNcrystals. In this case,

Fig. 3 a Schematic illustration of growth of two-dimensional Mo2C crystals. b–d Transmission
electron microscopy image indicating well-defined domain structure of Mo2C crystal [30, 32, 33]
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Cu foil at 1077 °C is kept in solid form during the whole procedure. Moreover, DFT
calculations prove that the thickness of two-dimensional crystals can be controlled
easily at lower temperature. The temperature below the melting point of Cu is suffi-
cient to supply energy to Ta atoms to fill the vacant sites of Cu lattice. Just similar to
transition metal carbides and nitrides, CVD method is also utilized for the synthesis
of transition metal chalcogenides [35]. Previous reports demonstrate two-different
methods to grow two-dimensional vertical heterostructures of Mo2C and graphene.
One method is the direct-step CVD in which methane was used in higher concentra-
tion for the formation of graphene [35]. Second method is two-step CVD in which
graphenewas initially grownonCu substrate at low temperature (belowmelting point
of copper) and then temperaturewas gradually raised to growMo2Ccrystals under the
graphene layer [36]. Figure 4a shows the schematic illustration of two-step method
of using CVD to develop vertical heterostructures of Mo2C/graphene. The crystals
obtained by using two-stepmethod exhibits high crystallinity and non-uniform strain
domains which results in super conductive behavior.

Another technique used in the bottom-up approach is the template method in
which two-dimensional transition metal oxides are utilized as a template which is
further carbonized to form transition metal carbides [37, 38]. Xiao et al. discussed
the formation of MoN nanosheets by usingMoO3 as a template forming a hexagonal
structure as shown in Fig. 4b. The resulted nanosheets of MoN are uniform having
a thickness of 0.71 nm as observed by using HR-TEM image in Fig. 4c. In another
studies, MoN nanosheets are synthesized by using template method in which Mo
filament treated with oxygen is used as a template nanosheets of MoO3 are vertically

Fig. 4 a Schematic demonstration of two step CVD of two-dimensional Mo2C/graphene
heterostructure [36], b Schematic view of template method for synthesizing MoN nanosheets
[37].c HRTEM image representing edge view of MoN nanosheets. d Schematic demonstration
of template assisted process of ultrathin MoN nanosheets. e SEM image of vertically aligned MoN
nanosheets grown on a FTO substrate [38]
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grown over it [38]. Two-dimensional MoO3 nanosheets was then heated at 800 °C in
the presence of ammonia which transformed MoO3 into MoN nanosheets resulting
in a layered structure having 20–30 μm lateral size and thickness of about 5–40 nm
as illustrated in Fig. 4d, e.

Another bottom-up approach is the PELPD, which is recently reported by Zhang
et al. for synthesis of ultrathin Mo2C FCC films on sapphire substrate [39, 40]. To
deposit high quality films of Mo2C, the substrate was heated at 700 °C by using
methane plasma as carbon source followed by the generation of Mo vapor by pulsed
laser. The resulting films possessed a thickness of 2–25 nm with low crystallinity as
compared to CVD-grown nanosheets.

2.2 Synthesis by Top-Down Approach

Since the exploration of first MXene, Ti3C2Tz family grew so fast that up till now
more than 30 different arrangements have been designed by using precursor and
etching processes. Following section will discuss different top-down approaches to
synthesize MXene.

TheMAXphases comprised ofmore than 130 different compositions having octa-
hedral structure [41]. Three types ofMAXphases have been reported such as 211, 312
and 413 having 1, 2 and 3 number ofM layers betweenA layers, respectively. Over 30
different MXenes are obtained from aluminum containing MAX phases by etching
aluminum. Some new layered solids such as (MC)n(AlSi)4C3 and (MC)n(Al3C2)
are recently reported as precursors which are etched to form Hf3C2Tz and Zr3C2Tz,
respectively [42, 43]. The structural or chemical order in MXenes is of profound
significance and is directly related to the parent’s phase order. Recently, two types of
MAX phases are explored having phases 312 and 413 which is titled as out-of-plane
ordered and another one comprises of 211 phase which is labeled as in-plane ordered
MAXphases [44, 45]. For out-of-plane ordered quaternaryMAXphases, one layer of
M element which is either monolayer or double layer is sandwiched between another
layer of M element such as (Mo2/3Ti1/3)3AlC2 and (Mo2/3Sc1/3)3AlC2 in whichMo is
the front layer and Ti and Sc are the inner layers. More than 11 molybdenum based
MAX phases have been recently exploited.

For the transformation of MAX phases to MXenes, different termination groups
such as fluorine, oxygen or hydroxyl are used in place of etched layers. After etching,
the obtained material is based onmultilayers which are bonded together by hydrogen
or van der Waal bonds. Ternary MAX phase element Ti3AlC2 can be converted to
Ti3C2Tz by adopting different etching techniques [14]. Among those techniques,
one method is comprised of mixing Ti3AlC2 powder in hydrofluoric acid where
bonds between M-A and M-X reacts with hydrofluoric acid resulting in the selective
etching of aluminum layers. Etching condition depends on the structural order of
MAX phases of parent element. Due to the corrosive and hazardous behavior of
hydrofluoric acid (HF) a different route has been exploited to avoid the use of HF by
replacing it with the mixture of hydrochloric acid (HCl) and fluoride salt [46]. Some
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other fluoride salts are sodium fluoride (NaF) and potassium fluoride (KF) which can
be mixed with HCl and can be utilized instead of HF [47, 48]. Ammonium hydrogen
bifluoride was also reported as a good contender to replace HF for the etching of
Al from Ti3AlC2. Mostly, the element etched from MAX phases was aluminum but
recently silicon (Si) was also etched from its MAX phase Ti3SiC2 by using HF as an
oxidant [49].

After etching process, next step is to exfoliate the etched layers for obtaining few
or multilayers of MXenes. But before exfoliation, the etched layers are frequently
washed with distilled water to remove the residues of etching solution. Prewashing
with sulphuric acid (H2SO4) and HCl is also helpful in dissolving the residual salts
such as AlF3 and LiF [50]. After washing the etched layers, different exfoliation
methods such as direct sonication or liquid exfoliation can be adopted to obtain
MXene layers. Direct sonication results in lowyield ofMXenes as compared to liquid
exfoliation which gives higher yield up to 20 mg per mL solution. Different organic
molecules such as dimethyl sulfoxide (DMSO) [51], iso-propylamine [52], tetra
butyl ammonium hydroxide (TBAOH) [53], choline hydroxide and n-butylamine are
used to carried out exfoliation of Ti3C2Tz, (Mo2/3Ti1/3)3C2Tz, Ti3CNTz and V2CTz,
respectively [54]. Figure 5a is the schematic representation of the preparation of
MXene sheets by using top-down approach. MXenes obtained from the top-down
approach exhibits some significant characteristics such as the chemical order in i-
and o-MAX phases which does not deteriorate by the etching of Al. Some of the
MXene elements that are obtained from o-MAX phase parent elements having Ti in
the inner layers are (Cr2/3Ti1/3)3C2Tz, (Mo1/2Ti1/2)4C3Tz and (Mo2/3Ti1/3)3C2Tz [12,

Fig. 5 a Schematic illustration of synthesizing MXene by top-down approach. b HRTEM image
of Ti3C2Tx showing atomic defects in single layer MXene [32]
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55]. The inner layers play an important role towards the stability of the molecule
during etching process. The etching and exfoliation of Ti3C2Tz may arise some
defects at atomic scale which are observed by transmission electron microscopy
(TEM) as shown in Fig. 5b. It was observed that by enhancing the concentration of
HF during etching ultimately increases the amount of defects. At microscopic level,
some defects are observed in single layer of MXene which also depends on etching
environments. One major drawback of conducting exfoliation by sonication is the
excessive increase in the number of pores in Mo2CTz.

Recently, more than 30 different compositions of MXenes have been synthe-
sized by using top-down approach and DFT calculations predict the existence of
many more. New elements of MXene family and new etching processes are being
discovered with time.

3 Properties of MXenes

3.1 Structural Properties

The novel 2D material, MXene, exhibits unique structural properties such as
hydrophilic nature and active edge sites which enhance its significance in many
practical applications. In a recent study, the geometry of Ti2C and Ti3C2 MXene
was optimized by adding methoxy functional group [56]. The lattice parameters
are found to be 3.3338 and 3.2921 Ao which is in good agreement with the theo-
retical estimation. The lattice parameters of Ti2C(OH)2 and Ti3C2(OH)2 strongly
depends upon the type of hydroxyl ion covering. It was observed that partially and
fully covered methoxy or hydroxyl group increases the lattice parameters. Figure 6a
demonstrate the dependence of Ti2C and Ti3C2 lattice parameters with the function-
alization groups such as AA, BB and AB. In further studies, tailoring the structure of

Fig. 6 a Optimation of lattice parameters for Ti2C and Ti3C2 by varying surface covering of
functionalized groups.bX-Ray diffraction pattern of variousmolybdenumbasedMXenes. c,dTEM
images of Mo2CTx and Mo1.33CTz, respectively [56, 58]
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MXene was investigated by adopting different etching protocols such as the trans-
formation of i-MAX phase of (Mo2/3Y1/3)2AlC into in-plane order (Mo2/3Y1/3)2C
and in-plane vacancy order (Mo1.33C) [57]. Electrochemical investigations reveal
different results for both in-plane order element and in-plane vacancy order and it
was observed that vacancy ordered MXene show relatively good results.

The atomic surface structure of MXene plays an important role in the electro-
catalytic activity towards hydrogen evolution reaction (HER). Intikhab et al. synthe-
sizedMo1.33CTz andMo2CTz to study the electrochemical behavior of theseMXenes
towards HER [58]. Results indicate that the in-plane ordered vacancy in Mo1.33CTz

causes to decrease the HER comparative to Mo2CTz. Figure 6b represents the XRD
pattern of the parent’s MAX phases and their corresponding MXenes. No peak was
found at 61o which confirms that the large number of flakes parallel to the substrate
belongs to the 110 family of planes. TEM images (Fig. 6c, d) show that Mo2CTz and
Mo1.33CTz includes single and multilayers. The catalytic activity is attributed to the
basal planes which are confirmed by the orientation with respect to the substrate. It
can be concluded that the structural arrangement ofMXene is directly linkedwith the
catalytic performance. Furthermore, Shuck et al. investigate the structural properties
of Ti3C2Tz MXene by their synthesis from graphite, carbon lampblack and titanium
carbide and discuss the electrical conductivity and stability of these MXenes [59].
The obtained products contain the flakes of different sizes, composition, stability and
conductivity. MXenes derived from graphite exhibits the highest stability and elec-
trical conductivity as compared to titanium carbide and carbon lampblack derived
MXenes.

3.2 Electrical and Magnetic Properties

Khazaei et al. investigated fabricated and investigated the electrical properties of
various MXene types such as M2C and M2N where M is Sc, Ti, Zr, Cr, V along
with some functional group such as F, O and OH [60]. It was evidenced that attach-
ment of suitable functional group e.g. Ti2C, Hf2C, Sc2C and Zr2C MXenes show
semiconducting behavior. Some theoretical studies ensure that Cr2C and Cr2N show
magnetic behavior. Results reveal that MXenes show metallic as well as supercon-
ducting behavior. It is inferred theoretically that the Sc2C(OH)2 exhibits a direct
band gap whereas other semiconductors possess an indirect band gap. The electronic
properties of MXenes are affected by the type of functional group attached with
it. For instance, F and OH functional groups can alter the electrical properties by
receiving one electron from the surface whereas O group need two electrons to get
stable. Pure MXenes show metallic behavior as their Fermi energy is in d band of
the transition metals whereas some MXenes have p band below that of the d band
having a small band gap between both bands. It was also found that transition metals
show low electronegativity due to which these transition metals donate electrons
to other atoms and itself becomes positively charged. Due to the magnetic nature
of chromium compounds, spin polarized PBE method reveals that ground states
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of chromium carbide and chromium nitride show ferromagnetic behavior whereas
other functionalized MXenes show nonmagnetic behavior. The magnetic properties
of Cr2C and Cr2N can be tailored by applying strain. Figure 7a represents the resis-
tivity versus temperature curves for Ti based films. Ti based films demonstrate the
metallic behavior with the linear enhancement in resistivity with respect to tempera-
ture. It was observed that below 50 K temperature the decreasing resistivity attribute
to the weak localization in this metallic behavior. The results were matched with the
previous studies where Ti3C2Tx was synthesized from sputter deposited epitaxial
films in which the as-synthesized MXene show metallic response at high temper-
ature and weak localization at low temperature. Magnetoresistance is also plotted
in Fig. 7b at 10 K temperature. The negative magnetoresistance for Ti based films
indicate that as-synthesized MXene is etched in hydrofluoric acid or ammonium
hydrofluoride and also confirms the weak localization. Moreover, Miranda et al.
investigated the electrical properties of monolayer Ti3C2Tx MXene [61]. Results
reveal themetallic nature ofTi3C2TxMXene inwhich carrier density canbe altered by
varying gate voltages. In the presence of magnetic field, electrical transport measure-
ments show a quadratic increase in the conductance. It can be observed from field
effect measurements that at backgate voltage of 18 V there occurs an abrupt change
in the conductance slope. At region below 18 V charge carrier mobility is found to be
0.2 cm2/Vs whereas in region where gate voltage is greater than 18 V the mobility is
0.8 cm2/Vs. The study indicates that Ti3C2Tx MXene exhibits potential applications
in transparent conductive films. The metallic nature of Ti3C2Tx is very favorable for
superconductor applications.

Fig. 7 a Temperature dependent resistivity measurement of Ti2CTz-yLi nanosheets. bMagnetore-
sistive curve of Ti2CTz-yLi film [62]
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3.3 Optical and Charge Transport Properties

The optoelectronic properties of early discoveredMXene (Ti3C2Tz) was investigated
by spray coating its colloidal solution to fabricate conductive thin films [17]. The
evaluation of optical properties of Ti3C2Tz was studied by usingUV-VIS spectropho-
tometry. Light is absorbed by the films in ultraviolet region and it was evidenced that
absorption peak at 270 nm corresponds to glassy substrate whereas band in the range
of 700–800 nm represents pale greenish color. In the visible region these films show
a flat absorption response due to which these films can be used for display appli-
cations. It was also observed that by increasing the film thickness the transmittance
lowers down while at about 70 nm the transmittance is retained about 43.8%. About
40–90% transmittance ismost suitable for transparent conductive applications Along
with good optoelectronic properties Ti3C2Tz possesses good mechanical properties
as well. The sheets were folded on a flexible substrate and sheet resistance was
measured as function of bending radii. During measurements the sheets were held
folded for about 5 min and after removing stress the sheets were recovered immedi-
ately showing an excellent mechanical stability. As various MXene types exhibit an
indirect band gap which limits their utilization in optoelectronic devices. However,
the issue can be resolved by transforming an indirect band gap to the direct band gap
by applying tensile strength. The transition from indirect to direct band gap can be
performed by different structures and functional groups. Further studies referred that
semiconducting MXenes show better stability towards biaxial strain and have the
capability to maintain their stability for excessive strain [63]. The unique structural,
electromagnetic, optoelectronic and mechanical properties of MXenes makes it a
promising material for many practical applications.

Owing to high mobility and suitable band gap of two-dimensional materials, Lai
et al. investigate the electrical transport properties of Ti2CTx MXene field-effect tran-
sistors by varying the surface functional groups such as F, O andOH through different
synthesis techniques [64]. Results indicate that Ti2CTx demonstrate a high mobility
of 104 cm2/Vs at room temperature and temperature dependent study reveals the
superconducting behavior of Ti2CTx. Results confirm better electric charge transport
property of MXene by optimizing the treatment methods.

4 Applications of MXenes

MXenes show potential applications in various field of research such as energy
conversion and storage systems, electrocatalytic reactions such as hydrogen evolu-
tion reaction (HER) and oxygen reduction reaction (ORR) and in the field of
biomedical research. Different applications of MXenes based on their structural and
optoelectronic properties are discussed as follows.
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4.1 Biomedical Applications of MXenes

The attractive physiochemical properties of MXenes makes them a promising candi-
date in different biomedical applications such as biosensors, bio-imaging, antibacte-
rial activity and drug delivery systems [65–69]. Xue et al. synthesized Ti3C2 quantum
dots (MQDs) by using a hydrothermal technique and investigate their bio-imaging
applications [70]. The prepared MQDs can be attributed to quantum confinement
due to hydrothermal process and the size of MQDs can be changed by tailoring the
reaction temperature. The uniformity in the nanoscale size of MQDs allow them to
penetrate through the cells and have potential applications in bio-imaging. Similar
work was done by Zhou and his coworkers, who synthesized Ti3C2Tx Mxene QDs
in dimethyl-formamide (DMF) and explored their potential in cell-imaging [71].
Besides cell-imaging, MXenes can also be used in computed tomography (CT),
magnetic resonance (MR) and photo-acoustic (PA) imaging. Ta4C3 MXene having
tantalum element makes it more suitable for CT imaging due to high atomic number
[66, 72].

In the current age, cancer is the most lethal disease and different therapeutic
strategies have been adopted to destroy cancer cells. Among those strategies,
chemotherapy, radiotherapy and photothermal therapy is mostly common [73]. In
photothermal therapy, light is transformed to the cancer sites and restrict the growth
of tumor cells [74]. MXenes have high absorption and facilitate in the photo thermal-
conversion efficiency (PCE). Lin et al. utilized Nb2C MXene as a highly efficient
photo thermal agent in photo thermal extirpation of mouse tumor. In contrast to
PTT, chemotherapy not only deteriorates the cancer cells but also cause damage to
normal tissues. Therefore, an effective and controllable drug delivery system should
be designed to reduce the harm to normal tissues. MXenes have prolific advantages
in providing drug delivery channels due to its large surface area. Recently discovered
MXene (Ta4C3) are used as X-Ray CT contrast agent [75]. Another potential appli-
cation of MXenes is found in antibacterial activity such as photodynamic therapy
(PDT) for killing cells [68]. A conducting bridge is placed over an insulating lipid
bilayer which facilitates the transfer of electrons from intercellular components to
the environment and cause the death of cells.

4.2 Energy Storage Applications

Electrochemical energy storage devices are a clean source to store renewable energy.
Variety of two-dimensional materials (carbon, fullerene, graphene, carbon nanotubes
etc.) are used in energy storage applications due to their admirable characteristics
such as high mechanical strength, large surface area and high electrical conductivity
[76–78]. Similarly, MXenes also show promising applications in energy conver-
sion and storage devices such as photoelectrochemical cell (PEC), supercapacitors,
lithium ion batteries, electro-catalysts and sodium ion batteries [70, 79, 80]. The



Two-Dimensional Transition Metal Carbides and Nitrides (MXenes … 191

hydrophilic nature of MXene suggests it a powerful candidate for the photo-anodes
in photoelectrochemical water splitting in which incident photons strike the surface
of photo-anode to liberate electrons and holes which individually react with OH−
and H+ to form water and hydrogen. Yu et al. synthesized Ti3C2 nanoparticles to
synthesize a metal oxide/MXene heterostructure and use the heterostructure for
photo-anode in photoelectrochemical water splitting [81]. A significant increase in
the photoconductivity and stability is observed for the as-synthesized heterostruc-
ture. Furthermore, Chen et al. fabricated inverse opal photonic crystals of titania and
Ti3C2 quantum dots heterostructure [82]. Titania enables efficient charge separation
and thus enhances the charge transportation resulting in an increase in photoconduc-
tivity of PEC based sensor. Bismuth vanadate was also utilized as photo-anode in
PEC water oxidation. Due to lack of charge transport and slow kinetics in bismuth
vanadate, Yan et al. synthesized MXene flakes on the surface of BiVO4 grown on a
fluorine doped tin oxide substrate [83]. The as-prepared composite of Ti3C2/Mxene
reveals a remarkable increase in the photocurrent density up to approximately 3
mAcm−2 and photo-conversion efficiency up to 0.78%. The coating of Ti3C2 on the
surface of BiVO4 facilitates in the efficient charge separation and reduce the recom-
bination of photo-generated electrons and holes due to unique anisotropic structure.
The photoelectrochemical properties of as-prepared composite was investigated in
three electrode cell configuration with 1 M solution of potassium borate. All results
of photoelectrochemical measurements are demonstrated in Fig. 6. J-V curves show
a higher photocurrent density of 3.45 mAcm−2 for Ti3C2/MXene composite and a
higher efficiency of 0.78% as shown in Fig. 8a, b. The electrochemical stability of the
as-prepared composite was also studied by using chronoamperometry measurements
as illustrated in Fig. 8c. Results reveal that Ti3C2/BiVO4 composite is more stable as
compared to pristineBiVO4.Ti3C2 (MXene) causes to enhance the photoconductivity
and improves the photocatalytic activity of BiVO4 as well.

Furthermore, MXenes play an important role in energy storage devices such as
supercapacitors and batteries. Supercapacitors are divided into three types which
includes electric double layer capacitor, pseudocapacitor and hybrid supercapac-
itors. Supercapacitors have more power density and quick charge/discharge rate
while in contrast the batteries have large energy density and high specific capac-
ities [84]. Carbon based materials are found very effective as electrode materials
for energy storage systems. Carbonaceous materials such as activated carbons,
graphene, fullerene, carbon nanotubes etc. are employed for electrode materials in
supercapacitors [85–87]. Similarly, the emerging class of two-dimensional material
MXene is also frequently used in supercapacitor applications due to its layeredMAX
phases and remarkable electrical properties. In supercapacitors charge stores at elec-
trode/electrolyte interface through physical adsorption. The fast charging discharging
capability of supercapacitors and long cyclic durability enhance its utilization in vehi-
cles and power stations. In one studies, the etching of aluminum from T3AlC3 results
in the synthesis of tantalum carbide Ta4C3 which was electrochemically tested for
supercapacitor electrode in 0.1 M H2SO4 electrolyte [88]. From structural analysis
it was found that Ta4C3 exhibits a hexagonal lattice structure and electrochemical
analysis reveals better performance of as-synthesized electrode material in energy
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Fig. 8 a Linear sweep voltammetry measurements of BiVO4, RA-BiVO4 and Ti3C2Tx/BiVO4
photoanodes. b Applied bias photon to current conversion efficiency of BiVO4, RA-BiVO4 and
Ti3C2Tx/BiVO4 photoanodes for PEC water splitting. c Chronoamperometry measurements of
BiVO4, RA-BiVO4 and Ti3C2Tx/BiVO4 photoanodes under1.23 v versus RHE [83]. d Cyclic
voltammetry measurements of Ti3C2 and Ti3C2/ppy composites at 10 mV/s scan rate. e Cyclic
stability test of Ti3C2/ppy-2, Ti3C2 and ppy electrodes for 4000 cycles at 1 A/g [89]

storage applications. The estimated specific capacitancewas found to be 481 F/gwith
a cyclic retention of about 89% after 2000 cycles of continuous charge/discharge.
Furthermore, the selective etching of Al from V4AlC3 results in multilayered V4C3

MXene which show a gravimetric capacitance of 209 F/g with a cyclic retention of
about 97% after 10,000 cycles. The factors which contribute in high capacitance is
wide interlayer spacing approximately 0.466 nm, pore volume of about 0.047 cm3/g,
good hydrophilicity and large surface area of about 31.35 m2/g. Similarly, further
studies suggest that dispersed nanoparticles of polypyrrole (ppy) onTi3C2 nanosheets
may act as a promising material for supercapacitor electrodes [89]. Electrochemical
tests were performed in three electrode assembly by using platinum plate as a counter
electrode, Ag/AgCl as reference electrode and Ti3C2/ppy nanocomposite as working
electrode and Na2SO4 as electrolyte. The cyclic voltammetry curves show a specific
capacitance of approximately 184 F/g at scan rate of 2 mV/s with a cyclic stability of
83.33% after 4000 cycles as shown in Fig. 6d, e. The addition of polypyrrole expand
the interlayer spacing of Ti3C2 MXene which facilitates in the ion and charge trans-
portation. The electrochemical behavior of nanocomposite is improved due to the
synergistic effect of both MXene and polypyrrole.

Similar to supercapacitors, MXenes are also employed for anode material in
rechargeable batteries such as (Li, K, Na) ion batteries due to their dominant charac-
teristics [90]. In case of Li ion batteries, Li act as electron donor (anode) and lithium
cobalt oxide as electron acceptor (cathode) separated by an ionic electrolyte. Initially,
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reduction reaction occurs at cathode liberating lithium ions during charging whereas
in discharging process, lithium ions releases from anode and move towards cathode.
Intercalation process took place during charging whereas deintercalation process
occur during discharging of lithium ion batteries. Due to continuous shuttling of
lithium ions from anode to cathode such types of cells are also known as rocking
chair cells. MXenes play a crucial role in secondary batteries due to the dominant
structural and electrical properties. Variety of MXenes such as V2C, Ti2C, Sc2C
and Nb2C are theoretically estimated to have high specific capacities as compared to
M3X2 andM4X3. Sun et al. has synthesized Ti3C2 through exfoliation of Ti3AlC2 and
use Ti3C2 as anode for lithium ion batteries [91]. Electrochemical analysis reveals
a high capacity of 123.6 mAh/g having a columbic efficiency of about 47%. The
volumetric capacitance of Li ion battery is a major issue which restrict its prac-
tical applications such as electric vehicles. To overcome this limitation, Wang et al.
fabricated a MXene hybrid of Fe3O4@Ti3C2 by using ultrasonication process [92].
Electrochemical performance of as-preparedMXene hybridwas evaluated by using a
coin cell type geometry. The CV curves of MXene hybrid was obtained at a scan rate
of 0.2 mV/s. Broad reduction peaks were found for Ti3C2 at a potential of 0.67 V
and 0.28 V whereas a strong reduction peak at a potential of 0.69 V was found
for pristine Fe3O4 and Fe3O4@Ti3C2 MXene hybrid. The CV results show a high
reversible specific capacity of about 747.4 mAh/g for Fe3O4@Ti3C2-2.5 sample.
The cyclic durability of the abovementioned sample was electrochemically studied.
Results reveal a good cyclic performance of Fe3O4@Ti3C2 MXene. In this case, the
obtained volumetric capacitance was 2038 mAh/g. Therefore, it can be concluded
that such type of hybrid MXenes are promising anode materials for energy storage
devices.

Along with exceptional characteristics of electrode and anode in energy storage
devices, MXenes also exhibit dominant features as a catalyst in hydrogen evolution
reaction (HER). Among various two-dimensional materials MoS2 has been widely
explored for different electrocatalytic applications and theoretical studies confirm
that edge sites are responsible for all catalytic activities. Therefore, to improve the
efficiency of HER it is necessary to enhance the exposure of edge sites. Due to similar
characteristics of MXenes as other two-dimensional materials, it is also considered
to possess good catalytic performance. In this regard, Seh et al. reported the appli-
cation of MXenes as an effective electrocatalyst for the very first time [93]. Both
theoretical and experimental studies were analyzed to predict MXene as an active
catalyst for HER. Initially, Mo2CTx and Ti2CTx was theoretically studied and it
was found that Mo2CTx exhibit higher catalytic activity in HER as compared to
Ti2CTx. Basal planes of Mo2CTx are electrocatalytically more active towards HER
as compared to MoS2. Density functional theory (DFT) calculations estimates that
Mo2CTx have less Gibbs energy which confirms its higher HER performance. Along
with theoretical studies, experimental analysis was also performed to investigate the
catalytic performance and stability of MXenes. For experimental studies, Mo2CTx

and Ti2CTx was etched from Mo2Ga2C and Ti2AlC by using hydrofluoric acid.
The synthesis results in the attachment of functional group (Tx) on basal planes
of MXenes. Linear sweep voltammetry measurements were conducted as shown in
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Fig. 9 a Linear sweep voltammograms of Mo2CTx and Ti2CTx compared with bare glassy carbon
electrode.bChronopotentiometrymeasurement ofMo2CTx andTi2CTx at a constant current density
of 10 mA/cm2 [93]

Fig. 9a to investigate the catalytic activity of as-synthesized MXenes towards HER.
It was observed that catalytic activity of Ti2CTx is continuously decreasing showing
the unstable nature of Ti2CTx whereas Mo2CTx demonstrate comparatively a higher
HER activitywith a slight decrease upon continuous cycling indicatingmore stability
ofMo2CTx. The stability of bothMXeneswere evaluated at a constant current density
of 10 mA/cm2 as plotted in Fig. 9b and results reveal no substantial change in the
overpotential of Mo2CTx and Ti2CTx. However, after conducting stability measure-
ment, both MXenes were again tested by LSV which shows that HER activity of
Ti2CTx was further decreased. In short, both theoretical and experimental studies
verify a remarkable HER performance of Mo2CTx which opens the doorway for the
development of other two-dimensional materials with excessive active basal planes.

Following table illustrate the comparison of different electrodematerials and their
corresponding properties in supercapacitors and lithium ion batteries (Table 1).

5 Conclusion

In summary, a new class of two-dimensional materials based on early transition
metal carbides and nitrides are explored which can be synthesized by etching A
element from MAX phases along with the attachment of surface functional groups
such as OH, F and O. The term MXene emphasize on their two-dimensional struc-
ture and highlights the loss of Al (A element) from its MAX phase. Up to date,
numerous MXene elements have been exploited such as Ta4C3, Ti2C, V2C, Nb2C,
NB4C3 etc. Many new elements have been theoretically predicted. Various synthesis
process results in the formation of multilayered flakes such as sonication process.
Therefore, to obtain a single thin layer of MXene some new synthesis techniques are
required. The 2D morphology and high electronic conductivity of MXenes makes
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Table 1 Comparative analysis of various two-dimensional materials based electrodes for
supercapacitor and lithium ion batteries

Electrode
materials

Specific
capacitance
(F/g)

Current
density
(A/g)/scan
rate

Electrolytes References

Reduced graphene
oxide/carbon black

79 1 H2SO4 [94]

rGO/MWCNTs/polypyrrole 82 0.5 KCl [95]

CNT/Mn3O4/Graphene 73 0.5 KCl [96]

Graphene hydrogel 186 1 H2SO4 [97]

Graphene/PANI 210 0.3 H2SO4 [98]

Ti3C2Tx/carbon nano fibers 70 mF/cm2 50 mV/s H2SO4 [99]

Two dimensional titanium
carbide

520 mF/cm2 2 mV/s KOH [100]

Ti2CTx 180 mAh/g 20 mA/g Na+aqueous
electrolyte

[101]

Ti2CTx 51 1 KOH [79]

V4C3 209 50 mV/s H2SO4 [102]

them promising materials for practical applications such as in supercapacitors and
lithium ion batteries. The most frequently used MXene for supercapacitor electrode
is Ti3C2 due to its electrochemically stable nature. The excessive edge sites marked
MXenes as useful candidate for electrocatalyst in HER activity. Many experimental
and theoretical studies such as DFT calculations are currently employing to explore
new MXene elements with extraordinary properties and potential applications.
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Abstract Chalcogenides nanocrystals, one of the emerging hot topics in the field of
research offers the characteristics that are unparalleled by conventional materials in
their respective field of applications. In recent years, chalcogenides nanocrystals are
holding significant impact in various applications such as lighting, displays, photo-
voltaics, sensors, imaging devices, etc. owing to their shape, size and tunability
of composition. Moreover, most of the chalcogenides nanocrystals are deployed
in large-scale devices due to its sustainability, inexpensive and environmentally
friendly. This chapter emphasizes the concise overview of chalcogenides nanocrys-
tals, sketching the state of the art of synthesizing materials along with strategies
to circumvent the limitations arise during ternary and quaternary compositions. A
discussion highlighting on shape, size, composition controlled growth of chalco-
genides are provided. Followed by the synthesis, functional properties (structural,
optical, electronic and magnetic) and its ubiquitous applications are addressed in a
detailed manner. Finally, as a summary, track of the rapidly advancing field and their
key challenges have been discussed.
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1 Introduction

Nanotechnology was one of the tremendous technologies of the twenty-first century
which rapidly expands its branches in the wide area of science. It can be simply
described with its dimension ranging in the order of few (1–100 nm). Production of
materials in the nanometer-scale drastically changes the properties comparedwith the
bulk one. Owing to its smaller size and properties, it placed its benchmark in diverse
fields of industrial applications. More innovative concepts, products, and tools were
developed and reported in the short spam. In this regard, nanocrystals (NCs), one
of the key elements in the branch of nanotechnology gains rising interest starting
from the synthesis of the crystals to end-user products across diverse disciplines.
The fundamental concepts involving the processing and development of NCs are
advancing at an astounding rate. NCs can exert control over their size and shape as
well as able to tune their physical and/or chemical properties depending on their end-
user applications for target applications [1, 2]. The most common features exciting
in the NCs are its size, narrow bandgap, large surface to volume ratio, and quantum
confinement which intensifies the development of NCs in recent years. Based on
its properties, numerous novel NCs materials, including semiconductor, plasmonics,
metals, carbon-based materials, nitrides, chalcogenides, etc., were developed in the
past few decades and even some of the NCs were commercialized towards targeted
applications [3, 4].

Among the different kinds of NCs materials, chalcogenides NCs was one of the
promising candidates with huge interest owing to its exciting properties like high
carriermobility, thermal conductivity, morphology, etc. The properties of the chalco-
genides NCs can also be engineered by varying its composition or by combining with
different materials like semiconductors, metals, etc., [2]. The exciting prospects and
challenges in the growth of chalcogenides NCs motivated research community to
extensively investigate its growthmethodology and properties of the different chalco-
genidesmaterials like copper sulfide (CuS), molybdenum selenides (MoSe), bismuth
telluride (BiTe), copper indium gallium sulfide (CIGS) and so on [5–7]. The remark-
able properties possessed by the chalcogenides NCs find its applications in different
fields such as sensors, photovoltaics, bio-imaging, lasers, optical switches, ampli-
fiers, etc. In this chapter, a brief description of chalcogenides NCs starting from its
synthesis approaches followed by functional properties (crystal structure, electronic
structure, optical, electrical andmagnetic), composites, device engineering with final
wrap up on its future scope.

2 Synthesis Methods

ChalcogenidesNCscanbeproducedbyapproachingvarious synthesis routes.Almost
the successful protocol of synthesizing chalcogenides NCs have been derived by
understanding the fundamentals of science permits in optimizing the productswith its
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desired properties. The quality of NCs depends on the precursors, choice of solvents,
temperatures, etc. In the way of providing a stereotyped recipe for synthesizing
chalcogenides NCs, the five most prevalent methods are chosen from the literature
and described in this section. The prevailingmethod of synthesis includes (i) colloidal
synthesis, (ii) solvothermal, (iii) template-assisted, (iv) Kirkendall effect-induced,
and (v) cation exchange method. Brief elucidations of each approach are as follows.

2.1 Colloidal Synthesis

The exquisite control of chalcogenides NCs growth is undoubtedly produced by
approaching one the most common method called “colloidal-synthesis”. It holds
precedence owing to its monodispersity of NCs along with its high crystallinity
and high dispersion of precursors in organic solvents. In this approach, it typically
involves thermal decomposition of precursors like organometallic and/or inorganic
salts at its high boiling point in the oxygen-free conditions. Upon heating the chalco-
genides NCs precursors it chemically transforms into active molecular or atomic
species (monomers) and it turns results in the formation of colloidal chalcogenides
NCs. The synthesis process includes of several consecutive stages starting from
nucleation-growth-isolation to the end of products (chalcogenides NCs). A typical
colloidal setup consists of a three-necked roundbottomflask connected to a condenser
and a Schlenk line to provide an oxygen-free environment for the synthesis. To avoid
the presence of water and oxygen molecules in the reaction flask which induces
pyrophoric precursors in reactions, the flask is subjected to evacuate at 100 °C for
an hour before starting the reaction.

Colloidal synthesis encompasses both the heat-up and hot-injection protocols. In
the “heat-up” process, it involves mixing metal and chalcogen precursors in organic
solvents at low temperatures followed by heating up of reaction at the desired temper-
ature to initiate nucleation and growth of chalcogenides NCs. Large scale production
of NCs can be achieved by this approach. After attaining the nucleation stage of
chalcogenides NCs, the supersaturation temperature is maintained for a prolonged
time, which may lead to the broadened size distribution of NCs. Bawendi and
co-workers pioneered the hot-injection technique to synthesize the monodisperse
cadmium (Cd) chalcogenides NCs in the year of 1993 [8]. Using this approach,
controlled growth of NCs with its desired size and shape can be achieved through
inducing a high degree of supersaturation upon injection [9, 10]. Even though both
heat-up and hot-injection processes involve the growth of crystals upon the burst
of nucleation, better uniformity can be done by the process of injection resulting
in a single nucleation event [8, 11–13]. Moreover, a hot-injection process not only
limited in the production of chalcogenides NCs it can also be extended for different
materials like metal NCs [14], metal oxides NCs [15] and so on by choosing appro-
priate combinations of precursors, solvents and other agents. Since the protocol for
synthesizing variety of NCs are same, mostly it results in uniform and rapid crytsal
formtion.
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Fig. 1 a Schematic illustration of the solvothermal reactor; b core/shell NCs synthesized by Kirk-
endall effect. Reproduced with permission of American Chemical Society [23]; c schematic repre-
sentation of nanohetrostructures of CdSe/CdS, Cu2Se/Cu2S, ZnSe/ZnS (b and c). Reproduced with
permission of American Chemical Society [46]

2.2 Solvothermal Synthesis

Solvothermal synthesis alike the hydrothermal synthesis method to produce the
monodisperse NCs at low temperatures with the main difference of source of
solvents used [8]. In hydrothermal water will be used as a source whereas in
solvothermal route, solvents (organic and/or inorganic agents) will be employed
as a source. Due to its ease of access and reactivity of solvents under elevated pres-
sure and temperature, it draws considerable attention in the research community [16,
17]. To withstand the temperature and pressure over a prolonged period during the
reaction, specialized autoclave made up of stainless steel covering the Teflon liner
inside the vessel has been used for the synthesis of NCs (Fig. 1a) [17, 18]. During
the reactions, the reactant and solvents undergo high pressure with certain temper-
ature, ultimately results in the subsequent formation of crystals from the dissolved
materials in the solvents. Since it doesn’t involve complicated process, researchers
find it to be a flexible method for producing high-quality NCs.

2.3 Template Assisted Synthesis

For the production of one-dimensional nanostructures (nanowires, nanotubes, etc.)
in a well-distributed manner, template-assisted synthesis was one of the best proven
method. Using this approach, different nanostructure specifically of hollow shapes
can be obtained by designing the templates for the desired structural frameworks
[19–21]. The uniqueness of this approach was its large versatility concerning pore’s
length and diameter [22]. The designing of templates can be done either by (1) hard
templates (physical scaffolds for deposition of the desired material) and/or (2) soft
templates (contain ligands, surfactants, and polymers) [16]. Besides its versatility
growth of nanostructures, it also holds some drawbacks such as the issue in template
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removal (selective etching acids required to remove hard templates) as well as the
high production cost of template materials, which impede the up-scaling of products
(NCs) for practical applications.

2.4 Kirkendall Effect

Kirkendall effect is a diffusion-related phenomenon that occurs between the reactive
phases sharing an interface with the merit of avoiding templates removal [23, 24].
The first report byYin et al. for the synthesis of plethoramaterials using this approach
turns the research community to focus on this effect for the production of a variety of
NCs which includes metal oxides and chalcogenides [25–27]. For the production of
hollow nanostructures using the Kirkendall effect, it involves either as one-pot and/or
two-step reaction process as illustrated in Fig. 1b. Initially, it involves the reaction
of solid particles at the outer shell (consider as A) followed by the solution or gas
phase (consider as B) reacts with A in turns results in the formation of nanostructured
composites (AB) [23].Moreover, at the reaction, the core element A diffused through
AB composites and creates a cavity inside, thereby removes the interior core [23,
25, 26, 28]. Owing to its ease of accessibility, functional nanomaterials, including
chalcogenides NCs with controlled hollow interiors and shell thickness have been
obtained and used for potential applications such as catalysis, sensing, drug delivery,
and optical devices [29–31]. Till dated of research in the field of chalcogenides NCs
growth the Kirkendall effect was the most established approach with its composi-
tions. There exists numerous report on the production of chalcogenides NCs with
different nanostructures like nanocages [32], nanoboxes [33, 34], polyhedrons [35]
and nanoplates [36] using the Kirkendall effect.

2.5 Cation Exchange Method

Cation exchange method was one of the interesting synthesize approaches to grow
chalcogenides NCs with novel structure, phases, and composition which are intricate
by the conventional synthesis route. Even though it was not considered to be a direct
synthesis approach, its growth mechanism relies on the cationic solution/solvents
used in the reaction which permits the exchange of cations within the NCs lattice to
form unique shaped NCs and its compositions [37–40]. As the name stands in this
approach, the cation exchange takes place by exhibiting a higher diffusion rate than
anions. Alivisatos and their research group reported the transformation of cadmium
selenides (CdSe) chalcogenides NCs into silver selenide (Ag2Se) chalcogenides NCs
and their analogues by replacement ofmetal cationswithin its crystal lattice (i.e. Cd2+

with Ag+) using cation exchange method [41]. The cationic exchange takes place at
an ambient condition with a short time owing to the lower activation barrier of NCs
which stipulates the rapid exchange of cationic within seconds. Using this approach
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spontaneous production of NCs can be achieved, for example, the transformation of
cadmium sulfur (CdS) to copper sulfur (Cu2S) has been carried out in a second at
RT [42]. Also, using this approach reverse exchange reaction (i.e. Cu2S to CdS) was
made possible by inducing an excessive amount of Cd2+ ions with its preferential
solvents [43]. The affinity of metal ions to the solvent plays a leading role in the
cation exchange method which can be predicted using Pearson’s HSAB theory [44].
For a better understanding of HSAB theory, an example of Cd2+ ions was taken since
Cd2+ was treated as hard acid and so for the type of solvent chosen for reactions
should also be hard base like methanol which helps in preferential formation of
resultant products. Wide variety of nanostructured NCs can be produced by adopting
this method, for example, the copper indium sulfide (CIS) nanoplates have been
obtained from the conversion of copper sulfide (Cu2-xS) NCs using cations exchange
method [36], octopod and sphalerite shaped cadmium selenides (CdSe) NCs are
obtained by using copper selenide (Cu2-xSe) NCs as parent material in the conver-
sion process [45]. Li and co-workers developed Cu2Se/Cu2S and ZnSe/ZnS rods
like nanoheterostructures by adopting the procedure of the cation exchange process
(Fig. 1c) [46]. All the synthesized materials (CdSe/Cds, Cu2Se/Cu2S and ZnSe/ZnS)
are observed to depict similar morphologies of nanorods like structure (Fig. 2a, b,
c) but the PL spectra of each material differ due to its compositions (Fig. 2d, e, f)
[46]. Later the same research group reported the possibility of selective exchange
of cations in the Cu2Se/Cu2S core/shell with nanorods like morphology [47]. Stam
et al. demonstrated the production of luminescent NCs with rod-like morphology
for the CISe/CIS heterojunction materials by implementing a sequential topotactic
cation exchange reaction [48]. As well as complex NCs materials like CZTSSe NCs,
Cu2SeS NCs, etc. can be produced using this cation exchange method by control-
ling the volume and concentration of the precursors [49–51]. One of the attractive
features of this approach was by adjusting the concentration and relative volume of
cations substitution researchers can play in partial and complete conversion of NCs
depending on the individual needs for their applications [42, 52, 53].

3 Functional Properties

In recent decades, the transition from micro to nanoscale dimension provides a
tremendous path to meet out the modern needs and of NCs with a diameter smaller
than double Bohr exciton radius reveals pronounced effect depending on its size
and electronic structure. The functional properties of chalcogenides NCs were deter-
mined from its size, bandgap, energy band structure, composition, defects and so
on. Nanocrystals, particularly of chalcogenides based, possess a broad spectrum of
functional properties due to its quantum sized confinement, plasmonics, structural
and compositional versatility which have been exploited in diverse applications.
Researchers have developed a variety of chalcogenides NCs starting from binary
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Fig. 2 a, b, c) Observed TEMmicrographs of CdSe/CS, Cu2Se/Cu2S, ZnSe/ZnS and d, e, f optical
spectra of CdSe/CS, Cu2Se/Cu2S, ZnSe/ZnS. Reproduced with the permission of the American
Chemical Society [46]

(ZnSe NCs) to quinary (CZTSSe NCs) compounds, providing extraordinary flexi-
bility for materials designing and studied their properties and thereby tuned its prop-
erties depending on its field of applications. For example, the synthesis of ternary
CIS NCs with direct bandgap finds its applications as an absorber in photovoltaic
devices for the replacement of toxic cadmium telluride (CdTe) compound. Even
though varieties of chalcogenides NCs are synthesized and reported, still various
compounds remain unexplored in this field [54]. In this section, an overview on the
important properties (crystal structure, bandgap, plasmonics, absorption coefficient,
conductivity, etc.) of chalcogenides NCs is described.
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3.1 Crystal Structure

The prime distinction between chalcogenides and other materials like oxides is its
covalent and ionic character, in transitionmetal chalcogenides (TMCs) it showsmore
covalent character while in metal oxides its ionic resembling will be of fluorides. The
pronounced effect of covalent character in TMCs was due to its low electronegativity
difference value between the chalcogens and metals which tends to lead a strong
bonding of s and p orbitals of the chalcogen with the transition metal. The bonding
orbitals result in the narrowingof energy gaps since the valence level of chalcogenides
lies at a higher position of energy than the oxides [55, 56]. Apart from the energy
levels, there exists a huge difference between the chalcogenides and oxides in their
crystal structures, physicochemical properties, and their functional properties. The
evaluation of crystal and phase structure of the chalcogenides NCs are more compli-
cated and longstanding unsolvable issues because of its polymorphs, stoichiometric,
deficiency and atomic arrangements [57]. Generally, the chalcogenides highly rely
on the temperature treatment and at a higher degree, there exists more possibility of
disorder orientation in the chalcogen lattices resulting in the complexity of crystal
structures [58].

Each chalcogenides NCs have its own phases and crystal structures that are distin-
guishable fromothers, here let us have a brief description of the crystal phase structure
properties with an example of Cu2S NCs. Based on the composition of copper (Cu)
in the Cu2S NCs it exposes eight dominant phase structures (low-Chalcocite; high
Chalcocite; djurleite; digenite; anilite; roxbyite; and covellite) with a characterized
crystal structure of either face-centered cubic (FCC) or hexagonal close packing
(hcp) [59]. The schematic representation of the different phase structures of Cu2S
was shown in Fig. 3 [60–62].

Since there exist different phases of Cu2S an important question arises in the
research community regarding the phase structure matching with the standard X-
ray diffraction (XRD) database files (JCPDS). Since most of its phases exhibit the

Fig. 3 Schematic illustration of the different phase structure of Cu2S NCs. Reproduced with the
permission of Applied Physics Letters and American Chemical Society [60–62]
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same kinds of patterns like chalcocite (Cu2S) and djurleite (Cu1.94S) in the XRD
with distinguishable crystal and electronics structures. XRD patterns of Cu2S NCs
reported by Alivisatos and co-workers described that Cu2S NCs exhibits chalcocite
phase under inert atmosphere and upon exposure to air it transforms immediately into
djurleite phase [63]. The same research group also observed the dynamic structural
transformation of Cu2SNCs using high-resolution transmission electronmicroscopy
(HRTEM). The irradiation from the electron beam source used in HRTEM helps
in determining the transformation of phase structure from low to high chalcocite
structure with respect to a temperature ranging between ~100–440 °C, beyond the
temperature of ~440 °C the transformation of high into cubic chalcocite has been
observed [64]. The phase transformation temperature also depends on the particle size
which should be greater than 6 nm [65]. Similarly, Zhao et al. reported the insights
in assigning the correct phase from the XRD patterns [66]. At elevated temperature,
the Cu atoms in the Cu2S NCs are unusually mobile, thereby making it partially an
ionic conductor [67, 68]. Moreover, transformation involves in the arrangement of
S atoms in its lattices leads to several metastable phases of Cu2-xS [69] resultant
in the vacancies of Cu. These vacancies may due to loss of Cu to either oxygen
or carbon dioxide in its grain boundary or free surface [43, 70]. The experimental
and theoretical investigations of Cu2S conclude that it was intrinsically unstable at
ambient conditions and degrades rapidly [57, 71, 72]. Hence from the application
point, it was more critical in fine-tuning the phase structures of the chalcogenides
NCs due to its high sensitivity towards its stoichiometric and defects.

3.2 Optical Properties

The most attractive features of the NCs are its enhanced optical properties due to
its particle size and quantum confinement effect. Tuning the optical properties of
chalcogenides NCs was one of the hot topics in the field of research for the past
few decades. Some varieties of NCs like plasmonics NCs, quantum dots (QDs) NCs
delivers higher light absorption coefficient by covering a wide range of electromag-
netic spectrum thereby potentially finds its applications in the field of laser therapy,
bio-imaging [73–76], photonics [77], photovoltaics [78–80], sensors [81–84], etc. In
plasmonics, NCs the optical property (plasmons) originated from the collections of
free charge carriers and tends to be localized by satisfying the conditions of surface
plasmon resonances thereby it also referred to be localized surface plasmon resonance
(LSPR) [77]. The LSPR properties are not only achieved in plasmonics NCs (Ag, Au
based NCs) it can also be achieved in semiconducting NCs too with optimizing free
carrier concentrations [43]. The discovery of LSPR property in chalcogenides based
NCs created a new path in the manipulation of light (nearly to NIR region) through
tuning the intrinsic doping concentration and tailoring its stoichiometric ratio [85].
The research community made their efforts in manipulating the LSPR frequency in
chalcogenides NCs by altering its various parameters such as composition, shape,
and size. In the year of 2009, a report on the synthesis of Cu2-xS NCs with absorption
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in the regime of NIRwas proposed by Zhao and co-workers. In this report, the Cu2-xS
NCs were synthesized by three different approaches viz.: hydrothermal, Solventless
thermolysis and sonoelectrochemical methods. In these different methods, parame-
ters like pH, reduction potential, the concentration of precursors are been varied and
are results in the production of different phase structures with composition ranging
from djurleite (Cu1.97S) to chalcocite (CuS). The obtained product with different
compositions correspondingly exhibits its plasmonics absorption (Fig. 4a) and the
author also stated that the djurleite phasewas existed to bemore stable than chalcocite
at ambient conditions [66]. Similarly, the morphology (shape) of the materials will
also have prolonged effect in its properties and the same theme was applicable for
the chalcogenides based NCs too. The shape of the chalcogenides NCs was consis-
tently found to have an effect in its optical properties. Hsu et al. demonstrated the
shape dependent LSPR properties for Cu2-xS nanodisks shaped NCs [86, 87] the
synthesized nanodisks shaped NCs splits resonances in two modes: (i) longitudinal
(i.e. in-plane with low energy) and (ii) transverse (i.e. out-plane with high energy).
Two asymmetric plasmonics band at NIR regime were observed at 1600–1900 nm
for out-plane mode and 3100 nm for in-plane mode (Fig. 4b). From the spectra clear
blue shift was observed with increasing in aspect ratio of nanodisks attributing to
higher free densities and also these LSPR modes can also be modulated by tuning
the concentration as well as aspect ratio of nanodisks [87].

Besides the composition and shape, the size of the NCs will also play a drastic
role in fine-tuning (altering) the properties. The size of the NCs majorly influences
the bandgap of the synthesized NCsmaterials [43]. In transition metal chalcogenides
NCs, the cationic metals like Cd, Cu,Mo, etc. will always induce the vacancy defects
results in the widening of bandgap [86, 87]. These widening of bandgap may be
attributed to free carriers leading to lower the energy tail in the absorption spectrum.
Pan et al. demonstrated a noticeable shift in LSPR towards lower energy upon the
incorporation of metal cations like Ce4+, In3+ [88]. Some kind of chalcogenides NCs

Fig. 4 aExtinction spectra ofCu2-xSNCswith various compositions (x= 0, 0.2, 0.03). Reproduced
with permission of American Chemical Society [66] and b Shape dependent LSPRs property of
spherical and nanodisks shaped NCs. Reproduced with permission of American Chemical Society
[87]
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likeCIS, CISe, etc. are of great interests owing to its high quantumyield, NIR spectral
absorption, large Stroke’s shift, extended PL lifetimes (up to ns) [89–91].

3.2.1 Nonlinear Optics

Transition metal chalcogenides NCs express promising nonlinear optical properties,
owing to its large bandgap energy, wide emission over the electromagnetic spectrum,
strong quantum confinement. The nonlinear optics of the NCs can be described with
a function of dielectric changes induced from its lattice temperatures and an increase
in carriers. For example, copper chalcogenides NCs deliberates strong interband
transitions in the visible regime and Cu chalcogenides NCs exhibit mighty inter-
band transitions in the visible region and weak absorption in the mid-IR and NIR
regime. The plasmonics effect in the chalcogenides NCs induces in the enhancement
of inherent optical nonlinear response arises from photon-photon interaction finds its
applications as nonlinear optical materials [92–94]. The enhanced nonlinearity prop-
erty of NCs helps in reduced power consumption in photonic applications.Moreover,
the fastening of optical signals at a response time of femtosecond can be achievable
by speeding the response time of plasmonics excitation. Thus based on the phase
structure and surface properties of the NCs the optical properties can be modulated.

3.3 Electronic Properties

The electronic properties of the chalcogenides NCs can be determined from its band
structures. The prime differentiation existing between the chalcogenides and oxides
was its higher covalence energywhich results in narrowingof energygaps.Apart from
its covalence energy the size of the NCs as well as the electronegativity difference
value existing between the transitionmetals and chalcogens induces the electronically
defective sites. In general, the highly delocalized p orbitals in the chalcogens help
in exhibiting strong electronic hybridization. Hybridization strength between two
electronic states determined from the energy separation and wave function [95].
Upon hybridization of p and d orbitals, it results in a significant contribution towards
near-edge valence bands. Considering the example of CuGaS2 NCs, the 3d electrons
of the Cu strongly hybridize with 3p states of S subsequently the valence band energy
level will get push upward and resulting in smaller bandgap energy (2.34 eV) [95].

3.4 Magnetic Properties

The size and defects of the chalcogenides NCs play a role in the spinning of orbitals
which tends to explore the effect of magnetism. The smaller the size of NCs higher
the number of spins on the surface of NCs and the defective sites at cation and/or
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anion causes uncompensated spinning of orbitals resulting in the reduction of net
magnetization [96]. The possibilities of employing chalcogenides NCs as magnetic
materials involves either any one of the following approaches: (i) doping and/or (ii)
alloying or (iii) heterostructures or (iv) conjugation ofmagneticmolecules/ions (such
as Ni, Fe, Cr, Mn, Co, etc.) with the chalcogenides NCs [97–100]. From the family
of chalcogenides NCs iron and chromium-based compounds are the most investi-
gated NCs in the field of magnetism. The iron-based chalcogenides NCs (CuFeS2)
possess antiferromagnetic behaviour with an average magnetic moment of Fe atoms
reported being 1.75 µB and a Neel temperature around 823 K [101]. Similarly, the
report on chromium-based chalcogenides NCs (CuCr2Se4) had a pronounced effect
of magneto-optic at room temperature and possessed ferromagnetic behaviour [102,
103]. Some other reports on the chromium-based chalcogenides NCs stated that the
property of magnetism relies on the size as well as the synthesis approach of the
NCs too. For example, CuCr2Se4 NCs synthesized by microwave method the satu-
ration magnetization value was observed at 15 emu g−1 and coercive of 80 Oe [104,
105]. The same compound synthesized by the Solvothermal approach the particles
were observed to agglomerate with a size of 25–200 nm (inhomogeneous) express
the magnetism of 2.3 µB per Cr atom [106]. Thus the magnetism recorded for the
chalcogenides NCs are better than that of oxides and the magnetism value highly
depends on its size and defects.

4 Composites

The formation of composites using chalcogenides NCs with oxides, metals, ligands,
polymers, etc. was one of the most interesting field which involves interdisciplinary
research. The understanding of its mechanism and application behavior is not yet
clear creating a scope for the researcher to focus. In this section, glimpses of the
nanocomposites with chalcogenides NCs (ternary, quaternary) were described by
considering the point of view on its properties and applications. Initially let’s start
with having a glance at metallic chalcogenides NCs composites which are reported
to be remarkable once based on its composition and morphologies. The multinary
metallic chalcogenides NCs based on indium (In) or gallium (Ga) metallic compos-
ites tolerates stoichiometric deviation, doping and/or alloying. Considering example
of ternary composites synthesis of silver indium sulfur (AgIn2S4) NCs, the composi-
tion and stoichiometric of metals as well as chalcogens can be varied depends on the
need of their applications. Sometimes there was also the possibility of replacement
of metals Ag with zinc (Zn) without compromising much change in the phase and
crystal structure[107]. Similarly, the quaternary composites have also been reported
and the most interesting NCs of this type were Cu2ZnSnS4 which exhibits different
compounds within its lattice symmetry. Such type of chalcogenides NCs is found to
have distinguishable features than others. Apart from its stoichiometric and compo-
sition of metallic chalcogenides NCs the stable and metastable phases of the chalco-
genides NCs were also made possible [108–110]. For example in the synthesis of



Chalcogenides Nanocrystals and Its Applications 213

CuAuS NCs, the lattices in Cu and Au tends to form stable kesterite and stannate
phases making the possibility of substitution of molecules/ions in its lattice without
losing its crystallinity [108, 109].

Bailey and co-workers reported a range of cadmium based chalcogenides NCs,
including CdSe, CdTe, CdSeTe by a hot-injection method using cadmium oxide as
metal precursor and selenium, tellurium metals as chalcogen precursor. The ratio of
selenium and telluride wasweighed to relatively compensate the amount of Cd [111].
Following this report, Gurusinghe et al. mentioned that the bowing constant (i.e.,
bandgap energy vs composition relation) should be large enough to yield bandgaps
lower than binary compositions (such as Cdse or CdTe) particularly for the alloy NCs
[112]. These binary compositions with alloy or core/shell had energy emission in the
range of 800 nm (near IR) as shown in Fig. 5a with its corresponding morphology
observed using TEM images was given in Fig. 5b [111]. Weller’s research group
demonstrated core/shell and multilayered chalcogenides NCs (CdS-HgS-CdS) by

Fig. 5 a Schematic illustrations of QDs (core–shell CdTe- CdSe dots, reversed core–shell dots,
homogeneous alloyed dots, gradient alloyed dots) with its corresponding fluorescence emission
spectra; b TEMmicrographs with increased NCs size and c CdS–HgS structures. Reproduced with
permission of American Chemical Society [111, 116]
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approaching an aqueous synthetic approach. For the synthesis of CdS aqueous solu-
tion of cadmium ions (precursor), H2S (chalcogen source) and hexametaphosphate
(stabilizer) were taken. Maintaining a higher pH rate starts the nucleation of CdS and
by lowering the pH NCs growth takes place respectively. Then by approaching the
surface ion-exchange method, the mercury ions were added to cover the CdS core
upon pH neutralization. As a final step, the Cd ions were further deposited over the
HgS shell by retuning to low pH value [113]. From this synthesis approach report,
it was to be noted that during synthesis, the pH of the solution has been taken into
account and varied at each stage to attain the balanced growth of nucleation towards
core/shell NCs [114, 115]. Followed by this report, Dorfs et al. and Braun et al.
approached the same synthesis route to develop quantum dot and wells in core/shell
formation with variation in the thickness of the shell. The schematic representation
of the core/shell growth approach was illustrated in Fig. 5c [116–118].

Zamkov and co-workers demonstrated the direct growth of PbS, PbSe, and PbTe
QDs on TiO2 substrates using a hetero-epitaxial hot injection approach. For the
synthesis of PbS QDs, PbO was used as lead source and dissolved in oleic acid
(OA)/ODE, as chalcogen source elemental sulfur was taken and dissolved in ODE
solution. The prepared solutionswere injected into the round-necked flask containing
degassed oleylamine and TiO2 substrates. The hot-injection allows direct formation
and growth of PbS NCs over the TiO2 substrates. A similar procedure was carried
out for the growth of PbSe and PbTe by changing the chalcogen source selenium
for PbSe and tellurium metal for PbTe [119, 120]. Sun et al., reported the synthesis
of CdHgTe alloy NCs by approaching the process of aqueous growth treatment
followed by polymerization to obtain good transparent NCs with narrow size distri-
bution. Initially, the precursor and chalcogen source corresponding to the growth of
CdHgTe NCs alloy were carried out by the aqueous route and then the aqueous NCs
product was transferred into organic solution (octadecyl-4-vinyl benzyl dimethylam-
monium chloride, ligands) where thermally driven copolymerization takes places.
The obtained final product (CdHgTeNCs) exhibits high quantum yield nearly to 45%
and delivers stable luminescence with respect to temperature and time (Fig. 6). The
NCs with the combination of narrow bandgap with polymer composites provide a
significant path in diverse applications like solar cells, displays, LEDs, etc. For the
benefits of readers, few NCs possessing narrow bandgap are listed in Table1 which
helps new researchers to point out the materials for their desired applications [121,
122].

5 Application of Chalcogenides in Engineering Application

Chalcogenides NCs are gaining rising interest and provides their access to the
researchers in the diverse field of disciplines, including electronic devices, solar
panels, displays, sensors, amplifiers, biological engineering, medical systems, etc.
[121, 123, 124]. The chalcogenides NCs are not only limited to its engineering
applications, but it also contributes to developing interdisciplinary research. As the
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Fig. 6 a Optical image of different shaped CdHgTe NCs with polymer bulk composites; b TEM
micrograph with SAED pattern of Cd0.23Hg0.77Te NCs with polymer composite and c PL spectra
of CdHgTe NCs in aqueous solution and CdHgTe NCs with polymer composites. Reproduced with
permission of American Chemical Society [121]

Table 1 Different
chalcogenides NCs with
narrow bandgap

Chalcogenides NCs Bandgap (eV)

PbS 0.37

PbTe 0.28

CdTe 1.5

HgSe −0.06

HgxCd1-xTe −0.3 to 1.5

HgS1-xSex −0.06 to 0.5

Ag2Se 0.15

Bi2Te3 0.16

CuInSe2 1.0

CuInS2 1.2

AgInS2 1.2
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glimpses mentioned above, there are numerous methods of synthesis approach avail-
able to produce the chalcogenides NCs as of its desired size, shape and properties
towards the applications. In this section, some of the interesting applications of
chalcogenides NCs are discussed.

5.1 Photovoltaics

The two most essential qualifications to survive as photovoltaic materials are its
direct narrow bandgap and high light absorption coefficient. Currently, silicon-based
technology was ruling over the photovoltaic market due to its higher efficiency.
Still, the most commonly encountered issues existed in silicon technology are its
elevated cost and purification process [125]. To sort out this issue, second genera-
tion solar cells evolved based on chalcogenides nanoparticles in the year of 1954
with 6% of photo-conversion efficiency (PCE) using CuxS, CuxS/CdS heterojunc-
tion [126, 127]. Followed by this report, researchers made their effort in developing
numerous kinds of chalcogenides based light-absorbing materials with different
compositions/compounds and finally come up with recorded efficiency of 22% for
CIGSe solar cells [128]. The main concerns faced in the chalcogenides based solar
cells are its poor stability and high cost due to the usage of indium and gallium in
CIGSe. Enormous efforts have also been devoted to analyzing the problems associ-
ated with this technology and motivated research to make their interest in developing
chalcogenides in the form of NCs for light absorber in photovoltaic devices. Chalco-
genides NCs owing to its smaller size and quantum confinement find it as one of
the potential candidates to use as photovoltaic materials. There are several kinds of
chalcogenides NCswith different compositions such as binary (CdSe), ternary (CIS),
quaternary (CZTS) compounds of NCs were effectively used as a light absorber in
the photovoltaic devices.

The chalcogenides NCs processed by a solution-based approach can be used as a
planar configuration type of solar cells (photovoltaics). The absorber (chalcogenides
NCs) finds to be a low-cost approach and provides higher PCEhave great significance
towards NCs. Futuristic strategies on limiting the process of sintering chalcogenides
NCs, compatibility of NCs solvents for flexible substrates, thinning the absorbing
layer, designing/pattering the solar cells configurations helps in boosting the perfor-
mance of the devices. Moreover, by choosing proper solvents, ligands for compos-
ites, heat treatment progress the life span time of chalcogenides NCs by reducing the
surface traps, size of NCs, the introduction of doping, etc. resultants in boosting the
performance of the solar cells [129, 130]. Beyond their usage, as a light absorber in
solar cells, it also been used as luminescent materials for solar concentrators, counter
electrodes in third-generation solar cells (dye-sensitized solar cells) and so on.

Koreal et al. demonstrated CISe QDs NCs with reasonable PCE, but the key point
to be noted from the report is the performance of the device relies on the size of NCs.
A decrease in the size of CISe NCs from ~7 to 2 nm resulted in the enhancement of
open-circuit voltage (Voc) of the solar cells (Fig. 7a) [131]. The research group also
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Fig. 7 a Schematic illustration of CISe QDs NCs in heterojunction solar cells. Reproduced with
permission of American Chemical Society [131]; b photovoltaic (JV) performances of TiO2/CIS
QDs NCs ranging from 2–5 nm with its EQE and optical images. Reproduced with permission of
American Chemical Society [133]

stated that the decrease in size of NCs leads to the band to band process as well as
trap assisted recombination increases the Voc of the solar cells. Similar to the frame
of work, Luther and co-workers reported the synthesis of PbS QDs NCs using Hines
method and used in the PbS-ZnO heterojunction solar cells. PbS NCs synthesized
with tightly defines size distribution plays a role in enhancement in the performance
of the solar cells [132]. Generally, the size of the materials will be directly related
to its bandgap in inverse relation. The same thematic has also applied in NCs, the
decrease in bandgap leads to an increase in the size of the NCs. But it differs in the
case of QDs based chalcogenides NCs such as Pb, Cd, etc. since there is no size-
dependent electron injection takes place in QDs NCs [133]. Moreover, reasonable
EQEs have been obtained despite its dominance of defects in the charge separation
process. The PCE was observed to increase with increasing size of CIS QDs which
surprisingly is the reverse effect of the trend (Fig. 7b). From the observed PCE of
QDsNCs, it was concluded that theQDs ranging in the size of 4–5 nmwould produce
good PCE [133]. Chalcogenides NCs also used along with a combination of other
absorbing materials like perovskite (CH3NH3PbI3) for heterojunction solar cells.
For example, in the heterojunction solar cells, CIS NCs replaced the role of TiO2 in
architecture ITO/CIS/Al2O3/CH3NH3PbI3/Ag resultant in the better enhancement in
the absorption of photons and recorded PCE of~5% [134]. Similar to report on CIS,
Das et al. synthesized CIS/ZnS core/shell QDs NCs and used as an inorganic hole
transporting layer in the perovskite solar cells with a PCE of 8% [135].

For further enhancement in the performance of the solar cells as well as towards
commercialization researchers find the availability of suitable chalcogenides mate-
rials in the formofNCs based inks.Various kinds of chalcogenidesNCs inks likeCIS,
CZTS, CuSbS, CIZS, CZTGeSSe, etc. were developed and used as a light absorber
in solar cells applications. Chalcogenides NCs inks facilitate in large scale fabrica-
tion of solar cells (modules), particularly in the roll-to-roll deposition process. The
light absorption coefficient can be improved by introducing suitable elements such
as Zn, Al, Au, Ag, etc. Brik and co-workers reported the synthesis and properties
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Fig. 8 Schematic representation of MPA-coated CIS QDs NCs loaded with Ru as a hydrogen
evolution catalyst (left) and its hydrogen production activity (right). Reproduced with permission
of Elsevier [154]

of Al-doped CGS; Vahidshad et al. reported the production of Fe and Zn doped CIS
NCs [136, 137].

5.2 Sensors

Sensors are analytical devices that detect andprovide some information by interacting
with the environment and it can be of different types depending on its interaction.NCs
owing to its large surface to volume ratio, strong phonon quenching and high quantum
confinement it have been used as active sensing elements, transducer component,
and direct specific sensors. The surface modification of chalcogenides NCs also been
achieved for designing the specific kinds of nanosensors.ChalcogenidesQDsNCs are
used in the fluorescent/luminescent sensors because of their high quantumyield. QDs
NCs emits changes in the PL upon adsorption ofmolecules on the surface it [138]. For
instance, CISQDsNCs the interaction of Cu2+ molecules with physical adsorption of
environment induces reductionofCu2+ toCu+ generates electron–hole recombination
via electron transfer process results in the quenching of PL [139]. In general, PL
based sensors depends on the fluorescence quenching/enhancement where Cu based
chalcogenides NCs are also employed as acceptors in the fluorescence resonance
energy transfer (FRET) [140].

Chemiluminescence (CL)-based sensors the compound to interact with the phys-
ical environment will be in the form of a label. In this scenario, the chalcogenides
NCs (CuS NCs) will be employed in the form of nanotag as a sensing element in
the CL-based sensor [141]. A huge volume of reports existed on chalcogenides NCs
for CL based sensors with high selectivity/sensitivity [98]. Similarly, for the elec-
trochemical sensors, electrochemical signal arises due to electron interaction with
the molecules/species [142]. The determination of decomposition activity of 2O2

using chalcogenides NCs composites with ligands is well recognized for its activity
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[143, 144]. Cu2S NCs decorated with multiwalled carbon nanotubes (MWCNTs) for
amperometric glucose sensors with high sensitivity range have been reported. The
enrichment in the performance of the hybrid nanocomposites NCs can be explained
from the synergetic catalytic activity of Cu2S NC and the MWCNTs helps in the
formation of electrical networking which permits to deliver excellent performance of
the biosensor [145]. Followed by this report, several kinds of sensors were developed
using compositing chalcogenides NCs with biological agents (amphiphilic polymer,
bioconjugates, polymers, etc.) [146–148].

5.3 Catalytic Applications

Chalcogenides NCs are not only limited its application in the field of solar energy
conversion (photovoltaics) it was also used in the production of solar fuels mainly of
hydrogen energy as well as degradation of pollutants using photocatalytic process.
The compositions, size and variable valences of the chalcogenides NCs play a key
role in the mechanism of the photocatalytic process [149, 150]. Chalcogenides NCs
hold their uniqueness in catalytic activity by providing multiple reactions at partic-
ular reaction sites, ease of separation from products, light absorbance, plasmonics
enhancement, etc. [151, 152]. The production of solar fuels (hydrogen activity)
carried out using photoelectrochemical (PEC) cells similar setup like PV. In the
PEC cells, the materials (chalcogenides NCs) either be dispersed in the solution or
deposited over the conducting electrode for hydrogen production. In 1992, hydrogen
(H2) evolution activity of CIS was first demonstrated by Kobayakawa et al. using
chemical precipitate synthesized CIS NCs and the hydrogen evolution was carried
out under aqueous sulfur solution with the source of xenon arc lamp. From the report,
it is conceptualized that the stoichiometric compositions of CIS play an important
in the enhancement of hydrogen evolution [153]. Later on numerous chalcogenides,
NCsmaterials were evolved and used as a catalytic material for the production of H2.
For example, 400 µmol/h of H2 evolution rate was recorded for the ruthenium (Ru)
photo deposited CIS QDs. The evolution rate was also further improved by making
composites with semiconducting NCs. CIS QDs were attached with TiO2 NCs using
MPA linkers and over the surface of the CISQDsCdS layer was photo deposited. The
schematic illustration of the nanocomposites with its hydrogen production activity
was illustrated in Fig. 8. In the heterostructure, electrons will be photogenerated at
the CIS QDs and then electrons are transferred to the conduction band of TiO2 which
generatesH2 by reactingwithH2Oand achieved theH2 evolution rate of 3310µmol/h
with a quantum efficiency of 41% [154]. Furthermore, the chalcogenides NCs also
demonstrate excellent catalytic property in the other areas of catalytic applications,
including oxygen evolution, oxygen reduction, photochemistry and as well as in
synthetic organic chemistry.
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5.4 Energy Storage

Electrochemical energy storage device (batteries, supercapacitors) composed of
single/several electrochemical cells consisting of anode and cathode separated by
the electrolyte solution. So far lithium (Li) based energy storage devices recorded its
benchmark activity in the field of battery market due to its higher output efficiency
[155]. Besides its higher output power there remain to be some unsolved challenges
like cost, toxicity, complicated synthesis approach, etc. in the existing technology.
Modern generation needs are focused keenly on the robust development of mate-
rials with portable applications. With the support of nanotechnology, the unsolved
challenges are been handled by synthesizing materials with different nanostructures,
making compositions and so on.Yamakawa and co-workers reported a detailed inves-
tigation of the reaction mechanism of Li with CuS NCs. The formation of LixCuS
was achieved by a two-step reaction method. Initially, the intercalation formation
between Li and CuS was observed followed by which the conversion reaction of the
LixCuS insertion phase (Fig. 9) [156].

Due to the higher electronic conductivity of the sulfide phases, there may be a
higher probability for the cause of intercalations of ions at the LixCuS/Cu inter-
faces. Moreover, during the intercalations at the interfaces, the Li+ ions gets diffuses
rapidly results in the induced formation of Li2S contributing towards the formation
of composition Li2S/LixCuS. Hence in the growth mechanism of LixCuS, the Cu
particles might have less impact and allow the higher possibilities for the growth of
Li2S [157].

Looking from the supercapacitor’s perspective of the chalcogenides, its high theo-
retical value and valence states of metal constituents (specifically of sulfur groups)
had its impact in the field of applications. Various sulfide-based materials and its
compounds have been used as active materials for supercapacitor. An interesting
report proposed by Qian and co-workers about the synthesis of CuS nanotubes as
active materials for supercapacitor. The CuS NCs with nanotube like morphology
delivers the output performance of 2175 F/g at the current density of 15 A/g. The
higher performance of the devices was briefed in the report relating to its large
surface area, high electron transfer passage and porosity of CuS nanotubes (made
of NCs), faster redox rate and charge transfer resistance. The obtained output power
was observed to 17 folds increase in value to that of the existing report on CuS-
CNT composites [158]. Even thoughwide varieties of chalcogenides basedmaterials
are reported in the field of energy storage devices still some of the challenges like
boosting the capacity retention and stability of the devices are need to be addressed
[159].
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Fig. 9 Schematics illustrating possible reaction pathways for the three systems, assuming a single
electrical contact to a LizCuXn a–c CuF2, d–f, CuS, and g, hCuO. Reproduced with the permission
of the American Chemical Society [156]

5.5 Bio-Application

Apart from the energy sectors, the chalcogenides NCs also place its path in the
field of biological sciences. The tuning ability of size, shape, and compositions of
chalcogenides NCs finds its usage for targeted drug delivery, therapeutic devices,
bio labelling, radiations therapy and so on. The most complicated problem existing
in the biological fields is its compatibility. Proper chalcogenides NCs have poor
compatibility in integrating with the biological environment. To make the biocom-
patible chalcogenides NCs the surface modifications treatment will be carried out
which in turn helps in tuning its properties. In the surface treatment of NCs ligands
and/or polymeric agents were most commonly used. For example, the polyethy-
lene glycol (PEG) was most often used with the chalcogenides NCs to make to be
biocompatible. Since the PEG was highly hydrophilic in nature as well as non-toxic
it helps in binding with proteins, molecules or cells. Holding the advantage of its
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PEG composited chalcogenides NCs can be used in the therapeutics applications
[160].

Likewise, in the application of chemotherapy, NCs hold their uniqueness of higher
carrier ability of anti-cancer drugs. The loading of drugs can bemaximized by playing
with the surface modification of NCs and there is plenty of literature available on
this subject. Among the various treatments, the simplest approach was surface func-
tionalization with respect to its biomolecules. For example, Gelatin gel will be used
to conjugate with CuS NCs to carry over the drugs, the gelatin gels help in building
enzymes that induce the responsive drugs [161]. In the intensive field of cancer
treatment, the NIR radiation (700–1200 nm) source will be used owing to its high
transparency towards tissues, skins, blood fluid, and cells. For these kinds of specific
needs, the materials like CdS QDs NCs will be used which absorbs a wide range of
electromagnetic spectrum particularly in the near and IR region [162, 163]. Some-
times the plasmonics particles like Ag, Au will be anchored on the surface of the
chalcogenides NCs for the usage in targeted drug delivery, biosensors, etc. Similarly,
several different functionalization routes have been explored to make the chalco-
genides NCs biocompatible and there remain futuristic works to be carried out in
biocompatibility of the chalcogenides NCs.

6 Conclusion

In summary, an outline about the chalcogenides NCs along with its synthesis
approach, properties, engineering applications and future scope in this field were
discussed. A comprehensive discussion was made concerning the effects of stoichio-
metric compositions and the size of chalcogenides NCs with different compositions
(binary, ternary, quaternary). The fundamentals of materials properties, including
phase structure, optical properties, electrical properties, and magnetic properties,
were explained in detail. A focus on the engineering applications (photovoltaics,
sensors, biological, catalytic) of the chalcogenides NCs were also detailed in the
chapter. Notwithstanding the importance of the chalcogenides NCs it finds its path
in the diverse field of science and technology. Even though it holds its benchmarking
effects in various fields, still there remains much complexity to solve. Many inter-
esting riddles still exist in the development of NCs, for instance: no reports available
on exploring sizes/shapes of NCs to enhance its properties in the end-user applica-
tions. Likewise, some of the challenges in the field of chalcogenides NCs growth are
its versatility, compositions, stability which provides an open path to beginners to
involve in the field of research.
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Abstract Zero dimensional nanostructures that are electronically confined in all
directions are called quantum dots. These nanosized dots are usually crystallized
semiconductor with enhanced properties of fluorescence. Unlike the one- and two-
dimensional nanoparticles such as thin films and rods, quantumdots can be fabricated
from a widespread range of elements such as metals, metal complexes, carbon, and
rare earth elements. Quantum dots can be used as molecular carriers without any
loss of energy whilst enhancing the properties and functional characteristics of the
foreign molecule. Thus, quantum dots are utilized in applications including elec-
tronics, delivery of drugs, solar panels, medical imaging and waste treatment. The
present chapter discusses various approaches for synthesizing quantum dots and
their associated physical and chemical properties. In addition, nanocomposites are
discussed alongwith their recent applications in various fields as they are synthesized
by blending different materials with quantum dots.
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1 Introduction

Nanoparticles are generally classified into three types based on their dimensionality
namely; one-dimensional (example: nanosized tubes of carbon), two-dimensional
(example: graphene layers) and the three-dimensional (example: nanocrystals) parti-
cles. The dimensional classification of nanoparticles is based on the confinement of
electrons in directional axis [74]. For instance, carbon nanotubes are formed by
confining electrons in y, z-axis and allowing them to transport only in the x-axis
which is nanometer in diameter [157]. Quantum dots are introduced as a novel type
of nanoparticles, which can confine electrons in each of the three dimensions and are
named as nanostructures with zero dimensions [209]. Quantum dots are generally
below 10 nm in size that can exhibit quantum effects [159]. Quantum effects include
inelastic electron tunneling [56], quantum tunneling [212], Fermi-Dirac distribution
[136], quantum gravitational [230] and non-local effects [162]. It is noteworthy that
the synthesis approaches of quantum dots play a crucial role in deciding their proper-
ties [76]. Quantum dots are widely synthesized via physical [4], chemical [181] and
biogenic approaches [155]. Chemical approaches are extensively used for quantum
dot fabrication to be beneficial in electrical and electronic purposes [134]. However,
these approaches possess drawbacks such as ability to trigger toxic reactions in
humans and the environment, which hinder their potential to be used in biological
applications [132]. Thus, biogenic approaches to synthesize quantum dots which
possess enhanced biocompatibility, bioavailability and less toxicity were introduced
[217]. Mostly, these two approaches are used to fabricate quantum dots and physical
approaches are used to coat them over nano/micro/bulk substrate [135, 191]. Certain
quantum dots were also synthesized using physical approaches however, they lack
stability, specific quantum effects and involves high cost during synthesis [184]. The
selection of perfect synthesis approach [16] and strict characterizationmethods [156]
is essential in the fabrication of quantum dots for desired applications. Quantum dots
gainedmuch attention towards research due to their widespread applications, ranging
from electronics [85] to photo catalysts [182] and from biomedical [180], pharma-
ceutical [79] to carbon sequestration [57]. Thus, the present chapter discusses various
approaches for synthesizing quantum dots and their associated physical and chem-
ical properties. Subsequently, nanocomposites which are synthesized by blending
different materials with quantum dots are also discussed along with their recent
applications in material engineering and various other fields.

2 Synthesis Approaches

Thenanosizeddots in quantumsize and semiconductor properties havegained incred-
ible attention in photonics due to their inimitable opto-electronic properties that are
significantly different from bulk substances [22]. By tuning their size, the quantum
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dots have enhanced effects in conventional solar cells, lights with solid-state char-
acteristics, and labeling applications in biology [66]. This means by using various
synthesis approaches, it is possible to obtain quantum dots with enhanced absorption
and emission spectra [5]. Thus, the synthesis of quantum dots can be achieved by
using three core strategies; biological, chemical and physical methods.

2.1 Physical Approaches

Various synthetic approaches have been used for the fabrication of nanosized dots
based on the involvement of materials and size range requirements. The physical
approach usually involves growth along with nucleation of the particles in the Vapor
phase [22]. Synthesis through physical approaches can hold various advantages such
as; simple method, maintenance of desired pressure, temperature, deposition rate,
uniform deposition of the material on the substrate and materials growth in various
forms such as powder and thin films [7].

2.1.1 Vapor Deposition

The development of quantum dots through the vapor phase methods usually involves
the deposition of quantum dots in an atom-by-atom process [5, 88]. One of such
methods is themolecular beam epitaxy (MBE),where the thin films of PbTe/CdTe are
grown epitaxial at high or ultra-high vacuumwith the rate of deposition, characterized
below 3,000 nm/h [20]. The dot size is successfully reduced by altering the thickness
of PbTe epilayers on thematrix of CdTe throughMBE. Thewell-organized reduction
of quantum PbTe/CdTe dot-size was determined by growing layers of PbTe with the
thickness of 1–10 nm on the 50 nm thick CdTe layers and annealed at 340 °C for
10 min. The variation in the layer thickness of the PbTe results in distinct sizes and
shapes, which is confirmed through across sectional, dark-field TEM analysis. Thus,
the control over the size allows quantum dot luminescence tuning over a range of
2.2–3.7 μm spectra. This study demonstrates emission in the ultra-broadband region
from quantum dots with multilayers, which can be used in super luminescent diodes
[55]. Among vapor phase methods, physical vapor deposition is the most common
technique for quantum dot fabrication which includes sputtering, laser ablation and
thermal vapor deposition.

Sputtering is the technique inwhich the target surface is bombardedwith a gaseous
ion that is applied between target and substrate to eject the atoms or molecules from
the target to be deposited on a substrate in the vacuum chamber under high voltage
acceleration [14]. Recently, Dahi et al. [37] synthesized CdSe quantum dots through
radio frequency magnetron sputtering. The size and shape of QDs are controlled and
developed at target to substrate distance of 13.5 cmwith 2.2× 10−1 mbar of chamber
pressure. The mean diameter of CdSe quantum dots is 7.2 nmwhich was obtained by
the radio frequency power of 14 W and 7.5 min time of deposition. It is noteworthy
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that there is a quantumCdSe dot size increment with an increase in the RF power and
deposition rate [37]. Likewise, the surface material is removed via laser irradiation
in laser ablation technique. The high laser beams power hit the target surface, which
rapidly increases the temperature of the absorbing material and converts them into
plasma [90]. Moreover, Horoz et al. [65] synthesized quantum CdSe dots via laser
ablation technique in aqueousmediumand studied their applications as photovoltaics.
During the synthesis, sufficient quantity of CdSe QDswas collected after running the
laser ablation for a long duration. Later, QDs formation was indicated by the color
change of the solution.Wurtzite CdSe quantum dot structure with an average of 5 nm
size was obtained, which is confirmed by XRD and TEM analysis. The CdSe QDs
were integrated with ZnO nanowires without using any ligands to fabricate the solar
cells with quantum sensitization. The nanowires of ZnOwere developed by chemical
vapor deposition (CVD) approach using the FTO as a substrate and the formation of
surface contaminationswas avoided by annealing and altering growth conditions. The
obtained CdSe QDs were free of ligands that reduce the blockade of transferring and
extracting the electron between QDs and ZnO nanowire and potentially improved the
solar cell efficiency with quantum sensitization. Additionally, the performance of the
cell with 0.43 mA/cm2 as current density and 0.48 V as voltage was obtained, which
recommends that the material possess great potential in photovoltaic applications
[65]. Another novel technique for quantum dot fabrication is the thermal evaporation
deposition, which involves the heating of solid materials in a vacuum chamber. The
material gets vaporized and hits the substrate. Niobium pentoxide (Nb2O5) quantum
dots were already reported to be synthesized through thermal evaporation technique.
It was described byDhawan et al. [43] that Nb2O5 quantumdots of distinct sizedwere
obtained via a thermal evaporation method by varying the deposition rate duration
[43].

Another significant technique is the chemical vapor deposition, which contrasts
with the other techniques. In this approach, the growth of semiconductor material is
mediated by chemical reactions and not by physical deposition. It was demonstrated
by Fan et al. [49] that quantum graphene dots are developed on copper substrate
by atmospheric pressure CVD (CGQds). A uniform size distributed CGQDs of 5–
15 nm was produced by altering parameters such as growth time, growth cycle and
the methane flow rate [49]. In another report, Kumar et al. [100, 101] used chitosan
for nitrogen doped dots of graphene fabrication (N-GQDs) via atmospheric pressure
CVD. In this experiment, the chitosan serves as carbon material for the development
of graphene dots and the nitrogen gets doped in the quantum nanosized dots. The
fabricated N-GQDs were in the average diameter of 10–15 nm [101]. Even though
various physical techniques have been successfully used for quantumdots fabrication
with size tunability, there are some intrinsic disadvantages such as the usage of costly
instruments and tediousness associated with the separation from the substrate [138].
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2.2 Chemical Approaches

Chemical synthetic approaches have been extensively used as an alternate to phys-
ical approaches for quantum dots preparation with desirable size, colloidal nature
and properties by tuning the precursor concentration, reaction time, use of various
solvents and temperature [9, 88]. The formation of quantum dots through chemical
approach follows two unique steps namely; nucleation and growth [176]. Li et al.
[110, 113, 115] studied the influence of solvent reaction on temperature and polarity
on the growth along with nucleation of the quantum dots using ether as solvent with
different polarity. It is exciting to observe that the quantum dot size decreased with
increase in solvent polarity, whereas, increasing the reaction temperature has led to
an increment in the quantum size of the dots [110]. In this chemical approach, the
colloidal and water-soluble quantum dots are synthesized using certain exclusive
methods such as a hot-injection method, non-injection method, solvothermal and
template assisted synthesis methods.

The injection with heat technique comprises of cold precursor in addition to
hot metal-organic precursors, typically at the temperature of 300 °C, which primes
the instantaneous CdSe nuclei formation and size reduction of CdSe nanocrystals by
increasing the growth temperature [40]. In recent times, Osman et al. [133] developed
a highly luminescent CdSe quantum dots through the hot injection method in a single
stage. The synthesis yielded six sampleswith six distinct colors such as orange, green,
yellow, blue, red and purple with the spectral range of 445–643 nm, by altering the
molar ratios of cadmium to zinc and selenium to sulfur [133]. Likewise, Mahajan
et al. [122] synthesizedCdSe semiconductor crystal using injectionwith heatmethod,
in which the gap of nanocrystal band is reduced by the steady integration of sulphur
into CdSe [122]. However, this method possesses limitations such as the requirement
of operating in harsh conditions, which hinders the large-scale production.

The non-injection method was introduced to overcome the limitation of hot injec-
tion method, where the reagents are loaded at optimum temperature and refluxed
with heat for initiating growth along with nucleation of nanocrystals, which is a
capable large scale production method [214]. Moreover, Chen et al. [29] has devel-
oped quantum perovskite cesium-lead halide dots through non-injection method.
Size tunable quantum nanosized dots are attained via alteration of reaction temper-
ature and also the emission spectra positions that are conveniently tuned in the
ultraviolet-near infrared region (360–700 nm) [29]. Moreover, the solvothermal
synthesis method is simple, cheap, nontoxic and environment friendly to produce
quantum dots. This method involves heating of precursor with solvents in a impen-
etrable autoclave for maintaining an elevated temperature and pressure to attain
enhanced nanocrystal [198]. Zaho et al. [219] developed amphiphilic, 2–5 nm sized
carbon dots through solvothermal method. The viability of the prepared carbon dots
was tested against HeLa cells up to 500mg/ml and the viability of the cells was noted
to be up to 85%, which indicates the biocompatibility of the material [219]. Simi-
larly, quantum graphene dots (GQDs) with two different series such as GQDs with
the same size and different oxidation state as well as GQDs with different size and
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similar surface chemistry for tuning the photoluminescence was reported by Qi et al.
[139] via solvothermal method. The electrochemiluminescence (ECL) was adopted
to study the photoluminescence (PL) mechanism and surface chemistry of the two
different series of GQDs. This method provides exclusive materials and the opportu-
nity to investigate the PL, with respect to the surface chemistry and the altering sizes
of yielded quantum nanosized dots. The results of the study revealed that the larger
size and higher oxidation in the surface led to the GQDs shift of PL towards red.
The ECL technique also showed the evidences of conjugate GQDs structures, which
has negligible surface defects and are responsible for the exclusive PL phenomenon
[139].

Other than the above mentioned methods, template assisted synthesis method is
one of such promising methods, which is convenient for controlling the morphology
of quantum dots with ease [116]. This method comprises of nuclei growth that
invariably nucleates at the holes and the defect of the electrode substrate. Templates
such as porous polymer membranes and anodic aluminum oxides (AAO) have been
widely utilized to prepare semiconductor nanocrystals. TheAAOtemplate has several
advantages in producing quantum dots with uniform diameter [15, 72]. CdSe/ZnS
quantum dots embedded polymer composites were developed byWeaver et al. [190]
via template assisted synthesis. The surface quantum nanosized dots properties were
tailored by encapsulating the quantum dots in various commercially available poly-
mers. It was found that encapsulation of quantum dots in polymers resulted in either
loss or gain in their optical emission, which is due to the presence of octadecyl amine
in the solution and also resulted in gelation [190]. Another experimental work by
Kim et al. [91] demonstrated the synthesis of nanoporous CdSe quantum dot masks
to yield a regular nanostructured film on the graphene base plane. The thin silica film
was incorporated on the graphene surface as the template of nanoporous mask. The
hexagonal nanostructure array was obtained with the dot size of 10 nm. This indi-
cates that the utilization of graphene with a nickel layer and nanoporous silica mask
are required to obtain CdSe quantum dots in an array structure on the base graphene
plane, which leads to the mechanical and electrical property enhancement [91]. In
both physical and chemical approaches, concentration of precursor and reducing,
stabilizing or physical energy is the crucial factor, which determines the size of
quantum dots, and eventually decides their properties. Further, chemical methods
also possess certain limitations, similar to physical synthesis approach, especially
in terms of using toxic precursor and stabilizing agents to fabricate quantum dots,
which are not advisable to be used in biomedical applications [77].

2.3 Biological Synthesis

Quantum dots have wide range of applications in photocatalysis, energy conversion,
optoelectronic devices and chemical sensors. Moreover, they have great potential in
biomedical field including; delivery of drugs, bioimaging, biomarkers and biosen-
sors [154, 183]. It is expected that quantum dots should have properties such as
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high stability, less toxicity, biocompatibility, bioavailability and bioactivity, due to
their enhanced biomedical applications [68]. However, traditional synthesis methods
such as physical and chemical approaches often result in usage of costly equip-
ment, hazardous chemicals which are not cost effective and environment friendly.
Thus, biosynthesis methods for quantum dots fabrication are introduced to avoid the
challenges of conventional synthesis methods [18]. The synthesis of quantum dots
through biological methods involve; plants, bacteria, fungi, algae and virus. In recent
times, these methods have proven to be highly beneficial and grabbed the attention
of researchers for the scaled-up quantum nanosized dot production.

2.3.1 Plant Synthesis

Plants show a vital character in quantum nanodots production, compared to any other
synthesis methods. Plants are widely used in quantum dot synthesis due to their high
availability, safe to handle and the presence of phytochemicals including alkaloids,
phenols, terpenoids, quinines, flavonoids and tannins which acts as stabilizing and
reducing agent to facilitate the formation of zero dimensional particles [3]. A recent
study testified the fabrication of green quantum carbon dots via sugarcane bagasse
pulp. The results showed that the average particle size of the green carbon dots was
4.1± 0.17 nm [169]. In another study, fluorescent nitrogen doped dots of carbon (N-
CDs) was fabricated via green chemistry using fruit extract of Actinidia deliciosa as
a source of carbon and ammonium as a dopant of nitrogen. The obtained spherical N-
CDs emitted fluorescence in blue colorwith 3.59 nmas an average particle size. These
N-CDswere tested for its cytotoxicity against L-929 and activity of anticancer against
breast cancer cell lines (MCF-7). The results demonstrate that the ‘as prepared’ green
synthesized N-CDs shows high biocompatibility in L-929 cell lines with the cell
viability of <90% and the cell viability of MCF-7 was <80%. The photocatalytic
activity against Rhodamine B dye using N-CDs as a nanocatalyst was also studied
in the presence of NaBH4. The results without adding N-Cds demonstrate that in the
presence of NaBH4, the RhB was decreased to a minimum level after 2 h, without
any catalyst. In the case of N-CDs, the intensity of RhB gradually decreased and the
reaction was completed in 10 min, which indicates the high catalytic activity of N-
CDs [6]. In another report, Vandarkuzhali et al. [177] synthesized green fluorescent,
2.5 nm sized carbon quantum dots using a pseudo stem of the banana plant through
the hydrothermal method. The study showcased that the quantum dot exhibits low
cytotoxicity against HeLa cells with the cell viability of about 95% at 0.5 mg/ml
of concentration. It is noteworthy that even at 1 mg/ml of concentration, the dots
showed 85% of viability. These quantum dots were also used as a potential materials
for bioimaging and for the detection of Fe3+ [177]. Likewise, Borovaya et al. [21]
described a novel green fabrication technique for CdS quantum dot fabrication of size
5–7 nm using hairy Linaria maroccana L. root culture [21]. These studies show that
the plant mediated synthesis methods for quantum dots are environment friendly
with less toxicity towards healthy human cells, which have promising benefits in
cell biology, bio imaging and drug delivery. However, the stability of synthesized
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quantum dots in culture medium and body fluids remains as a limitation, which has
led to hybrid methods of incorporating microwave or ultrasound. In future studies,
it will be possible to overcome the stability issue while fabricating quantum dots via
plant extracts using these hybrid synthesis approaches.

2.3.2 Microbial Synthesis

Quantum dot synthesis via biological entities could be another promising method
for producing clean, environment friendly and non-toxic zero-dimensional particles.
This method has emerged as an alternative to plant mediated quantum dot fabrication
approach for elevating their stability [158]. Prokaryotic microbes have advantages of
growing at a faster rate, which has potential in yielding less or non-toxic quantumdots
to overcome the issues of toxicity in conventional methods. In this regard, Bao et al.
[12] recently developed biocompatible CdTe quantum dots through Escherichia coli.
The quantum dots were also synthesized using conventional hydrothermal methods
and tested against PC 12 cells to analyze their cytotoxicity. The results indicated that
the hydrothermal synthesized quantum nanosized dots at >500 nM concentration
has shown significant toxicity towards PC 12 cells, whereas, the E. coli synthesized
quantumdots have upheld viability of cells to 92.9%, even at a concentration of 2μM.
This shows that the E. coli derived quantum dots possess better biocompatibility,
compared to hydrothermally synthesized quantum dots [12]. Likewise, Bruna et al.
[25] synthesized fluorescent CdS byHalobacillus sp. DS2with highNaCl resistance.
The synthesized quantumnanosized dotswith a range of sizes (2–5 nm) and enhanced
stability was tested against high NaCl concentration, and the findings illustrated that
theHalobacillus synthesized quantum nanosized dots uphold their fluorescence after
4% NaCl exposure [25].

Other than bacteria, fungi, yeast and algae such as Pleurotus ostreatus, Saccha-
romyces cerevisiae and Candida albicans are also capable of producing quantum
dots. It was reported that quantumCdS dots were fabricated by incubating the CdSO4

with the fungus Pleurotus ostreatus at 26 °C for 10 days. The produced quantum
CdS dots was in 4–5 nm size with wurtzite crystalline structure [19]. Likewise,
30–40 nm sized, ZnS quantum dots in sphalerite phase were synthesized by opti-
mizing the concentration of ZnSO4 and Saccharomyces cerevisiae yeast strain at
different time periods. This study shows that the yeasts are also a potential source for
the bio production of quantum dots [123]. Furthermore, microalgal biomass possess
significant characteristics which comprises of efficient photo catalysts, high ability to
capture carbon and for food production [57]. These microalgal extracts can serve as a
source of carbon for quantumcarbon dot fabrication, due to itsworldwide availability.
The 8 nm sized quantum carbon dots were produced via eutrophic algal blooms. The
cytotoxicity screening was carried out against MCF-7 cells, in which 60% viability
was observed, even at high dosage (1 mg/ml). In addition, the in vitro bio imaging
ability of CDs were also investigated using confocal images by treating 0.2 mg/ml
of CDs with breast cancer MCF-7 cell lines. A durable green photoluminescence on
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the membrane of cells was observed which indicates that the CDs possess cell pene-
tration ability and exhibited fluorescent property enhancement capability in the cell
environment [145]. The precursor concentration, extract volume, reaction time and
temperature are the essential parameters, that must be optimized during biosynthesis
process to yield size reduced quantum dots [24, 163]. In summary, the biosynthesized
quantum dots are highly biocompatible, efficient in cellular uptake and have great
potential in high contrast bio imaging applications. However, stability, long duration
of microbial culture and the difficulty in the optimization of synthesis mechanisms
are the drawbacks which hinder the biogenic approach for scaled-up quantum dots
production.

3 Nanocomposites of Quantum Dots

Composites are a combination of two or more different materials that are blended to
produce drastically enhanced electrical, optical and mechanical strength properties
that are not possible to be attained via individual materials. The nanocomposites are
novel composites, in which at least one of the component must be in the nano-size
regime [75, 125]. Nanocomposites of quantum dots can be composited with poly-
mers, metal/metal oxides, carbonmaterials and biomolecules to enhance their unique
properties for desired applications such as non-linear optical devices, computing and
electro-optical devices.

3.1 Polymer—Quantum Dot Composites

Quantum dots are found to possess numerous applicational significance in
biosensing, bioanalysis, image probing, multicolor imaging, viral capsids, lasers,
photovoltaic cells and diodes with light emitting capability [190]. Due to charge
mobility, indissolubility and photoluminescence instability of quantum dots, the
passivation process are needed to be modulated for increasing the luminescence
efficiency of the device [146]. Such modifications can be achieved by encapsu-
lating quantum dots in polymers with superior charge mobility and high stability
to improve their photoluminescence. It is noteworthy that encapsulating QDs with
certain polymersmay result in either gain or loss in their photoluminescence emission
[190]. Also, Bobrovsky et al. [17] demonstrated a novel nanocomposite of CdSe/ZnS
quantum dot and liquid crystal with nanoporous polypropylene polymer at different
spin ratios. The polypropylene served as a polymer matrix and quantum CdSe/ZnS
dots as an inorganic fluorescent component. The results demonstrated that the filling
of liquid crystals provided a low light scattering ability and high optical transparency
of the composites. The spin draw ration of the polypropylene had strong optical
effects towards composite films.Hence, introduction of quantumdots into polypropy-
lenewith a low spin draw ratio has beenmaintained by a noticeable dichroism decline
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of the resultant liquid crystal composite film [17]. Likewise, polymer-quantum dot
nanocomposites of highly ultra-stable and luminescent quantum ZnS/CdSe@ZnS,
ZnS/CdS and CdS/CdSe dots with polydimethylsiloxane (PDMS) was developed by
Kong et al. [95] via in situ hydrosilation based strategy of manipulating the surface.
Solvent dosage effect, time required for purifying QDs, curing temperature, concen-
tration of quantum dots in PDMS and oxidation processes were analyzed for the
optimization of properties. The quantum dots emitted blue, green and red fluores-
cence lights. The resistance of quantum dots on various solvents namely deionized
water, acetone and ethanol, was examined by immersing the composites into it. After
2 h of treatment with ultrasonic waves, the intensities of blue, green and red fluo-
rescence, were diminished by 0.12, 0.1 and 0.06, correspondingly, which indicates
that the fluorescent material possess enhanced solvent resistance property. Finally,
the quantum yield of 82.03% was obtained by exploring the solvent dosage, curing
temperature, purification time and concentration which proved that the composite
material has excellent solvent resistance with high stability [95].

3.2 Carbon Material—Quantum Dot Composites

Quantum carbon dots have fascinated greater consideration in recent years due to
their size dependent photoluminescence, exceptional up conversion ability, inertness,
stability towards photobleaching, aqueous solubility and low cytotoxicity [205].
These advantages have made them a widely used choice in bioimaging, optical
sensing, photocatalysis and fast energy conversation [204]. Lim et al. [118] fabri-
cated quantum carbon dots using citric acid and ethylenediamine (EDA), and investi-
gated their optical, electrical and structural properties. The obtained CQDs exhibited
cyan color under ultraviolet irradiation at 365 nm with the size range of 10 nm.
Moreover, the electron extraction characteristics were investigated by fabricating
CQDs as an interfacial layer to act as photovoltaic cells. It can be noted that the
CQDs possess enhanced charge transport properties due to the addition of EDA and
citric acid [118]. In recent years, quantum dots are combined with carbon materials
have gained attention due to their remarkable optical, photovoltaic and enhanced
photocatalytic properties. Wang et al. [188] synthesized a series of metal (zinc,
cobalt, bismuth, cadmium, titanium) doped carbon quantum dots (CDs) via pyrol-
ysis to evaluate their photocatalytic properties. The CDs with metal dopants were
further joint with co-catalyst such as nanowires of CdS for photocatalyst mediated
production of hydrogen. The composite of CdS/CDs with dopants namely titanium,
cadmium and bismuth, showed improved production of hydrogen than composites
of undoped CdS/CDs. The hydrogen evaluation of composites formed by CdS/CDs
with bismuth as dopant is 4.2 times and slightly higher than individual CdS. This
property of quantum dot can be attributed to the outstanding electron transfer prop-
erty which was achieved due to the nanocomposite formation of two materials [188].
In another study, CdSe quantum dots are combined with nanotubes of carbon having
multi-walls (MWCNT) and CdS with graphene by Chen et al. [28] via hydrothermal
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approach. The ‘as prepared’ composites were evaluated for its photocatalytic activity
against methylene blue dye under irradiation of visible light. The graphene-CdS and
MWCNT-CdSe composite showed excellent photocatalytic activity than pure CdSe
[28]. Hence, the combination of carbon material with quantum dots will provide new
insights in future for quantum carbon dot nanocomposite preparation with exclusive
properties.

3.3 Metal—Quantum Dot Composites

The combination of metal/metal oxide nanoparticles with quantum dots is vital for
fabricating solar cells for next generation, diodes light emitting capability and arrays
of nanostructured electronics. The quantumnanosized dotswith semiconductor prop-
erties including CdS, CdSe, InAs, PbS and organic-inorganic hybrid perovskite have
been utilized in solar cells formed of dye-sensitization as a photosensitizer due to
their adjustable band gap depending on the QDs size, stable chemistry, improved
optical absorption, coefficient of extinction with ability to form numerous excitons
[171]. Leschkies et al. [109] combined CdSe semiconductor quantum dots with ZnO
nanowire to develop an innovative solar cell by sensitizing quantum nanosized dots.
The quantum cadmium selenide dots were mercaptopropionic acid encapsulated and
were fixed over nanowires of ZnO surface. The injections of electrons were carried
out across quantum dot-ZnO nanowire nanocomposite interface via electronic state
overlaps of ZnO conduction band and nanosized dots. These solar cells with dye-
sensitized nanowire in quantum regime displayed 1–2 mA/Cm2 of short circuit and
100mW/cm2 of open circuit after illumination and simulated by AM 1.5 spectrums.
Moreover, the fabricated composite has exhibited 50–60% higher quantum efficien-
cies at core [109]. Likewise, Kulakovich et al. [99] has developed quantumZnS/CdSe
dots on gold colloids for enhancing their luminescent property. Quantum ZnS/CdSe
dots and gold colloids were depositedwithwell-defined spacer layers using polyelec-
trolyte deposition in layers to observe enrichment related to distance and quantum
dot quenching of photoluminescence. The core-shell nanocomposites of ZnS/CdSe
were fabricated via reactions at elevated temperatures in the mixture of TOPO/HAD.
The obtained quantum dots were 8 nm in size and colloids of gold with a diameter
of 12–15 nm was fabricated via HAuCl4 reduced by citrate approach. The combina-
tion of gold colloid with quantum CdSe/ZnS dots resulted in further effectiveness of
QDs excitation property, compared to the quantum dots without gold colloids. The
efficient excitation of quantum dot-gold colloidal nanocomposites was proved by
surface plasmon resonance observation in the quantum CdSe/ZnS dot spectrum of
photoluminescence excitation [99]. Moreover, Galyomedinov et al. [51] also studied
the quantum CdSe dot luminescence in the PMMA matrix that are deposited on the
ion implanted silver nanoparticles containing sapphire substrate. The results showed
that the photoluminescence enhancement in the quantum dots is due to their exci-
tation in the spectral plasmon absorption band region of silver nanoparticles. Also,
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luminescence quenching may also occur in a number of quantum dots, when they
are in contact with silver nanoparticles [51].

3.4 Novel Quantum Dot Nanocomposites

Quantum dots have distinct advantages in biological field as a biosensor, bio markers
and image probing [31, 82]. Currently, heavy hybrid quantum dot composites are
restricted in biological applications due their potential toxicity that are identified
via in vivo studies. The limitations of toxicity can be avoided by bioconjugation
of quantum nanosized dots using biorecognition elements such as aptamers and
nucleic acids through covalent and non-covalent can be considered [126]. He et al.
[64] functionalised ZnxHg1-xSe quantum dots with proteins via one spot single step
reaction at room temperature. Initially, the ‘unfunctionalized’ ZnxHg1-xSe quantum
dots were prepared using MPA as ligands. A maximum quantum yield of 25.6%
was obtained at 10% molar ratio with 4 ± 0.6 nm of size with extreme emission
spectra at 704 nm. The ‘as prepared’ quantum dots exhibited bright red lights near
the infrared photoluminescence that are highly beneficial for bioimaging applica-
tions. The bioconjugated quantum dots were prepared by using various protein
molecules such as BSA, Lysozyme, Trypsin, Haemoglobin and Transferrin. The
bioimaging ability of the ‘as prepared’ protein functionalized ZnxHg1-xSe quantum
dots were compared with the traditional CdSe QDs. The results revealed that the
CdSe QDswere photo bleached swiftly after 30min of excitation, while the quantum
ZnxHg1-xSe dot photoluminescence was retained even after the excitation for 60min.
These results indicate that the bioconjugation of protein-quantum dot has led to high
quantum yield, high colloidal photostability and high functionalization efficiency
[64]. Likewise, Tikhomirov et al. [172] developed a novel, self-assembled quantum
cadmium telluride dots with specific sequences of DNA along with mercaptoacetic
acid (MPA). Guanine oligomers were used for phosphorothioate sequence anchoring
to attach with the ligand of DNA. The results showed that the G-oligomers with short
sequence produced quantum dots of smaller size with yield of improved emission,
compared to longer G-oligomers. This indicates that the 5–20 range of nucleotides
were suitable for quantum dot binding efficiencies. The absorption and emission
spectra were observed on quantum dots growth in the presence of oligonucleotides.
Moreover, X-ray photoelectron spectroscopy analysis revealed the binding at surface
and quantum nanosized dot composition. These results established that MPA bonded
to quantum dot via thiol moiety by replacing telluride, which is ascribed to the passi-
vation of CdS-like shell upgradation. In addition, the photophysical properties were
investigated using the red, orange and green quantum dots. The red dot with smaller
band gap has symmetric dual to it. Furthermore, the orange colour emitting dots were
altered to have irregular valency in the centre, so that two orange dots would bind
dual valency to attach with a red and green dot site. As a result, the contribution of red
dot to the total absorption spectra was identical to one-fifth and the green and orange
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was two-fifth. Hence, this work demonstrated that the tuneable quantum dots assem-
blies via bonding materials such as DNA can be used in nanoscale optoelectronic
applications [172]. In general, all these nanocomposites are synthesized to over-
come the limitations of the conventional quantum dots by blending two materials.
Thus, nanocomposites are extensively used in recent times for improving the prop-
erties of quantum nanosized dots and will replace simple quantum dots for desired
applications in future.

4 Physicochemical Properties of Quantum Dots

The physiochemical entities of the quantum dots are defined by their shape, structure,
composition and size [58],which eventuallymodifies their crystallinity and electronic
configurations as illustrated in Fig. 1. The wide application of quantum nanosized
dots, including biomedicine, LEDs, solar cells, sensing applications and lasers are
due to their exclusive properties [161]. Recent studies illustrated that each QDs
contain exclusive optical, electrical, thermal and biological properties. In fact, the
same quantum dot material with different sizes showed distinct variations in their
properties [207].

Fig. 1 Electronic configuration and band gaps in bulk materials and quantum dots
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4.1 Optical Properties

The effects due to confinement of electrons in quantum regime determines the optical
QDs properties and it makes them an ideal material for bioimaging, LEDs, and solar
cell applications [153, 206].Most of theQDspossess the ability of emitting light upon
excited by energy sources such as light and electricity. Specifically, the color which is
emitted by QDs is determined by several parameters such as their size, morphology,
and structure [150]. Generally, when the electrons are excited from the electronic
bands, formation of hole occurs and when the electron recombines with the valence
band, it releases photons as energy and the phenomenon is known as fluorescence.
It is possible to create a continuous valance band and conduction band via quantum
dots, unlike bulk semiconductor materials [73, 164]. Additionally, 2–3 nm sized QDs
emits shorter green, violet and blue wavelengths, and 5–6 nm sized QDs emits longer
yellow, orange and red wavelength of colors. Hence, the fluorescence property of
QDs is tunable by changing their size [220]. The ultimate brightness and stability
of the quantum nanosized dots makes them an unavoidable entity in bioimaging and
targeting applications. Li et al. [114] synthesized polyethylene glycol (PEG) coated
quantum dots and used them to achieve targeted live animal images in mice. The
visibility of QDs was detected in their bone marrow and lymph nodes, even after a
fewmonths due to the stability of the QDs [114, 128]. Recently, the phosphorescence
property of carbon quantum dots was identified at room temperature by dispersing
them into polyvinyl alcohol (PVA) matrix under UV condition [187]. Likewise, Gao
et al. [53] studied and reported that the photostability of QDs are thousand times
greater compared to organic dyes. This study suggests that QDs could be used in long
term cellular and molecular imaging applications [53]. Moreover, carbon QDs were
used in photodynamic therapy as photosensitizers to prevent the cancer cell growth
(Du145 and PC3). Nitrogen and phosphorus co-doped QDs were also prepared using
Adenosine triphosphate (ATP) biomolecules and analyzed their optical properties
which revealed their enhanced ability to emit bright light [2]. Fluorescent QDs are
often used as drug delivery vehicles due to their small size. Furthermore,QDs are used
to achieve success in cancer therapy due to their nontoxic behavior and exceptional
PL property.

Quantum confinement of quantum dots is also a significant property, which
provides beneficial optical property alterations to these exclusive nanoparticles.Dong
et al. [46] synthesized cesium leadhalide nanocrystal quantumdots via a size reducing
precipitation approach. These quantum dots possess precise control towards size
with superior equilibrium and yielded particles with heterogenous free broadening
to exhibit exciton luminescence. Further, these quantum dot in the size below 7 nm
exhibited superior quantum confinementmediated luminescent optical property [46].
Likewise, Zhang et al. [210] fabricated lead sulfide-tungsten di-selenide as zero and
two-dimensional hybrid quantum dot structure with tunable quantum confinement
for ultrafast transfer of charges to be beneficial in optoelectronic devices. The study
emphasized that the reduction in size of lead sulfide has supported the transition
of weak to strong coupling hybrids, due to effect of quantum confinement [210].
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Further, Liu et al. [119] reported that the coarse adjustment of quantum confinement
in carbon quantum dots with fine surface trap states can improve their photolumi-
nescence property [119]. All these recent studies showed that the reduction in size of
quantum dots to provide quantum confinement will improve their optical property.

4.2 Thermal Properties

QDs are unique materials because their emission band is entirely dependent on
temperature. The DC and AC conductivity of CdSe quantum dots are observed to be
increasing with an increase in temperature. Due to the outstanding optical property
of QDs, their contribution is essential in LED technologies (QLEDs). Recently, the
thermal stability of QLEDs was studied at different temperatures and results showed
that the QLEDs maintain about 97% of luminescence at 125 °C, while conventional
LEDs maintain only 65% [103, 179]. In the electronic systems, QDs can control the
transfer of heat and it is significant in fabricating sophisticated electronic devices.
Indium arsenide (InAs)QDswas annealed at various temperatures and an elevation in
their photoluminescence intensity was observed with a temperature elevation. More-
over, a decrement in the intensity of photoluminescence was observed after 850 °C,
which indicates the quality degradation ofQDs at high temperatures [8, 200].Maestro
et al. [121] also investigated the thermal sensitivity ofCdSe andCdTeQDs for nanoth-
ermometer applications and the results suggested that CdTe QDs possess 0.2 °C of
thermal sensitivity. This study further demonstrated that CdTe QDs are five times
greater than CdSe QDs in exhibiting thermal sensitivity and are highly beneficial
in thermal imaging purposes [121]. In biomedicine field, thermal imaging is neces-
sary to understand the dynamics of tissues. For instance, accurate temperature of a
single cell is required to recognize the complete mechanism and the cell metabolism.
There is no technology available to monitor the temperature differences of a cell,
during cell division and cell death. The identification of temperature differences in
cell cycle will help in the early detection of diseases, including circulatory problems,
cancer, inflammations. Thus, CdTe QDs possess high sensitive temperature sensing
ability which is significant for developing early disease detection technologies in
the future [59]. Further, Si/Ge quantum dots are also found to be suitable for ther-
moelectric applications due to their electron transmitting-phonon blocking behavior.
Si/Ge superlattices were investigated for their thermal conductivity measurements
using 3ω method and the observed average results were 10 W/mK and 3.5 W/mK at
300 and77 K respectively. The significant reduction in conductivity of temperature
that was measured suggests that Si/Ge QDs are suitable for thermoelectric applica-
tions [1, 13]. In recent times, the thermal conductivity examination was conducted
on graphene QDs which was synthesized in different conditions such as supercrit-
ical (400 °C), near critical (370 °C) and subcritical (250 °C) temperatures. For QDs
synthesized using supercritical and subcritical temperatures, the thermal conductivity
was significantly increased up to 60–65%, which is highly recommended for thermal
therapies than graphene oxide sheets as they are highly safe to use without inhibiting
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cells due to high temperature [167]. Furthermore, nanoindentation is a valuable tool
to understand the mechanical behavior of QDs. It was reported in a study that the
incorporation of CdSe quantum dots has improved the elastic modules and hardness
of the polymers [127]. However, there is no other literature to specifically mention
that quantum dots can improve the mechanical property of materials as there is no
proper characterization method to prove and nanoindentation may lead to errors in
characterizing mechanical strength.

4.3 Electrical and Electronic Properties

The electrons and holes in a quantum dot are confined on all three directions, which
makes it a unique electrical material. Their energy levels are discrete and compa-
rable with Bhor’s radius. The behavior of quantum dot electrons and holes with the
surroundings are determined by their electrical property. Most of the studies showed
that the electronic structure of QDs is based on their molecular orbital theory. In
contrast, carbon quantum dots show a transition at n→ π* and π → π*, due to their
enhanced energies at transition that are easily accessible. Recently, Imran et al. [71]
used CdSe and CdTe QDs for energy harvesting applications and they were not able
to completely understand their electrical properties. Even though, the experimental
success rate is very limited in the energy harvesting field, their results suggested
that an increment in atomic numbers may lead to an alteration in the property of the
QDs [71]. The flow of electrons in graphene quantum dots is ten times greater than
commercially available silicon materials and thus, GQDs are gaining popularity in
fabricating next generation devices. Currently, flexible displays are receiving consid-
erable interest among consumers due to their non-breakable property, lightweight,
and easy wear-ability. In recent times, quantum dot based LEDs receive several
commercial significance, due to their excellent color purity, elevated brightness, and
low operating voltage [32]. Xie et al. [197]confirmed that addition of graphene QDs
into SnO2 significantly increases their electronic conductivity [197]. Moreover, QDs
basedmemory devices are under extensive investigations which includes Si/Ge QDs.
In quantum computation, QDs are considered as a potential material for the operation
of spin qubits [39].

4.4 Other Properties

QD exhibited toxicity towards live cells in in vitro and in vivo conditions as certain
QDs are prepared using ions of heavy metals such as cadmium, arsenic, lead and
mercury [41]. To date, numerous experiments have been carried out to analyze the
toxicity of QDs. Derfus et al. [41] examined the potential toxic effects of QDs and
their finding suggested that the CdSe QDs are biocompatible for biological appli-
cations. However, they also revealed that the same QDs are highly toxic under UV
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conditions due to their photolysis ability. Likewise, CdSe QDs possess a tremendous
advantage in wearable devices such as body sensors, smart phones, and LEDs. It is
noteworthy that Cd2+ ions are highly hazardous to human and environment. Specif-
ically, cadmium ions can cause cell lysis by binding with thiol group biomolecules
in the mitochondria. A recent study demonstrated the toxic mechanism of Cd2+ ions
using liver cell. It was reported that when UV radiation or air oxidation occurs in
QDs, Cd2+ ions are released that acts as a carcinogen [174]. Several studies also
suggested that continuous exposure of QDs may damage the lung tissues [193].
Hence, the European Union regulated the usage of cadmium QDs in commercial
products. On the other hand, the release of Cd2+ ions into the biological medium
can be controlled via surface modification such as coating and functionalizing them
with biocompatible polymers. An interesting report reveals that approximately two
billionQDs can be delivered into the single nucleus without toxicity [52]. In addition,
a toxicity analysis study of carbon quantum dots (CDs) suggested that CDs can be
used in bio imaging applications as PEGylated CDs and are less toxic to living cells
even at higher concentrations up to 28 days. This study emphasize that CDs are safer
than other semiconductor quantum dots. Hence, it is possible to decrease the toxicity
of the QDs by fictionalization at surfaces using polymers and peptides [61].

Various semiconductor nanostructures were examined for water treatment appli-
cations, particularly TiO2 nanoparticles, due to their low cost, chemical stability,
bioavailability and enhanced optical absorption. However, the slow degradation
kinetics of TiO2 limits their application as photocatalyst [160]. Itwas recently demon-
strated that the cadmium oxide QDs possess improved photocatalytic activity in the
visible light region [149]. Likewise, organic functionalization is necessary for silicon
QDs in photocatalytic applications as they are hydrophobic in nature. Kojima et al.
[94] developed a novel silicon QDs without any functionalization process to avoid
additional synthesis stage and toxicity [94].Moreover,Kumar et al. [100, 101] studied
the degradation duration of carbon QDs decorated TiO2 nanoparticles and revealed a
significant improvement in their photocatalytic degradation of organic pollutant due
to the incorporation of CQDs [100]. All these unique and exclusive properties are the
reason for using quantum dots in various commercial and engineering applications.

5 Quantum Dots in Engineering Applications

Quantum nanosized dots are extensively established to be beneficial in engineering
applications that ranges from electronics to biomedical innovations [85, 126].
The most significant entity of quantum dots that grabbed the attention of several
researchers is their electronic confinement due to their small size [60]. This property
has been utilized in several aspects of storing drugs to confine electrons in elec-
tronics, which has led to a drastic change in the engineering of materials [124, 226].
In recent times, quantum dots are extensively employed to engineer materials in five
major areas such as photocatalysts, solar cells, electronics, mechanical, bioimaging
and pharmaceutical applications as mentioned in Fig. 2.
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Fig. 2 Diverse applications of quantum dots

5.1 Photocatalysts and Solar Cells

Numerous quantum dots have been utilized as photocatalysts and to engineer normal
nanomaterials to exhibit the enhanced photocatalytic ability. The size of nanoma-
terials usually contributes to the electron-hole pair formation that helps in their
catalytic ability to combine with neighboring elements as shown in Fig. 3, which
is essential for water splitting, wastewater treatment and applications in solar cells
[11]. Li et al. [111] synthesized titanium dioxide nanoparticles and deposited carbon
quantum dots over their surface using one-step alkali metal-assisted electrochemical
method. This material is known to exhibit strong and stable photoluminescence with
12% of quantum yield. The results also revealed that these quantum dots elevate the
optical and upconverted photoluminescence properties depending on their size. These
quantum nanosized dot-metal oxide nanocomposites were proposed to be useful as
a highly efficient photocatalyst and also a marker with fluorescent ability in fabri-
cating materials for energy production [111]. Similarly, quantum cadmium selenide
dots were embedded on the surface of graphene nanosheets that are bound together
with poly (allylamine hydrochloride) via sequential self-assembly approach in layers.
These quantum nanosized dots are proven to be beneficial in graphene nanosheets,
which eventually elevates their photoelectrochemical properties and photocatalytic
abilities under irradiation of visible light [196]. Moreover, quantum carbon nitride
graphitic dots were fabricated from their bulk counterparts via thermal chemical
etching process. This study demonstrated that these quantum dots exhibit blue emis-
sions and upconversion ability that are significant as general component that utilizes
visible light energy transfer in metal free photocatalytic systems [186]. In addition,
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Fig. 3 Photocatalytic mechanism of a typical quantum dots. Reproduced with permission from
Huang et al. [69] under the Creative Commons Attribution License, ©Hindawi publications

p- and n-type semi-conductor properties of quantum graphene oxide dots doped
with nitrogen were reported to possess exclusive photocatalytic properties which are
significant in catalyzing water splitting activity under visible light exposure [202].
Furthermore, zinc selenide quantum dots were doped with ions of transition metals
such as manganese, cobalt and nickel to improve their photocatalytic efficiency. The
synthesized quantum dots were 1–3 nm in size and exhibited exclusive abilities to
removemethyl violet cationic dye using photocatalytic ability under visible light irra-
diation, which are highly useful in wastewater treatment [144]. In recent times, silver
[44], carbon [213, 216], composites of graphite-like carbon nitride nanosheets and
quantum carbon dots [113], carbon quantum dots with high reactive titanium oxides
[185], graphene oxide composite and cesium-lead-bromide perovskite quantum dots
[201] were fabricated to exhibit photocatalytic ability which is possible due to their
capability of engineering already existing nanomaterials.

The formation mechanism of electron-hole pairs via external stimulation such as
photons (light) in ultra-small sized quantum dots were also in engineering materials
for solar cell applications. Nozik et al. [130] reported that quantum dots have exciton
multiplication and relaxation potential dynamics which opens its door for the appli-
cation of solar photon conversion with ultrahigh efficiency [130]. Further, Nozik
et al. [131] reported in his review article that the quantum dots with semiconductor
and array properties are highly beneficial in third-generation photovoltaic solar cells
by forming multiple excitons [131]. Likewise, Chang and Lee [26] established that
the cadmium selenide quantum dots can be deposited over mesoporous titanium
dioxide films via chemical bath deposition process. These quantum dots possess a
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low surface tension, high wettability, superior penetration ability over metal oxide
films and inhibit recombination of injected electrons. Thus, these quantum dots are
significant as solar cells sensitized with dyes and exhibits 1.84% of efficiency after
illumination of visible light from the sun (AM1.5, 100 mW/cm2) [26]. Later, Lee
et al. [106] used cadmium selenide quantum dot over titanium dioxidematerial as dye
sensitized photoelectrode and are proved to be effective as solar cells sensitized with
quantum nanosized dots [106]. Jiang and Green [81] emphasized that three dimen-
sional silicon quantum dot superlattices possess enhanced energy bands, densities of
states and mobilities that contributes to their application in silicon tandem solar cells
[81]. Recently, colloidal quantum dots have been coated with solar cells via spray-
coating and hierarchical structuring to elevate their efficiency [98, 104]. Additionally,
zinc-copper-indium-seleniumquantumdotswere employed in solar cellswith an effi-
cient and certified power conversion of 11.6% [47]. Besides, titanium dioxide with
amorphous nature [148], carbon [23], neodymium (sulfur, selenium and tellurium)3
[115], lead sulfide-cadmium selenide core shell structure [166] and corn powder
synthesized graphene quantum dots [168] were also employed in solar cell applica-
tions and they have proven their efficiency. These applications are possible only due
to the ability of quantum dots in engineering nano, micro and bulk structures.

5.2 Electronics

Quantum dots are gaining much interest among researchers in electronic field due to
their ability to confine electrons in their zero-dimensional structures and release them
via quantum tunneling effect [170]. These semiconductor quantum dots are exten-
sively under research to be used in integrated circuits [129]. Generally, integrated
circuits consist of transistors that are made up of source, gate and drain [36]. The
gate in the transistor is the key to reducing the travelling length of electrons to reach
drain rapidly, which will increase the performance of transistors as well as reduce
their size [231]. The utilization of quantum nanosized dots as a gate in transistors will
eventually reduce the electron movement from source to drain, time taken, and space
required for transistors in integrated circuit [35]. Thiswill encourage several numbers
of transistors to be placed in the given centimeter of integrated circuits and follow
Moore’s law [173]. In addition, the quantum tunneling effect of zero-dimensional
quantum dots plays a crucial role in transferring electrons without losing energy and
thus, they are proposed to be highly significant as the material that has potential for
ballistic transport [70]. Ballistic transport is the transfer of electrons at the speed
of light [107] and conventional materials loses energy during ballistic transport due
to the movement of electrons in three-dimensions [50]. However, quantum dots are
zero dimensions where electrons are confined [105], and the transfer of electron is
possible only through the tunneling effect which makes ballistic transport possible
in circuits [70]. Ravindran et al. [147] stated that the thiol-stabilized zinc sulfide
capped cadmium selenide quantum dots coated over multiwalled carbon nanotubes
via covalent coupling process possess enhanced electronic properties that helps them
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to be used in electronic device applications [147]. Moreover, Hayashi et al. [63]
revealed that the double quantum dots are able to coherently manipulate electronic
states of materials [63]. Korala et al. [97] also revealed that selenides zinc-cadmium
core-shell quantum dots possess superior charge transfer, enhanced electrochemical
photocurrent production under white light illumination, elevated photovoltage and
photophysical ability to be useful in optoelectronics [97]. In recent times, core-shell
[178], glowing graphene [221], black phosphorous [215], wearable diode arrays [33],
blue emitting perovskite of bismuth halide [108] and pixelatedmulti-color light emit-
ting diode fabricated using quantum dots [89] are gaining popularity in electronic
applications. Even in biosensors, the quantum tunneling effect of quantum dots are
been used recently which enhances their property [38, 87] and paves way for a new
field called bioelectronics in future [165].

5.3 Mechanical Engineering Applications

The quantum state of the zero-dimensional quantum dots is highly significant in
enhancing properties related to mechanics of devices. Childress et al. [30] described
the coherent, quantum-mechanical coupling of quantum dots and separated them
spatially in a microchip. This coupling will enhance the mechanical property of the
microchip which will eventually help in the integration of quantum systems such as
superconducting qubits [30]. Moreover, Kirschbaum et al. [92] established the fabri-
cation of an integrated nanoelectromechanical circuit for ultrasensitive displacement
detection. This circuit contains a two-dimensional electron system with suspended
quantum dots of aluminum-gallium-arsenic/gallium-arsenic heterostructure and a
mechanical resonator. The result revealed that the system improves the mechanical
and transport properties of the resonator due to the presence of quantum dots along
with its enhanced coulomb blockade [92]. These nanoelectromechanical systems
show promise in enhancing nano-mechanics in the future. Likewise, Jeong et al. [78]
reported that the crystalline indium-manganese-arsenic quantum dots are formed
as symmetric single spin domain particles on the gallium-arsenic substrates via
molecular beam epitaxy. The result revealed that the quantum size of these materials
elevates their structural, mechanical and magnetic properties to support above room
temperature ferromagnetic transition [78]. Similarly, carbon quantum dot hybrids
were fabricated along with inorganic nanoparticles such as oxides of iron, zinc,
silicon and titanium. These quantum dot nanohybrids demonstrated that they possess
integrated fluorescent, magnetic, optical and mechanical properties. These nanohy-
brids of quantum dots with enhancedmechanical strength are significant as magneto-
optical biolabeling agents and as photocatalysts [189]. Recently, tin dioxide quantum
dots with graphene oxide were prepared to be beneficial in lithium-ion batteries as
an anode. The study demonstrated that the addition of a quantum dot with graphene
oxide exhibited quantummechanical effects which increase the mechanical strength,
life of batteries and their capacity retention up to 86% even after 2000 cycles [218].
Konwar et al. [96] fabricated a novel chitosan-carbon dot nanocomposite hydrogel
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film using tea as precursor for carbon dots. It was proved from this study that
the mechanical property of a material can be engineered using quantum dots. The
obtained hydrogel film was soft and tough, enhanced with mechanical, thermal,
swelling, ultra-violet and visible light blocking properties as compared to chitosan
hydrogel films [96]. Additionally, Qian et al. [140] reported that the titanium dioxide
nanotube arrays were sensitized using graphene quantum dots. The sensitization of
the nanotubewith quantumdots supports the enhanced performance of photocathodic
protection in 304 stainless steel and also increases their mechanical strength [140].
Similarly, Zhang et al. [221] fabricated quantum core-shell cadmium telluride-zinc
selenide dots and are used to sensitize titanium dioxide nanotubes. This study also
confirms that the quantum dot sensitization were used to improve the photocathodic
protection and mechanical strength of stainless steel [211]. Contrarily, molybdenum
disulfide-tungsten disulfide quantum dots were fabricated by combining sonication
and solvothermal procedures. These quantum dots exhibited exclusive polyalkylene
glycol (PAG) stability in base oil and are utilized as a high-performance lubricant
additives to reduce friction and wear during steel-steel contact at high temperatures.
The lubricant will enhance the process of coupling steels which eventually increases
their mechanical strength [194].

Gobi et al. [54] reported that the graphene quantum dots can be infused with
polymer to form stronger, brighter and tougher composites. In this study, the graphene
quantum dots were infused with epoxy polymer matrix, which increased the tough-
ness up to 2.6 fold, tensile strength up to 2.25 fold and Young’s modulus up to
2.5 times of the polymer, improved their uniform loading capacity up to 10% and
elevated their tensile strain up to 18% [54]. Further, Hawkins et al. [62] demonstrated
the tensile properties of zinc oxide quantum dot and multiwalled carbon nanotube
incorporated epoxy composite films. The study showed that the quantum dot deco-
rated carbon nanotube in epoxy films possess 51% of Young’s modulus and 20% of
tensile strength with enhanced electrical conductivity [62]. Furthermore, Zhu et al.
[225, 230] fabricated a hydrophobic electrospun carbon nanofiber fabric with high
toughness and flexibility via cross-linking coal-based engineered graphene quantum
dots. The results revealed that the Young’s modulus of the nanofiber is increased
more than 7 times due to addition of quantum dots, compared to pure polyacryloni-
trile fabrics [225]. Thus, all these studies report the promising ability of quantum
dots in engineering mechanical strength of a material which will help in several
applications.

5.4 Bioimaging Applications

Generally, quantum dots are smaller in size, zero-dimensional and electron-hole
pair formation ability and they exhibit photoluminescent, fluorescence or lumines-
cent properties [112, 117] as shown in Fig. 4. Zhu et al. [228] prepared graphene
quantum dots using one-step solvothermal method that exhibited strong green photo-
luminescent. The quantum photoluminescent yield of these graphene dots is 11.4%
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Fig. 4 Typical bioimaging property of a quantum dots. Reproduced with permission from Jin et al.
[83] under the Creative Commons Attribution License, ©Hindawi publications

with high stability, ability to dissolve in most polar solvents, high biocompatibility
and less toxicity. These qualities of quantum dots make them an unavoidable entity
in bioimaging applications [228]. Likewise, Zhu et al. [229] proved that the surface
chemistry of the quantumgraphene dots can bemodulated to exhibit enhanced photo-
luminescence and fluorescencemechanism. Such quantumdotswere further reported
to be highly beneficial in the bioimaging up-conversion purposes [229]. In addition,
Kairdolf et al. [86] reported that semiconductor quantum dots are zero-dimensional,
nano-sized, light-emitting particles that can be significant as labels of fluorescence
for molecular imaging, chemical analysis and in biomedical diagnostic fields. The
symmetric and narrow emission spectra, emission of light via tuning of size, broad
absorption mediated multiple fluorescence excitation are the properties that gains
much attention of researchers on thesematerials to be used in bioimaging applications
[86]. Similarly, carbon dots with several surface passivation levels have been used as
an emerging class of fluorescent quantum dots. The non-toxic nature, biocompati-
bility, structure and mechanical properties as well as ability to engineer conventional
bioimaging materials to exhibit fluorescence are the advantageous factors for carbon
dots to be beneficial to retrieve optical bio images with futuristic approach [120].
Tu et al. [175] stated that silicon quantum dots can be useful in obtaining images
from Positron Emission Tomography (PET) with enhanced bio distribution in mice
[175]. Silicon doped carbon [141], carbon dots synthesized from orange juice [151],
paramagnetic cadmium sulfide: manganese-zinc sulfide [152], glutathione-capped
cadmium telluride [223] and zinc oxide [195] are the other types of quantum dots
that are used as dominant imaging probe classes and universal engineering platform
of multifunctional nanodevices and bioimaging applications [232].

Recently, Zhu et al. [227] revealed the photoluminescent mechanism of three
distinct quantum dots, such as graphene, carbon and polymer nanodots. The surface
quantum confinement effect, the molecule state and the emission effect enhanced by
crosslinking are the possible mechanism that are described to be accountable for the
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quantum dots’ photoluminescent properties that are essential for bioimaging appli-
cations [227]. Du and Guo [48] further stated that heteroatom doping of fluorescent
carbondots, especially nitrogenwill enhance their optical propertywhich is beneficial
in bio-imaging, sensing and photoelectronic devices [48]. Similarly, Qu et al. [142,
143] fabricated quantumgraphene dots dopedwith nitrogenwas used to improve their
color emission property and are employed in bioimaging applications [143]. More-
over, Kumawat et al. [102] reported a novel fabrication method of quantum graphene
dots with red luminescent properties via ethanolic leaf extract ofMangifera indica as
reducing agent and microwave as catalyst. The result quantum dots exhibited exclu-
sive properties that are useful for bioimaging in near-infrared region and intracellular
nanothermometry [102]. Likewise, Xu et al. [199] synthesized monolayer molyb-
denum disulfide-tungsten disulfide quantum dots using sonication and solvothermal
combination which forms exfoliated and structure with numerous active sites and
defects. The resultant quantum nanosized dots are proven to have bioimaging probes
ability and effectual electrocatalysts for hydrogen evolution reaction [199]. Other
than these materials, molybdenum disulfide [45], sulfur and nitrogen co-doped
graphene [142], paramagnetic graphene [67], lanthanide hybridized carbon [192]
and glutathione capped copper-indium disulfide quantum dots [224] were also used
as enhanced engineered materials with bioimaging property.

5.5 Pharmaceutical Applications

The zero-dimensional and quantum tunneling effects also helps quantum dots
to exhibit exclusive drug delivery properties and other pharmaceutical abilities.
Bagalkot et al. [10] synthesized an innovative quantum dot-aptamer-doxorubicin
conjugate to exhibit self-quenching properties in fluorescence resonance energy
transfer model. This system delivers doxorubicin to the targeted prostate cancer
cells via RNA A10aptamer, since the delivery of doxorubicin by activating quantum
dot fluorescence also assists in cancer cell imaging processes [10]. Probst et al. [137]
expressed in their review that the quantum dots as a core-shell can exhibit intracel-
lular and systemic distribution as nanocarrier, degrades, releases drugs and undergo
clearance, while maintaining properties of the shell which is the nanoparticle drug
delivery vehicle. Such quantum dot core-shell drug delivery systems are under exten-
sive research to be used in photothermal therapy and magneto-transfection [137].
Zinc oxide [208], multifunctional graphene [187] and luminescent carbon dots are
the other quantum dots that are useful in drug delivery applications. Klostranec et al.
[93] stated that quantum nanosized dots can be utilized as convergent barcodes with
microfluidics that can help inmultiplexed signal processing for high-throughput diag-
nosis of infectious diseases [93]. Likewise, Derfus et al. [42] revealed that PEGylated
quantum nanosized dots were highly significant as conjugates for siRNA delivery
[42]. Moreover, zinc oxide quantum dots exhibited enhanced antimicrobial activity
against E. coli, Salmonella enteritidis and Listeria monocytogenes [84]. In addition,
quantum graphene dots proved as a common fluorophores in exposing the controlled
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trafficking of adipocyte insulin receptors [222]. In recent times, numerous quantum
dots, such as super cationic carbon [80], nanoparticle conjugated graphene oxide [34],
black phosphorus [203], peptide-based [27] and dopamine functionalized quantum
dots [213, 216] are widely utilized in several disease treatments, delivery of drugs,
antimicrobial agents and other pharmaceutical applications. The ability to engineer
the quantum dot materials and using quantum dots to engineer the properties of other
micro or bulk materials via unique material engineering methods has paved way for
all these applications.

6 Conclusion, Limitation and Future Perspective

This chapter lists the evidences for the synthesis procedures and unique properties
of quantum dots, which eventually helps in their material engineering and diversi-
fied applications. The exclusive properties of quantum dots are different from other
nanomaterials due to their zero-dimensionality and small size related quantum prop-
erties including quantum tunneling effect. Even though, they are widely used to
engineer bulk materials to exhibit quantum effects and to be utilized in solar cells,
photocatalysts, electronics, mechanical engineering, bioimaging and pharmaceutical
applications, there exist certain limitations. Individual quantum dots are stable and
evaluating theirmechanics and certain other properties are quite tedious. The stability
of quantum dots is also questionable as they tend to agglomerate each other due to
effects of quantum confinement. Once agglomerated, the quantum dot size may
increase, which will reduce their exclusive properties and make them similar to
nanosized particles. Further, there is no standard protocol to define quantum dots.
Certain studies term 1–3 nm sized particles as quantum dots, others term 1–5 nm
sized particles as quantum dots and few term particles with quantum effects with zero
dimensionality as quantum dots. This has led to confusions in categorizing quantum
dots under the class of nanoparticles or as a separate entity. Also, the quantum effects
are still under research which is not understood properly. The ballistic transport and
quantum confinement effects are theoretically proven and quantum dots have been
proposed to possess those effects due to their size, however, there is no instrument
to visualize and characterize those effects. Thus, the field of quantum dots, their
synthesis approach, property enhancements and applications in engineering will
develop in future, if a perfect instrument is invented to visualize and characterize
quantum effects.

In the future, quantum dots will replace all the existing transistor models with its
enhanced quantum tunneling effect to transfer electrons. This will enhance integrated
circuits to transfer electrons without loss of energy and help electronic devices to
be more advanced with more battery life, memory and performance. Further, it is
possible to use quantum dots as self-powering devices which is the key to develop
bioelectronics. This will eventually lead to the development of nanorobots which
can detect disease or metabolic alterations in a patient’s body, carry drugs to the
target site and exhibit controlled release. These self-powered nanorobots made up
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of quantum dots will be highly useful in personalized patient treatment. Also, it is
possible to design quantum dot based nanorobots to sense metabolic alterations in
patients’ body and signal them to smart phones which can indicate doctors. Even
in photocatalyst applications, quantum dots synthesized using biogenic methods
will be beneficial which will be less toxic to the environment and help in wastew-
ater treatment, bioremediation, splitting of water into hydrogen to use as fuel. The
photocatalytic quantum dots will also be beneficial in carbon capture and carbon
sequestration application. Certain quantum dots can also bind with the proteins or
activate enzymes in algae that can capture carbon and utilize for carbon sequestration
application. It is noteworthy that only carbon dots and graphene quantum dots are
under extensive research in several applications. In the future, research should be
extended and synthesized in using several quantum dots in various applications. The
introduction of novel quantum dots in the future will further widen their efficien-
cies as well as their properties and create options among researchers to widen their
attention towards quantum dots for various applications.
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Synthesis of Thin Film and Its
Application

Sohail Ahmed and Shahzad Abu Bakar

Abstract Thin film technology is a major area of scientific research in the modern
world because of its fascinating surface properties and wide range of applications
from microelectronics to optics, space science to aircraft, and superconductivity to
photovoltaic and solar cells. The performance of the thin films depends on the atomic
structure, composition, microstructure, defects and interfaces that are controlled by
thermodynamics and kinetics of the synthesis. The major advantage of thin film
fabrication is its lower production temperature, facil fabrication process and offer
to produce flexible and transparent films. High quality, compact and multi shades
crystalline thin films can be fabricated using low cost, robust and highly efficient
deposition techniques. However, there are lot of challenges to fabricate desired thins
films for the latest technological and industrial applications. This chapter will cover
different thin film technologies, challenges and future prospects.

Keywords Techniques · Nano structured · Thin films · Fabrication · AACVD

1 Introduction

A thin film is a layer of material on a surface ranging from fractions of nanometer to
several micrometers in thickness. Thin film is a two dimensional form of deposited
solid material, whose one dimension, called the thickness, is much smaller than
the other two dimensions. The thin film is formed by atom to atom or molecule
to molecule deposition through various condensation process. Historically, in 1852
Bunsen and Grove produced the first metallic thin film in a vacuum system. In the
literature, researchwork has been focused on the development of thin films of various
materials with different deposition techniques. The advantages in the development of
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thin film are its superior shifting of materials properties to the surface and enable the
basic characteristic of materials properties. The enhancement of different physical
and chemical properties are linked with the formation of a system comprising a
substrate material and thin film. The development of fabrication instrument is the key
to success in the technology development to control the three fundamental properties
of the thin films; (a) thickness, (b) nanometer range of crystalline structure, chemical
composition and (c) surface geometry [1].

In past decades, the research on thin films, particularly for their remarkably
different properties at nanoscale from bulk material, was believed out of scien-
tific curiosity. Subsequently, the desired capability of controlling properties of thin
films helped electronics, optoelectronics and other technological devices to boost
their performance immensely. Since the thin film technology contributes toward the
development ofmicroelectronics, the electronics industry start depending on thin film
technology for minimising the size of semiconductor devices to two dimensions. In
thin film, effective characteristics of the materials are classified as; resistance to
wear, anti-scratch stiffness, strain-to-failure and abrasion for mechanical properties
[2–4]. Similarly, optical properties are related to transparency, optical entrapment,
fluorescence, light valves, opaque, waveguides, and antireflection [1].

Similarly, chemical properties are anti-fog, water repellence, chemical barriers,
moisturising and oxygen shields on polymers, antimicrobial being chemically
neutral, and surface compaction[1, 5–7]. Moreover, the binding energy, insulation,
potential energy, and conduction are related to electronic properties [5, 8]. Magnetic
and thermal properties are related to either saving data and/or an obstacle in multiple
layers thin films for atomic vibration control expansion to produce thermal trans-
mission and thermoelectric tool usage due to the flow of electrons, respectively
[1].

Scientists have performed tremendous work in the development of thin filmmate-
rials for different applications. These fields include the development of thin films for
the electronic industry to use either as a light barrier with low dielectric constant
of metallic dielectrics or semiconductor wafers production in integrated circuits.
Further work has been focused on the construction of organic light emitting or
anticorrosive coating indicators. The advantage of organic thin film fabrication as
compared to mineral or ceramic materials is its lower production temperature and
more facile fabrication. Following are some of the more common methods adopted
for the fabrication of thin films;

• Physical vapour deposition (PVD)
• Chemical vapour deposition (CVD)
• Electronic precipitation/electronic coating
• Sol–gel technique
• Rotating coating
• Spray coating
• Electro-deposition
• Self assembling.
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Fig. 1 Illustration of thin films composition

Some of the fabrication techniques are described in the preparation section. These
thin film fabrication techniques are different from each other with respect to themode
of operation and experimental setup. Typically, these techniques performed the fabri-
cation of the thin film according to the nature of precursors and substrate. Sol–gel
method enabled the synthesis and fabrication of powder and thin films at atmo-
spheric pressure. Nowadays, high quality, compact and multi shades crystalline thin
films are fabricated using modern chemical vapour deposition (CVD) and physical
vapour deposition (PVD) techniques operating at optimum conditions. A general
CVD process is illustrated in Fig. 1.

Another important aspect of thin film fabrication is the preparation of the substrate.
This includes the use of extensive methods such as surface cleaning and chemical
modification to prepare thin films with desired stiffness. The preparation of substrate
is a crucial parameter for thin film growth and cannot be ignored. Some of the
commonly used substrate materials are conductive glass coating with fluorinated tin
oxide, indium oxide and aluminium oxide, etc.

The wide range of thin film applications extends from micrometer dots to several
square meters. Metals and metallic oxides polycrystalline films were the first films
that found industrial applications, mainly in the field of optical devices and elec-
tronics. At present, thin film technology is a major area of scientific research
because of its wide range of applications, from microelectronics to optics, space
science to aircraft, and superconductivity to photovoltaics. One of themost important
applications of thin films is in photovoltaic devices.

Thin film in photovoltaic devices reduces material cost and also the fabrication
of large area devices at a comparatively low cost. Thin films have several appli-
cations in various fields, such as anit-reflecting (AR) coating, interference filters,
polarisers, narrowband filters, solar cells, photoconductors, IR detectors, waveg-
uide coatings, temperature control of satellites, photo thermal solar coatings such
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as black chrome, nickel, cobalt etc., magnetic films, superconducting films, anti-
corrosive films, microelectronics devices, diamond films, reduction of fabrication
through coating or surface modification, i.e., epitaxy and heterostructure films, high
temperature wear resistance films, hard coatings, etc. Besides, the thin film tech-
nology has directly or indirectly resulted in the advancement of many new areas of
research in solid state physics, chemistry and material sciences. It will continue to
play an important role in addressing a variety of problems of basic and technological
importance.

Thin films of different materials have been fabricated through various conven-
tional techniques as shown in Fig. 2. In CVD, the precursor is heated to generate
vapours and to convert it into the gaseous phase ultrasonically and carry to the heating
chamber using carrier gas to deposited at the surface of the substrate at pre adjusted
temperature. Therefore, thin film fabrication through CVD requires high temperature
in a vacuum chamber. CVD fabrication is regarded as an expensive technique for the
industrial production of large surface thin films.

Similarly, PVD technique requires heating of precursor material through electron
beam or resistive heating to convert it into the gas phase, which is deposited on
the substrate forming thin film. Generally, these methods are classified in different
categories, such as pulsed laser deposition, magnetron sputtering and thermal evapo-
ration. These methods have demerits to control the size of the fabricated grain at the
surface of the thin films and need improvement in the operating procedures. Other
requirements need the use of an expensive single crystal substrate to help the growth
of grain along specific orientation and structure at the surface of thin films. Keeping
in mind the high cost of single crystal substrate, it is costly to grow such kind of
thin film on a large surface area such as wafers and required expensive equipment

Fig. 2 Year wise development of thin films
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for semiconducting industry processes. Such type of deposition is performed in a
vacuum chamber and hinders the surface coating [4, 5].

The development of new technology for the growth of thin films with nanos-
tructure features is gaining interest among the scientific community for the quality
production of industrial products. This provides an excellent opportunity for the
industry to develop products with enhanced efficiency and quality at a low price.
The development of new techniques with better control over the quality of products
having higher efficiency is the key moto for the growth of any R&D organisation.
Therefore, companies and industries that are investing more in R&D will have a
better future. The development of new technology has been attracting industries of
advanced countries to invest in the development of new procedures for the deposition
of materials on large surface areas.

2 Nanostructured Thin Films

Nanostructured thin films of good quality, compact and uniform thin layer is required
in the industry for preparing and packaging of the products for all market supply. The
basic purpose of thin film fabrication is to provide resistance against corrosion from
environmental agents, enhance surface compatibility, hardness andmore importantly,
to improve physical properties like electrical and magnetic [6]. The quality of most
of the industrial products degrades from 4 to 6% due to corrosion. The significance
of thin film fabrication is itself important to protect the surface from corrosion. The
enhanced characteristics of nanostructured thin films as compared to conventional
coatings are: increase wear strength, hardness, abrasion, environmental pollutions,
and decadence, etc. This section will cover the attempts which have been made
to fabricated nanostructured thin films in the modern industry. We have discussed
the importance of nanostructured thin films surface engineering and competence.
A detailed summary is provided to compare the advantages and applications of
nanostructured thin films with traditional coatings [9].

The applications of TiO2 nanostructured thin films have many advantages of low
fabrication price and potential use for mass use for indoor applications in electrical
and electronic appliances. Similarly, the growth of economical nanostructured carbon
nanotubes have potential use in solar cells, transparent layer conductive of magnetic
and polarisers. Therefore, the focus is on nanostructured thin films for industries.
Currently, the modern industries which are harnessing the benefits of nanostruc-
tured thin films are namely; glasswork industry, automobile industry, packaging
industry, military toiletries, and transportation industry. Widely grown nanostruc-
tured thin films for industrial productions are listed as; ZnO2, TiO2, CuO2, and
Al2O3 [7, 10, 11].
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3 Importance of Nanostructured Thin Films

The objective of nanostructured thin film fabrication is to promote the quality of
thin films and having long lifetime. Another aspect is related to low cost of fabri-
cation for industrial production, maintenance and repair, easy to adapt to the fabri-
cation environment. The development of nanotechnology has made the fabrication
of nanostructured thin film as one of the leading fields for industries. The nanos-
tructured thin film fabrication has advanced the production of materials with better
control of surface quality and efficiency as compared to the previously manufactured
with micrometric layers. The development of nanostructured thin films encouraged
the surface engineering of the product to compete with the market requirement and
produce a healthy environment of competition among the industries. The devel-
opment of thin film technology for optoelectronic applications is summarised in
Fig. 2.

Moreover, the surface engineering of nanostructured thin films is considered an
economical approach for key industries and explains the mechanism of different
processes during the growth of the product layer. More research work is underway
to tune the future of surface engineering for future aspects. The market for surface
engineering has a fair share inmodern countries. In the UK, a recent survey estimated
an approximate share of above50billion pounds of surface engineering andmore than
50% of this amount had been utilised towards enhancing and improving the surface
resistance and properties against surface corrosion of products. The production of
nanostructured thin films is focused on meeting the requirement originating from
agriculture, electronic consumers, aerospace, automobile, and electronic sectors [12,
13]. Therefore, surface engineering of nanostructured thin films has been regarded
as a pivotal tool to design the surface of substrate with enhanced performance and
economical aspects. The objective of surface engineering is directly related to the
surface features for obtaining a particular application. Hence, surface engineering is
acted as a bridge between the developments of technology for final consumers.

4 Techniques in Thin Film Fabrication

Thin films are prepared onto the substrate’s surface to study the properties of nano-
materials which are unachievable in bulk materials. Multiple-layer deposition of
different materials is often used to attain functionality in thin films. Optical interfer-
encefilters, for instance, consist of tens or evenhundreds of layers alternatingbetween
high and low indexes of refraction. When nanometre thicknesses of semiconducting
materials such as GaAs and AlGaAs, are used to form alternate layers. This results in
a superlattice that has electrical properties controlled by the constructed periodicity
rather than by the atomic periodicity.

Multilayer thin films can behave as new materials in the bulk form. The combi-
nation of multilayer with lithographic patterning in designing thin films results in
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the construction of microstructures of endless variety. The combination of multi-
layer with lithographic patterning comprises the technology of the integrated-circuit
industry, the optical waveguide industry and micromechanical fabrication. There
exists a wide variety of thin film deposition methods and techniques. Each technique
has its own merits and demerits.

4.1 Physical Vapour Deposition

Currently, most of the metallisation for microelectronics is carried out by physical
vapour deposition (PVD), which consists of evaporation and sputtering processes.
The formation of a layer on a substrate using either of the twomethods involves three
steps: (1) converting a condensed phase material (generally a solid) into the gaseous
or vapour phase, (2) transporting the gaseous phase from the source to the substrate
surface, followed by (3) nucleation and growth of a new layer.

4.2 (a) Physical Vapour Deposition (PVD) by Evaporation

In PVD, the material to be deposited can be heated directly by an electron beam (or
laser beam) by directing a stream of high-energy electrons at the target material to
create a molten region at the surface and vaporise the material. The deposition of the
evaporated material occurs on a substrate which is maintained at a lower temperature
than that of the vapour. In a conventional evaporation process, the material to be
deposited is heated under high vacuum conditions (10−5–10−8 torr) [14]. Thin film
deposition of alloy that consists of two ormore components can be complicated due to
differences in vapour pressures, which cause difficulty in maintaining stoichiometry
of both the target and deposited films since the target becomes richer in the less
volatile species. The evaporation process has some advantages like simplicity and
reliability, along with high deposition rates and high film purity.

4.3 (b) Physical Vapour Deposition (PVD) by Sputtering

PVDbySputtering is a process to deposit a film on the substrate surface via a physical
mechanism. In this process, the atoms from the surface of the target material are
ejected by striking with energetic ions which are accelerated in a blow discharge
or plasma (10−2 torr) towards the target having a negative potential. Subsequently,
the surface atoms of the target material are vaporised towards the substrate surface
where they condense to form a film, in contrast to the evaporation process, were target
material is evaporated by heating under a high vacuum (10−7–10−8 torr) [15, 16].
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Heating can be achieved by resistive, inductive, electron beam and arc techniques.
Then, the vaporised species condense on the substrate surface.

4.4 Chemical Vapour Deposition (CVD)

CVD has been developed into a highly advanced and efficient thin film growth
technology over the last twenty years [17, 18]. Many synthetic techniques have been
tried in CVD due to which they have different types. Metal–organic chemical vapour
deposition (MOCVD) is the most successful and widely used technique to produce
metal oxide thin films of high and reproducible quality.

MOCVD is utilised for the preparation of solid films on a substrate by the
gas-phase and surface reactions. This technique depends upon the volatility of
the precursor material which is sublimed from solid phase into the vapour phase
(without chemically decomposing), followed by reaction over a heated substrate,
finally decomposing to deposit a solid species. The process proceeds under non-
equilibrium conditions by generating chemically active species, which induce the
growth of the solid network. At the middle stage of this deposition process, the
parent or carrier gas contains the element(s) required as the film constituent(s).

[Cu(OAc)(dmae)(H2O2)]2 + He(carrier gas) → CuxOy + by − products

The target of modernMOCVD is to provide films with good thickness and unifor-
mity, controlled composition and stoichiometry, high purity, good adhesion onto the
substrate and good mechanical, optical and electrical properties. In conventional
MOCVD (atmospheric pressure), a carrier gas is bubbled through the liquid and/or
solid precursors, when the compound is reaching to its equilibrium vapour pressure,
then precursors are carried into the reactor.

4.5 Conventional CVD Process

The volatile precursor is a primary requirement of a conventional CVD process.
The second important requirement is a clean thermal decomposition pathway, which
results in the deposition of fine and good quality thin films. In a conventional CVD,
a volatile precursor is deposited on the substrate surface in the reactor by a carrier
gas (1). The precursor sorbs at the substrate surface, (2) and reacts (3) to liberate the
by-products that subsequently desorbs (4) and are transported out of the reactor (5).
The target atoms then diffuse (6) to form nuclei of the materials (e.g., CuO), where
subsequent growth occurs (7) [14].
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4.6 CVD Reactor Design

A conventional CVD reactor system consists of; (i) A reagent handling arrangement
for the delivery of source compounds, (ii) A reactor unit (or reaction chamber),
(iii) An exhaust system. The design of the reagent handling system depends on the
source compounds. The source compounds, which form either liquid or solid, are
mostly placed in a bubbler where other parameters such as source temperature, the
flow rate of the carrier gas. The total pressure determines the amount of reagent
transported from the bubbler over the source. A typical CVD reactor configuration
has been demonstrated in Fig. 3, which can be applied to accommodate many CVD
applications.

The horizontal and vertical reactors are employed for atmospheric and reduced
pressure growth. Horizontal reactor systems can be divided into two categories, hot-
and cold-wall reactors. Hot wall reactors are mostly used for academic research
based on small scale, whereas in the industry, most of the CVD work has been
carried out in single-wafer based on cold-wall reactors. The hot-wall reactor has

Fig. 3 a Horizontal CVD reactor; b Vertical CVD reactor; c Barrel CVD reactor d Pancake CVD
reactor e Multiple-wafer-in-tube reactor [19]
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many advantages, including the growth temperature, which can be kept constant as
compared to cold-wall reactor. They are also simple to operate under various ranges
of pressures and growth temperatures. There are some demerits of hot-wall reactor
as well, critical one of which is that deposition can occur not only on the substrate but
also on the reactor walls during the CVD process. Afterward, these deposits on the
walls can fall off and contaminate the substrate surface. Cold-wall reactors have been
used in the laboratory as well as industrial scale. Although cold-wall reactor only
accommodates a few wafers (usually a single wafer) yet no chances of deposition
on the reactor wall zone and growth temperature can be maintained in a certain area
of the reactor zone, which results in less homogeneous reactions during the CVD
process due to partial heating area in the reactor chamber. Higher deposition rates
are possible with hot-wall reactor systems.

The barrel reactor is being extensively used for silicon epitaxy. The pancake
reactor is also widely used for silicon technology but can be used with multi-wafers.
The horizontal multiple-wafer-in-tube low pressure CVD reactor has been used
for polycrystalline silicon, dielectric and passivation films. Hot-wall reactor should
necessarily be used for the preparation of uniform films on substrate because it main-
tains growth temperature in the reactor chamber. Still, some critical problems may
arise, such as particulate and impurity contamination.

5 Variant of Chemical Vapour Deposition Techniques

Nowadays a wide variety of techniques available for deposition of thin films using
CVD such as,

1. Aerosol assisted chemical vapour deposition
2. Electric Field Directed Assisted chemical vapour deposition
3. Atmospheric pressure chemical vapour deposition
4. Chemical beam epitaxy
5. Chemical vapour infiltration
6. Electrostatic assisted vapour deposition
7. Laser chemical vapour deposition
8. Low pressure chemical vapour deposition
9. Metal organic chemical vapour deposition
10. Plasma assisted chemical vapour deposition
11. Thermally activated chemical vapour deposition.

5.1 Principal of Aerosol Assisted Chemical Vapour
Deposition (AACVD)

This technique is versatile, straightforward to operate and handle [20]. The schematic
AACVD is shown in Fig. 4. In AACVD process, single source molecular precursor
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Fig. 4 Diagram of Advanced AACVD apparatus

is dissolved in an organic solvent and atomisation of the precursor solution take
place at ambient temperature to produce sub-micro meter sized aerosol droplets
that are distributed through a carrier gas which carries the generated aerosols into
the thermal chamber, where the solvent undergoes rapid evaporation and the final
product is deposited on the surface of substrate [14, 21].

5.2 Technical Aspects of AACVD Process

Following are the important technical aspects of AACVD process for the deposition
of thin films.

5.2.1 Operational Pressure

The process of AACVD can be performed under atmospheric or low pressure condi-
tions, while the deposition of oxides or sulphides thin films is carried out in air
without reaction chamber.

5.2.2 Precursor

Metal alkyls and main group hydrides are mostly used as precursors since metal
alkyls are often pyrophoric and the hydrides are highly toxic. Therefore, there is a
need for special equipment to guard against safety and environmental hazards for
such precursors.
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5.2.3 Atomisation and Carrier Gas

In AACVD process, the atomisation of precursor solution can be carried out by
using ultrasonic humidifier. The carrier gas facilitates the generation of aerosol and
its subsequent transport to the reacting chamber. For deposition of oxide thin films,
compressed air is used as career gas. At the same time, nitrogen or argon are used
as inert carrier gases. However, reactive gases like hydrogen may also be introduced
together with carrier gas as required by the AACVD process.

5.2.4 Evaporation of Solvent and Vaporisation of Precursor

In the heated chamber, the vaporisation of precursors is followed by the evapora-
tion of the solvent. The aerosol droplets are directly converted to vapor phase. The
precursor’s vaporisation is the key feature of the AACVD process. Therefore, the
selection of molecular precursor and the control over processing parameters are
important to ensure the correct CVD process. Before complete evaporation of the
solvent and vaporisation of precursor, if aerosol droplets reach the heated substrate,
a spray pyrolysis process will take place instead of a true AACVD process.

5.2.5 Heterogeneous Reaction

In the gas phase, the partial decomposition of vaporised precursor may occur. The
vaporised precursors and their gaseous intermediate undergoes substantial decompo-
sition and chemical reaction when absorbed into the surface of substrate thus giving
desired materials. For the heterogeneous chemical vapour deposition, reactive gases
are introduced into the reaction chamber to fabricate high quality thin films with
good adhesive properties.

5.2.6 Homogeneous Reaction

At high temperature, most of the decomposition reactions may occur much earlier
in the vapour phase leading to nucleation homogeneously, thus forming fine metal
particles of uniform composition. It is assumed that the temperature is uniform, and
the velocity as well as the concentration of the reactive gaseous species tends to zero
[22]. Reactive gases can also be introduced in homogeneous reaction externally.
If these fine particles are absorbed on to the substrate surface, the heterogeneous
reaction will lead to the formation of porous film. Alternatively, the powder in size
ranges from nanometre to micrometer can be collected from the gas phase depending
upon the reaction parameters.



Synthesis of Thin Film and Its Application 279

Fig. 5 The flow diagram of Electric Field Directed AACVD

6 Principal of Electric Field Directed Aerosol Assisted
Chemical Vapour Deposition (EFDAACVD)

The aerosol under the influence of an electric field is sprayed on the surface of plain
glass orfluorinedoped tin oxideglass substrate at the desired temperature.Acomplete
set up of an in-house built Electric Field Directed aerosol assisted chemical vapour
deposition (EFDAACVD) apparatus is shown in Fig. 5 [23]. The synthetic strategy
is mainly concerned with the synthesis of tin (IV) oxide porous nano-balls with
diameter of 195–632 nm range sizes and with well-defined reproducible structure
that has nano-sized pores in the range of 33 to 35 nm. The films deposited at 350 °C
temperature and were annealed at 400 °C exhibited excellent adhesion properties to
the substrate and were stable toward air and moisture contents.

7 Applications of Thin Films

The efficiency of the particular material for specific applications depends on the
composition, atomic structure, microstructure, interfaces and defects, which are
monitored due to the processing and synthesis by kinetics and thermodynamics of the
production methods. The physical dimension of the material, i.e., either grain size or
particle size less than 100 nm; plays important role for specific applications ranging
from engineering and energy fields due to its unique characteristics as compared
to conventional materials. Intensive study has been performed for almost a century
in the development of a precise method for the fabrication of materials thin films
with controlled characteristics as aforementioned. In this regard, many techniques
have been improved and developed widely for industrial production of thin films
[24, 25]. These have been providing excellent opportunities for further improve-
ment and development of growth techniques. The well-known deposition techniques
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have already been summarised in the chapter. The following sections will empha-
sise the important applications of thin films in energy, coating and optoelectronic
applications.

7.1 Thin Films in Optics

Thin films of the developed materials are fabricated at the surface of the substrate by
either a chemical reaction or physical process, starting from the controlled conden-
sation of the materials individual atoms. The more precise benefit of using plastic
materials with an excellent coating of materials are replacing the conventional glass
optics due to their unique characteristics such as lightweight, low breakage and low
cost. More importantly, polymer based plastic optics can be easily moulded due to
their flexibility according to the shape and dimension requirements. The coating of
plastic optics is a very critical phenomenon and needs early attention during the devel-
opment process. Antireflection coating is considered a critical property of the optical
devices and has been tested on the eyeglasses in the mid nineteenth century. With the
development of optical devices, the high precision antireflection coating has been
in high demand. The more commonly used polymer for better antireflection coating
on the display covers and camera lenses are either polycarbonate (PC) or acrylic
[poly(methyl methacrylate) (PMMA)] of thermoplastic polymers. More efforts are
required to meet the emerging demands of antireflection coating on optical devices
with prolonged environmental stability and high adhesion. These are still challenges
in dealing with the problems associated with antireflection coating on plastic optics
due to complex chemical reactions during the production process. Therefore, efforts
are on the way to overcome the challenges and to produce optical devices with
enhanced antireflection coating on the plastic displays and lenses.

Generally, the commonly available plastic optics in the market are in the different
shapes ranging from aspherical and spherical lenses, diffractive, free form, mirror
surfaces and prisms. Injection moulding is commonly employed to produce polymer
based plastic optics. Other than this, a single-point prototyping stage manufacturing
process is used to fabricated plastic optics with extended heat resistance, lower bire-
fringence and improved stability. Optical devices that relay on plastic are extensively
used in medical devices, eyeglasses, cameras, projectors, fiber optics, displays, and
automotive devices. Eyeglass coatings are very important because of the use of ther-
mosetting polymer used in themanufacturing process tomeet the requirement of high
index. The materials are expected to be flexible shaped, biodegradable and biobased.

For optics, new thermoplastic materials, e.g., Iupizeta EP PC resins having high
refractive indices low birefringence and high-temperature stability, have been intro-
duced in themarket in the former few years. Commercially antireflective applications
of glass coatings have been introduced in themarket since the 1960s. The optical glass
coatings are performed by wet-chemical method involve the heating up to 400 °C of
metal alkoxides or inorganic salts that forms inorganic oxide network at the surface of
substrate due to polycondensation and hydrolysis. Organically modified silanes are
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produced using an alternative way through organic–inorganic composite materials.
These monomers are polymerised either by thermally/photochemically or a combi-
nation of both. Pencil hardness and scratch-resistant coatings were increased by the
use of grade 2B to 5H having colloidal silica cross-linking agents and by adjusting
the total layer composition thickness [23].

7.2 Thin-Film Photovoltaic Cells

The exponential consumption of fossil fuels dramatically increases environmental
pollution and global warming. In the past few decades significant amount of research
is dedicated in the development of alternative renewable energy resources. Among
renewable energy resources, the sun is the biggest source of energy through which
a sufficient amount of energy can be harvested by using photovoltaic devices. The
solar cells used for the conversion of solar energy are silicon based. The solar cell
modules are designed on bulk silicon wafers. In 2016, up-to 94% the Si-wafer-
based technology was responsible for the overall production. But, now from the total
production 70% of the part is handled by the multi-crystalline technology. In 2017,
300 GWp were characterised by all the installed photovoltaic power, which will
extend up to 1 TWp in 2021 [24].

For the production of low-cost and sustainable sources, thin-films photovoltaic
modules are getting popular.

The major advantages of thin-films solar cells compare to crystalline and
polycrystalline solar cells are;

(1) In the production processes, fewer amounts of energy and materials are used.
(2) Due to the relevancy to the large area, it maintains low-cost production.

There are also some failures faced by solar-cell thin film technologies such as:

• Minor conversion efficiency of the module
• The degradation of the material in some cases by the induced-light. Concerning

the price and the state of their presentation, the inorganic thin films solar cells are
competitive to crystalline silicon solar cells [25].

At the industrial stage, two of the main classes have been made for thin film solar
cells:

The first one is based on different phases of silicon like amorphous, nano-
crystalline and polycrystalline, while the other is made on polycrystalline chalco-
genide semiconductor compounds (CdTe, CI(G)S). Advancement in the chemical
synthesis for the production of organic materials is the result of hard work done
by different companies like Sumitomo Chemical, Heliatek, Mitsubishi, Konarka,
Solarmer, and Philips 66; which is appreciable [15]. Finally, the third classification
is made based on organic materials.
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8 Conclusion

In summary, this chapter presented a comprehensive overview of nanostructured thin
film fabrication techniques from the surface engineering and chemistry point of view
to enlighten their potential applications. An inclusive discussion has been sorted to
highlight the surface chemistry of thin films for controlled and efficient growth using
different protocols. Special emphasis has been given to different nanostructured thin
film techniques and the effect of growth parameters on the surface of the substrate.
The role of chemical composition and mechanical properties of thin film techniques
are linked with the optimising processing cost. Modification of the chemical surface
of thin films for advanced application and surface interactions is discussed for indus-
trial processing. Indeed, various new areas for potential usage of nanostructured thin
films are presented with recent developments and uses in possible applications.
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Characterization and Applications of Tin
Dioxide
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Abstract Metal oxides are useful for the detection and sensing of combustible and
toxic gases, and for use in lithium batteries and solar cells. The present study focuses
on the spectroscopic investigation of commercial and in-house laboratory synthesized
tetragonal tin dioxide (SnO2), aimed at studying its physical and chemical proper-
ties at nanoscale levels and in bulk. We have investigated the pure powder form and
thin films prepared on two different types of substrate, silicon and UV-Quartz, each
with five different thicknesses (i.e. 41, 78, 96.5, 373, and 908 nm). Raman spec-
troscopy with two different laser excitation wavelengths, namely 780 and 532 nm,
has been used to investigate the various SnO2 vibrational modes. Thermal effects
on the primary vibrational features in the Raman spectra have been studied in the
range 30–170 °C. X-ray diffraction (XRD) spectra have been recorded to confirm the
rutile structure of tin dioxide and to obtain information on the spherical grain particle
size of SnO2 with EDS analysis for the thin film samples. Scanning Electron Micro-
scope (SEM) images have been recorded in order to understand the morphology of
the particles of SnO2 at the nanoscale level. In addition, FT-IR spectra have been
obtained to study the IR-active vibrational modes for the bulk and thin film samples
on the two substrates. Moreover, UV-VIS spectra have been employed to determine
the energy band gap for the SnO2 film samples by an efficient process facilitated by
a Tauc plot technique utilizing an in-house developed python script.
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1 Introduction

1.1 Metal Oxides

Metal oxides play a crucial role in applications in a variety of diverse fields, such as
material science, inorganic chemistry, condensed matter physics, geology, electrical
engineering and mechanical engineering [19]. They also have exceptional potential
as base materials in developing leading-edge technologies. In recent years, extensive
research effort has been directed towards metal oxides covering a range of appli-
cations in frontier areas in optoelectronics and device engineering. Depending on
the nature of the surface, size and shape of the active metal oxide material(s), the
response characteristics may differ. For example, the optical and electronic proper-
ties of such materials rely on the structure and spatial dimensions involved, whereas
the physical and chemical properties of low-dimensional oxide materials can be
remarkably altered by the Coulombic, Van der Waals, and interatomic coupling,
due to the large number of atoms present on the surface in comparison to its
bulk form. Therefore, significant interest exists in gaining a better understanding
of a variety of low-dimensional materials in different forms, such as nanoparti-
cles, nanowires, nanotubes, nanospheres, nanorods, nanoribbons, nanodisks and
nanosheets. Enhanced insight into the thermal, electrical, and optical properties of
such nanomaterials significantly contributes to improved fabrication of these mate-
rials with enhanced magnetic, electronic, and optoelectronic properties for a wide
range of device applications [12]. Metal oxides are considered flexible and have been
found useful for a host of applications relating to medical technology, water treat-
ment, air pollutant reduction, purification of industrial and military polluted soils,
and in personal care products [9].

1.2 Tin Dioxide

Mineral tin dioxide, often called stannic oxide or cassiterite (SnO2) has the tetragonal
crystalline structure, as domany othermetal oxides. The rutile structure of SnO2 has a
tetragonal unit cell with P42/mnm space-group symmetry and lattice constants a= b
= 4.7374Åand c= 3.1864Å [13]. This structure is the essential form among all other
phases that can [14] be produced under highmechanical pressure from the commonly
stable and available rutile phase. SnO2 can have different phases of polymorphs, such
as CaCl2-type (Pnnm), α-PbO2-type (Pbcn), ZrO2-type orthorhombic phase I (Pbca),
fluorite-type (Fm3̄m), pyrite-type (Pa3̄), and a nine-fold coordination cotunnite-type
orthorhombic phase II (Pnam) [12]. The unit cell of rutile-type SnO2 contains six
atoms; two of which are six-fold coordinated Sn and four are three-fold coordinated
O ions [13]. Tin (IV) oxide is an n-type semiconductor with the chemical structure
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Fig. 1 Unit cell rutile
crystalline structure of SnO2
[4]

O=Sn=O. Figure 1 shows the rutile tetragonal structure of tin dioxide, with six-anion
oxygen surrounding a tin cation in the middle to form an imperfect octahedron of
rutile structured tin atoms. The ionic radius of O2− is 1.40 Å, while that for Sn4+

is 0.71 Å [14]. Each of the Sn atoms is located at the lattice vertices corresponding
to the neighboring six O’s of the distorted octahedral. The Sn atoms are located at
(0,0,0) and (½ a,½ a,½ c), while O atoms are located at ± (ua,-ua,0) and (½ a,½ a,½
c) ± (ua,ua,0), where u = 0.307 [3, 39]. SnO2 is known for its unique properties,
such as chemical and electrochemical stability, high optical transparency, nontoxicity,
and efficient electron communication when doped [1]. It is a semiconductor with a
wide direct band gap between the conduction and valence bands of approximately
3.6 eV [4]. It can be used effectively as a transparent conducting oxide gas sensor,
a transparent electrode for lithium ion batteries, in solar cells, and finds potential
applications in electrochromic devices [11, 58].

1.3 Methodology (Raman, FT-IR, XRD, SEM)

Raman Spectroscopy

The principle of Raman spectroscopy is based upon inelastic scattering of light
incident on a sample. When a photon of frequency ν0 and energy hν0 impinges
on molecules of a sample, the molecules are transported to a virtual energy state
for a short time interval, followed by the emission of a photon of frequency ν1 of
energy hν1. The electron cloud of the sample interacts with the electric field of the
monochromatic light and as a result the molecules get excited to a new rovibronic
state and undergo a variation in their electric dipole-electric dipole polarizability
that results in the Raman scattering effect. The intensities of the Raman lines are
proportional to the change in the polarizability that the sample molecules experience,
whereby the Raman spectrum (a plot of the scattering intensity versus frequency
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shift) is a function of the rovibronic states of the molecules. The Raman shift �ν in
wavenumber units (cm−1) is governed by the following equation:

�ν = [(1/λ0)− (1/λ1)] (1)

where λ0 is the wavelength of the excitation laser and λ1 is the wavelength of the
Raman spectral line. If the laser excitation wavelength (λ0) and the Raman scattered
wavelength (λ1) are in nm, the Raman frequency shift (in cm−1) is given by the
equation:

�ν = [{1/λ0(nm)} − {1/λ1(nm)}] × (
107 nm

)/
(cm) (2)

The magnitudes of the Raman shifts are dictated by the polarizability of the
electrons in the molecules.

Most of the excited molecules in the sample emit scattered radiation with a
frequency that is equal to the incident radiation frequency and experience Rayleigh
scattering (i.e. elastic scattering). However, a small portion of the scattered light
also has a frequency different from the incident frequency and undergoes Raman
scattering (i.e. inelastic scattering). If the final state of the molecule is higher than
the initial energy state, the scattered photon will be shifted to a lower energy (lower
wavenumber); this downshift defines the Stokes-shift. Conversely, when the final
molecular state is lower in energy as compared to the initial state, theRaman scattered
photon is shifted to a higher energy (higher wavenumber); the corresponding upshift
is referred to as the anti-Stokes shift. The Raman spectra are therefore composed of
both Stokes lines and anti-Stokes lines [7, 13, 38].

To characterize our tin dioxide samples, we used a DXR™ SmartRaman spec-
trometer with an excitation wavelength of 780 nm and M2 ≤ 1.5 beam quality. We
used the 780 nm excitation to measure the Stokes Raman spectra of the SnO2 in
bulk form at different temperatures with a high brightness single-mode diode laser.
Figure 2 shows the instrument’s internal optical layout with 780 nm excitation, where
the laser is focused on the sample by an objective lens resulting in scattered light
that is filtered (to remove the Rayleigh component) and subsequently imaged on to
the CCD detector, yielding the Raman spectrum of our sample [8].

A heated cell is accommodated within the Raman SmartDXR™ spectrometer
sample compartment, in order to study the thermal effects on the recorded Raman
spectra of the samples. We also used a Renishaw inVia Raman microscope with a
laser wavelength of 532 nm to record the spectra of the tin dioxide samples. The
powdered sample of SnO2 (bulk) was compressed and transferred to the Ventacon™

model H4-200 cell (shown in Fig. 3) that can be heated up to 200 °C. We utilized
the heated cell to control the environment, while recording the Raman spectra of
the samples simultaneously. The H4 cell system comprises of an oven fitted with a
window at the front and a sealing system at the back. The sample is gently pressed
to the rear face of the window with a stainless-steel rod.
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Fig. 2 Schematic of the Raman SmartDXR™ Spectrometer (left) and the Raman SmartDXR™

instrument (right). (Adapted from Casimir et al. [8])

Fig. 3 (Top) An overview of the Ventacon™ H4-200 heated cell; (middle) schematic cross-section
of the heating cell; and (bottom) schematic cross-section of the cylindrical container of powdered
samples. (Adapted from Casimir et al. [8])
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Fourier Transform-Infrared Spectroscopy

When infrared radiation interacts with a molecule, some of the light gets absorbed.
The molecule then vibrates and gets excited to a higher energy level. When the
photon energy between the two permitted energy levels is coincident with the energy
difference between the pair of levels, an absorption spectrum is recorded [38]. As a
result, the resultant modes of vibration are infrared vibrations due to a change in the
dipole moment [5].

In the Fourier Transform (IR) technique, a broadband light source shines into
a Michelson interferometer. Different wavelengths are modulated at different rates
and the beam exiting the spectrometer is a snapshot in time called an interfero-
gram. Fourier transformation is used to convert the interferogram into an absorption
spectrum of the signal at a series of discrete wavelengths.

We have collected FT-IR spectra of the samples using a Thermo Scientific™

Nicolet™ iS50 FT-IR Spectrometer. The iS50 FT-IR has a tungsten-halogen white
light source with a Polaris™ long-life IR source. The Attenuated Total Reflection
(ATR) technique, which requires minimal sample preparation is used with a diamond
crystal as shown in Fig. 4a–c. As shown in Fig. 4c, the ATR accessory operates
by collecting the internally reflected infrared beam from an optically dense crystal
(diamond). When the crystal comes into contact with the sample, the sample absorbs
the light energy, and the evanescent wave is attenuated. Subsequently, the reflected

Infrared 
Beam

ATR Diamond 
Crystal

To Detector

Sample in contact with 
evanescent wave

Holding 
down device

Diamond 
crystal

Platform 
with crystal

Sample 
stage

a b 

c 

Fig. 4 aATR sample stage; b Scientific™ Nicolet™ iS50 FT-IR Spectrometer; c Schematic of ATR
top plate. Thermo Fisher ScientificTM
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energy goes to the IR spectrometer detector, which records the attenuated IR beam
and generates the FT-IR spectra.

X-ray Diffraction

X-rays incident on a sample interactwith the electrons of the arrayof atomsmakingup
thematerial and experience elastic scattering. The resulting spherical waves undergo
constructive interference to produce a diffraction pattern governed by Bragg’s law:

2d sin θ = nλ (3)

where d is the interplanar spacing in the nanomaterial sample, θ is the incident angle
(as shown in Fig. 5) and λ is the wavelength of the incident X-ray radiation.

TheX-Ray diffraction spectra of the SnO2 samples were collected using a Thermo
ScientificTM ARLTM EQUINOX 100X-Ray diffractometer (XRD) (shown in Fig. 5).
The size of the beam is approximately 5 mm × 300 μm, and a spinning stage for
powder samples is used as illustrated in Fig. 5 (top). The EQUINOX curved detector
can measure all diffraction peaks simultaneously across a wide angular range, which
means it measures the whole 2θ range simultaneously and in real-time; no scanning
is required. A regular X-ray diffraction instrument includes the X-ray source or tube,

X-ray DetectorX-ray source 
Divergence 
limiting

Receiv-
ing slit

2
d A C

B

A B

d

z

z

nλ =2d sinθ
Bragg’s law

Fig. 5 (Top) Thermo Fisher ScientificTM ARLTM EQUINOX 100 X-Ray diffractometer; (bottom)
Schematic of X-ray diffraction
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Fig. 6 (Left) Phenom Pure Scanning Electron Microscope (left); (Middle) Schematic of SEM
adapted from Nanoscience Instruments, Inc.TM; (Right) Phenom XL Desktop Scanning Electron
Microscope, Thermo Fisher ScientificTM

a sample stage, an optics receiver, and an X-ray detector. The ARLTM EQUINOX
has the X-ray tube, and the X-ray detector is stationary. The only moving part in
the XRD is the sample stage. The foundational principle behind XRD analysis is
Bragg’s law, which relates X-ray diffraction to the crystalline structure, allowing it
to be determined experimentally. X-ray diffraction is a powerful technique used to
study solid matter materials. Solid materials can either be crystallized, with the
atoms organized in a regular or ordered manner, or amorphous, where the atoms
are organized randomly. As shown in the schematic diagram, the angle between the
X-ray source and the sample is θ , and the angle between the X-ray projection and
the detector is 2θ [49].

Scanning Electron Microscope

A Scanning Electron Microscope (SEM) was utilized in order to investigate the
surface morphology and topography of the bulk and film samples. Both Phenom
Pure and Phenom XL desktop instruments have been utilized to study the samples.
Both SEMs are shown in Fig. 6.

An electron gun emits electrons from a cathode, with variation in electron energy
between hundreds of eV and few tens of keV. The electrons are subsequently accel-
erated by the gradient of an electric field and the beam passes through two condenser
lenses and through an electromagnetic scanning coil to be focused on the sample
that is placed in a vacuum chamber. The scanning coil directs the electron beam into
the plane of the sample (i.e., x and y directions). The accelerated electrons with high
energy create different types of emitted and scattered electrons from inelastic and
elastic collisions occurring near the surface of the sample. The inelastic scattering
of incident electrons produces secondary electrons that are detected by an electron
detector [36].
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2 Synthesis Methods and Characterization of SnO2 Films

2.1 SnO2 Powder and Thin Films on Si and UV-Quartz

Commercially purchased SnO2 powder from SIGMA-ALDRICH with 325 mesh
and 99.9% purity was used as a standard and for spectroscopic characterization.
The powder sample was annealed at 1000 °C for 1 h. Thin films of SnO2 on UV
quartz and silicon wafers were created by radio frequency (RF) sputter deposition
in an oxygen/argon mixed atmosphere. The sputtering target was a 6-inch diameter,
¼ inch thick, ceramic target made from high purity tin dioxide. The deposited tin
dioxide film thickness was monitored by sputter deposition onto a polished silicon
substrate. A Filmetrics F20 instrument was used for curve fitting to calculate film
thickness. Film thickness was varied by changing the sputter deposition time. UV-
Quartz substrateswere placed in the sputteringmachine alongside the polished silicon
thicknessmonitor substrate.UV-Quartzwas chosenbecause it permitted transmission
measurements in the UV at wavelengths as low as 190 nm with a UV spectropho-
tometer. The measurement of the SnO2 band gap via UV transmission is described
in Sect. 3.5.

3 Properties of SnO2 via Spectroscopic Characterization

3.1 Temperature-Dependent Raman Spectroscopy of SnO2

Raman spectroscopy is considered a versatile and sensitive technique to examine
modifications in vibrational phonon modes crystallinity, surface and bulk atoms,
disorder, and size effects in nanometric crystallites. The present research focuses on
the vibrational modes of the rutile-structure of SnO2, where the normal modes with
space-group symmetry of P42/mnm (point group symmetry D14

4h) at the Brillouin
zone are given by Eq. (4) [35]:

� =1A1g + 1A2g + 1B1g + 1B2g + 1Eg + 1A2u

+ 2B1u + 3Eu (4)

where A1g, B1g, B2g, and doubly degenerate Eg vibrational modes are Raman active,
with the feature that the tin atoms remain at rest. A2u and the triply degenerate Eu

modes are active in IR (i.e. InfraRed light). TheA2g and the B1u modes are considered
silent (i.e., inactive optically) [13]. The vibrational modes are illustrated in Fig. 7
[4].
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IR active 

Raman active mode

Fig. 7 Top view along the z-axis of rutile-structured SnO2 optically active vibrational modes. The
Sn atoms are indicated by (blue) dots, and O atoms are indicated by (red) dots: Raman active modes
are shown with approximate wavenumber positions (top) and IR active modes (bottom), where the
arrows represent the direction of movement in plane and (+ or −) represents the movement along
the z-axis [13]

The B1g Raman active mode, around 123 cm−1, is not visible in many Raman
spectrometers because its intensity is about three orders of magnitude less than that
of the A2g peak [31, 30]. The Raman spectra were collected by choosing a laser
power of 10 mW and 25 μm aperture slit at different increasing temperatures from
30 to 170 °C, in steps of 20 °C (as illustrated in Fig. 8). Temperature variations were
accomplished by use of the Ventacon H4-200 heated cell (shown in Fig. 3).

A1g

Eg

B2g

Fig. 8 Raman spectra of SnO2 powder with 780 nm wavelength excitation as temperature varied
between 30 and 170 °C
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We have observed three of the four Raman active modes (Eg, A1g and B2g) in the
SnO2 powder sample, where A1g = 634 cm−1 is the most intense peak and represents
the symmetric O–Sn–O stretching, B2g = 775 cm−1 represents the antisymmetric O–
Sn–O stretching, and Eg = 475 cm−1, which is doubly degenerate, represents the
translational mode of SnO2 [18, 47]. The B1g mode cannot be observed with the
rest of the Raman active phonons. In contrast to the other Raman active modes, the
B1g band dramatically increases in wavenumber with increasing temperature [45].
Other weak abnormal Raman modes are noticed at approximately 501.7, 544.0, and
695.3 cm−1, which are similar to the reported bands of SnO2 nanoribbons [53].

A comparison is done below for the two Raman active bands A1g and B2g with
temperature variation in the range 30–170 °C, as shown in Fig. 9. The A1g and
B2g bands decrease in wavenumber with increasing temperature, while the Eg mode
appears to have almost no change as the temperature increases from 30 to 170 °C,
as demonstrated in Fig. 10. Raman spectra of SnO2 are modified based on the size,
shape, and temperature of the crystal.

Increasing crystal size leads to a dramatically decreased wave number for the A1g

and B2g bands, while the Eg band slightly decreases [31, 30]. At smaller crystal sizes,
three bands are noticeable in the spectrum of SnO2 powder, denoted as S1, S2, and S3
as shown in Fig. 11. S1 and S2 slightly decrease in peak wave number with increasing
crystal size, while S3 has no reported shift. The amplitudes of these bands decrease as
particle size increases. Some values for these peaks, when examined using a 488 nm
Raman spectrometer, are shown in Table 1. Average crystal sizes are denoted by L
and were determined through TEM measurements [14].

Fig. 9 Wavenumber shifts for the A1g and B2g vibration bands versus temperature in the range
30–170 °C
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Fig. 10 Wavenumber
variation for Eg vibration
band versus temperature in
the interval 30–170 °C

Fig. 11 Raman spectra of
SnO2 powder comprised of
A1g, B2g, and Eg bands,
along with S1, S2, and S3
bands. Reproduced from
Dieguez et al. [14], with
permission of AIP
Publishing

Table 1 Shifts in band wavenumber for SnO2 powder based on changing particle size. Reproduced
from Dieguez et al. [14], with permission of AIP Publishing

L (nm) A1g B2g Eg S1 S2 S3(A2u)

109.8 637.9 779.2 479.2 …. …. ….

56.6 637.9 778.9 479.5 …. …. ….

15.8 635.2 774.2 479.7 568.9 493.2 696.3

9.6 634.3 774.1 479.6 568.0 501.2 706.9

6.7 633.9 776.2 479.6 568.1 485.9 705.8

5.0 633.1 772.9 …. 572.0 503.7 691.7

4.5 631.6 767.7 …. 573.3 518.0 ….

3.5 631.5 …. …. 575.8 541.7 ….
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434.69

794.98

Fig. 12 DXR Raman spectra with 532 nm wavelength: Raman data of bare Quartz (left). Raman
data of SnO2 (908 nm) film thickness on Quartz compared with SnO2/SiO2 (right). The compared
figure is retrieved from Ferreira et al. [18] with open access provided by SciELO Publishing

Thin films of SnO2 will necessarily pick up spectroscopic characteristics from the
media they are deposited on. Examples of such media are silicon and UV-Quartz;
their pristine Raman spectra, along with their spectra with a 908 nm thick SnO2 film,
are shown in Fig. 12. A different wavelength of 532 nmwas used because the 780 nm
and the 514 nm wavelengths did not show any signs of the tin dioxide Raman bands.

The spectrumof the bareUV-Quartz has been collectedwith two pronounced features
of quartz at (434.69 cm−1) and in the interval (794.98–823.15 cm−1), which approx-
imately match the Raman peaks of borosilicate glass around (450–480 cm−1) and
(800 cm−1), respectively [28]. The SnO2/Quartz (908 nm) film exhibited evidence of
the Raman active modes around (627.07, 490.19, and 745.42 cm−1), which resemble
A1g, Eg, and B2g features, but are at somewhat different wavenenumbers, possibly
due to the presence of the quartz substrate, a similar effect to what has been observed
previously [18].

3.2 XRD Spectroscopy of SnO2

X-raydiffraction (XRD) spectraweremeasured byutilizing theThermoFisher Scien-
tific ARLTM EQUINOX 100 X-Ray diffractometer with a Cu–K α monochromatic
radiation source with wavelength λ = 1.5406 Å. The size of the beam is roughly
5 mm× 300μm, with a spinning stage for powder sample loading. The spectra were
collected in the range of 2θ = 20–80°. The XRD patterns for tin dioxide in powder
form with 325 mesh, 99.9% trace metals, were recorded with 2 peak values and the
associated numbers of Miller Indices (hkl) as 26.78° (110), 34.04° (101), 38.25°
(200), 51.98° (211), 55.01° (220), 62.13° (310), 64.97° (112), and 66.15° (301),
respectively, as shown in Fig. 13, which agree with Patil et al. [43] and Ferreira et al.
[18].

The XRD spectra confirm the rutile tetragonal structure of SnO2. XRD patterns
for SnO2 thin films were collected with thickness values of 41, 78, 96.5, 373, and
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Fig. 13 XRD pattern of SnO2 powder

908 nm, along with a bare double polished silicon wafer to act as a control. Figure 14
shows the XRD spectra of tin dioxide thin films over the range of 2θ = 0–80°. For
the bare silicon wafer substrate, we can see the broad peak in the range 2θ = 5–20°
approximately. The peak looks shifted in comparison to Su et al. [51] where they
have the range to be 2θ = 10–20°.

For the lowest ratio thickness of the film (i.e., 41 nm), we can observe properties
similar to the silicon substrate, except for a small hump around 26.2° that matches

Fig. 14 XRD spectra of SnO2 thin films on Si substrate: a bare double polished silicon wafer
substrate, b comparison of silicon substrate with film of 41 nm thickness of SnO2, c silicon substrate
with 78 nmSnO2 film thickness, d silicon substrate with 96.5 nm SnO2 thickness, e silicon substrate
with 373 nm SnO2 film thickness, f silicon substrate with 908 nm SnO2 film thickness
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the (110) orientation. As the thickness increases to 78 nm, another feature appears
around 37.1°, which could be associated with the (200) index, along with the peak
51.36°, which corresponds to the (211) index. When the thickness of the tin dioxide
film is 96.5 nm, the three previously mentioned peaks become more pronounced.
With a thickness of 373 nm, the 33.64° with (101) index appears, along with other
features that were not visible with thinner films.

In addition to the silicon substrate, XRD spectra were also taken for the tin dioxide
films on quartz substrate, with the same thicknesses as on the Si substrate, starting
from 41 nm and endingwith 908 nm. Figure 15 shows theX-ray diffraction spectra of
the SnO2 films in the range of 2θ = 0–80°. The data of bare quartz show a very broad
peak at around 21.62°, and the broadening starts from 2θ = 10–35° approximately.
The lowest ratios of tin dioxide thickness, namely 41 nm, 78 nm, and 96.5 nm, show
no evidence of SnO2 structural peaks. The features of tin dioxide start to appear
(i.e., 26.36° (110), 33.92° (101), 51.5° (211)) with the 373 nm thickness film, and
become stronger and more pronounced with the 908 nm ratio with values (26.19°,
33.74°, 51.5°). It shows more of the amorphous behaviour due to the smaller size
of the particles formed in the film in comparison with SnO2 on the Si substrate
samples. From these data, we were able to calculate the crystallite size (D) using the
Deybe-Scherrer formula in Eq. (5), as used by Agrahari et al. [1] and Henry et al.
[23]:

D = Kλ

β cos θ
(5)

Fig. 15 XRD spectra of SnO2 thin films on UV-Quartz substrate: a bare UV-Quartz substrate,
b comparison of the Quartz substrate with film of 41 nm thickness of SnO2, c Quartz substrate with
78 nm SnO2 film thickness, d Quartz substrate with 96.5 nm SnO2 thickness, e Quartz substrate
with 373 nm SnO2 film thickness, f Quartz substrate with 908 nm SnO2 film thickness
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Fig. 16 Lorantzian fit for the first peak (110) orientation for SnO2 samples

Table 2 Crystallite size (D)
and interplanar distance (d)
for SnO2 powder and the
most intense peak of SnO2
with 908 nm thickness

Samples Crystallite size D
(nm)

Interplanar distance d
(Å)

SnO2 powder 19.044 3.380

SnO2/Si
(908 nm)

7.367 3.375

SnO2/Quartz
(908 nm)

6.341 3.382

where K is a shape factor, typically K = 0.89 for crystalline spherical solids with
a cubic unit cell [18], λ is the wavelength, β is the broadening at half maximum
(FWHM) in radians, θ is the Bragg’s angle in radians. The most intense peak with a
value of 2θ = 26.78° was fitted by using a Cauchy-Lorentz distribution. The FWHM
of the first peak was obtained using the Fityk software, as illustrated in Fig. 16.

The interplanar distance was calculated using Bragg’s Law given by Eq. (6),
obtained by rearranging Eq. (3):

d = λ

2 sin θ
(6)

The results of both calculations are summarized in Table 3. As shown in Table 2,
the crystallite size is smaller for the films than the powder. This is due to the amor-
phous behavior of the film with higher β values, whereas the interplanar distance
has remained almost the same due to the choice of the first peak (110) orientation.

3.3 Scanning Electron Microscopy (SEM) of SnO2

Images of different tin oxide samples were collected at various locations of the
samples using the Phenom Pure Scanning Electron Microscope with magnification
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ranging between80x to 65,000x. In addition, thePhenomXLDesktopScanningElec-
tron Microscope was used with electron-optical magnification that ranged between
80x to 100,000x. The SEM images of the powdered sample with the Phenome pure
SEM at 2 μm magnification is shown in Fig. 17a, which can be utilized to pick
one grain of the SnO2 particle, and by using the Gwyddion software we can show a
3-dimensional view of the SEM image, as in Fig. 17b.

An average of 4 different spots of the powdered sample was obtained and has been
summarized in Table 3. The ZAverage can be interpreted as an approximate height of
an aggregate of nanoparticles beneath each spot of the SnO2 sample studied. Also,
we obtained the cross-section of the SnO2 films on Si at 8 μm magnification, which
validated the approximate thickness of each sample (as shown in Fig. 18).

Fig. 17 a SEM image of SnO2 powder at 2 μm magnification, b 3D view of SEM image of SnO2
powder of single grain

Table 3 Averaged
dimensions of 4 different
spots at 2 μm magnification

Element XAverage (μm) YAverage (μm) ZAverage (μm)

SnO2 powder 0.49 0.51 0.75

Fig. 18 Cross-sectional images of SnO2/Si for various thicknesses
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Fig. 19 SEM of SnO2 on Si with 908 nm thickness at 3μmmagnification (a). Corresponding EDS
spectrum and composition data with accompanying tabulation of precise concentrations (b)

An arbitrary spot on the SnO2 (908 nm) film on Siwas analyzed at 3μm resolution
with the Energy Dispersive X-Ray Spectroscopy (EDS) with the Phenom XL, which
allowed analysis of the chemical composition of the film samples, as illustrated in
Fig. 19.

The EDS analysis shows the atomic concentration and the weight concentration
of SnO2 to be 16.54 and 59.56, respectively, in comparison to the other elements in
the Si sample. The EDS spectrum represents a plot of X-ray versus Energy in keV.
The peaks represent a variety of elements in the sample [48].

3.4 FTIR Spectroscopy of SnO2

We used the Thermo Scientific™ Nicolet™ iS50 FTIR Spectrometer, in order to
determine the IR -active vibration modes for all tin dioxide samples studied. The
ATR technique with diamond crystal was used to collect the Mid-IR spectra in the
wavenumber range (400–4500 cm−1). A Smart iTR™ Attenuated Total Reflection
(ATR) sampling accessory was used. The spectra were gained after collecting the
background spectra and subtracting it from our sample spectra. Figure 20 shows the
characterizingbands of pureSnO2 powder in the range (400–800cm−1) [26] via peaks
467.36 cm−1 (Sn–O stretching vibration) and 569.37 cm−1 (Sn–O–Sn asymmetric
vibration), in comparison to Sn–O around 530 cm−1 [29, 32] and Sn–O–Sn around
600 cm−1 [2].

The FT-IR spectra taken for all the silicon samples are shown in Fig. 21. At the
lowest thicknesses, there is similar behavior to the silicon substrate results, with
peaks at 1107.36 cm−1 (the Si–O2 vibration band), and the 610.72 cm−1 feature due
to lattice phonon absorption in agreement with Hava et al. [21].

The spectra for the 78 and 96.5 nm tin dioxide films exhibit peaks in the range
(400–1150 cm−1). The higher thickness SnO2 films (373 nm and 908 nm) show



Synthesis, Spectroscopic Characterization … 303

Fig. 20 FTIR spectrum of SnO2 powder

Fig. 21 FT-IR spectra of SnO2 film on Si substrate: SnO2 film thickness of 41 nm (a), 78 nm (b),
96.5 nm (c), 373 nm (d), 908 nm (e)

features of Si that start to disappear in the range (400–700 cm−1). New features
begin to appear in the 373 nm film thickness, with peaks around 692.44 cm−1 and
565.57 cm−1 that relate to the Sn–O stretching and Sn–O–Sn asymmetric vibrations,
respectively [18].

The IR spectra for the SnO2 thin films on quartz were collected to compare the
results from different film thicknesses. Figure 22 shows all of the FT-IR data for bare
quartz, indicating features that appear at 782.44 and 989.96 cm−1, which represent
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Fig. 22 FT-IR spectra of SnO2 film on UV-Quartz substrate: Bare Quartz (a), SnO2 film thickness
of 41 nm (b), 78 nm (c), 96.5 nm (d), 373 nm (e), 908 nm (f)

the symmetric stretching of Si–O–Si, and symmetric and asymmetric stretching of
Si–OH, similar to the spectra of silica-PLL [44]. There is no evidence of SnO2 bands
in the thinner films up through 96.5 nm thickness, where the only difference is that the
baseline is higher in comparison to the two higher thickness films.When the thickness
increases to 373 nm, the peak at 782.44 cm−1 shifts to 776.68 cm−1, together with
an emergent peak at 589.64 cm−1. Another feature around 406.17 cm−1 starts to
appear, which corresponds to the Sn–O vibration. Also, a peak due to the O–H bond
appears around 3348.26 cm−1. The highest thickness of 908 nm shows that the peak
at 776.68 cm−1 has vanished and instead we have peaks around 494.21 cm−1 and
427.79 cm−1, which are characteristic of SnO2. Furthermore, the O–H bond becomes
broader at the center of 3348.55 cm−1, which may correspond to the presence of
moisture in the thicker films. According to Dieguez et al., [14], when the crystal
size is decreased, the IR spectra are modified due to the interaction between the
particles and the electromagnetic radiation depending on the size, shape, and state
of aggregation of the crystal.

3.5 Bandgap Energy Calculation for SnO2

When UV-VIS light impinges on a crystalline solid, a portion (T) is transmitted
through the surface of the sample, while some (R) is reflected at the surface, and
the rest (A) is absorbed by the solid sample. The absorption pattern of the spectrum
demonstrates the band structure of the sample, the energy gap between the lowest
conduction band (CB) and the highest valence band (VB), and the nature of the
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Table 4 Bandgap calculation
for different thicknesses of
SnO2 films on Quartz

Thickness (nm) Bandgap energy (eV)

78 3.458

96.5 3.383

373 3.562

908 3.519

transition, whether it is direct, indirect, forbidden, or allowed [11]. Using these
principles, the UV-VIS transmission data taken with a Shimadzu UV-2600 UV-VIS
Spectrophotometer allowed the calculation of the energy bandgap for the specified
thicknesses of the SnO2 films on Quartz as shown in Table 4.

The theoretical formulation to determine the band gap for the semiconductor
material is given by Eq. (7):

αEp = k
(
Ep − Eg

)1/2
(7)

where α is the absorption coefficient, the k is a constant, and Eg is the band gap
energy, and Ep is the discrete photon energy that was calculated using Eq. (8):

Ep = hv (8)

where h is Planck’s constant and v is the frequency of the light. The absorption
coefficient α is calculated for the tin dioxide films as the absorbance divided by the
thickness of the film. Ultimately, we used a classical Tauc plot to approximate the
bandgap energyEg byplottingα2E2

p against Ep. The x-intercept of this line represents
the bandgap energy. A python script was written to optimize this process and has
been included in the Appendix. The outputs of this script are shown in Fig. 23a–d
and Table 5. As the film gets thicker the amount of noise in the absorbance spectra
increases as exhibited by the Ep and α2E2

p relationship in the plots, with a noticeable
increase in the band gap value.

In an attempt to reduce the noise in the absorption spectra of SnO2 on UV-Quartz,
an annealing process was applied to the two thicker films. The 373 and 908 nm films
were annealed up to 360 °C for 15 min. The results of annealing the tin dioxide
films in comparison with the unannealed films are illustrated in Fig. 24. The band
gap calculation for the annealed sample appeared to be enhanced over that of the as
deposited SnO2 films. The band gap of 373 nm was at 3.562 eV as deposited and
after annealing it increased to 3.580 eV. For the 908 nm thickness the as deposited
band gap was 3.519 nm and after annealing it increased to 3.552 eV.
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a (96.5 nm)

(373 nm) (908 nm)

3.458 3.383

3.5193.562

(78 nm) b

c d

Fig. 23 Bandgap calculation for different thicknesses of SnO2 films on UV-Quartz: (a) 78 nm,
(b) 96.5 nm, (c) 373 nm, (d) 908 nm

Annealed: 3.552 eV
As Deposited: 3.519 eV

(908 nm)(373 nm)

Annealed: 3.580 eV

As Deposited: 3.562 eV

a b

Fig. 24 Bandgap calculation of SnO2 on UV-Quartz as deposited (green) and annealed (blue) of
two thicker films: (a) 373 nm, (b) 908 nm
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4 Composites with Metal Oxides

4.1 Carbon-Based Composites

Among all tin dioxide composites, carbon-basedmaterials stand out due to their supe-
rior electrochemical properties. A study done by Paek et al. [40] showed improve-
ments in both the reversible capacity and cyclic performance when combining
graphene nanosheets (GNS) with the SnO2 anode material in Lithium-ion batteries.
The graphene nanosheet was prepared by the method of chemical reduction of exfo-
liated oxidized graphite materials. The SnO2 was prepared by controlled SnCl4
hydrolysis with NaOH. One-dimensional SnO2 n-type semiconductor coated with a
single-wall carbon nanotube (SWCNT) was used to increase the gas sensitivity for
gas-sensing applications, in contrast to only p-type semiconducting SWCNT [25].
The hybrid of SnO2 and SWCNT showed improved sensitivity, especially towards
the detection of nitrogen dioxide (NO2), as reported by Wei et al. [54]. A gas sensor
based on hybrid SnO2/SWNTs has been designed to senseO3 andNH3 and has shown
enhancement in detectingO3 andNH3 in comparison to pure SWCNTs layers at room
temperature [20]. Moreover, n-type multi-walled nanotube (MWNT) fiber compos-
ites with SnO2 prepared by electrospinning and calcined in air at 500 °C have been
able to detect carbon monoxide (CO) at room temperature at 50 ppm concentration,
whereas pure SnO2 nanofibers were found to be not sensitive under these conditions
up to 500 ppm [57].

4.2 Polymer Composites

Several composites have been produced by using Polyurethanes (PUs), which are
an important class of polymer materials, because of their chemical, mechanical, and
physical properties. There are many forms of PU: rigid and flexible foams, chemical
resistant coatings used as sealants, adhesives, and elastomers. The foam form of PU is
favored due to its desirable features, such as enhanced moisture resistance and good
sound damping. There are some limitations with the PU foams, such as low mechan-
ical properties and poor thermal stability. The thermal stability of Polyurethanes
was improved with the addition of tin dioxide nanoparticles at different densities
of PU foam [17]. Also, addition of ceramic powders of tin dioxide to a system of
Nafion-based polymer membranes was noted to enhance their chemical and physical
properties and led to increased water affinity, higher modulus storage of membrane
composites, and furthered polymer ionic channel organizations [46].
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5 Engineering Applications of Metal Oxides

5.1 Gas Sensors

Gas sensors based on metal oxides have seen a resurgence in recent years [13]. Tin
dioxide in different forms and shapes has been used in a variety of safety, industrial
and health applications. It has been used in the production of cost-effective and
reliable gas sensors (SMOX) [13] that are relatively simple to fabricate and use [55].
The mechanism of operation of a gas sensor is based on the changes in conductivity
of these materials through adsorption and desorption of gases, such as oxygen, on
the metal oxide surface. The surface of the metal oxide reacts with the detected
gases. The absorbed oxygen gets captured at the grain limit trap sites, and thereby
the barrier of the grain boundary potential increases, which leads to an increase in
the material resistivity [33]. As a result of this process, the electrical resistivity of
a semiconductor metal oxide becomes responsive to any impurities that might be
present on its surface or within its volume [22]. The first generation of merchant
sensor devices was manufactured in 1968 in Japan by Taguchi Gas Sensor (TGS).
They used SnO2 thick films as their sensing material to detect flammable gases [6].
Certain physical and chemical properties for the gas-sensing materials need to be
met in order to have an ideal gas sensor. For example, the sensing material should
have high long-term stability over a wide temperature range, with fast and high
response to the target gas and low response to ambient gases and humidity that
exist in the atmosphere, high selectivity, and cost-effective machinery. However,
existing sensors have their pros and cons. Metals, metal oxides, and polymers are
frequently employedmaterials in gas-sensing applications. Metal oxides have shown
better sensitivity performance as compared to metals and polymers and exhibit good
stability at high temperatures, while metals showed fair stability and polymers had
unsatisfactory stability as gas sensors. Metals on the other hand are the most cost-
effective sensing materials, in comparison to metal oxides (fair cost) and polymers
(intermediate cost). Although metal oxides perform efficiently with almost all the
properties mentioned earlier, their selectivity could be enhanced. Consequently, the
metal oxides have been tailored to detect diverse gases using functionalized and
composites of SnO2, as summarized in Table 6. Pure SnO2 has been used by itself
in a chemoresistor-based gas sensor in order to detect a variety of reducing gases,
such as hydrogen (H2), carbon monoxide (CO) carbon dioxide (CO2), and methane
(CH4) [29]. The sensitivity of gas sensors based on metal oxide semiconductors is
affected by the film thickness. Reducing the size of SnO2 particles to a scale of
nanometer dimensions and thin films, results in an enhancement in responsiveness,
down to the Debye length. The Debye length describes the space-charge size area
next to the free carrier concentration surface [16]. Specifically, it has been found that
by decreasing the crystallite size (D) of SnO2 to a range of 5–32 nm the sensitivity
towards certain gases, such as (CO), (H2), and (i-C4H10), increases [56]. A separate
study conducted by Hijazi et al. [24] showed good sensitivity and selectivity of
pure SnO2 and SnO2 functionalized with 3-aminopropyltriethoxysilane (APTES)
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Table 5 Compendium of
pure and functionalized tin
dioxide materials for
detecting gases

Material Detected gases
a, b, cPure SnO2 CO, H2, CH4, i-C4H10

dFunctionalized APTES SnO2 with
alkyl: C6H11ClO
ester: C7H11ClO3
acid: C6H8Cl2O2

NH3

aXu et al. [56]
bKorotcenkov et al. [29]
cDu and George [16]
dHijazi et al. [24]

labeled (SnO2-APTES) toward ammonia (NH3) gas in an aim to detect gases from
exhaled breath to diagnose diseases. SnO2-APTES was further functionalized with
alkyl (C6H11CIO), acid (C6H8Cl2O2), and ester (C7H11CIO3) groups. Both (SnO2-
APTES-acid) and (SnO2-APTES-ester) have shown an increase in conductance (i.e.
sensitivity) as compared to (SnO2-APTES-alkyl) when exposed to 100 ppm of NH3

gas; whereas pure SnO2 and SnO2-APTES have shown no change in conductance in
the presence of ammonia gas. In addition, (SnO2-APTES-acid) exhibited superior
selectivity for NH3 as compared to (SnO2-APTES-ester), while pure SnO2 works
well for detecting carbon monoxide, hydrogen, methane and isobutane (see Table 5).

5.2 Lithium-Ion Batteries

Owing to their superior electrochemical properties, SnO2-based materials exhibit
high specific capacity and cost-effective ingredients. The SnO2 anode has shown
an increase in reversible discharge capacity of 782 mAh/g. However, the regular
SnO2 anode suffers from low cycling ability and cracks due to volume changes with
cycling.By reducing the size of theSnO2 particles, it is possible to increase the ratio of
surface-to-volume and lower the change in volume during insertion and extraction of
lithium [50]. For instance, nanoparticles of SnO2 of size 3 nm have shown enhanced
electrochemical properties, but with low lithium storage, in comparison to those of
4 nm and 8 nm particle sizes [27]. Song et al. have studied three higher particles sizes
with (SnO2–I= 15 nm), (SnO2–II= 30 nm), and (SnO2–III= 70 nm), where SnO2–I
has shown stable electrochemical performance during different cycles. SnO2–I also
showed an improvement in discharge capacity after 30 cycles (i.e. charging and
discharging 30 times) with capacity around 460 mAh/g, which means it holds 58.2%
of its electrical capacity in comparison to SnO2–II and SnO2–III that hold 40.7%
and 21.0%, respectively [50]. Also, SnO2 nanowires were found to be a promising
anodematerial due to their unique structural and electronic properties.However, there
were limitations to the use of tin dioxide nanowire anodes in lithium-ion batteries,
which was related to the deteriorative effects of catalysts [41]. The electrochemical
properties of SnO2 anode-based battery could be improved byperforming appropriate
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nanostructure enhancements in chemical composition. Theoretically, the tin dioxide
anode in lithium-ion batterieswas found to be distinctive due to its high capacity [10].
A study conducted byWanget al. [52] showed that the use ofN-dopedgraphene-SnO2

anodes in lithium-ion batteries resulted in higher capacity, as well as an increase in
rate capability, and improved cycling stability performance. Such enhancementswere
directly related to the exceptional electronic conductivity and sandwich structure of
the doped graphene that facilitated short-length transportation of the electrons and
lithium ions.

5.3 Solar Cells

There has been an increasing amount of research relating to the enhancement of
optical sensors, such as photodiodes, regarding their sensitivity to light in the ultravi-
olet (UV) region. SnO2 nanoforms have been applied in dye-sensitized and polymer-
based solar cells due to their large band gaps, thermal stabilization, low photocat-
alytic activity, elevation of electron mobility, and fine anti-reflection properties [37].
In addition, SnO2 can be used as a coating that improves the sensitivity of tradi-
tional GaP and ZnSe based photodiodes in the UV spectral limit. The uncoated
photodiodes reach their limit in the range 200–380 nm. Anti-reflection (AR) coating
can be used to increase the absorbance of light and reduce the loss of photons. A
SnO2 nanosized layer acts as an optically transparent coating layer that allows the
photodiode to detect light at shorter wavelengths. SnO2 can also be employed as a
transparent active electrode that functions in the wavelength range 350–1100 nm.
The high transparency of SnO2 comes from the large magnitude of the band gap
energy (Eg ~ 3.6 eV). The structure of the SnO2 layer leads to refraction that suits
the formation of AR coatings. Adding a coating layer of SnO2 with 54.4 nm thick-
ness leads to a transmission coefficient of 9.6% at 435 nm. In one study, an SnO2

sheet was used with two different photodiodes, one with zinc selenide (ZnSe) and
the other with gallium phosphide (GaP). The AR coating of SnO2 on ZnSe and
GaP based photodiode showed an increase in sensitivity of about 10–15% [15]. The
SnO2 thin films prepared by a sol-gel method were also used in AR coating for solar
cells. The sol-gel method created high purity films based on the hydrolysis and the
polycondensation of metal-organic precursors. It also offered a nanoscale control of
the film structure. The use of tin oxide (SnO2)/silicon (Si) has been proposed for
low-cost photovoltaic devices. The doping in SnO2 has been used to reduce the sheet
resistance and to increase the transparency of the thin film. The doped SnO2 has
proven to provide high optical clarity of the obtained films. Also, due to this layer,
the device has excellent technical performance and high reliability, without large
fabrication costs [34]. SnO2 has also been exploited as an electron transfer mate-
rial (ETM) (i.e. coating material) in perovskite solar cells. Organometallic halide
perovskite (ABX3) has been studied extensively in recent years due to its distinctive
properties, such as large absorption coefficient and optimal band gap, which qualify
it for absorbing light applications in photovoltaic cells. The SnO2 nanomaterial is
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featured with its high electron mobility (0.8 ± 0.14 cm2/V s), in comparison with
zinc oxide (ZnO) and titanium dioxide (TiO2) with mobilities (0.08 ± 0.01 cm2/V
s) and (0.1 ± 0.03 cm2/V s), respectively. SnO2 has been prepared as an ETM in
perovskite by a solution processing method in which the SnO2 films were deposited
from SnCl2 solution of 0.1 M concentration by using water and ethanol as solvents.
By using ethanol as a solvent, the coating material showed an enhancement in the
UV/VIS absorption spectra by 8.38%, with enhanced incident photon-to-electron
conversion efficiency (IPCE) and a circuit current density (JSC) of 18.98 mA cm−2

[37].

6 Conclusions and Future Research

We have characterized SnO2 powder, SnO2/Si and SnO2/UV-Quartz films by using
Raman, FT-IR, XRD, SEM, and UV-VIS spectroscopy techniques. We have demon-
strated a red shift in the Raman spectra as the temperature increases from 30 to
170 °C in both A1g and B2g vibrational modes, while Eg exhibited little change. By
using a 532 nm laser Raman excitation we were able to record the three Raman
active modes for SnO2 (908 nm thickness) film on quartz, which were difficult to
view at Raman excitation wavelengths of 780 and 514 nm. We performed a visual
characterization in three dimensions to obtain the morphology of SnO2 powder (bulk
form) and SnO2 film on silicon substrate utilizing high resolution scanning electron
microscopy. Additional trials for temperature-dependence are underway for SnO2

film samples to study the effects of both decreasing and increasing temperatures.
An approach utilizing the local-density approximation by using ab initio software
has shown an agreement of phonon frequency relation with IR and Raman spectra
[42]. Another approach followed by Lan et al. [31, 30] uses Molecular Dynamics
(MD) simulation for the rutile structured TiO2 to calculate the shifts and broadenings
of anharmonic frequency phonon modes at different temperatures ranging between
(100–1150 K) by using GULP software. Their MD simulation showed agreement of
crystal structure (i.e. lattice parameters), Raman frequencies and thermal expansion
with the experimental data. We are studying rutile structured SnO2 using MD simu-
lation at different temperatures integrated within the Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) software. High-level computations are in
progress utilizingMD simulations to compare our experimental data with theoretical
results, in order to gain a deeper insight into the effects of temperature on the phonon
modes active in rutile tetragonal tin dioxide.
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Perspective Future Development
of Nanomaterials

Jamal Akhter Siddique and Arshid Numan

Abstract Engineered nanomaterials (ENMs) and nanotechnology are revolution-
ising the world. Especially in the twenty-first century, it has gathered consider-
able interest from the society, academic world, researchers and the industrial sector.
Nanotechnology is now an established scientific area that has undergone an exciting
growth phase with a wide range of applications in different fields. Although the
field of nanomaterials is mature and well established, the scale-up from research and
development to commercialisation remains tedious due to the reliability and repro-
ducibility of technology. To overcome the limitation, there is a need to standardise,
validate and evaluate each stage of process development. Extensive research has
been done at the institutional and investors level for the modernisation and smooth
technology transfer. This chapter emphasises the significant progress, applications
and challenges in nanotechnologies and ENMs. In the end, the application properties
of this specific topic and future directions for research are discussed.

Keywords Engineered nanomaterials (ENMs) ·Metrological studies · Synthesis ·
Future nanomaterials · Challenges and limitations · Environmental hazardous ·
Commercialisation

1 Introduction

Nanotechnology is a well-informed field of research since the twentieth century
[1]. Nanomaterials (NMs) are the mainspring of nanotechnology and nanoscience.
According to the International Organization for Standardization (ISO), the prefix
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nano refers to a size ranging approximately from 1 to 100 nm [2]. Nanomaterials are
a broad class ofmaterials that include nanoparticles (NPs),which have one dimension
less than 100 nm [3]. These materials can be zero to three dimensional, i.e., 0D, 1D,
2D or 3D [4]. The European Commission proposed that a nanomaterial also consists
of 50%ormore of particles having a size between 1 and100nm.On the contrary of the
definition given by the European Union agency, the graphene flakes, fullerenes and
single-wall carbon nanotubes with one or more peripheral dimensions below 1 nm
also be considered as into the category of nanomaterials. The significance of these
materials is realised when researchers found that size can control the physiochemical
nature of a substance, e.g., electric, mechanical, magnetic, and optical properties, etc.
[5].

These activities established an influential noticeable methodology for creating
nanoscale dynamism. In the year 2001, the USA started a state-funded National
Nanotechnology Initiative (NNI) for the development of nanomaterials in the field
of nanotechnology. Later, similar initiatives were followed by the European Union,
Japan, and the Republic of Korea (South). Taiwan also implied its role and invested
huge funds into such type of National Program on Nanotechnology. The vast number
of articles on nanomaterials elucidates the fact that nanoscience and nanotechnology
demarcate a wide range of fields, in conjunction with physics, chemistry, biology,
materials engineering, medicine, and electronics.

Research on nanomaterials is a rapidly growing topic due to the drastic improve-
ment it brings to the quality of the product by significantly improving the char-
acteristic properties of bulk material. Materials developed and designed at such a
minute level are considered as engineered nanomaterials (ENMs). Production and
demand for ENMs embedded in consumer products are growing significantly in
the last few years [6]. These ENMs can instigate exclusive electrical, magnetic,
optical, and other material properties. Such promising features have the potential
to introduce tremendous impacts in the field of food, cosmetics, medicine, pesti-
cides, electronics, and pharmaceutical research. The worldwide market of nanoscale
materials in commercial products has been increased exponentially. Taking conser-
vative estimate by Mordor Intelligence, the global nanomaterials market was valued
at about USD 4.1 billion in 2015 and expected to reach USD 11.3 billion by 2020,
at a compound annual growth rate (CAGR) of over 22% during the forecast period
2017–2022 [7]. The study done by Woodrow Wilson International Center listing on
NanotechnologyConsumer Products has registered 1628 commercial nano-products,
including 440 in the European market [8, 9].

The ENMs offer the advantages of easy and flexible modifications technique with
small controlled particles. It boosts the commercialisation of the engineered prod-
ucts. Innovations frequently attract attention in industrial and scientific communities.
However, the fascinating properties of ENMs come with limitations of delivery of
reproducibility in process development, with low safety profile. The safe and repro-
ducible nanomaterials in industries remain a significant concern. To overcome the
inadequacies, academics, researchers and industries are working very closely tomiti-
gate the issues in an economical and environmentally friendly way. These objectives
address the widespread challenges we face, and most of them are directly affected by
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the methods involved in manufacturing. Here in this chapter, we specifically focus
on ENMs synthesis techniques, limitations, challenges and scale-up issues from
research and development to commercialisation.

2 Synthesis Techniques

NMs can be synthesised by using several conventionalmethods, including biological,
physical, chemical, and hybrid techniques [10, 11]. The synthesis of nanomaterials
through traditional methods gives harmful byproducts that cause severe environ-
mental distress and challenges to the current researchers. Moreover, such materials
could never be utilised formedicinal use due to health hazards, particularly in the clin-
ical field [12]. The researchers associated with ENMs synthesis are working hard
to overcome these challenges and trying to find new techniques or methods. The
establishment of eco-friendly technologies to develop environmentally favourable
nonhazardous products is going to be much more accessible by adopting biotech-
nological gears and green Nanotechnology [13]. Plenty of adverse restrictions are
subsequently eliminated by implementing the different ideas in the manufacturing
of ENMs to proceed at physiological temperatures, pH, pressure, and at the same
time, a negligible cost [14]. In general, the methods for the synthesis of nanoma-
terials can be categorised into two main divisions: “bottom-up method” and the
“top-down method”. Size, pH of the precursor solution, concentration of the extracts
used, concentration of the raw materials, and the protocols that are followed for the
synthesis [15] are also treated as challenges in the field of ENMs.

There are numerous ways to synthesise nanomaterials (as shown in Table 1); each
synthesis either belongs to bottom-up or top-down has its challenges and limitations.
Some of them are showing below in Table 1.

3 Existing Limitations

3.1 Limitations in Method Development

Temperature

Most of the physical methods undergo high temperatures (>350 °C), while the chem-
ical processes can be carried out at low temperatures (<350 °C). At the same time,
the synthesis through biological routes would get denatured at a temperature above
100 °C. Such a condition shows the importance of temperature in any synthesis of
nanomaterials. The role of temperature in the synthesis determines the nature of
nanomaterials formed [36].
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Table 1 Different synthesis methods of ENMs, merits, limitations and challenges

Methods Merits Limitations and challenges

Top-down methods
In this method, a destructive approach is employed. The bulky and larger molecules are used to
synthesis of nanomaterials

Ball milling (Mechanical
milling)

Involves the reduction of the
particle size with high energy
ball milling. John Benjamin
developed this method in 1970

It requires high energy; milling
time is quite long, steel balls
have an issue with
contaminating the powder,
threat of grinding the sensitive
microstructure [16]

Mechanochemical synthesis Synthesis is based on repeated
deformation, welding, and
splintering of the reactants
mixture

It creates highly sensitive
microstructures that can be
easily affected by the
impurities of atmospheric
media. Longer time required in
preparing the materials having
a size of less than 20 nm [16]

Laser ablation Uses laser irradiation to
minimise the particle size up to
nano level. In general, copper
vapour lasers are used with Ti:
Sapphire (Titanium-doped
sapphire) laser Nd: YAG
(neodymium-doped yttrium
aluminium garnet) laser at
106 µm [17]

It is difficult to realise precise
in-bulk processing and the
requirement of expensive and
large-dimension equipment.
Colloidal solution laser path
gets blocked, and laser energy
gets absorbed by formed
nanomaterials despite the
target surface. This method
also causes a reduction in
ablation rate [18]

Ion sputtering method Preparation of nanomaterials
from several metals using
magnetron sputtering of metal
targets. In this synthesis,
collimated beams of the
nanomaterials are developed,
and nanostructured films are
accumulated on the silicon
substrates. The entire process
needs very low pressure (1
mTorr) [19]

The nature of gasses utilised in
sputtering like, He, Ne, Ar, Kr,
and Xe, can impose the effect
on composition, peripheral
morphology, texture, and the
optical properties of the films
of nanocrystalline metal oxide
[20]

Bottom-up methods
It is a building up approach. The method employed in reverse, as nanomaterials are formed from
simpler substances. In such a technique, Nanomaterials are produced by using tiny particles and
adjusting the organisation of atoms

(continued)
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Table 1 (continued)

Methods Merits Limitations and challenges

Physical vapour deposition
method

Properly controlled vacuum
technique like, sputtered
deposition and thermal
evaporation causes
vaporisation of designated
material, which later
condensed on a substrate [21].
Different kinds of
nanomaterials get on the
surface of thin films or
attached to other
nanomaterials

This method is expensive and
generates materials in small
quantity. To implement this
method on the industrial scale,
cost minimisation is essential
[22]

Chemical vapour deposition
method

They are used for the
preparation of carbon powder
for the colour pigment in the
electric lamp and carbon fibre
as filaments. The deposition of
the thin film is done by
chemical reaction of the
gaseous molecule containing
atoms useful for film
formation [23]

Difficult to apply for
multicomponent material
deposition, [24] and prone to
chemical hazards due to
corrosive, toxic, and explosive
precursor gases

Sol–gel method (a) Prehydrolysed silica sol
leads, direct mixing of
nanoparticles or metal and
metal oxide. (b) Sol is
holding the matrix forming
species followed by gel
formation, mixing of
preformed colloids metal
(oxide). (c) Reduction of
metal before hydrolysis
and complexation of metal
with silicone [25]

Chemical reduction method The ionic salt is reduced in a
suitable medium in the
occurrence of surfactant using
different reducing agents [26]

All the limitations related to
reducing agents such as
expensive, toxicity, poor,
reducing ability and impurities
[27]

Hydrothermal method Method established on the
reaction of aqueous solution
vapours with solid material at
high pressure and temperature
and led to the deposition of
small particles

It is difficult to control this
process. The main limitations
are reproducibility and
consistency [16]

(continued)
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Table 1 (continued)

Methods Merits Limitations and challenges

Biological/Green synthesis
method

This synthesis was established
to make out the problems like
high cost, reaction
complications, and safety issue
of conventional methods

It can be done only at specific
conditions

Nanoparticle synthesis using
bacteria

The method involves
appropriate utilisation of
naturally occurring resources
such as microorganism for the
synthesis of nanoparticles

Safety risk [28]

Nanoparticle synthesis; fungi Fungi secrets enzyme and
protein worked as a reducing
agent that can be used for
metal nanomaterial synthesis
from metal salt

Safety risk, manufactured
materials are of variable size
[28]

Nanoparticle synthesis using
plant and plant products

yPlant-mediated mediated
synthesis of nanoparticle
gaining full attention in
materials research [29].
Various plant products like
extracts are used for the
synthesis of different metallic
nanomaterials like gold, silver,
copper and zinc nanomaterials

Heating conditions are
required, which increases the
production cost of
nanoparticles. Additional
temperature is needed, which
is possible only in the heating
environment [28]

Other methods of nanoparticle synthesis

Electrochemical deposition Involves electrodeposition or
template synthesis for the
production of nanomaterials
[30]. Ion etching technique is
used for the production of
porous alumina membranes
[31]

Some limitations in controlling
the nanomaterial dimensions
and morphologies

Microwave-assisted
nanoparticles preparation

The method is more offered
over thermal heating, like
bacteria along with cellular
locations used for the
Preparation of NMs

Use of uniform heat in the
microwave oven results in
shorter crystallisation time and
homogeneous nucleation [32]

Supercritical fluid technology The SCFs have distinguishing
physicochemical properties
which can be modified
between liquid and gaseous
states by changing the
temperature or pressure and
provides a chance to change
reaction environment like
viscosity, density, surface
tension and diffusivity [33]

It operates at high temperature
and critical pressure to prepare
nanoparticle [32]

(continued)
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Table 1 (continued)

Methods Merits Limitations and challenges

Ultrasound technique Ultrasound synthesis
techniques consist of two main
methods, ultrasonic spray
pyrolysis and sonochemistry
[34]

The rate of reduction in
sonochemical entirely
depended on ultrasonic
frequency [35]

pH

In green synthesis, pH plays an important factor in determining the rate of reac-
tion. Also, researchers observed that the solution’s pH in the medium determines
the texture and size of the synthesised nanomaterials [37]. Therefore, the size of
nanomaterials can be governed by varying the pH of the solution media. The impact
of pH to determine the size and shape of the synthesised silver nanomaterials was
established by Soni and Prakash [38].

Time

Time is also an influential factor for the quality and type of nanomaterials synthesis
during green technology,where the reactionmedium is incubated [39]. The character-
istics of the synthesised nanomaterials are also changed with time and significantly
dominate the synthesis process. The variation in time may affect the synthesis in
many ways like the accumulation of particles due to extended time of storage; parti-
cles may grow or shrink during prolong storage; they may have a shelf life, which
eventually affects their ultimate potential [16].

Pressure

The pressure applied to the synthesis medium also disturbs the shape and size of
the synthesised nanomaterials [40]. The pressure is also a significant challenge for
the synthesis of nanomaterials. The reduction rates of metal ions using biological
operators have been observed to be much faster at surroundings pressure conditions
[41].

Particle size and shape

The dynamic nature and shape of the engineered nanomaterials significantly influ-
ence the chemical properties [42]. Particle size shows a notable role in deciding the
characteristics of nanomaterials, like the melting point of nanomaterials decreases
when the size of the nanomaterials reaches up to nanoscale [43]. Nanomaterials with
different structures have similar energy that alters their shape [44]. The type of energy
generally used during the study of nanomaterial stimulates the alteration in the form
of the nanoparticle.
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Pore size

The excellence and solicitation of nanomaterials are considerably subjective by the
porosity of the manufactured nanomaterials. Knowledge of biomolecules on nano-
materials has been attained to increase their use in the drug delivery and biomedicals
[45].

Preparation cost

Preparation cost is the primary factor in the manufacture engineered nanomaterials.
The cost-effectiveness of the synthesis procedure is one of the major challenges that
affect the large scale nanomaterials synthesis. Therefore, to simplify the prospective
utilisation of nanomaterials in the manufactured goods, the production cost must be
controlled and regulated. The physical methods result in high yield within, but it
isn’t easy to control the morphology, particle size and other structural properties of
prepared nanomaterials. In chemical methods, the structural properties of the synthe-
sised nanomaterial can be controlled, but the production of hazardous waste is one
of the major concerns. However, biological methods of preparation of nanomaterials
are cheaper, environmentally friendly and facile.

Environment challenges

The surrounding conditions always play an essential role in regulating the nature
of the manufactured nanomaterials. Environmental influence easily converts the
single nanoparticle into core–shell nanomaterials by the association of materials or
rejoining with other materials from the environment [46]. In a biological system, the
manufactured nanomaterials produce a coating that changes them into massive and
more significant sized [17]. Moreover, the environment also influences the physical
structure and chemistry of the engineered nanomaterials.

Proximity

Researchers observed when an individual nanomaterial comes into the contact of
other materials or comes near the surface of different nanomaterials, the properties
of the material get influenced, and sometimes drastic changes occur as well [47].
Such kind of changing behaviour of the nanomaterials can be employed in making
more tuned nanomaterials. There are many ramifications of the proximity effect of
nanomaterials, such as the particle charging, the substrate infusion, and magnetic
properties of the nanomaterials.

3.2 Limitations in Characterisation Technique

There is an agreement that the new functionalities proposed by nanoscale materials
will give rise to a flourishing impact of nanoscale products over numerous markets
all around [48]. The progression in the characterisation and synthesis of novel nano-
materials includes the study of their morphology, are usually considered vital for the
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advancement of nanotechnology. Progress in nanotechnology is diligently related to
the improvement of nano-metrology.Mostly, the novel nanomaterials, as well as their
applications, are regularly growing, which enforce comprehensive analysis of their
chemical, morphological, electromagnetic and additional parameters. Thus, Nano-
metrology and appropriate characterisation techniques are of utmost importance for
regular progress in nanotechnology [49]. In this part of the study, we discuss the
challenges, applications, methods, advantages and limitations of the utilisation of
the instrumental techniques into the characterisation of nanomaterials.

A summary of similar problems and constraints of the elementary metrology
techniques is shown in Table 2 [50] and the applications of these methods to the
characterisation of nanomaterials are discussed.

3.3 Other Limitations

Numerous living systems, like plants, involved in secondary metabolites that behave
as stabilising and reducing entity for the synthesis of nanomaterials. In the same
manner, the composition of these metabolites varies with the type of plant, plant
part, and the method implied for its extraction [51].

However, different microorganisms generate separate extracellular and intracel-
lular enzymes on changing the amounts that affect the synthesis of nanoparticle [18].
The choice ofmethod to purify the synthesisednanomaterials can impact nanoparticle
quantity and quality.

Sometimes, centrifugation is used to isolate the nanomaterials based on gravita-
tional force [13]. In some other cases, chromatography techniques are implemented
to separate nanomaterials as per the requirement between the mobile phase and
stationary phase coefficients. Well-organised distribution of synthesised nanomate-
rials is attained by one or more procedures, including the extraction of nanomate-
rials controlled on their solubility in two different miscible liquid phases (organic
solvents and water) followed by electrophoresis or chromatography [52]. Separation
of nanomaterials is essential for their application in pharmaceutical and biomedical
industries [53].

4 Challenges of Nanomaterials

The safe use of nanomaterials in the consumer products remains a prime issue in
the development and implementation of a new roadmap for engineered nanomate-
rials that goes from the research laboratory, through pilot processing, testing and
development, mass production and finally to the public domain [54].

The major challenge in using nanomaterials in the industry is the reliable and
reproducible production method of nanomaterials in large quantities. To guarantee
the same quality of material every time, it demands precise control of all stages of
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themanufacturing process and standardised procedures for quality evaluation.More-
over, the advancement of nanomaterials, coupled with its huge demand in various
markets, has raised potential health and environmental risks of ENMs [55]. There is
a great challenge to estimate the risks of engineered nanomaterials anticipated from
their functional and chemical diversity. The methodology is limited to investigate
and determine the effect of these ENMs in complex environments, and ambiguity
regarding the extent to which they are or will be used in consumer applications or
industries [56].

NMs are being vocalised as the driving force behind the new industrial revolu-
tion. To create the base for their further industrial exploitation and to provide signifi-
cant socioeconomic impact, both private and public-sector spendings are continually
increasing to leverage the extensive know-how of NMs. However, some challenges
need to be overcome before the full potential of NMs can be realised. The following
section presents some of the limitations and challenges in the large scale deployment
of NMs.

4.1 Commercialisation Challenges

A revolutionary development has been registered in the field of nanotechnology inno-
vations. Plenty of nanotechnology applications have been developed from the side by
side, in the convergence of novelmaterials with new device buildings [57]. Numerous
commercial products likeNano-devices tools for surgical and drug delivery [58], tita-
nium dioxide nanoparticles based sunscreen [59], early diagnosis kit [60], nanocom-
posites utilising in cars [61], medical imaging tools, quantum dots [62], sunglasses
having nanocoating [63], and carbon nanotubes help in field emissive displays
[64] are available in the market. This R&D movement has established commercial
opportunities and encouraged governments, along with commercial organisations,
to implement rapid commercialisation strategies [65].

Challenges to technology commercialisation

The commercialisation of nanotechnologies is entirely based on what technology
has to offer today [66]. As per the business analysts, the essential elements effec-
tively commercialising nanotechnology include market size, market potential, and
the current economic scenario [67].

Lack of infrastructure

Nanotechnology research is helpless without expensive instruments. Therefore, the
absence of infrastructure restricts and delays the growth of nanotechnology. Addi-
tionally, equipment becomes outdated in a short duration, making it more robust for
researchers to keep well-informed of the competition [68].
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Valley of Death

This is the significant pause between a scientist obtaining promising results and
securing funds for commercialisation and proto-typing [68]. Studies indicate that
for every single penny that is devoted to the necessary research, more than ten
times must also be invested in commercialising of the competitive product [68].
Frequently, scientists are not getting involved in commercialisation, which harms
the technologies and ultimately turns out to be a loss.

Time Lag

The regular time invested between completion of research and commercialisation of
a product is approximately three to ten years [68]. The capitalist’s venture and other
commercial foundations of funding find this gap to be a significant disadvantage
since their capital is getting blocked [68].

Lack of standard for evaluation

A significant hurdle for industrialisation of nano-products is the lacking of a bridge
between researches and organisation that develops standards and issues certificates
to speedup. Ultimately, the controlling standards by which nanotechnologies can be
evaluated are missing.

Bureaucratic delays

Patent regularities take around three years to respond to a single requisition, a severe
issuewhen even an insignificant delay can be disadvantageous. There is a real absence
of a rational policy on technology transfer from universities to start-up businesses
because of that a considerable bureaucracy must be dealt with for any such transfer
[69].

The dearth of funding

As it is a capital prone issue (involves attaining the latest instruments and updated
facilities), research in nanomaterials faces challenges in gaining funds. Commercial-
isation needs a large amount of investment mostly, and the mediocre firms are often
unable to secure.

Lack of trained professionals

Trained professionals are the backbone of any industry; the field also suffers from
such glitches. The scarcity of capable, trained scientists, technicians, engineers, and
researchers are also barriers [68] in the development of these industries. A typical
prospect accepts that this is because of a lacking curriculum revision and inclusion
of nanoscience and technology in the engineering and science syllabus.

Public support

Companies with recognised brands considered as ‘brand image’ to influence public
sentiments in their favour. Still, mediocre firms and start-ups that presently constitute
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a foremost chunk of nanotechnology, nanomaterials firms do not have that excellence
and are more exposed to misdirected public clamour.

Both the methodological community and the popular press carry focus upon
nanotechnologies.Many predictions exist for the role of nanomaterials in future prod-
ucts and frequent activities throughout the globe need to cheer-up in the development
of nanomaterials and nano-enabled materials.

4.2 Environmental Challenges

ENMs are the most promising and grooming field in the current scenario. Regardless
of such advancement in NMs technology, the information related to the possible
impact of NMs on humanity is still not enough. The ENMs causes multiple types
of environmental hazards, which remain unnoticeable after release into the envi-
ronment. Hence, the study needs to be done in such aspects, especially to explain
the structure–function of ENMs with respect to basic chemistry, like functionality
and toxicity. Therefore, hazardous detail assessments should be implemented on
NMs that shows correct exposure of danger during manufacture or use. Hereafter,
nanoscience has been suggested to minimise conceivable environmental threats to
humanity by the deployment of NMs. Advance deposing of current items with new
nano-products that are additional ecologically concerned [70]. These efforts may be
useful for appropriate development of tenders and research inclination toward further
development of nanotechnology.

4.3 Environmental Challenges

Cumulative application of ENMs in commercial utilisation, as well as several
consumer products, inclines to escalate the probability of their exposure t humans
in both direct and indirect means [71]. The alarm has also been made whether the
production of ENMs may generate additional hazards. With the help of such signif-
icance, the positive and negative impact of nanotechnology on the environment has
been discussed in the following sections.

Positive impact on the environment

Nanotechnology promises remarkable environmental, social, and financial benefits.
As an example, ENMs are used in aircraft as a replacement of outdated compos-
ites to reduce the overall aircraft weight significantly, this would save thousands of
tons of fuel [72]. Additionally, ENMs are useful in wind turbine blades to create
stronger and lighter ones than earlier and keep themmore effective in energy conver-
sion efficiency [73]. Nanomaterials are gradually applied in petroleum refining and
automotive exhaust systems for the enhancement of chemical reactions by reducing
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pollution and expenses [74]. Researchers have put massive efforts into producing
carbon nanotube “scrubbers” to separate CO2 from power plant emissions [75].

Moreover, researchers are working hard to introduce low resistance wires with the
help of carbon nanotubes, helpful to lessen transmission power loss [76]. EMNs are
playing a dynamic role in minimising the engineering cost and enhance the effective-
ness of solar panels, which are considered as the freshest energy sources. Addition-
ally, with ENMs, solar panels can bemade inmalleable rolls against the conventional
panels and are even printable [77]. ENMs have been successfully applied for the sani-
tisation of water and air by the help of filtration, adsorption, and oxidation with better
competence than conventional ongoing techniques. One of the exclusive qualities of
ENMs is that they can be employed to retort to pollutant agents, eventually relevant
to alteration into nontoxic units. The coating on ENMs can also fight with pollutants
and have an auto-cleaning feature [78]. A self-cleaning ENMs surface coating tech-
nology might spare energy, water, and cleaning agents. Likewise, nanotechnology
has been implemented to make more efficient and environmentally friendly batteries
[79]. Furthermore, by cracking of oil into biodegradable complexes, ENMs may
deliver a significant role in cleaning up oil spills [80].

Adverse effects on the environment

According to the US agency concerned with Environmental Protection, “the toxicity
of NMs is difficult to identify because they have unique chemical properties, high
reactivity, and does not get dissolved in liquid” [81].AsENMsare incredibly reactive,
even the properties of ENMs in environmental samples could alter during collecting
and analysing the samples [81]. The transfer of some specific nanoparticles like TiO2

was also observed to cause a genotoxic effect (a small dose of 0.25mM) tomutilation
DNA (at higher quantity) on the plants, for example, Nicotiana tabacum and Allium
cepa [82]. Instance, nano Zn oxide and nano-Zn particles applied adverse effects
on the seed germination and growth of ryegrass/corn, respectively [83]. After the
discharge of ENMs to the environment, it may intermingle with other pollutants and
create fusion materials. According to the toxicological examinations, ENMs may
harm unicellular aquatic beings and individuals like Daphnia and fishes [83]. The
carbon nanotubes and their derivatives were also found to release toxic effects on
marine entities, such as Thalassiosira pseudonana, and Oryzias melastigma [84].
ENMs are also found to exert an adverse impact on the air system. The ENMs
played a significant role in the construction of dust clouds after being freed into the
environment [85]. The ENMs can affect all the environmental media, i.e., air, water,
and land. Human and other mammals’ health also gets affected due to exposure to
ENMs. The toxicity and exposure of NMs move through and get absorbed in the
cell membranes of mammalians. The immersion rate of the ENMs in cells is directly
related to their size, accumulation, and sedimentation characteristics [86]. Disclosure
routes of NMs are diverse and include oral, inhalation, dermal, and gastrointestinal
tract while consuming goods such as skincare, sunscreen products, paint and coating
products, food and health supplements, food additives, and food colourings [87, 88].

Furthermore, in some cases, ENMs are deliberately injected into the human body
for medical applications. Scientists have found relations between ENMs exposure
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during neonatal (the first month after birth) with increased decreased lung func-
tion, asthma exacerbation, wheezing and coughing without infection [89]. Inhaled
NMs get dispensed throughout the body via the bloodstream [90]. Epidemiological
studies have reported that dangerous cardiovascular disadvantages like changing
blood coagulation may create oscillation in cardiac frequency and function could
be due to ENMs acquaintance [91–93]. Becker et al. [94] established that carbon
nanotubes and TiO2 at a nanoscale level might cause tumours.

There is no hesitation in accepting that nanotechnology has been effectively
utilised in various fields for the welfare of humanity. Though, any new undocu-
mented technology comes with a few disadvantages. The future studies with sincere
attention on the fast-tracked or durable consequence of ENMs help in approximating
the exact toxicological sketch of these materials on the environment. As the ENMs
are susceptible structures, these structures could intermingle with other toxins to
generate hazardous toxic anomalies. These studies should also be covered in future
research to establish the disposal guidelines ofNMs. Environmental engineers, scien-
tists, authorities, nongovernment and government societies can only assume about
the impact of NMs. Therefore, it is essential to conduct proper life cycle evaluation
and risk assessment examination for NMs before extensive application. Much explo-
ration is needed in this arena as harmless bulk materials could become poisonous and
sensitive ingredients at nanoscale. Through reducing the massive breaches in knowl-
edge about the nature of interactions of NMs, we will have appropriate strategies
concerning the processing, applications, and regulation of NMs in the future.

5 Applications of Nanomaterials

Foretelling the fate of any up-growing technology is challenging. However, there is
a prevalent natural tendency to undervalue the power of technology and the speed of
its expansion. The development of engineered nanomaterials is already surpassing
the predictions made when the National Nanotechnology Initiative (NNI) was estab-
lished in 2000. The technologies based on nanomaterials are an emerging science
that is predicted to have swift and durable future growth. ENMs are assumed to
contribute prominently to economic development as well as in job establishment
around the world in the coming decades. According to the researchers, nanotech-
nology is proposed to have four distinct generations of progression. The focus of the
technology in the expansion of the ‘Safe-by-design’ model for engineered nanomate-
rials is presently under examination by the researchers. The simple idea involves first
to assure the safety testing of thematerial then start commercialisation of the product;
the safety measures should be taken and pooled with the design and invention stage
of an engineered nanomaterial development.

The studies highlighted the enormous potential impact of nanomaterials on new
technologies. The opportunities for nanomaterials research and development have
been defined for a broad spectrum of technology applications. To meet our goal of
eco-friendly engineered nanomaterial, we need to work on basic needs in such field
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of research. There are numerous desirable needs of material in different sectors of
research, which are discussed as under.

Electronics and Information Technology

ENMs are significantly involved in the development of computing and electronics,
contributing to smaller, faster, and more compact systems that can achieve and store
more significant and larger volumes of information. Moreover, the future fortune
of IT sector engineering is intensely based on further positive downscaling proce-
dures to construct new devices with advanced functionalities, better flexibility and
dependability, and enhanced performance. The new nano-electronics will give a step
modification in functionality, higher speed, minimised power consumption, compact
complexity that will deliver novel photonics, computer, and informatics tenders over
the next 20 years.

Manufacturing engineering

Nanomaterials must achieve the need of looking for new structural materials, in the
reduction of consumption and bargain the life-cycle costs. Improvements minimise
the fuel consumption and operating expenditures, decrease or zero emissions,
developed capacity and luxury and noise reduction also.

Health: biological and medical applications

The latest drug systems with controlled release can be manufactured by using nano-
engineering. The release of drugs into the human body is simplified by devel-
oping nanoscale features, i.e., supplying just the number of medications needed
to patients helps in minimising the amount of drugs. New ointments are required to
be prepared with nanoscale binders, which will have offshoots into the cosmetics
industry. Such changes get able to achieve the research and development needed for
the full exploitation of nanomaterials in healthcare.

Microelectronics and photonics

Expansion of quantum communication and computing, data storage implemented
new materials, and ideas like magnetic spintronics and semiconductors will trans-
form the capabilities. Mostly, such concepts are depending on nanostructures, and in
general cases, structural concepts using synchrotron and neutron sources are vital.

Nanomaterials in energy technologies

Climate changes and the shortage in energy supply are the utmost pressing concerns
faced by the developed and developing countries. Energy consumption and associ-
ated problems can be solved only by the use of renewable sources and developing
nuclear energies. Saving energy and resourceful use are the basic necessities in this
development.

Environment

In this human-made and natural environment, ENMs can help to resolve issues
like soil and groundwater cleaning, air cleansing, pollution level and sense. The
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need of the hour is human-made waste reduction like nuclear waste, along with the
urgent requirement of developing simple geological dispose-off techniques accept-
able for society. A healthier expectation of climate change is directly linked to the
understanding of aerosols effect (nanoparticles) in the atmosphere.

Security and safety

ENMs will come with the solutions to the anticipation and protection against
extremism threats, including natural and industrial accidental threats. Technology
will also provide a satisfactory response to the security and safety of critical instal-
lations and the environment. Apart from all compulsorily required benefits, the risks
involved with nanoscale have also to be addressed. History shows that upcoming
science and technology mostly cause anxiety and misunderstanding in society.
Considerable research efforts should be made to investigate health impacts and
methods to prevent them.

Medical and healthcare applications

Nanotechnology is already broadening the medical tools, knowledge, and thera-
pies currently available to clinicians. Such as Nanomedicine is an application of
nanotechnology in the field of medicine. It helps in development on the natural scale
of biological phenomena to produce exact solutions for disease prevention, diagnosis,
and treatment.

Future transportation benefits

Nanotechnology promises in developing multifunctional materials that will take
part in the development and maintaining safer, lighter, smarter, and more capable
aircraft, vehicles, spacecraft, and ships. Furthermore, nanotechnology proposes
various means to expand the transportation infrastructure.

Energy applications

The environmental pollution due to extensive use of fossil fuels and their rapid
depletion catalysed the research for the development of alternative renewable energy
resources. Scientists are working on the ways to establish clean, sustainable, and
renewable energy sources, along with the efforts to decrease energy consumption
and diminish the toxicity threat to the environment. ENMs are playing a significant
role in the development of alternative energy conversion and storage devices.

Environmental remediation

In addition to the ways that technology can help to expand energy efficiency, there
are still many techniques that can help to identify and clean up environmental pollu-
tants. ENMs can be applied for the efficient removal of chemical and biological
pollutants. Various kinds of nanomaterials are used as adsorbent and catalysts for the
detection and removal gases (SO2, CO, NOx, etc.), hazardous chemicals (arsenic,
iron, manganese, nitrate, heavy metals, etc.), organic chemicals (organic pollutants
(aliphatic and aromatic hydrocarbons) and biological substances, such as viruses,
bacteria, parasites and antibiotics. Recently, significant advances are made in the
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fabrication of novel nanoscale materials and processes for the treatment of drinking
water and industrial wastewater contaminated by toxic metal ions, radionuclides,
organic and inorganic solutes, bacteria and viruses and the treatment of air.

6 Conclusion

In this chapter, we discussed the ENMs their processing technologies and potential
applications. Although ENMs are continuously conquering every field of life, there
are still many challenges which need to be overcome. ENMs are valuable for various
applications, yet, the exposure of the nanotech industry is restricted due to their
uncontrollable use and discharge to the natural environment, which creates health
hazard alarms. Most of the nanotechnology R&D remains at a theoretical level,
and essential research has not been robustly linked to viable commercial produc-
tion and large-scale manufacturing. Risk and safety studies are also compulsory to
ensure public acceptance. There should be a policywhich emphasis on infrastructure,
education, standards andworkforce preparation. Nanotechnology commercialisation
can be improved by the implementation of new regulations with a proper roadmap,
which should appeal to investors and facilitate marketing. Government agencies
should coordinate their efforts.

ENMs hold potential for solving several current and future challenges from
climate change, energy scarcity, medical and industrial requests, that will improve
our standard of living while maintaining and stimulating the competitiveness of the
industry. We need to develop more natural ways and instruments to perform metro-
logical studies swiftly and in an accessible manner. Also, more work is needed
on identifying ethical issues, studying public perception and regulatory issues. Inte-
grating nanoscience and nanotechnology into the engineering and science curriculum
will enable the preparation of the future generation of scientists and engineers.

Results of studies and improvements in ENMs fields are inflowing into all-around
of our lives, such as energy, agriculture, defence, materials science, aerospace, envi-
ronmental science, andmedicine.Nanotechnology is emergingquickly,with its appli-
cations being examined via a growing number of scientists, engineers and clinicians,
government agencies, venture and capitalists. Some active research areas include
nanoporous materials, nanorobotics, nanodevices, nanolithography, nanopowders,
nanocomputers, and nanostructured catalysts, molecular nanotechnology, molecular
manufacturing, nano-layers, medicines and nano-biology (e.g., diseases prediction,
prevention, and treatment).Worldwide, biomedical engineers and clinical researchers
are working on disease preclusion and early delivery of care. The current tech-
nologies depend on processes that take place at the nanoscale. Some instances of
these technologies are lithography, ion exchange, adsorption, drug design, catalysis,
composites, and plastics.
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