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Preface

The purpose of this book is to summarize the recent developments in the important
research field of “Chemical Processing of Nanomaterials”. Book chapters were
invited on different methods for fabricating nanomaterials. Finally, the book is being
published with fourteen chapters. The topics are focused on chemical methods for
processing nanomaterials. The target audience of change the proposed with this book is
academia and researchers in the universities and the research laboratories. Nearly 15%
of researchers in different area deal with nanomaterials, and among them 60-70% of
them employ chemical methods for processing nanomaterials. The present book gives
various aspects of chemical processing of nanomaterials. This book describes latest
synthesis methods for all kinds of nanostructures using various chemical methods.
It also describes the latest techniques used for synthesizing and characterizing
nanomaterials of several kinds, such as active groups, core-shell, quantum dots,
metal and metal oxide, perovskite nanocrystals, etc. The chapters deal with chemical
methods for chalcogenides, nanostructured materials using microemulsions, wet
chemical methods for nanomaterial synthesis, chemical vapor deposition method,
sol-gel processing of nanocrystalline metal oxide thin films, electrodeposition—
a versatile and robust technique for synthesizing nanostructured materials, synthesis
of nanomaterials and nanostructures, low dimensional carbon nanomaterials,
synthesis and applications of two dimensional materials, methods of manufacturing
composite materials, surface modification of nanomaterials, nanomaterials for gas
sensing applications and the synthesis process of the quantum dots.

I would like to thank all those who have kindly contributed chapters for this
book. Thanks are also due to Dr. Prashant Ambekar and Dr. Jasmirkaur Randhawa
for their help in finalizing and improving the contents of the book.

Vidya Nand Singh
National Physical Laboratory (CSIR), New Delhi, India
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CHAPTER 1

Chemical Methods for Processing
Carbon Nanomaterials

Sehmus Ozden'*>

1. Introduction
1.1 Carbon Nanomaterials

One of the basic elements which has various allotropes is carbon, and it has the
ability to create covalent bonds with other carbon atoms in a range of hybridization
states, such as sp, sp?, and sp’. The most well-known natural allotropes of carbon
are graphite and diamond. Even though these allotropes mainly consist of carbon
atoms, they have different physicochemical properties because of the hybridization
of carbon atoms. For example, even though diamond, which consists of sp* carbon
hybridization, is transparent, an electrical insulator, and the hardest known material,
graphite, which consists of sp? carbon hybridization, is opaque, and a soft material
with high electrical conductivity.

Fullerene is the first unusual allotrope of carbon that was discovered in 1985
by Robert Curl, Harold Kroto, and Richard Smalley [1]. The discovery of fullerenes
opened a new area for carbon allotropes at the nanoscale. The discovery of fullerenes
was followed by carbon nanotubes, the straight tubular carbon structure, in 1991 [2].
In 2004, graphene, the one atom thick hexagonal lattice of carbon, was discovered
by Andre Geim and Kostya Novoselov at Manchester University (Figure 1.1) [3].
Although various forms of carbon elements have been discovered, there are still
many carbon allotropes that need to be experimentally discovered, such as graphyne
sheets and graphyne nanotubes [4].
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Figure 1.1. Timeline for the discovery of carbon nanostructures.

All of these carbon allotropes at nanoscale can be considered as members
of the same group because they consist of sp? hybridization of hexagonal carbon
lattice network. As a result of this hybridization, their properties, such as electrical
conductivity and mechanical properties are similar, although they have significant
differences because of their sizes and shapes.

Different classification methods can be used for carbon nanomaterials. The first
classification method is based on the hybridization of the carbon element, such as sp?
and sp®. Fullerene, carbon nanotubes (CNTs), and graphene can be categorized as sp?
hybridization, and nanodiamonds can be counted into sp* hybridization. The other
classification method is based on the structural dimension of carbon element, and in
this book we are taking this classification into account. There are zero-dimensional
(0D) nanostructures, such as fullerene, one-dimensional (1D) nanostructures, such
as nanotubes and nanofibers, graphene-like two-dimensional (2D), and three-
dimensional (3D) carbon nanostructures (Figure 1.2).

Carbon nanomaterials can be considered attractive candidates in a broad range
of nanotechnology applications, ranging from medicine to aerospace, because of

0D-Fullerene

Carbon
Nanomaterials

2D-Graphene

Figure 1.2. Classification of nanomaterials—zero-dimensional (0D) fullerene, one-dimensional (1D)
carbon nanotubes, two-dimensional (2D) graphene, and three-dimensional (3D) carbon nanotubes structures.
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their attractive properties, but these nanomaterials need to be processed and modified
during or after their fabrication for the specific application. In this chapter, we will
discuss chemical processing and modification of carbon nanomaterials to control
their properties for emerging applications.

2. Carbon Nanotubes

Carbon nanotubes were discovered in 1991 by lijima, although there are some
reports that show tubular structure of CNTs in 1952 and 1976. Ijima et al. and
Bethune et al. have reported two separate works about the growth of single-wall
carbon nanotubes (SWCNTs). SWCNTs can be described as a rolled-up single-layer
graphene. Multi-wall carbon nanotubes (MWCNTSs) can be thought as rolling up a
multi-layer graphene sheet.

CNTs can be classified based on their wall numbers, such as SWCNTs and
MWCNTs, or they can be classified based on their chirality, such as zigzag and
armchair. They are semiconductors or metallic based on their chirality. CNTs
have extraordinary physical, chemical, and mechanical properties that make them
exciting future materials for a broad range of advanced technological applications.
For example, their mechanical tensile strength (> 100 GPa) and elastic modulus (~ 1
TPa) are much higher than known materials, such as diamond, with the advantages
of low density and flexibility. The thermal conductivity is theoretically reported as
6,600 Wm'K-'. The electrical conductivity of CNTs is 1000 times higher than copper.

CNTs can be produced using various techniques, as shown in Figure 1.3.
CNTs were first produced using high temperature fabrication methods, such as arc-
discharge and laser ablation methods, but recently these methods have been replaced
by low temperature chemical vapor deposition (CVD) techniques. The CVD method
is the most commonly used method for producing CNTs. In this process, nanotubes

Figure 1.3. Methods for synthesis of CNTs.
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are obtained by thermal decomposition of a hydrocarbon vapor in the presence of
a metal catalyst. The properties of CNTs, such as density, length, and quality can
be controlled by CVD technique, etc. Here, we will look into the CVD method in
a more detailed manner. These methods mainly require a carbon source, catalyst,
temperature, and inert gases.

The CVD process involves passing a hydrocarbon vapor using methane,
ethylene, acetylene, benzene, xylene, and carbon monoxide as hydrocarbon sources
through a reactor with a metal catalyst, such as iron, nickel, and cobalt at a proper
temperature (Figure 1.4). The growth of CNTs with CVD method depends on
different parameters, such as hydrocarbon source, catalyst, temperature, pressure,
gas-flow rate, deposition time, reactor geometry, and the location of substrate inside
the reactor. All of these factors not only affect the growth of CNTs, but also their
yield, type, and quality.

Although the fundamental mechanism of the growth of CNTs is still not
understood well, the widely accepted mechanism is that hydrocarbon sources
decompose at high temperature and precipitate on the catalyst. When the decomposed
carbon precipitates on the surface of the catalyst, the nucleation of CNT growth
starts. If the interactions between metal catalyst and the substrate are weak, the
growth continues as tip growth (Figure 1.5a). If the interactions between the metal
catalyst and the substrate are strong, decomposed carbon deposits on the catalyst
from the lower peripheral surface of metal. In both cases, the growth of CNTs stops
when the surface of the catalyst is covered by amorphous carbon. To avoid the
catalyst poisoning, which stops the growth, a small amount of water vapor can be
purged into the furnace during the growth. The water vapor introduced into the CVD
reactor oxidizes the amorphous carbon that covers the surface of the catalyst and
reactivates the metal catalyst, and thus the growth of CNTs continues for producing
longer nanotubes. The carbon source affects the morphology of nanotubes. If small
and aliphatic carbons, such as CO, CH,, and CH;CH,OH are used, usually straight
tubular structures are obtained. If aromatic carbon sources, such as benzene and
xylene are used, usually buckled tubular structures form.

ubstrate & Catalys

]
|

IoC |

Bubbler

Carrier gas
Hydrocarbon Source ( -

Figure 1.4. A schematic figure of chemical vapor deposition (CVD) setup with fundamental needs for
the growth of CNTs.
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Figure 1.5. The schematic representation of CNTs growth mechanism—(a) Tip-growth, (b) Base-growth
mechanism.

Catalysts also play an important role in the growth of CNTs. Fe, Co, and Ni are
the most commonly used catalysts for CNT growth because of the high solubility of
carbon and high carbon diffusion rate in these metals. In addition, these metals have
high melting point and low-equilibrium vapor pressure with advantages of a wide
range of carbon precursors. The diameter of CNTs can be controlled by the size of
the metal catalyst. In addition to Fe, Co, and Ni, which are commonly used catalysts
for CNT growth, highly active crystallographic phases of Co-Mo, Ni-Mo alloys, Cu,
Au, Pt, Ag, and Pd were used as catalysts for CNTs growth.

2.1 Processing of Carbon Nanotubes by Chemical Functionalization

Although CNTs have extraordinary physical and chemical properties, some
limitations prevent them from real-world technological applications. For example,
all CNTs fabrication methods produce a mixture of various diameters and chirality
of nanotubes, and they are contaminated with metallic and amorphous impurities. In
addition, their solubility in common solvents and their seamless surface morphology
block out their dispersion in common solvent media due to the surface energy
and weak physical interaction between CNTs and the matrix. To overcome these
limitations, the surface structure of nanotubes need to be modified for desirable
processibility and applications.

Chemical surface functionalization is a unique method for controlling their
properties and their integration into the practical applications. To date, different types
of surface modification methods have been developed for nanotube functionalization,
which have been focused on the interfacial molecular engineering, improving
interaction with macromolecules, separation based on diameter and chirality,
defect engineering, etc. However, developing facile and controllable processes of
CNTs functionalization is a key step toward their potential applications. Nanotubes
functionalization approaches can be basically divided into covalent and noncovalent
functionalization.
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The covalent functionalization is based on linkage of functional groups onto
the surface of CNTs (Figure 1.7). There are a few reactive chemicals, which can
be directly connected to the inert hexagonal lattice of CNTs. For example, fluorine
is able to link up to a conjugated 7-7 system because of its high reactivity. Another
highly reactive functional group that can attach covalently on the surface of nanotubes
is diazonium salt, which is associated with the change of hybridization from sp?
to sp® and a simultaneous loss of conjugation. The other covalent functionalization
conducts by creation of defects on the surface of CNTs via acid treatment, which is
one of the most common methods to process CNTs for the desired properties and
applications. In this method, acid generates carboxyl groups onto surface of CNTs
following conversion to acid chloride, and so can easily be functionalized with other
functional groups, such as amine and alkyl groups. All of these functionalization
methods have advantages and disadvantages. For example, while the acid treatment
method reduces the conductivity and mechanical properties of CNTs, these properties
are not as affected by the diazonium functionalization.

The second functionalization approach is non-covalent functionalization,
which is the most commonly used method to modify CNTs without disturbing their
straight tubular structures. This process relies on weak physical interactions, such
as van der Waals, hydrophobic, and n-m interactions (Figure 1.6). Non-covalent
functionalization is a method for CNTs dispersion in aqueous and non-aqueous
solvents without changing their unique physical and mechanical properties, and it
is the most popular method for separation of nanotubes depending on their diameter
and chirality. For example, polymer molecules selectively wrap on different single-
wall CNTs (SWCNTs), leading them to be dissolved in organic media, while
others are insoluble. Thus the different structure of SWCNTSs can be separated via
centrifugation.

In addition to chemical surface functionalization, properties of CNTs can be
tailored by doping with heteroatoms, such as boron, nitrogen, and sulfur atom. In this

Elemental Doping
(@)

Non-Covalent
Functionalization

(b)

Covalent
Functionalization

(©

Figure 1.6. Schematics of the main approaches for surface modification of CNTs—(a) Elemental doping
of CNTs Ref. [5], (b) Non-covalent functionalization of CNTs via polymer wrapping, and (c) Covalent
functionalization CNTs. Ref. [7].
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Figure 1.7. Schematic representation of (a) Depiction of fluorination of CNTs and reductive defluorination
with hydrazine, and displacement of fluorines, (b) Oxidative etching of CNTs followed by treatment with
thionyl chloride, and subsequent amination, (c) Oxidation of CNTs following chlorination and amination.

approach, thermal decomposition of heteroatom source (N-, B-, S-containing) along
with the carbon source and metal catalyst results in the formation of heteroatom-
doped CNTs. Here, the heteroatom inserts into the hexagonal lattice of the tubular
structure by creating B-C, N-C, S-C bonding. The heteroatom in CNTs structure
can be seen as a regular defect, which alters the chemical behavior of the nanotube
structure. The reactivity of these heteroatom-doped nanotubes is usually more
reactive than undoped nanotubes with the same diameters. For example, theoretical
calculations predict a localization of the unpaired electrons around the N-doped sites
of semiconducting nanotubes.

There are different forms of N substitutions in CNTs, such as pyridinic N
(N atoms in six-member ring bonded with two carbon atoms), pyrolic N atoms in
five member ring, graphitic N atoms within the graphene lattice bonded to three
carbon atoms, and oxidized N species where N atoms bonded with oxygen atoms
(Figure 1.8a). Each N substitution has different functionalities, so it is desirable
to control the N-substitutions, which still remain a challenge. Toward controlling

( ) @® Catom ® pyndsn]c N atom
@ "graphitic” N atom g “pyric

Figure 1.8. (a) Schematic of the different forms of N substitutions [8], (b) TEM image of N-doped
bamboo-like nanotube structures, (c) Molecular structure of N-doped nanotube with pyridinic N
substitutions. Reproduced with permission from ref. [7]. Copyright© 2006 Nature Publishing Group.
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the doping, metallic N-doped CNTs were produced as bamboo-like structures by
pyrolysis of ferrocene-melamine mixtures at 1050°C, which contains 3—4% N atoms
[7, 5]. Theoretical predictions show that the metallic behavior of N-doped CNTs
originates from the pyridine-like N structures (Figure 1.8b) [5].

2.2 Properties of Carbon Nanotubes by Chemical Processing

Although surface modifications improve some properties of CNTs, functionalization
reactions have undesirable effects on the structures and intrinsic properties. In this
section, we will discuss how functionalization approaches affect some properties of
nanotube structures.

2.2.1 Mechanical Properties

The exceptional mechanical properties of CNTs attracted a great interest for a broad
range of applications, especially because of their extremely high strength to weight
ratio, but their relatively smooth graphene-like surface prevents them from dispersion
in polymer matrixes due to the lack of interactions. The design of functionalization
determines the influence of atomic structure, and hence the mechanical properties of
nanotubes and their composites. Theoretical calculations predict that Young’s Modulus
varies between 0.5 to 5.5 TPa and experimental results are reported between 0.32 and
1.47 TPa. The key difficulties to improve mechanical properties of nanotubes are
dispersion, alignment, and interfacial load transfer. Understanding the interface
interactions between functional group and surface of nanotubes is one of the key
parameters for developing an optimized nanotube material for mechanical application.
Covalent and non-covalent functionalization, which improve the interfacial bonding,
are attractive processes to enhance their dispensability and interface interactions
with polymer matrixes, and hence improve the mechanical properties of composite
structures. For example, Velasco-Santos et al. incorporated non-functionalized and
functionalized CNTs into the thermoplastic polymer matrix for investigation of
the role of nanotube functionalization on the mechanical behavior of composites
[9]. Zhang and coworkers showed that the storage modulus (E’) of composite
samples contains 1 wt% of the non-functionalized (MWCNT) and 1 and 1.5 wt%
functionalized (-MWCNT). In terms of E’, 1 wt% f-MWCNT composite samples
show better behavior than 1 wt% of non-functionalized MWCNT composite samples
[10]. They display that the tensile strength and modulus are increased in the sample
with the addition of 1 wt% MWCNT compared to pure PMMA. The behavior of
1 wt% MWCNT reinforced composite is strong, but not as tough as that of sample
with 1 wt% f-MWCNT compared to addition of 1 wt% MWCNT, which enhances
the tensile strength and modulus because of the improved dispersibility and interface
interactions between nanotubes and polymer structure. In addition, the elastic
behavior of composites increases with the addition of -MWCNT. While surface
modifications improve mechanical properties of CNTs reinforced composite materials,
functionalization processes decrease the mechanical properties of nanotubes because
functionalization creates defects on the perfect hexagonal honeycomb structures of a
CNT, and hence decreases their own mechanical properties. For example, Zhang and
coworkers performed atomistic simulations to show the effect of hydrogenization
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on the mechanical properties of CNTs [10]. They showed that the elastic modulus of
CNTs decreases with the increasing rate of functionalization, and both functionalized
and non-functionalized structures show a rapid drop after the strength is reached. The
strength and fracture strain of the functionalized nanotubes is lower than that of the
non-functionalized ones. The reduction of stress peak is due to the functionalization,
which creates localized deformation and early fracture of the CNT [10].

2.2.2 Thermal and Electrical Conductivity

The electrical and thermal conductivity of CNTs as fillers in composites is affected
by their structure quality, loading and alignment, and the resistance of the interface
between CNTs and polymer matrix. For example, Pan et al. investigated the thermal
conductivity of (10, 0) single-SWNTs at 300 K by covalent functionalization with
hydrogen atoms using a non-equilibrium molecular dynamics (MD) method [11].
They showed that the thermal conductivity of nanotubes drop by attaching hydrogen
atoms by chemical functionalization. When 5% of carbon atoms are hydrogenated,
the thermal conductivity decreases by about a factor of 1.5.

The preservation of the exceptional electrical properties of individual nanotubes
in macroscopic carbon nanotubes assemblies still remains a challenging issue because
of the non-uniformity of as-produced nanotubes in terms of chirality, diameter, length,
and number of walls. In addition, the electrical conductivity of the macroscopic
nanotubes is sensitive to defects on the hexagonal tubular structure. Their resistance
increases with impurities, such as amorphous carbon and topological defects on as-
synthesized CNTs, which creates further scattering points for electrical transport.
The theoretical electrical conductivity of CNTs can be as high as 10° to 10 S/m for
pure CNTs. These values are comparable to the two best known metal conductors,
silver and copper, which are 6.3 x 107 and 5.96 x 107, respectively. In experiments,
the intrinsic electrical conductivities of nanotubes are usually reported between 10°
to 105 S/m. Covalent functionalization reduces the electrical conductivity of CNTs
because of the disorder on the perfect hexagonal honeycomb grid sheet, but using
covalently functionalized nanotubes as a filler in polymer composites improves
the electrical conductivity. Certain concentrations of nanotubes can improve the
electrical conductivity dramatically for several orders of magnitude, and thus the
entire composite goes from almost insulating to highly conductive.

2.2.3 Electronic and Optical Properties

The electronic band structure of CNTs is basically obtained from the graphene by
the zone-folding method [12]. CNTs structures can be semiconductors and have a
direct bandgap, which depends on their diameter. O’Connell et al. shows the single-
wall CNTs structure with the index by two integers (n, m), which describe the length
(m times the tube diameter, dt) and chiral angle (o) of the nanotubes with the roll-up
vector on a graphene sheet. They indicate the qualitative pattern of sharp van Hove
peaks that arise from quasi—one dimensionality, which are predicted for electronic
state densities of semiconducting single-wall CNTs. It shows that the light absorption
at photon energy E,, is followed by fluorescence emission near E;;, which varies
with nanotube structure [13].
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The electronic structure of single-wall CNTs can be controlled by chemical
functionalization processes [14, 13, 15]. For example, Strano et al. used diazonium
functionalization, which involves electron transfer from CNTSs to the adsorbed diazo
groups, and creates covalent bonding between aryl and CNTs, for controlling the
electronic structure of single-wall CNTs [15]. This bond forms with extremely high
affinity for electrons with energies, AE,, near the Fermi level, E; of the single-wall
CNTs [15].

Photoluminescence (PL) of single-wall CNTs originates in the lowest-energy
band edge exciton state, which is E;,. PL of single-wall CNTs can be tuned to longer
wavelengths by increasing their diameter [16, 17, 18, 19, 20]. For example, Kwon and
coworkers modify the surface of single-wall CNTs with various functional groups to
tune their optical properties [18]. They showed that the unique chemical surface
processing provides exceptional chemical tunability of the near-infrared PL energy
(Figure 1.9a). As a result of chemical functionalization, the E;, emission red-shifted
with increasing the number of fluorine atoms along a six-carbon alkyl backbone
(Figure 1.9b). The energy shift goes from 133 meV to 190 meV. They observed a
consistent trend with the series of partially fluorinated groups by changing the chain
length —-(CH,),CF; (n =0, 1, 2, 3, 4, 5). To obtain larger optical tunability, single-
wall CNTs can be functionalized with diiodo-containing precursors (Figure 1.9¢).
For example, the emission of (6,5)-CNT > CH, is at 1125 nm, which is red-shifted

PL Intensity (a.u.)

A

l

PL Inten:lty (a.u)

CFA{CF JCF,

(ﬁ:ﬂ

800 1000 1100 1200 1000 1100 1200
Wavelength (nm) Emmission Wavelength (nm)

Figure 1.9. (a) Schematic of the four classes of molecularly specific functionalization, which create

quantum defects by reaction with halides functional group, (b) The PL spectra of functionalized (6,5)-CNTs,

(c) Comparison of monovalent and divalent fluorescent quantum defects by chemical functionalization,

(d) Excitation—emission maps of (6,5)-CNTs with chemically tailored fluorescent quantum defects.
Reproduced with permission from ref. [18].
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by 31 meV more than its monovalent counterpart, (6,5)-CNT—CH;. In (6,5)-CNT >
CF,, the defect emission further shifted to 1164 nm. Divalent aryl defects created
by reaction with, for instance, o-diiodoaniline and o-diiodobenzene also yield novel
emission peaks, which are more red-shifted from the parent single-wall CNTs [18].
Figure 1.9d shows nine chemical functional groups attached on the surface of single-
wall CNTs which continuously tune near-infrared emissions [18].

3. Graphene

Graphene is a single layer of hexagonal lattice of sp>-bonded carbon structure [3]. It
naturally exists as a building block of graphite, and n-r stacking of graphene sheets
holds the lamellar graphite structure strongly in place with an interlayer spacing of
3.41 A between the sheets [21]. Graphene was first exfoliated mechanically using a
scotch tape by Geim and Novoselov, and they investigated the electronic properties
of graphene, which lead to the Nobel Prize in Physics in 2010 [3]. Scientists and
researchers were actively involved in growth and processing techniques using
mechanical exfoliation, epitaxial growth, and chemical exfoliation, to understand and
tune the properties of graphene [22, 23, 24, 25, 26, 27]. The high electron mobility
of graphene in the range of 15,000 cm? V-!s! held it as a highly promising material
for electronic applications [22]. The mechanical and chemical properties of graphene
further expanded its potential areas of application, and it gained popularity in the
fields of electronic devices, multifunctional composites, sensors, and energy storage
systems [28, 29]. However, a reproducible and large-scale production of graphene is
needed for such a broad range of emerging applications. Various methods have been
used for producing graphene, and these methods generally can be categorized as top-
down and bottom-up approaches, such as mechanical exfoliation [30, 31], solvent
assistant exfoliation [32, 33], oxidation of graphite [34], epitaxial growth on SiC
surfaces [35], and chemical vapor deposition (CVD) [36, 37] (Figure 1.10).

3.1 Top-Down Synthesis of Graphene

One of the most facile methods for production of graphene is exfoliation. The stacked
parallel layers of graphite with the 3.41 A distance have weak van der Waals attraction
between the layers, and this interaction lets them slide on each other perpendicularly,
but the interaction between layers is strong enough to exfoliate graphite into single
layer graphene. The van der Waals interactions between the graphene layers needs to
be overcome to exfoliate graphite successfully. Expanding the distance between the
layers by oxidation or chemical intercalating reactions is a method which reduces the
interaction forces [38, 39]. To reduce interaction forces between layers and separate
graphene layers, various exfoliation methods have been developed, such as using
mechanical exfoliation [3], sonication assistant liquid phase exfoliation [40, 41, 42],
surfactant assistant [43, 44], and oxidation and reduction process [45].
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Figure 1.10. Some approaches for graphene production.

3.1.1 Mechanical Exfoliation

The scotch tape method is the most used mechanical exfoliation method, in which
graphene is detached from a graphite crystal using adhesive tape. After peeling
off the graphite, multiple-layer graphene can be obtained on the adhesive tape. By
repeating the peeling off process, the multiple-layer graphene is cleaved into various
flakes of few-layer and single-layer graphene sheets. The exfoliated graphene flakes
are in the form of different sizes and thickness—from nanometers to micrometers
in size for single-layer graphene with very high quality, which is dependent on the
preparation of the used wafer.

3.1.2 Sonication Assistant Liquid Phase Exfoliation

Sonication assistant liquid phase exfoliation of graphite is one of the most popular
large scale production of graphene [41, 46]. N-methylpyrrolidone (NMP) and N,N'-
dimethylformamide (DMF) are the most widely used organic solvents for graphene
and other 2D-nanosheets exfoliation mediums because of their well-matched surface
tension and ability to stabilize graphene suspension [47, 48, 49]. The first successful
attempt of sonication assistant graphene exfoliation was achieved by Coleman group,
in which they achieved 0.01 mg ml™ graphene by 30 minutes of graphite sonication
in NMP, followed by centrifugation to remove unexfoliated graphite particles [41].
Very high-quality defects-free graphene can be produced by liquid phase exfoliation
of graphite. The graphene-solvent interactions need to be strong enough to achieve
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high-yield exfoliation. It is necessary to understand the interactions between solvent
and graphene to improve the quality and yield of the graphene. Toward this aim, Shih
and coworkers reported the mechanism of stabilization of liquid-phase-exfoliated
graphene sheets in polar solvents using molecular-dynamic (MD) simulations [49].
They investigated the interactions between graphene and various solvents, NMP,
DMF, DMSO, GBL, and water. The potential of mean force between graphene layers
in each of these solvents was simulated to investigate the thermodynamic stability of
the graphene dispersion in each solvent. Solvent-solvent interactions decrease when
the solvent molecules are trapped between graphene layers because of a reduction in
the number of adjacent solvent molecules (Figure 1.11a). The calculated interaction
energies between solvent molecules and graphene layers are negative. Under these
conditions, the solvent molecules are in favor of being trapped, since the negative
solvent-graphene interaction energy compensates to increase the solvent-solvent
interaction energy. However, compression of the Van der Waals interactions between
graphene and solvent molecules causes an increase in the potential energy of the
trapped solvent molecules.

Authors studied the interactions between graphene and five polar solvents
[water, DMF, NMP, dimethyl sulfoxide (DMSO), and y-butyrolactone (GBL)] using
MD simulations. The potential of mean force (PMF) between graphene layers in each
of these solvents was simulated to investigate the thermodynamic stability of the
graphene dispersion in these solvents (Figure 1.11b). Among these solvents, water
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Figure 1.11. (a) Simulated representation of the five solvent molecules between single-layer graphene

layers at the corresponding most confined intersheet separation d. Each sphere represents an atom using

the following color scheme: white, H; green, solvent-molecule C; red, O; blue, N; yellow, S; black,

graphene C. (b) Potentials of mean force per unit area, O, between two parallel graphene sheets in the five

solvents considered here (NMP, DMF, GBL, DMSO, and water) as functions of the intersheet separation d.

(c) Numerically predicted concentrations of single-layer graphene sheets in the five solvents as functions
of time. Reproduced with permission from ref. [49].
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shows the lowest energy barrier, the deepest interlayer Van der Waals interactions,
and the least efficient solvent to stabilize graphene colloids, which clearly explains
the reduction process of graphene oxide in water, when the oxygen functionality is
removed. The graphene layers lose their dispersibility, aggregation, and precipitate
in a very short time. The other four solvents, GBL, NMP, DMF, and DMSO, are
significantly more efficient at stabilizing graphene colloids since they are providing
higher energy barriers (Figure 1.11b). Figure 1.11c shows the stability of calculated
concentrations of single-layer graphene sheets for all five solvents as functions of
time. As seen in Figure 1.12¢, the dispensability and stability of single-layer is as
follows: NMP =~ DMSO > DMF > GBL > water [49].

3.1.3 Surfactant Assistant Exfoliation

Exfoliation of graphene in water is mainly challenging because of the hydrophobic
nature of graphene and the lack of colloidal stability. To overcome these challenges,
surfactants can be used since they are amphiphilic molecules active at the surface/
interface and able to improve the interface interactions and stabilize suspension in
water [50, 51, 43, 52, 53]. The first surfactant assistant graphene exfoliation was
reported by Coleman group using the sodium dodecyl benzene sulfonate (SDBS)
[43]. The obtained graphene mainly consists of multilayer graphene with < 5 layers
and smaller quantities of monolayer graphene. The exfoliated graphene suspension
is stable because of the relatively large potential barrier as a result of Coulomb
repulsion between surfactant and graphene sheets.

To date, a variety of surfactants have been used for graphene exfoliation
[54, 55,51, 56,52, 57]. Exfoliation yield, flake size, and dispersibility of graphene are
different from surfactant to surfactant. As shown in Figure 1.12a, the concentration
of graphene in aqueous dispersions is a result of exfoliation using various ionic and
non-ionic surfactants. Non-ionic surfactants are more efficient for exfoliation and
stabilization of graphene compared to ionic surfactants [51]. The mechanism of
surfactant assistant exfoliation is shown in the Figure 1.12b. The hydrophobic faces
of surfactants associated with the superhydrophobic graphene layers expand graphene
sheets by intercalating between layers. The graphene dispersion is stabilized since

Figure 1.12. (a) Concentration of exfoliated graphene in aqueous dispersions in different surfactants

media. Reproduced with permission from ref. [51], (b) The schematic diagram of the graphene exfoliation

mechanism using surfactants, (c) Schematic illustration of an ordered single layer graphene and surfactants.
Reproduced with permission from ref. [55].
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the hydrophobic region of surfactants interact with the graphene surface and the
hydrophilic faces interact with the surrounding aqueous environment (Figure 1.12c¢)
[55].

3.1.4 Graphene Synthesis by Oxidation and Reduction Process

Graphene Oxide (GO) is a derivative of graphene and is a widely used approach for
the chemical synthesis of graphene [58, 59, 60, 61, 62, 63]. GO is a derivative of
graphene that contains oxygen containing functional groups, which allows tuning
the properties and integrating GO with other materials to create novel composites
(Figure 1.13). The degree of functional groups depends on the oxidation reaction
method and synthesis conditions [64]. The structure and interlayer spacing of
graphene oxide changes depending on the synthesis method and has intense effects
on the properties of GO.

The first synthesis of GO dates back to the 19th century, when B. C. Brodie
used potassium chlorate and fuming nitric acid on graphite. After about 60 years,
Hummers and Offeman used a novel process of oxidizing graphite using potassium
permanganate (KMnO,), sodium nitrate (NaNO;), and concentrated sulfuric acid
(H,SO,) (Figure 1.13). As a result of the reaction between H,SO, and KMnO,, the
active species Mn, O, forms, and it gets more reactive above 55°C.

Hummer’s method is the fundamental approach for recent GO synthesis
methods that have improved the quality and yield of GO. In the late 1990s, modified
Hummer’s method was developed by Kovtyukhova (Figure 1.13). Hummer’s
method was preceded by pretreating graphite with sulfuric acid, potassium sulfate,
and phosphorous pentoxide around 80°C for several days [61]. The pretreatment
was conducted for the proper expansion of graphite before the real oxidation
step, which can enhance the degree of oxidation [61, 65]. After the discovery of
graphene and its potential broad range of applications, researchers focused on
large quantity fabrication, which naturally brought chemical derivation methods
into prominence. GO has been used as a starting material for producing graphene
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Figure 1.13. Schematic representation of graphene synthesis using graphene oxide by Hummer’s,
modified Hummer’s, and improved methods followed by reduction to remove oxygen functionalities.
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by thermal or chemical reduction. Tour group at Rice University improved the
Hummer’s method by replacing sodium nitrate or phosphorus pentoxide with the
phosphoric acid, which improved the degree of graphite oxidation, produced larger
graphene flakes, and evolved less toxic gases [45]. The oxygen functionalities on
the surface of GO increase the interspace between 6-12 A depending on moisture
absorbed. GO is dispersible in water because of the hydrophilicity generated by
oxygen functionalities on the surface of GO. The dispersibility of GO in various
solvents and improved interaction with various compounds are key advantages for
developing monolith and hybrid multifunctional materials. Another advantage of GO
structures is the presence of both hydrophilic and hydrophobic part that makes it an
amphiphile, which increases the interfacial interactions and minimizes the interfacial
energy [66, 67, 68]. The defects from oxygen functionalities and disruption in the sp?
lattice makes GO electrically insulating. However, reduction of GO can restore the
sp? carbon network and hence increase the conduction of electrons [69, 59, 70]. The
material after reduction is called reduced graphene oxide (rGO) instead of graphene,
since it contains the structural defects and small amounts of oxygen functionalities.

The reduction of GO is an attractive approach for the mass production and
applications of graphene. Although the complete reduction of GO to graphene
still remains a big challenge, the partial reduction of GO has been improved a lot
toward the aim of high quality graphene production. Various methods have been
developed to get rid of the oxygen functionalities on the surface of GO and obtain
high quality reduced rGO, such as thermal method and chemical reduction methods
[71, 72, 73]. GO can be reduced exclusively by deoxygenation using thermal
annealing [74]. Thermal reduction of GO is one of the most promising strategies
for the mass production of rGO, and it has a lower cost and higher quality material.
During the thermal reduction of GO, sp* carbon atoms are fully oxidized and turn to
carbonaceous gases, such as CO,, and the rest is reduced to the sp* graphene. Most of
the functional groups can be removed above 300°C, and the thermal deoxygenation
is more controllable at lower temperatures [75, 76, 74].

The chemical reduction of GO is based on the chemical reactions between GO
and the reduction agent. One of the most used reduction agents is hydrazine, which
was used before the discovery of graphene [77]. The reduction of GO using hydrazine
and its derivatives can be achieved by the GO aqueous dispersion, and it results in
agglomeration graphene sheets because of the increased hydrophobicity. The strong
reactivity with water of metal hydrides, such as sodium borohydride (NaBH,) and
lithium aluminium hydride, which are string reducing reagents in organic chemistry,
is the main obstacle for the use of GO reduction [78, 79].

3.2 Bottom-Up Synthesis of Graphene

3.2.1 Chemical Vapor Deposition (CVD) Growth of Graphene

Chemical vapor deposition (CVD) method is one of the most attractive approaches
for the preparation and production of graphene for various applications [80, 81, 82].
Even though various strategies have been developed to produce graphene, the CVD
method is the most promising approach, with the advantages of being inexpensive
and producing large-area graphene [37, 83, 84, 85]. CVD grown graphene usually
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consists of two steps—the pyrolysis of precursor to carbon, and disassociation of
carbon on the surface of the substrate in the form of the hexagonal carbon structure.
In the first stage, hydrocarbon gas species are purged into the CVD reactor and
hydrocarbon precursors decompose to carbon radicals at hot zone and at the second
stage, decomposed carbon atoms disassociated on the surface of metal substrate form
single-layer and few-layers graphene (Figure 1.14). The metal substrate (e.g., Cu,
Ni) works as a catalyst to lower the energy barrier of the reaction and determine
the graphene deposition mechanism. In general, polycrystalline metal substrate is
annealed under the Ar/H, atmosphere around 900-1000°C, and then H,/CH, gas
mixture purges into the CVD reactor. In this step, hydrocarbon decomposes to
carbon atoms and then dissolves and disassociates on the surface of metal substrate.
Compared to the other metal substrate Cu, Ni has a higher solubility of carbon at
elevated temperatures, and the solubility decreases when the temperature decreases.
During the cooling down process of the furnace, carbon atoms diffuse out from the
Ni-C solid solution and precipitate on the Ni/Cu surface to form graphene films.

CH,, o .
oy Decomposition . Surface s, . Graphene
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g LIRS _— 34

Metal Substrate

Figure 1.14. The illustration of the two-stage growth mechanism of graphene.

3.3 Chemical and Physical Properties of Graphene

Carbon atoms are densely packed in a hexagonal honeycomb crystal lattice of
graphene with a bond length of 0.141 nm. The thickness of graphene has been
measured by various research groups, ranging from 0.35 nm to 1.00 nm [86]. For
example, Novoselov and coworkers have reported the thicknesses of graphene to
be between 1.00 nm and 1.60 nm, and Gupta and coworkers have measured the
thickness of single layer graphene as 0.33 nm using an atomic force microscope
(AFM) [87, 3]. The strength of graphene is higher than steel by about 200 times,
and this makes graphene the strongest material that has been tested until now. The
Young’s modulus and Poisson’s ratio of graphene reported by Li and coworkers are
1.02 TPa and 0.149, respectively [88].

The electrical conductivity of graphene at room temperature is 7200 S m™!
with mobilities about 200,000 cm? V s™!. The thermal conductivity of single layer
graphene at room temperature has been determined between (4.84 + 0.44) x 10* and
(5.30 = 0.48) x 10* WmK! by Balandin and coworkers [89].

3.4 Processing of Graphene by Chemical Functionalization

The nature of graphene is chemically inert and detailed reactivity of graphene in terms
of the size, shape, and functionalities needs to be understood well. The chemical
functionalization of graphene is one of the promising approaches for controlling its
electronic properties. The chemical functionalization of graphene can be categorized
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as (i) covalent functionalization, (ii) non-covalent functionalization, iii) doping with
heteroatoms.

Figure 1.15 shows the schematic representation of possible covalent
functionalization methods of graphene. GO is more reactive and can be tailored more
easily because of the oxygen functionalities, such as carboxyl, epoxy, and hydroxyl
groups on the surface of GO. In terms of the covalent functionalization of graphene,
acylation reactions are the most common approaches used for linking molecular
moieties on the surface after oxidizing graphene. Amine functionalization can be
performed after the acylation reaction between the carboxyl acid at the edge of GO
and amine functional groups to modify GO by long alkyl chains [91]. In another
example, Vinod et al. used the advantage of epoxy functional groups on the surface of
GO and opened up the possibility of using GO as the major epoxy matrix constituent
rather than just as a filler material [92]. They mixed up GO with polymercaptan-based
hardener, which a resin composite when thermal energy is applied. They conducted
control experiments using graphite powder and reduced GO, which confirms that
the functional groups in GO instigates the reaction because the epoxy does not react
with the graphite powder and rGO [92]. Authors used the first principles of density
functional theory (DFT) to investigate the interaction between graphene oxide
functional groups (—-OH, -O-, and -COOH) and epoxy functional groups, which is
mainly —SH group. The calculations show that —SH has a stronger interaction with
oxygen of the functional groups -O- and —OH, compared to the graphene sheet.
The interaction between functional groups and -SH breaks the C-O, C-O-C, and
C-OH bonds, and forms X-SH (where X = -O- and —OH) molecules, as shown in
Figure 1.16. Beside these common covalent functionalization, some well-known
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Figure 1.15. Schematic of various covalent functionalization chemistry of graphene or GO. Reproduced
with permission from ref. [90].
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Figure 1.16. DFT calculations showing the enthalpy of formation of various functional groups in GO

with mercaptan group. Among the different functional groups, the interaction of C-O-C (epoxide) group

with —SH is found to be high in all configurations, indicating a favorable reaction between the two,
provided the thermal barrier is overcome. Reproduced with permission from ref. [92].

organic chemistry reactions, such as cycloadditions, click reactions, and carbene
insertion reactions can be applied to pure graphene [93, 94, 95].

Noncovalent functionalization of graphene and GO primarily involve
physical interactions, such as hydrophobic, van der Waals, hydrogen bonding, and
electrostatic interactions with the additive molecules [96, 97, 24]. Similar to other
carbon nanomaterials, various materials, such as polymer, surfactants, small aromatic
molecules, and biomolecules, which lead to enhanced dispersibility, biocompatibility,
reactivity, binding capacity, sensing properties of graphene, have been used for non-
covalent functionalization of graphene [96, 97, 98, 99]. The most important advantage
of non-covalent functionalization is protecting sp? hybrid structure of carbon, and
thus outstanding physical and chemical properties of graphene can be saved.

In addition to the surface chemical functionalization, doping with heteroatoms
is another approach to control the properties of graphene. Heteroatom-doped
(e.g., B, N, and S) graphene nanosheets have been fabricated using the CVD system.
Heteroatom-doped graphene can be synthesized by introducing solid, liquid, or
gaseous precursors containing the desired heteroatom into the CVD furnace during
the growth together with the carbon sources [100, 101, 8, 102, 103]. Boron (B) and
nitrogen (N) are the most commonly used heteroatoms for doping graphene, and
these atoms prefer to be replaced with a carbon atom within the hexagonal lattice of
graphene because they have similar sizes and valence electron numbers as carbon.
In addition, graphene can be doped with multiple atoms for more effectively tuning
its properties. For example, boron and nitrogen atoms can be co-doped into graphene
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Figure 1.17. Schematic of graphene and heteroatom-doped (B and N) graphene with possible band-gap.

Reproduced with permission from ref. [159], (b) Doping graphene with heteroatoms using hydrothermal

method. Reproduced with permission from ref. [109], (c) Doping graphene by ball-milling technique.
Reproduced with permission from ref. [106].

lattices to form a variety of semiconducting layered structures with variable
stoichiometry and a tunable bandgap (Figure 1.17) [104, 105]. Besides the CVD
method, other approaches can be used for doping graphene, such as hydrothermal
method, ball milling, and thermal annealing methods (Figures 1.17b,c) [106, 107,
108, 109].

4. 3D Engineered Carbon Nanomaterials Processing

Although carbon nanomaterials exhibit attractive physical and chemical properties,
which could be exploited for a broad range of emerging applications, the real
challenge lies in integrating them to macroscale platforms. To overcome this
challenge, it is highly desirable to create various macrostructures, and thus utilize
their excellent mechanical and physical properties. Moreover, fabrication of 3D
macrostructures using nanoscale elements allows tailoring of their properties.
Although various nanostructures in different dimensionalities can be used, the
fascinating physical phenomena in carbon nanomaterials, such as nanotubes,
graphene, and other nanostructures are extremely attractive to create building blocks
of macroscopic assemblies. Various approaches have been developed for creating
carbon-based macrostructures [110, 111, 112, 113, 114, 115]. Here, we will review
3D engineered carbon nanostructures based on materials they are processing as self-
assembly 3D carbon based macrostructures and covalently interconnected 3D carbon
based macrostructures [116, 117, 118, 119].
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4.1 Self-Assembly 3D Carbon-Based Architectures

One of the most promising methods to create 3D hierarchical architectures, such as
aerogels, foam, and sponges using individual honeycomb carbon nanostructures is
self-assembly strategy, which relies on physical interactions between the chemical
functionalities on the surface of carbon nanostructures and their additives as a result
of hydrogen bonding, Van der Waals interactions, m-m interactions, electrostatic
interactions, hydrophobic interactions, and so on [120, 110, 111, 121, 122]. The
unique structure of the 3D macroscopic self-assemblies of carbon nanostructures
could provide excellent opportunities to integrate their properties into the critically
needed applications. Therefore, it is highly required to develop non-expensive and
highly efficient preparation techniques.

The main precursors for 3D nanocarbon-based structural aerogels, foam, and
sponges are CNTs, graphene, and graphene derivatives, such as graphene oxide
(GO), reduced graphene oxide (rGO), etc. In an usual process, carbon nanostructures
and their composite additives are dispersed in a solvent, followed by the
lyophilization process for removing solvents trapped in the pore structures. Thereby,
the interconnected porous structures can be retained. Generally, there are two key
factors for the formation of 3D nanocarbon structures and their 3D macrostructure
stabilization. The first one is their proper dispersion in suspensions and the other
one is strong physicochemical interactions between individual nanostructures and
additives that cause self-assembling into 3D macrostructures during and after removal
of the solvent. Alternatively, the self-assembly behavior of carbon nanomaterials can
be created by their chemical functionalization using techniques shown above, thus
improving their interface interactions. Thus, the assembly process becomes easier
and more effective since functionalization makes interactions stronger.

The specific chemical surface functionalization of carbon nanomaterials, such
as oxidation or amidation are able to produce a uniform suspension in water since
chemical functionalities convert the hydrophobic nature of CNTs and graphene
to hydrophilicity. Here, the major improved interface interactions between CNTs/
graphene as a result of chemical surface modification comes from hydrogen bonding,
Van der Waals interactions, hydrophobic interactions, etc. For example, Hu et al.
reported ultra-lightweight and highly compressible 3D graphene aerogel amine
functionalized self-assembled 3D GO after the lyophilization process [123]. After
the free-drying process, they conducted microwave treatment to remove chemical
functional groups that shaped ultra-lightweight 3D graphene aerogel. The resultant
lightweight (3 mg/cm®) 3D macrostructure of graphene sponge exhibited superior
resilience and could recover 90% compression (Figure 1.18). They demonstrate that
the lightweight 3D graphene aerogel with high elasticity has a great potential for
energy-absorbing applications [123].

4.2 Covalently Interconnected 3D Carbon-Based Architectures

If atomic-scale junctions between individual carbon nanostructures can be created,
they can also be ordered as covalently bonded 3D solid networks with control
over properties, such as density, porosity, and mechanical properties. The covalent



https:/lwww.twirpx.org & http://chemistry-chemists.com

22 Chemical Methods for Processing Nanomaterials

Original  Compressed  Released

t
3

|
|

Figure 1.18. (a) Images of ultra-lightweight and highly compressible 3D GO structure, (b) SEM images
of porous 3D graphene aerogels. Reproduced with permission from ref. [123].

bonding between individual nanostructures can be formed by several methods, such
as chemical vapor deposition (CVD) method [124, 117, 114] surface chemistry [125,
111, 113, 119, 92, 126], and welding techniques [127, 128, 112].

Chemical vapor deposition (CVD) method is one of the exceptional approaches to
create covalent junctions between individual nanotubes and/or graphene for shaping
covalently interconnected 3D carbon-based macrostructures [129, 130, 124, 117,
131, 132, 114]. To create covalently interconnected 3D nanotube and graphene-based
architectures via CVD method, several approaches have been used. Using additive
elements, such as boron (B), nitrogen (N), and sulfur (S) during growth is one of
the most commonly used methods for fabricating covalently interconnected carbon
nanostructures, which is especially used for 3D CNTs. The role of additive elements
is to create pentagonal, heptagonal topological defects in the hexagonal honeycomb
structure of carbon nanomaterials and promote the growth of covalent junctions
[133, 130, 134, 132]. For example, Shan et al. reported a covalently interconnected
3D nitrogen and sulfur induced CNTs sponge using CVD method (Figure 1.19). As
shown in the Figure 1.19, the nitrogen and sulfur doped CNTs sponge consist of

Figure 1.19. (a) Image of nitrogen-doped CNTs sponge, (b—c) SEM images of nitrogen-doped 3D CNTs
structures, (d) TEM image of an “elbow” junction in 3D CNTs sponge, (e—f) TEM images of nitrogen-
doped 3D CNT junctions. Reproduced with permission from ref. [132].
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CNTs with “elbow” structures as well as “welded” junctions that forms because of
the synergistic effect of additive elements, nitrogen and sulfur [132].

Beside using additive elements to create covalent junction between individual
nanostructures, we developed a novel approach by using multiple catalysts during
the growth [117]. In this novel approach, 10 nm Al, and 1.5 nm Fe were deposited on
silicon substrate and placed in the CVD furnace. In addition, we used 1% (mg/ml)
ferrocene/xylene solution as a carbon and secondary catalyst source. The ferrocene/
xylene solution was transferred into the reactor chamber, which used Ar/H, (15% H,)
carrier gas at a flow rate of 0.2 ml/min. The furnace temperature was set to 790°C in
the chamber where the precursor solution was vaporized. As a result, 3D CNTs solid
material with nanoscale intermolecular junctions was obtained (Figure 1.20a). The
density of 3D solid CNTs can be produced between 0.13 mg/mm? and 0.32 mg/mm>.
The 3D architectures consist entirely of entangled CNTs with different orientations
producing spatially varying morphologies, such as Y-type, X-type, multi-branched,
and ring-like configurations (Figures 1.20b—k).

Chen et al. reported a nickel template-directed CVD process for synthesis of
covalently interconnected 3D graphene structures (Figure 1.21) [129]. The fabricated
3D graphene structure is seamlessly interconnected into a 3D porous, and flexible
network because of the Ni template (Figure 1.21). The seamless interconnection
between graphene layers give the material porosity, outstanding electrical
conductivity, mechanical properties, and high specific surface area.

The other approach for synthesis of 3D nanocarbon structures is the surface
chemistry method. This approach essentially depends on the chemical surface

Figure 1.20. (a) Images of 3D CNT block of different dimensions, (b—d) High magnification SEM image
of the sample showing different kinds of CNTs junctions, (e) Bright field (BF) TEM image of the CNT
bundle with SAD showing polycrystalline diffraction of BCC iron (shown as top inset), bottom inset
showing HRTEM image of the interconnected region. (f) BF TEM image showing two CNT interconnected
with a thin region of carbon. Inset showing lower magnification image again with similar morphology.
(g) BF TEM image of a CNT showing the Fe filled core. The top inset showing SAD of iron and bottom
inset showing HRTEM of the same. (h) BF TEM image of “elbow” junction, (i) “Y” junction, (j) Helical
structure, and (k) Coiled structure. Reproduced with permission from ref. [117].
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Figure 1.21. (a) CVD growth of 3D graphene architecture using nickel as templates, (b) SEM image of
3D graphene structure shows the uniform porosity, (¢) Image of flexible 3D graphene/PDMS composite.
Reproduced with permission from ref. [129].

functionalization of carbon nanostructures. Surface modification by functionalization
is one of the fundamental requirements for fabrication of 3D Carbon-based building
blocks. The essence of a chemical functionalization approach to create 3D carbon
frameworks relies on covalent junctions between individual carbon nanostructures.
In general, chemical cross-linking process is following by post process, such as
freeze-drying. The properties of carbon nanostructures can be manipulated easily
using appropriate functionalities for desirable applications. For example, we used
Suzuki cross-coupling reaction, which is a well-known organic chemistry reaction
to create carbon-carbon bonding, for the synthesis of covalently connected 3D
macroscopic solids of nanotubes (Figure 1.22) [116].

CNTs were found to form a solid macrostructure when they have enough
functional groups to cross-link with covalent interconnection. The image of a

Figure 1.22. Schematic of the 3D CNT solid macrostructure synthesis from CNT powder. Initial CNT

powder was oxidized in HNO; and then converted to acid chloride. CNTs were covalently interconnected

via Suzuki coupling reaction, which is a palladium catalyst-based coupling reaction. After lyophilization
(Freeze Drying), 3D CNTs solid structure formed. Reproduced with permission from ref. [116].
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3D-CNT solid network is shown in Figure 1.23, which contains various network
morphologies in different regions. The 3D CNT solid structure is highly porous, as
can be seen in Figure 1.23, and CNT bundles are interconnected as a network, with
the microporosity.

Chemical cross-linking nanomaterials via solution chemistry has been applied to
graphene structures [135, 113, 118, 136, 119]. Similar strategies, which are used for
cross-linking of nanotubes can be used for graphene cross-linking as well, and this
approach is easier for GO compared to CNTs, since GO already contains functional
groups. For example, Sudeep and coworkers treated dispersed GO and fluorinated
GO (FGO) with borax and glutaraldehyde, followed by sonication and freeze-drying
process (Figure 1.24). The obtained structure was made of a completely cross-
linked 3D network of GO as a result of polymerization between GO nanosheets
using glutaraldehyde and resorcinol [118]. The representative process that shows
the structural evaluation of GO is shown in Figure 1.24. In general, glutaraldehyde,
which contains two aldehyde functionalities, reacts with the alcohol (—OH) functional
groups on the surface of GO with the help of borax catalyst. The resultant 3D macro-
GO has high porosity, which shows promising results for CO, gas absorption. Such
3D porous macroscopic structures are found to keep their structural integrity up to
100°C [118].

Another approach for building interconnected 3D carbon-based macrostructures
is the welding method [127, 128, 137, 112, 138, 139, 140]. Welding techniques
are important for joining metals or remediating structural defects. These methods
have started to merge with some nanomaterials, such as nanotubes, nanowires,
and nanoparticles under particular conditions, such as heating, beam irradiation,
sonication, and spark plasma, etc. For example, Terrones et al. performed
electron beam to form intermolecular junctions between individual single-wall
carbon nanotubes (SWCNTSs). They created intermolecular junctions of SWCNTs

e
100 pm

Figure 1.23. Scanning electron microscopy (SEM) images of different regions of the porous 3D CNT

solid structure. (a, d) Layer by layer CNT thin films, (b, ¢, f) CNT bundles as a network, (¢) 3D CNT after

lyophilization of the covalently connected CNTs via Suzuki coupling reaction formed as tubular structure,
(g) 3D CNT solid macrostructure. Reproduced with permission from ref. [116].
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Figure 1.24. (a—c) Schematic images of chemically cross-linked 3D macroscopic GO scatfolds before
and after interconnection. (d—e) High and low SEM images of 3D GO and 3D FGO scaffolds. Reproduced
with permission from ref. [118].

with various geometries using in sifu transmission electron microscope (TEM)
(Figure 1.25). Cross-linking dangling bonds between SWCNTs form as a result of
electron beam exposure at high temperatures [141].

In the other example, we used spark plasma sintering for creation of 3D-welded
carbon nanostructures. The spark plasma sintering (SPS) process gives rise to the
properties of carbon structure in the form of 3D macrostructure because of the
interconnection created by welding (Figure 1.26) [127, 128, 112]). We performed
SPS at three different temperatures (1000, 1200, and 1400°C) and three different
holding times (5, 15, and 30 minutes) (Figures 1.26a,b). The low magnification of
SEM shows a smooth surface morphology (Figure 1.26¢). The high magnification

Figure 1.25. TEM images of high resolution TEM and schematic representation of various geometries of
intermolecular junction between individual SWCNTs (a) Non-interconnected SWCNTSs, (b) “X” Junction,
and (c—e) “T”-Junction of SWCNTs structures. Reproduced with permission from ref. [141].
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welding

Figure 1.26. (a) Schematic of the process of CNT welding using SPS. (b) Picture of a representative

sample processed using the current method. (¢) Low magnification SEM image of the sample. (d, e¢) High

magnification SEM image of different regions depicting interconnected nanotubes. (f) Low magnification,

bright-field TEM of the interconnected CNT 3D structure. (g—j) High-resolution TEM images of CNTs
welded in different orientations. Reproduced with permission from ref. [112].

SEM images of the sample display the interconnected 3D CNT solid structure
(Figures 1.26d,e), which revealed that the structure is highly porous. The low
magnification bright field TEM image in Figure 1.26f shows that nanotube structures
are welded together to form the interconnected structure. The HRTEM images
of the welded structure reveal various possible orientations of the welding joints
(Figures 1.26g—j). The HRTEM images clearly resolve multi-walled CNTs that
are welded at their tips in different possible orientations. We observed nanotubes
connecting to each other through the surface of the CNTs and end-to-end welding.
Additionally, the morphology of individual nanotubes can also change to nano-
onion-like structures, as seen in Figure 1.26h.

5. Application of Carbon Nanomaterials

Carbon nanomaterials have found a wide range of applications because of their
exceptional properties (Figure 1.27). Carbon-based nanomaterials have integrated
some commercial applications [142]. Carbon nanomaterials have been integrated
into structural and composite materials for developing lightweight, stiff, and strong
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Figure 1.27. Some application areas of carbon nanomaterials.

composites due to their excellent mechanical properties, specifically the high tensile
strength, electrical conductivity, and chemical properties [121, 143]. Taking the
advantage of their dispersion, functionalization, and large-area deposition methods,
they can be used as a multifunctional coating material on the surfaces [ 144, 145]. They
have been widely used in energy storage and conversion applications as an electrode,
catalyst, and catalyst support, such as Li-ion batteries, supercapacitors, photovoltaics,
and fuel cells [146, 147, 148, 149, 150]. These materials have been used in a wide
range of biotechnology applications, such as controlled drug delivery, biosensors,
and neural and orthopedic implants, etc. [151, 128, 152, 153]. The use of carbon
nanomaterials, CNTs and graphene, functionalization and their hybrid structures
allow novel properties to be exploited in the areas of electronics, optoelectronics, and
photonics [154, 22, 155]. To date, various materials have been used for aerospace
applications. Carbon nanomaterials, nanotubes, and graphene, especially their
porous 3D macrostructures, are ideal materials for the next generation aerospace
vehicles because they are ultra lightweight, flexible, radiation resistant, and have
good mechanical properties [142, 156, 157]. The high surface area, hydrophobicity,
high thermal and electrical conductivity, and tunability of their properties by surface
functionalization make them excellent materials for environmental applications, such
as oil absorption, water purification, CO, storage, etc. [158, 110, 113]. Beside these
aforementioned applications of carbon nanomaterials, they have wider potential
applications, such as near-infrared (NIR), plasmonics, photonics, rechargeable
batteries, automotive parts, and sporting goods to boat hulls, etc.

6. Challenges on Carbon Nanomaterials

Although it has been more than three decades since the discovery of novel carbon
nanomaterials, they have still not been integrated into the daily-life technologies.
A significant progress has been achieved regarding the synthesis, processing, and
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functionalization methods, but there are still a lot of challenges that need to be
overcome to see these amazing materials in current technologies. Although various
methods have been developed for their synthesis, their mass production is the
biggest challenge for their commercialization. The other challenge is their control
over synthesis, such as chirality, diameter, and geometry, which are key parameters
affecting their properties (e.g., electronic band gap, electrical conductivity). For
example, the electronic structure of CNTs depends on their chirality and diameter,
but there is no report that shows the synthesis of single diameter CNTs. In addition,
the properties of these structures need to be modified for specific applications during
synthesis or post-processing methods. Although there is a significant progress
regarding the chemical surface functionalization or elemental doping to tailor their
properties, novel approaches need to be developed for their control over modification
so that their properties can be tuned depending on the desired application.

7. Summary

The discovery of fullerene in 1985 opened a new era that is called nanocarbon,
followed by the discovery of CNTs and graphene. Carbon nanomaterials can be
considered as attractive candidates in a broad range of nanotechnology applications,
ranging from medicine to aerospace because of their outstanding properties, but these
nanomaterials need to be processed and modified during or after their fabrication
for the specific applications. This chapter discusses chemical processing of carbon
nanomaterials, especially CNTs and graphene, which covers various strategies
of their synthesis, functionalization for tuning their properties, and the effect of
functionalization on their properties. In addition, applications and current challenges
on the integration of these materials into the real life technologies are discussed.
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CHAPTER 2

Synthesis of Nanomaterials and
Nanostructures
Preeti Kaushik,"* Amrita Basu® and Meena Dhankhar**

1. Introduction

With the evolution of nanotechnology, new paths for synthesis of nanomaterials have
led to the discovery of unconventional nanomaterials. Researchers are trying to develop
low cost novel materials with better functionality and properties to be used in various
applications, such as electronics, optics, aerospace, defense, etc. Nanomaterials and
nanostructures can be 0D, 1D, or 2D. 0D materials, such as nanoparticles or clusters,
can be synthesized using sol-gel, colloidal, or hydrothermal methods, and 1D and 2D
nanomaterials such as nanotubes or nanowires are synthesized using chemical vapor
deposition (CVD), arc discharge, or vapor-liquid-solid methods.

Broadly, there are two main approaches for the fabrication of nanostructures and
for the synthesis of nanomaterials:

» Bottom-up approach: This approach uses the force at an atomic scale to sum
up into the large complex structures. Typical examples are the formation of
nanoparticles from colloidal dispersion, and carbon nanotube (CNT) synthesis
using CVD.

» Top-down approach: This approach involves the breaking down of a large
structure into a smaller structure, like going from mesoscopic to nanostructures.
A typical example is lithography.
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2. Bottom-up Approach
2.1 Carbon Nanotube Synthesis Methods

Discovery of carbon nanotubes by Sumio lijima in 1991 led to a new class of
nanomaterials useful in different commercial applications [1]. CNTs can be described
as one atom thick graphene sheets rolled into cylinders. CNTs consisting of one
cylinder are termed as single-walled carbon nanotubes (SWNTs), and those with
multiple concentric cylinders are called multi-walled carbon nanotubes (MWNTs).
Due to their unusual electrical, mechanical, optical, and thermal properties, CNTs
are being incorporated into different applications, ranging from optical coatings,
adhesives, storage devices, to membranes for water purification. The extraordinary
high aspect ratio structure of these carbon nanostructures makes them useful in gas
sensors and field emission displays.

Highly reliable synthesis techniques are required for controlled growth of
CNTs to integrate these nanostructures into different applications. There is a need
to control the purity and structural quality of CNTs. Independent of the growth
method, CNTs are always produced with some impurities, such as amorphous
carbon, crystalline graphite, or the catalyst used during synthesis. The type and
amount of these impurities depends on the synthesis method used for growth. These
impurities interfere with most of the desired properties of CNTs, and cause hindrance
in characterization and applications. Understanding the actual nucleation and growth
process of these nanostructures is still a controversial subject. Figure 2.1a shows the
transmission electron microscopy (TEM) image and Figure 2.1b shows the scanning
electron microscopy (SEM) images of vertically aligned MWNTs.

CNT synthesis methods can be broadly classified as:

* Solid carbon source-based synthesis techniques

* Gaseous carbon source-based synthesis techniques

Solid carbon source-based methods include arc discharge and laser ablation
methods. Here, the source material used for CNT growth is in the solid form. In
arc discharge method, graphite electrodes are evaporated in an electric arc at very
high temperatures (~ 4000°C). The nanotubes produced by this method have a high
amount of impurities in the form of nano-crystalline graphite, catalytic particles, and

Figure 2.1. MWNTs: (a) Transmission electron microscopy (TEM) image and (b) Scanning electron
microscopy (SEM) image of cross-section.
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amorphous carbon, making them inefficient for use in further applications. In the
laser ablation technique, graphite targets of high purity are evaporated by high power
lasers at high temperatures.

Both of the above methods are inefficient in terms of purity at the cost of
resources used. Gaseous carbon source-based methods include chemical vapor
deposition (CVD), which is the most commonly used method nowadays.

2.1.1 Catalytic Chemical Vapor Deposition (CCVD)

Catalytic CVD (CCVD) involves catalytic decomposition of a carbon-containing
source on small metallic particles or clusters. CCVD can be either a heterogeneous
process, if a solid substrate is involved (supported catalyst), or a homogencous
process, if everything takes place in the gas phase (floating catalyst). Both
homogeneous and heterogeneous processes appear very sensitive to the nature and
the structure of the catalyst used, as well as to the operating conditions. Metals
generally used for these reactions are transition metals, such as Fe, Co, and Ni. This
is a low-temperature process compared to arc discharge and laser ablation methods,
with the formation of carbon nanotubes typically occurring between 600°C and
1000°C. CNTs prepared by CCVD methods are generally much longer (a few tens to
hundreds of micrometers) than those obtained by arc discharge (a few micrometers);
depending on the experimental conditions, it is possible to grow dense arrays of
nanotubes. MWNTs from CCVD contain more structural defects than MWNTs from
arc discharge, due to the lower temperature of the reaction, which does not allow any
structural rearrangements. CCVD SWNTs generally gather into bundles of smaller
diameter (a few tens of nm) than their arc discharge and laser ablation counterparts.
Specifically, when using fluidized bed reactor, CCVD provides reasonably good
perspectives on large-scale and low-cost processes. Although CCVD formation
mechanisms for SWNTs and MWNTs can be quite different, it is agreed that CNTs
form on very small metal particles, typically in nm range size.

CCVD heterogenous process or supported catalyst method uses Fe, Ni, or Co
and their alloys in the form of:

* thin film (vacuum evaporation, magnetron sputtering, or CVD)—The key factor
is to perform restructuring into active catalyst nanoparticles (NPs): heating in
N,, H,, NH;, or plasma treatment. Process depends on time, gas, thickness of the
film, its morphology, and material under the catalyst. Particles can coalescence
during continuous heating and other material phases can be formed.

« direct deposition of nanoparticles (NPs)—By electrochemical deposition or
plasma enhanced chemical vapor deposition (PECVD). Controlling metal
particle size is the key issue, and coalescence must be avoided (various supports,
such as Al,0;, Si0,, TiN, MgO can be used).

CCVD homogenous process or floating catalyst method uses organo-metallic
volatile compounds, such as iron pentacarbonyl Fe(CO)s or a metallocene, such
as ferrocene, nickelocene, or cobaltocene. It differs from the supported catalyst
approach because it uses only gaseous species and does not require the presence of
any solid phase in the reactor. The basic principle of this technique, like the other



https://www.twirpx.org & http://chemistry-chemists.com

42 Chemical Methods for Processing Nanomaterials

CCVD processes, is to decompose a carbon source (ethylene, xylene, benzene,
carbon monoxide, and so on) on nanosized transition metal (generally Fe, Co, or Ni)
particles in order to obtain carbon nanotubes. Catalytic particles are formed directly
in the reactor and are not introduced before the reaction, as occurs in supported
CCVD. The typical reactor used in this technique is a quartz tube placed in an oven
into which the gaseous feedstock containing the metal precursor, the carbon source,
some hydrogen, and an inert gas (N,, Ar, or He) are introduced. The main drawback
of this type of process is that it is difficult to control the size of the metal NPs,
and thus, nanotube formation is often accompanied by the production of undesired
carbon forms (amorphous carbon or polyaromatic carbon phases found as various
phases or as coatings). Parameters must be controlled in order to finely tune the
process and selectively obtain the required structure and morphology of nanotubes.
The important parameters are—choice of the carbon source, reaction temperature,
residence time, composition of the incoming gaseous feedstock, with attention paid
to the role played by the proportion of hydrogen, and the ratio of the metalorganic
precursor to the carbon source.

The growth mechanism for nanotubes has been a debated topic, as different
authors have different theories based on the growth and pre-treatment conditions.
Some authors have described this mechanism based on the catalyst-substrate
interaction. If the catalyst-substrate interaction is weak, the growth of CNTs is based
on ‘tip-growth’ model, and if the interaction is strong, then it is the ‘base-growth
model’ [2]. Whereas, others described that carbon nanotube growth mechanisms are
correlated with the catalyst nanometric dimension [3]. For the same substrate/catalyst
couples, single or few-wall carbon nanotubes follow the ““base-growth” mechanism,
while the “tip-growth” occurs only for the large multi-walled nanotubes.

2.1.2 Plasma-enhanced Chemical Vapor Deposition (PECVD)

CVD utilizing plasma discharge is called plasma-enhanced CVD (PECVD). In
PECVD, various types of low-pressure discharges, as well as atmospheric pressure
discharges, such as microwave (MW), MW electron cyclotron resonance, dc glow
discharges, and capacitive or inductive radio-frequency glow discharges have
been applied. Figure 2.2a shows the schematic view and Figure 2.2b shows the
experimental setup of MW plasma torch. Zajickova et al. have shown that MW
plasma torch is capable of high-speed synthesis of vertically aligned CNTs at
atmospheric pressure [4]. Due to the spatial non-uniformity of the discharge and
a relatively small diameter of the torch with respect to the substrate dimensions,
the prepared samples exhibited the density gradient structure of nanotubes. It was
also identified that substrate temperature gradients and a size distribution of catalytic
particles were also the reasons for non-uniform deposition of CNTs [5]. Later, MW
plasma torch was used for the synthesis of catalytic nanoparticles and CNTs, both
using the floating catalyst approach [6].

2.2 Nanoparticle Liquid Phase Synthesis

The liquid phase fabrication comprises of a wet chemistry route, where the
nanoparticles are usually precipitated from a solution and divided into four major
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Figure 2.2. MW plasma torch: (a) schematic view and (b) experimental set-up. Zajickova et al. have
shown that MW plasma torch is capable of high-speed synthesis of vertically aligned CNTs at atmospheric
pressure [4].

groups, such as colloidal method, sol-gel method, hydrothermal synthesis, and
polyol method. The major principle encompasses a metallic salt (chloride, nitride,
etc.) which is dissolved in water, wherein the metal cations exist in the form of metal
hydrates which are added with basic solutions (NaOH). The hydrolyzed species
are condensed and processed via filtration and drying for the formation of the final
product. The distribution attributed to the particle size is the actual measure of the
liquid phase synthesis technique, and the model constitutes of two modules. The
first model is responsible for the nanoparticle growth and Ostwald ripening, and the
second model revolves around the growth kinetics in a population balance [7].

There are many advantages associated with the liquid phase preparation, as it
is a highly controlled method which is highly developed due to its low cost and
continuous operation, resulting in the production of highly sophisticated products. A
few challenges associated with this procedure are the requirements of a number of
chemical species, which increases the processing steps, such as aging or filtration or
washing and drying.

2.2.1 Colloidal Method

The major principle encompassing the colloidal method technique would be the
precipitation process, in which different ions under controlled temperature and
pressure solutions are mixed to form insoluble precipitates. Usually this method is
performed by controlling the nucleation, which is employed due to ultrasonic and
sono-chemical effect and the growth kinetics, and furthermore, used in bulk solutions
or in reverse micelles [8]. In one of the studies, the importance of light of different
energies and how it enhances various chemical events, resulting in the nucleation
and growth of metal nanocrystals was discussed, and hence light was regarded as an
important component to direct the growth and reproducibility [9]. Other studies have
also shown that similar to gold nanoclusters, silver nanoclusters can portray high
colloidal stability and fluorescence in the red [10].
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2.2.2 Sol-Gel Processing

This process revolves around the basic principle that a solution under the influence of
a chemical transformation turns into a gel state, with further treatment transforming
it into oxide material. Due to its high purity and uniformity at low temperatures, this
is considered to be one of the most established methods for synthesis. The process
starts with the precursor solution which undergoes hydrolysis and condensation
with continuous stirring, resulting in the formation of a gel, which then enters the
drying mode. It results in the formation of xerogel, if it undergoes evaporative drying
and aerogel due to the supercritical drying and freeze drying resulting in cryogel,
and finally resulting in the final compound [11]. One of the common examples of
nanoparticles using the sol-gel method is the investigation revolving around titanium-
aluminum [12], and there are various approaches involved for studying the structural
changes and the phase analysis with the help of various imaging and spectroscopic
techniques, such as XRD, FITR, and SEM [13]. Sol-gel method can be classified into
major routes according to the solvent that is being utilized. Aqueous sol-gel method
is used when the reaction medium consists of water, and non-aqueous sol-gel method
is used when the medium is an organic solvent [14].

2.2.3 Hydrothermal Synthesis

In the hydrothermal synthesis of nanoparticles, the reactants are dissolved or immersed
in water in the vessel, most preferably an autoclave. The internal temperature of
the autoclave is usually maintained within 200°C because of the internal structure
consisting of teflon. The major advantage of this technique is that it does not require
any post heat treatment and it also helps in controlling the particle size and shape. It
also helps in regulating the morphology and the surface chemistry. One of the major
applications of hydrothermal synthesis would be TiO, nanoparticles preparation,
which is obtained through the hydrothermal treatment of peptized precipitate of
titanium precursor with water [15]. The hydrothermal method of synthesis of
nanoparticles portrayed different morphology with various co-surfactants, such
as floral-like, or wire-like, or sheets, which helped in the application of the same
material in various ways [16].

2.2.4 Polyol Method

Luminescent materials, color pigments, and nanoscale functional materials are
produced by polyol method [17], and they are usually in the crystalline, spherical
form within the range of 20200 nm in size, which is characterized by SEM, XRD,
and other spectroscopic techniques [17]. There are many advantages associated
with this polyols as it provides for adaptability and flexibility, and the boiling point
increases with increasing molecular weights, and similarly, the polarity and viscosity
also increases [18]. There is a wide application of polyols in the form of standard
solvents, cosmetics, or in food additives and pharmaceutical industries due to its
property of moderate toxicity and being highly biodegradable. In studies done by
Byeon and group, it was seen that ultrasonic irradiation played an important role
in the polyol method for the synthesis of colloidal silver nanoparticles, resulting in
morphological uniformity and better formation kinetics [19].
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3. Top-down Approach
3.1 Lithography

In lithography [20, 21], mainly photolithography and electron-beam lithography are
the most widely used techniques. They are used to fabricate ICs (Integrated Circuit)
and produce structures smaller than 10 nm.

3.1.1 Photolithography

The first and most widely used lithography [22] is photolithography using UV (ultra
violet) light (A = 0.2 um or A = 0.4 pm) or deep UV light (A < 0.2 um), which is
used to transfer patterns from the mask on the thin film. The UV light is transmitted
through the transparent part of the mask, and the exposed area will then be soluble
or insoluble in the developer based on the type of resist used (positive or negative
resist, respectively). This transfers the pattern from the mask to the wafer. The wafer
is then processed by the etching process to selectively remove the undesired portion.
The step-by-step procedure for patterning is described below, and also shown in
Figure 2.3.

* Spin coating of the resist: A circular substrate (wafer) is used for the spin coating
of photoresist. The photoresist is a radiation sensitive organic polymer. To spin
coat the wafer, a small volume of the resist is dispensed to the wafer placed on
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Figure 2.3. Step-by-step procedure for patterning.
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the spin coater chuck. The wafer is held by the vacuum and rotated at a high
speed to get the desired thickness of resist film. Sometimes adhesion promotor
is also used below the resist layer to enhance the adhesion between the resist
and very top layer. For the best adhesion possible, make sure that the wafer is
properly cleaned.

* Soft bake of the resist: After spin coating of the resist, the resist needs to be soft
baked to remove the residual solvent and densify the resist film. It also removes
the stress from the resist layer and promotes adhesion, which helps in better
processing of later steps.

» Exposure: In the first step of exposure, the wafer does not require to be aligned
with the mask, but in case of second and further exposures, the wafer needs to
be aligned well with the features of the masks. The lithography in those steps
will be valuable only if it is aligned well with respect to the mask. Then the UV
light is shined on the mask, and the light will pass through the transparent area
or through the gray area of the mask and expose the resist. Due to exposure
of photoactive compound of photoresist, the photoresist will undergo selective
chemical reaction in the influenced region.

» Post-exposure bake: Sometimes, after exposure, the resist needs to be baked for
further chemical reaction, contrast enhancement, or stress relaxation.

* Development: In the development process, selective dissolving of resist takes
place. Now this selective dissolving depends on the type of photoresist used.
After exposure of positive photoresist, the exposed area will become soluble
in developer, and removed during developing process. The pattern after
development is the same as on the mask. In the case of negative photoresist
exposure, the exposed area undergoes a chemical reaction, which causes cross-
linking of the resist molecules, which makes it insoluble in developer. The
exposed area remains on the wafer and the unexposed area is dissolved in the
developer.

» Hard bake: Hard bake is an optional process. The hard bake is performed to
remove the volatile materials and water, and make the resist stiffer and more
durable in further etching process (e.g., wet chemical etching).

The main disadvantage is the difficulty to produce the structures below 100 nm
directly because of diffraction effect. There are techniques such as dual exposure, or
structure splitting, which allow the achievement of higher resolution structures by
application of subsequent processes. In R&D applications, this drawback is usually
overcome by using electron beam lithography, which is much slower, but can achieve
higher resolution.

3.1.2 Electron-beam Lithography

The electron beam lithography [23] (EBL) is quite a common technique in R&D
and research, with a limited number of applications in the industry. EBL offers high
resolution patterning by high energy electrons (2 to 100 keV). The beam can be
focused into a narrow beam in case of so-called gaussian scanning systems, or shaped
into various geometric structures in so-called shape-beam systems. This technique
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offers precise control of energy and the dose delivered to the electron beam is
sensitive to the resist-coated wafer. Quite commonly, the masks for photolithography
are manufactured by the utilization of this technique. Typically, the writing strategy
does not require a hard mask. Instead, the beam position is precisely controlled by
computer-controlled pattern generator, according to the design file.

The resolution of e-beam lithography does not depend only on the spot size of
the focused beam. It is also affected by the scattering of electrons inside the resist and
by the electron back scattering from the substrate. These effects influence a wider
area than is the spot size of the focused electron beam. This is called the proximity
effect. The proximity effect influence can be suppressed by application of a proximity
correction algorithm. The algorithm calculates proximity corrected structures with
modified shapes and doses. The resulting pattern may be quite complicated, and
processing may be slow, which further prolongs the time of exposure.
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CHAPTER 3

Wet Chemical Methods for
Nanoparticle Synthesis

Abhijit Jadhav

1. Introduction: (Nano agglomeration)

Nanomaterials are widely regarded as holding potential answers to challenges in
electronics, medicine, biochemistry, environmental, and chemical process areas. A
rapid change in properties is observed following the reduction in dimensions of the
system. In the nanometer regime, particulates deviate sharply from the properties
displayed by their bulk counterparts, as the surface effects become more substantial.
The special scaled size-dependent properties hold from many hundred nanometers
down to around 1 nm, whence individual differences between atomic clusters or
nuclei are many and large [1]. There is now a growth in the understanding of structure
and bonding in clusters. Wet chemical synthesis helps to achieve selective surface
structures, shapes, phases, and sizes of metal and metal oxide nanoparticles.

Nanomaterials have attracted considerable interest due to their peculiar
mechanical, electronic, optical, and magnetic, as well as the thermodynamic
properties that differ significantly from those of either of the materials in the bulk
of the single molecule. These unique properties can be attributed to their special
structure and interactions thereof. Generally, isolable particles between 1 and
50 nm sizes that are prevented from agglomerating by protecting shells are regarded
as nanostructured metal colloids. The term nanoparticle is used here in the sense
of covering a wide range of nanostructured materials, including colloidal materials,
nanoclusters, nanorods, etc.

Nanostructured colloidal metal particles can be obtained by two approaches. The
top-down approach uses breaking down bulk materials and subsequent stabilization
of the resulting nanosized metal particles by the addition of colloidal protecting
agents. The bottom-up approach of wet chemical nanoparticle preparation, on the
other hand, relies on electrochemical pathways or the controlled decomposition of
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susceptible organometallic compounds, or the more versatile, chemical reduction of
metal salts. There is a wealth of information on this type of nanostructured materials.
A variety of stabilizers, such as donor ligands, polymers, and surfactants, are used
in order to control the growth of the primarily formed nanoparticles and to prevent
their agglomeration.

2. Wet Chemical Methods

Wet chemical synthesis for nanoparticle preparation is one of the simplest and one-
step synthesis techniques available [2, 3]. The molecular motions and the chemical
reactions proceed very smoothly in the liquid phase. Common reactions of the type
acid + base — salt often yield precipitate of the desired compound in the form of
hydroxides. Wet chemical synthesis is considered one of the promising methods for
producing fine, phase pure, chemically homogeneous, and defect-free nanostructures
in synthesis conditions. The wet chemical synthesis methods are simple, potentially
safe, energy saving, and less time consuming, which can be helpful in producing
various metal and metal oxide nanostructures. The most common wet chemical
synthesis methods are sol-gel, precipitation, hydrothermal/solvothermal, and polyol
synthesis, etc.

2.1 Sol-gel Technique

The sol-gel method is a well-established colloidal chemistry technology, which
offers the possibility to produce various materials with novel, predefined properties
in a simple and low-cost process. The sol can be a colloidal solution made of solid
particles a few hundred nm in diameter suspended in a liquid phase, while the gel
is considered a solid macromolecule immersed in a solvent. The sol-gel synthesis
process consists of chemical transformation of a liquid (sol) into a gel state, and
with subsequent post-treatment, the nanoparticles of metal oxides can be obtained.
The high purity and uniform nanostructures achievable at low temperature are one
of the main advantages of the sol-gel technique. It involves the formation of a sol-
gel containing nanomaterials which later dries, and is heat-treated at a specific
temperature and conditions in order to obtain the desired nanomaterials.

Usually, the starting materials can be metal chlorides or metal alkoxides used
to form solvated metal precursors (sol). The precursors are hydrolyzed with water
or alcohol to produce hydroxide. The reaction can be described by the following
equations (1-3), respectively,

M-O-R + H,0 — M-OH + R-OH (hydrolysis) €]
M-OH + HO-M — M-O-M + H,O (water condensation) 2)
M-O-R + HO-M — M-O-M + R-OH (alcohol condensation) 3

Sometimes, along with water and alcohol, an acid or base can also help to
hydrolyze the precursor. Equation 2 shows the hydrolysis reaction between alkoxides
and the acid [4]. The hydroxide molecule forms oxide or alcohol bridged network,
which we call gel, through polycondensation or polyesterification reactions.



https://www.twirpx.org & http://chemistry-chemists.com

Wet Chemical Methods for Nanoparticle Synthesis 51

1200
<4 1. Mixing Dense Gel .
2. Casting

1000 3. Gelation
—_~ 1 4. Aging
8 s~ 5. Doieg Porous Gel
@ | 6. Stabilization
‘5 7. Densification a
F  600—
2 - Dried
= .

400 Aged “
= Sol ~ Gel : v

200—- ‘;?5 33 %

Relative time

Figure 3.1. Schematic representation of the sol-gel process.

The as-formed gel consists of a three-dimensional skeleton of interconnected
pores. The rate of hydrolysis and condensation highly affects the properties of
final products, and is dependent on the electronegativity of metal atoms and its
coordination number. Higher electronegative metal shows faster hydrolysis rate.
Slower and controlled hydrolysis results in smaller particles. According to Srivastava
et al., the hydrolysis rate reduces as the coordination number of the metal increases
due to the steric hindrance [5].

There are various advantages of the sol-gel technique for the synthesis of
nanoparticles. Sol-gel can produce thin bond coating to provide excellent adhesion
between the metallic substrate and the top coat. It can produce a thick protective
coating to provide corrosion. The sol-gel technique can help to shape materials
into complex geometries in a gel form. It can also produce high purity products, as
the organometallic precursors of the desired metal/ceramic oxides can be mixed,
dissolved in a specific solvent, and later hydrolyzed into a sol, and later to gel
form. There are a few limitations to the sol-gel method, such as requirements of
expensive raw materials (such as metal alkoxides) compared to mineral-based metal
ion sources. The obtained product contains a high carbon content when organic
reagents are used in the synthesis process. The excess carbon content could inhibit
densification during the calcination process. The high number of processing steps
requires close monitoring.

The sol-gel technique has applications for preparing (1) monoliths, (2) powders,
grains, and spheres, (3) fibers, (4) composites, (5) porous gels and membranes,
(6) thin films and coatings, and (7) nanotechnology, etc.

2.2 Chemical Precipitation

Chemical precipitation routes routinely prepare the nanosized ceramics, metal
oxides, and composites. Chemical precipitation is one of the wet chemical synthesis
methods for nanoparticles and preparation of complex oxides. It is a highly simple
and cost-effective method, and can yield products with high purity and near
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perfect stoichiometry with or without high-temperature treatment. During the
chemical precipitation process, a solution containing a dissolved metal salt and a
precipitating agent, usually hydroxide, ammonium acid carbonate, or oxalic acid,
are added gradually to the metal salt solution to obtain metal hydroxide precipitates.
The chemical precipitation route consists of direct precipitation, homogeneous
precipitation, and co-precipitation process. The direct precipitation process
usually has only one cation in the solution, such as Y,0; [6, 7]. In the case of co-
precipitation, multi-cations are present in the solution. Homogeneous precipitation
has advantages over direct precipitation and co-precipitation method, due to
excellent homogeneity of nucleation and precipitation. The co-precipitation reaction
involves the simultaneous occurrence of a sequential process of nucleation, growth,
coarsening, and agglomeration, respectively. The summarized overall process of
chemical precipitation has been shown below in Figure 3.2 [8].

The initial mixing of metal precursors or interdispersing of components in the
solution has a significant effect on the precipitation process. The homogeneity of
the precipitated product highly depends on the proper mixing of precursors in the
solution. The rate of stirring/centrifugal force primarily affects the nucleation, while
the growth rate is less affected by this. The stirring rate can affect the aggregation of
precipitated nanoparticles. Nucleation occurs when the solution is in supersaturation
phase with respect to the components that need to be precipitated.

The various parameters that affect supersaturation during co-precipitation have
been shown in Figure 3.3. In the supersaturation region, the system is unstable, and
little disturbance can lead to precipitation. The supersaturation can be achieved by
reducing the solution volume by evaporation or by lowering the temperature and/or
increasing pH value. The solubility of a component increases with temperature, as
shown in Figure 3.3. The solubility curve is also a function of the solution pH. With

Solution A Solution B
Mixing
Addition of

Precipitating agents
Precipitation, aging
and washing

!

Post treatments

!

Nanomaterials

Figure 3.2. A summary of the steps involved in the chemical precipitation of nanoparticles [8].
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Figure 3.3. Parameters affecting supersaturation during co-precipitation reaction.

the increase of pH value, solubility decreases, and the curve shifts from position
1—2. The point shifts from the solution region to supersaturation region with an
increase in pH. The increase in solution pH is the most convenient method for
precipitation reaction. The phenomenon can be explained by using a reaction, M"* +
nOH~ = M(OH),,.

Nucleation can proceed spontaneously through the formation of metal hydroxide
entities. Addition of seed or particle fragment can enhance the rate of nucleation. The
nucleus can be defined as the smallest solid particle/phase, which is formed during
precipitation, and is capable of spontaneous growth. Several attempts were made to
evaluate the nucleation rate [9—13].

dN [ ~l670™v’ }
——=Pexp| 55—
dt 3kTy In"s

where f is the pre-exponential term, o is solid-fluid interfacial energy, v is solid
molecular volume, and T is the temperature. The super saturation ‘s’ is defined as the
actual concentration

ratio of actual concentration to solubility; s = —
solubility

-4 } 4 1670°V*

. . dN
The equation can be written as — = Bexp = —.
dt 3(kT)

In’s

Thus, the nucleation depends strongly on the concentration and temperature of
the solution. There is a critical super saturation concentration below which nucleation
is very slow and above which it is very fast.

In co-precipitation reaction, the products are generally insoluble species prepared
under the conditions of supersaturation. The primary step of nucleation produces a
large number of tiny particles, and later they grow through Ostwald ripening and
aggregation. The rate of nucleation and Ostwald ripening affect the size, morphology,
and properties of the nanomaterials. The precipitated nanoparticles (nuclei) undergo
an aging process by Ostwald ripening process. After giving required aging time, the
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precipitate later undergoes washing treatment with distilled water and ethanol, or
another particular solvent to wash out the impurities. After drying the precipitate, post
treatment, including annealing or calcination is carried out to prepare nanoparticles
with desired morphology and high purity crystal structure.

The exact mechanism of chemical precipitation is difficult to understand due
to the limitations of isolation of each process for independent studies [14]. The
most important step in precipitation is nucleation of nanoparticles that is dependent
on the degree of supersaturation. During nucleation, a large number of very small
crystallites are initially formed and they grow subsequently through secondary
process of Ostwald ripening and aging to form highly stable particles. Control over
the nucleation and growth process is required to control the characteristics of the
synthesized nanoparticles. There are various parameters, such as pH, surface charge
or zeta potential, reaction concentration, reaction temperature, degree of mixing,
and recrystallization of the precipitates, etc. Control over these parameters helps
to achieve desired particle size, stoichiometry, and particle size distribution. This
method also has a few limitations, such as the requirement of lots of chemicals, and it
can generate potentially hazardous waste products. The nanoparticles synthesized by
chemical precipitation mostly require stabilizers and post processing treatments to
improve the phase purity of the products. Co-precipitation method is not suitable for
the preparation of high, pure, accurate, and stoichiometric phase. Variable solubility
of reactants and different precipitation rates can be major limitations for the synthesis.

Nanoparticle synthesis by urea precipitation method involves controlled release
of anions, which helps to understand the kinetics of nucleation and particle growth in
homogeneous solutions. Urea ((NH,),CO) incorporation helps to form homogeneity
of solutions, slow precipitation, and easy control of the final pH, which is a basic
requirement for homogeneous precipitation. The reaction mechanism for Y,0,:Eu**
synthesis by urea precipitation has been shown below [15].

H,N—CO—NH, > NH; + NCO- )
NCO-+ OH- + HyO — CO¥ + NH; (5)
[(Y) 83 Lu)(H,0),"" + HyO < [(Y) g3 Eu )(OH)(H,0), " + H,0* (6)

[(Y; 3 Eu )(OH)H,0),_I* + CO3 — (Y, 33 LEu )OH)CO5.H,O + (n—2) H,0 (7)

Finally, upon the calcination process, the desired oxide nanostructures can be
obtained with uniform shape and size distribution.

2.3 Hydrothermal/Solvothermal Method

The hydrothermal/solvothermal method is a very simple and highly versatile method
for the synthesis of inorganic materials under high temperature and high-pressure
conditions. The term hydrothermal/solvothermal process is defined as performing
chemical reactions of metal salts dissolved in solvents contained in a sealed vessel in
which the temperature of the solvent has been brought to around their critical points
via heating simultaneously with autogenous pressures [16]. When water is used as a
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solvent, the process is referred to as a hydrothermal method, and when organics are
used as a solvent, it is referred to as the solvothermal method.

The hydrothermal/solvothermal reactions are carried out in a sealed reactor
called autoclave or high-pressure bomb. Mostly, hydrothermal/solvothermal reactors
are metal (stainless steel) autoclaves with Teflon or alloy linings with a tube or cup
made up of Teflon. The Teflon cup helps to protect the autoclave body from highly
corrosive solvents at high temperature and pressure. Hydrothermal synthesis is
carried out in a closed container using precursor solutions, which undergo stepwise
transformation to form the nanoparticles, as shown below,

Hydrolysis: MX (aq) +xH,0 (I) —» M(OH), (s) + xHX(aq) ®)
Dehydration: M (OH), (s) — MO, (5)+ % Hy0 () )

2

Here, M denotes the metal and X the anions. The hydrated metal ions are first
hydrolyzed to form the metal hydroxide, which later undergoes dehydration to form
metal oxide [17]. Material synthesis carried out by hydrothermal/solvothermal
method consists of crystallization process directly from solutions through nucleation
and subsequent growth. By controlling various parameters, such as reactant
concentration, pH, temperature, and additives, the morphologies and size of the
final product can be varied. The phenomena responsible for controlling the size
and morphology through tuning the process variables are the overall nucleation and
growth rates, which depend on supersaturation [18]. The term supersaturation is
described as the ratio of the actual concentration to the saturation concentration of
the species in the solution [19]. Nucleation takes place at the point of supersaturation,
and this reaction is irreversible. The solute precipitates into clusters of tiny crystals
that can grow to microscopic size [20].

Other than aqueous solutions, nonaqueous organic solvents have also been used
in the solvothermal reaction, which is similar to the hydrothermal synthesis. The
commonly used organic solvents in solvothermal synthesis are methanol [21], toluene
[22], 1,4-butanediol [23], and amines [24]. As a substitute to hydrothermal reaction,
the solvothermal reaction can provide products at relatively lower temperatures
and pressures. The precursors, which are sensitive to water, can also be handled
in solvothermal reactions easily [25]. The products obtained from the solvothermal
reaction are phase pure, free from foreign anions with controlled morphology
[26-29]. There are a few more factors that can significantly affect the crystal nucleation
and nanomaterials growth during hydrothermal/solvothermal synthesis. They are-
precursors [30, 31], reaction time [32], additives [33], and filling factor, i.e., the ratio
of the volume filled with solution to the total reactor volume [34]. The advantage of
hydrothermal/solvothermal process is that the product can be formed directly from
the solution. Different starting materials (precursor) and reaction conditions can help
to control particle size and shapes. The resulting powers are highly reactive, which
aid in low temperature sintering. The limitation of the hydrothermal/solvothermal
method is that prior knowledge of solubility of precursor materials is required. The
slurries in hydrothermal/solvothermal reactions are potentially corrosive. Accidental
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explosion of the high-pressure vessel (hydrothermal bomb) cannot be ruled out if
proper care is not taken.

There are many other wet chemical processes available for the synthesis of
nanostructures, multicomponent oxides powders, such as polyol synthesis [35, 36]
micro emulsion [37-39], sonochemical [40—42], microwave heating [43], and spray
pyrolysis [44, 45].

3. Conclusion

The wet chemical synthesis routes enable size and shape control of metal oxide
nanoparticles. It makes it necessary to study the effects of various reaction parameters,
such as size, shapes, specific properties, and compositions of nanomaterials. It
was found that the growth and nucleation kinetics are highly sensitive to these
reaction parameters, which can be correlated with changes in sizes, compositions
of nanoparticles, and shapes. Through wet chemical synthesis, one can obtain
nanoparticles with selective surface structures, phases, shapes, and sizes. Wet
chemical routes allow fine control on reaction parameters, such as temperature,
concentrations of the reactants, additives, surfactants, and pH, etc. to obtain desired
nanomaterials. Wet chemical methods also allow control over stoichiometry
composition, and it helps to scale-up the reaction. On the other hand, phase purity
of the synthesized nanoparticles remains a major issue as surfactants and different
additives are required to prevent agglomeration.
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CHAPTER 4

Electrodeposition

A Versatile and Robust Technique for
Synthesizing Nanostructured Materials

Pravin S. Shinde* and Shanlin Pan*

1. Introduction

The nanostructured materials have a wide range of applications in the fields of energy
conversion and storage, environmental, medical, and automobile technologies. The
nanostructured materials serve as important role as electrodes in several devices, such
as lithium batteries, solar cells, fuel cells, and supercapacitors [1]. The nanostructured
materials (grain size < 100 nm) [2, 3] exhibit unique mechanical, optical, electronic,
and magnetic properties [4] due to the ultra-small building block units and high
surface-to-volume ratio. All size-related effects in nanostructured materials can be
integrated by monitoring the sizes of the constituent components [5]. Moreover,
the synthesis method is very critical in controlling such constituent components.
Several synthesis techniques have been used to develop nanostructured metal and
semiconductor materials, such as sol-gel process [6], chemical deposition [7],
hydrothermal method [8], pyrolysis method [9], chemical vapor deposition (CVD)
[10], and electrodeposition [11]. In recent years, the development of inexpensive
solution-based chemical methods to synthesize the controlled nanostructures for
various technological applications has gained enormous attention of the research
community. Among all the solution-based methods, electrodeposition is regarded
as one of the most versatile techniques to synthesize nanostructures on complex
substrates, and has been widely used at lab-scale as well as industry-level studies
[12]. Electrodeposition plays an essential role in the development of sustainable
energy conversion technologies, both at the portable and on a global scale. Also,
the principles governing the scale-up of electrodeposition processes are well
understood, facilitating the development of large-scale manufacturing processes [13].
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Electrodeposition offers an inexpensive and simple alternative for the growth of thin
films and nanostructures at ambient temperature and pressure as compared to energy-
intensive processes. Therefore, electrodeposition is highly regarded as a viable and
highly efficient method in synthesizing various nanostructured thin films due to
its simplicity, environmental friendliness, absence of any sophisticated fabrication
equipment, low-cost, and scalability. It has the ability to control the particle shape,
size, crystallographic orientation, mass, film thickness, and surface morphology of
the nanostructured materials by tuning the electrodeposition operating conditions
and bath chemistry [14, 15, 16, 17, 18, 19].

The chapter presents a brief introduction to the fundamental electrochemical
principals and mechanisms involved in conventional electrodeposition techniques,
such as anodic electrodeposition, metal anodization, cathodic electrodeposition,
and potential cycling/pulsed electrodeposition with a few examples. The key
electrodeposition parameters controlling the nanostructured morphology of deposited
materials, such as electrolyte precursor, electrode substrate, applied potential, and
the annealing treatment are discussed. The significant portion of the chapter focuses
on various electrodeposition approaches to synthesize various nanostructures,
such as nanorods, nanowires, nanotubes, nanosheets, dendritic nanostructures, and
composite nanostructures, by tailoring the electrodeposition parameters. The chapter
highlights, not exclusively, the representative studies of nanostructures prepared by
various electrodeposition techniques, focusing on the versatility of the techniques.
The electrochemical synthesis of nanostructured materials with or without additives
and templates in the electrolyte, with particular attention to the effects on surface
morphologies, structures, and, more importantly, their performance is discussed.
Finally, the perspectives on the electrodeposition processes and applications of
electrochemically synthesized nanomaterials are outlined.

2. Fundamental Concepts
2.1 Principles of Electrochemistry

The term electrochemistry deals with the chemical and electrical phenomena in
chemical reactions that exchange energies among the participating species. The
chemical reactions involving ionic species can readily give rise to an electromotive
force (emf) or potential, as in batteries or fuel cells. Conversely, the application of
emf in a solution of ions or molten salts brings about the chemical reactions that
may form or deposit a new material. This process is known as electrodeposition. In
a typical electrodeposition process, an electrode (a solid, electronically conductive
support or substrate) is immersed into an electrolyte (ionic conductor) containing
positive or negative ions of the material to be deposited. Application of a certain emf
or potential across the electrode/electrolyte interface brings about a charge transfer
reaction known as a half-cell electrochemical reaction that results in the precipitation/
deposition of material onto the substrate. Similarly, another half-cell electrochemical
reaction occurs at the other electrode, forming an electrochemical cell in which
an electrical charge involving the transfer of electrons and ions, is passed. The
driving force for such an electrochemical process is the applied potential, which
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dictates the material formation process, its nano-to-micro-structural evolution, and
other physicochemical properties. The efficiency of such electrochemical reactions
depends on several factors, such as the thermodynamics and kinetics of electrolyte,
charge and electron transfer processes, and the interfacial electrode processes. This
chapter is precisely focussed on the electrochemical synthesis overview of metals
and semiconductor nanostructures.

2.2 Electrodeposition Technique

Thermodynamic considerations govern the electrodeposition of metals or
semiconductor compounds. The overall free energy change (AG) of the
electrochemical reaction is positive, and hence, thermodynamically unfavorable,
and often requires additional electrical energy supply or the potential to drive the
reaction. Figure 4.1 shows the schematic representation of an electrochemical cell to
electroplate or electrodeposit a metal “M” from an aqueous electrolyte of metal salt,
“MA”. As shown in Figure 4.1, a cathode (working electrode, WE) and an anode
(counter electrode, CE) are immersed in an aqueous electrolyte containing positive
(M" cations) and negative ions (A~ anions). When two electrodes are connected using
a battery (source of electrons), the electric current flows, and an ion M* is reduced
to M:

M"+ne—> M €]

where n represents the number of electrons taking part in the reaction. The
electrodeposition of metallic film occurs on the cathode due to the discharge of metal
ions in the electrolyte. The metal ion accepts one or #n number of electrons from the
electrically conducting material at the electrode-electrolyte interface, and then gets
deposited onto the surface as a metal atom. The electrons necessary for this process
are either supplied from an external source, or are donated by a reducing agent
present in the electrolyte. The metal ions can be derived either from the metal salt
(MA) added into the electrolyte, or by the anodic dissolution of the sacrificial anodes,
made of the same metal as that of the cathode. The thickness of the electrodeposited
layer on the substrate is determined by the electrodeposition time [13].

Potentiostat
Power Supply
—1
= Current
meter
Voltmeter
Cathode Anode
M*, A" ions
Aq. Electrolyte

Figure 4.1. A schematic of a simple electrodeposition setup.
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3. Electrochemical Growth of Nanostructured Materials

Nanoparticles are the basic building blocks in nanotechnology, and are the starting
point in producing nanostructured materials. The morphology, as well as the
composition of electrodeposited material, vary significantly and depend on the
flowing current density, the nature of the anions or the cations from the electrolyte,
electrolyte composition and temperature, electrolyte concentration, power supply
of the current waveform, the presence of impurities, and physical-chemical nature
of the substrate surface. Some of the common conducting substrates used for
electrochemical synthesis include metals (Au, Ag, Cu, Ni, Pt, and stainless steel),
metal oxides (ITO, FTO, SrTiO;, Cu,O, and ZnO), semiconductors (Si, InP, GaAs,
GaSb, and InAs), and glassy carbon. The following section discusses various
approaches to synthesize nanostructured materials using different electrodeposition
processes.

3.1 Electrochemical Methods of Nanostructured Materials

In this section, we focus on the electrochemical synthesis of nanostructures of
important semiconductor materials. Iron-based nanostructures have promising
applications in solar fuel generation and magnetic devices. Let us consider a case study
involving the electrochemical synthesis of iron oxide or hydroxide nanostructures,
which can be performed anodically, cathodically, or both (Figure 4.2) [20], whereby
the as-synthesized amorphous iron (Fe) film will undergo annealing treatment for
crystallization to produce nanostructured hematite [11].

(a) Anodic electrodeposition (b) Metal anodization (c) Cathodic electrodeposition

Anode || Cathode Cathode Anode ||] Cathode
: - + A

¢ [ ] it

FTO Fe metal

Fe containing Fe containing
electrolyte Electrolyte electrolyte
Deposited Pt Anodized Pt Pt Deposited
film film film
Figure4.2. Electrodeposition methods for synthesizing nanostructured hematite (a) anodic electrodeposition,

(b) metal anodization, and (c) cathodic electrodeposition [20].

3.1a Anodic Electrodeposition

Anodic electrodeposition is performed at a positive applied potential in an electrolyte
precursor containing Fe ions using a three-electrode electrochemical setup, consisting
of working, counter, and reference electrodes. During this process, oxidation of Fe?*
to Fe ions, followed by precipitation of Fe*" ions in the form of iron oxyhydroxide
(FeOOH) films takes place on the conductive substrate, such as FTO or ITO
(Figure 4.2a) due to the limited solubility of Fe** ions in the precursor solution [21].
The reactions are expressed as follows:

Fe’t - Fe¥" + ¢ 2)
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Fe** + 2H,0 — FeOOH + 3H* 3)
The overall reaction is represented as,
Fe* + 2H,0 — FeOOH + 3H" + ¢~ @)

Since the Fe?* ions barely dissolve in the precursor solution, thus complexing
reagents, such as ammonium fluoride (NH,F) and ammonium sulfate (NH,4),SO,)
need to be added to stabilize the Fe?" ions in the solutions [22].

3.1b Metal Anodization

Similarly, metal anodization can also be carried out at a positive applied potential,
but by using a conventional two-electrode electrochemical setup, where the metal
and Pt act as the anode and cathode, respectively (Figure 4.2b). The application of
positive voltage forms a thick compact oxide layer on top of the metal substrate,
which enhances the corrosion resistance of the iron surface [23]. Typically, the
formation of metal oxide through metal anodization is carried out via two competing
reactions, namely: (1) the applied potential causes oxidation of Fe metal substrate to
form metal oxide, and (2) chemical dissolution of oxide due to the presence of highly
complexing F~ ions, which can be substantially improved by the presence of H' ions
[24]. The reactions are defined as below:

2Fe + 2H,0 — Fe,0, + 6H* 6)
Fe,0; + 12F + 6H" — 2[FeF]* + 3H,0 (6)

The metal oxide formation continuously takes place until an equilibrium is
reached between the two competing reactions, which stops the development of
nanostructured metal oxide further [25].

3.1c Cathodic Electrodeposition

The cathodic electrodeposition is accomplished at a negative applied potential in
a three-electrode electrochemical cell (Figure 4.2¢). Generally, a typical cathodic
electrodeposition process involves the reduction of H,0, to hydroxide (OH") ions in
an electrolyte containing cations (Fe** ions). Upon application of potential, the pH
level in the vicinity of the working electrode increases, while the solubility of Fe**
ions in the solution decreases, causing precipitation of Fe** ions to form amorphous
iron oxyhydroxide (FeOOH) films, which then converts to nanostructured a-Fe,O,
upon annealing [26]. The reactions involved in cathodic electrodeposition of FeFOOH
are as follows:

H,0, +2¢” — 20H" @)
FeF?** + 30H™ — FeOOH + 2F + H,0 ®)
The overall reaction becomes

3H,0, + 2FeF* + 6e- — 2FeOOH + 2F~ + 2H,0 )

The stability of Fe*" ions in the solution can be improved by adding complexing
agents, such as sodium fluoride (NaF) and potassium fluoride (KF) to form FeF*
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complex, which secures the potential for the reduction of Fe** to Fe?* ions to be more
cathodic than the reduction potential of H,0, to OH™ ions [27].

3.1d Cyclic Voltammetry and Pulse Electrodeposition

The potential cycling or cyclic voltammetry (CV) and the pulsed electrodeposition
methods are advantages over the anodic and cathodic electrodeposition synthesis
methods in terms of constantly maintaining both anodic (£,) and cathodic (£) limit
of potentials (Figures 4.3a, b) [28]. In CV or the potential cycling electrodeposition
processes, the potential is varied between anodic and cathodic potential limits with
a certain scan rate and a different number of cycles. On the other hand, the potential
pulsed electrodeposition involves the periodic application of an anodic pulse for
a certain time interval (¢,) during the constant anodic potential, and a cathodic
pulse for certain time intervals (7-) during the constant cathodic potential. Thus,
each pulse cycle consists of an anodic pulse and a cathodic pulse of anodic and
cathodic potentials. The mechanism of potential cycling/pulsed electrodeposition is
based on the redox reaction at the semiconductor-liquid junction (SCLJ) interface.
The nucleation and growth of the as-synthesized materials are directly governed
by the processes involving adsorption and desorption of cations or anions, which
can be systematically controlled by tuning the pulsed electrodeposition synthesis
parameters. These parameters include the scan rate (Vs™), cycling window of cathodic
and anodic potentials (V), scan direction, etc. for potential cycling electrodeposition,
and the pulse frequency (Hz), duty cycle (%), cathodic and anodic pulse potentials
(V), and the cathodic and anodic pulse durations (typically in ms) for pulsed
electrodeposition [29].

The potential cycling electrodeposition method was previously used to
synthesize adherent and uniform hematite thin films from a non-aqueous dimethyl
sulfoxide (DMSO) electrolyte [30]. High-quality nanostructured hematite films
(nanopetals) were grown using pulsed reverse electrodeposition (PRED) method by
applying relatively high pulse potentials between —6 V and +4 V for short pulse
durations. The PRED-synthesis from iron sulfate resulted in a compact metallic iron
thin film, which was converted to hematite consisting of nanopetals (Figure 4.3c)
upon annealing treatment [31]. Such a PRED method can also be used to selectively
etch the naturally formed thin oxide-layer surface to get a purely metallic surface
for further nanostructure-formations. The stable nanocoral nanostructures can be

(a) EV) (b) EW) 1 pulse
1 cycle i cycle
A A
En - N Eot--y =%
Es- Eci-- =
tis) e t(s) .
Patential Cycling Potential Pulsed 51006 10 (RVRBreslacCk SEM LD
Electrodeposition Electrodeposition 500 nm

Figure 4.3. The potential waveforms for (a) cyclic voltammetry/potential cycling and (b) pulsed potential
electrodeposition. (c) SEM image of Fe,O; nanopetals synthesized by pulsed electrodeposition on FTO.
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obtained on iron foil by giving a PRED-treatment in acidic electrolytes, followed by
controlled annealing, as shown in Figure 4.4 [29].

Thus, it is viable to synthesize different nanostructures of a single material (iron
oxide as discussed above) for various applications of interest just by employing
different approaches of electrodeposition technique with ease, thereby demonstrating
its versatility.

(a) Nanoflakes
Loose oxide layer Path-1 \u uu '
Alil Bare
800 °C
Fe foil T Fe,0./Fe
Photoanode

As-cleaned Fe foil
PRED
Path-2 lTreatment

Etching of oxide layer Nano-coral structures

SN EEEN RS 0oc G PRED-treated
Fe foil —_— Fe foil Fe,O,/Fe
A Photoanode
H:0
p 0(
0, Photogenerated
i y o Nano-coral  €lectron-hole pair
7/ N H.0
o
QF”G 0;
Loose
5\ interface
(i) Bare Photoanode (ii) PRED-treated Photoanode

Figure 4.4. Schematic showing the application of (a) PRED-treatment to form (b) nanocoral-structured
hematite on Fe foil.

3.2 Synthesis of Metallic Nanostructures using Electrodeposition

3.2a Metal Nanoparticles (NPs)

The few metal nanostructures and their oxides synthesized using different
electroanalytical techniques of electrodeposition, such as cyclic voltammetry (CV),
chronoamperometry, and chronopotentiometry were reviewed recently [32]. The
pulsed electrodeposition technique has been used as a universal technique to prepare
Au nanostructures of desirable properties. According to the nucleation theory [33],
the size and number of nuclei during the onset of electrodeposition depend on the
overpotential () by a relation:

r=20V/zeyn| (10)

where 1 is the critical nucleation radius, ¢ is the specific surface energy, V is the
atomic volume in the crystal, and z is the number of elemental charges (e,). The high-
nucleation density on the surface of an electrode can be achieved at a higher n value.
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This high overpotential has to be maintained for a few milliseconds (ms) because the
cation concentration in the vicinity of the cathode depletes. Consequently, the process
becomes diffusion-controlled [34]. During the intervals between the ON pulses (i.e.,
t.g), metal ions diffuse from the bulk of the electrolyte to the cathode surface and
compensate for the metal ion depletion. Since the exchange current processes are
energetically more preferred, the larger crystallites grow at the expense of smaller
crystallites. This process can be prevented by surface-active substances that work
as grain refiners when added directly to the electrolyte. The crystallite size of Au
NPs can be altered down to 16 nm through proper choice of current density, pulse
duration, and bath temperature, and further down to 7 nm with the help of sulfur- or
arsenic-containing additives [35]. A potential step electrolysis method was adopted
to deposit Au nanoparticles (Au NPs) with preferred orientation on a glassy carbon
electrode (GCE) from an electrolytic bath that comprised of NaAuCl, and H,SO,
[36]. The Au NP electrodeposited using relatively short potential step width (5—60 s)
exhibited the predominant crystal orientation along (111) plane. At longer deposition
time (> 60 s), the surface of Au NPs consisted of Au (100) and Au (110) with a
relatively larger particle size (> 100 nm) and low particle density. A simple and more
convenient electrochemical method was used to prepare a large number of well-
dispersed Au NPs with novel dumbbell-shaped structures (Figure 4.5a) from aqueous
medium using surfactants, such as cetyl trimethyl ammonium bromide (CTAB), and
tetradecyltrimethylammonium bromide (TTABr) [37]. The further shape of such Au
NPs can be altered to rod-shaped and dumbbell-shaped by controlling the rate of
the appropriate amount of acetone addition during the electrodeposition. Compton
group [38] for the first time prepared Au NPs directly on a conducting ITO (indium
tin oxide) substrate from a solution of AuCl, in 0.5 M H,SO, by applying a potential

40 60 B0 W0 120 140 160 180 200 20
Particle Diamater {nm)

Figure 4.5. (a) Electrodeposition of dumbbell-shaped Au nanostructures (low and high magnification
TEM images). (b) Electrodeposition of Au NPs on ITO (particle size distribution and SEM image).
(c) SEM images of electrodeposited Au NCs on GCE.
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step from +1.055 V (vs SCE) to —0.045 V for a fixed duration (15, 50, 150, or 300 s).
In another study, a CV technique was used to electrodeposit 2060 nm-sized Au NPs
on ITO substrate in the potential range of —1.15 and —1.25 V for 20 cycles at 50 mV
s scan rate [39]. Recently, our group deposited Au NPs onto planar ITO using the
electrochemical multistep deposition method. Nucleation potentials of —0.6, —0.5,
—0.4,-0.3,-0.2, —0.1, and 0 V (vs Ag/AgCl) were used, and 0 V (vs Ag/AgCl) was
used as growth potential to optimize Au NP size and coverage. The Au NPs with an
average particle size of 117 (+18) nm and a density of 1.4 x 10° particles per cm? were
observed, as shown in Figure 4.5b [40]. The nanoclusters (NCs) of Au were prepared
on GCE [41] using electrodeposition, by running CV curves from —0.8 to 0.6 V ata
scan rate of 50 mV s for 30 cycles in a fresh 1 mM HAuClO, solution, and the Au-
coated GCE was dipped in 0.1 M KCI overnight to obtain Au NCs-modified GCE.
These flower-like Au NCs consisted of Au nanorods, with an average diameter of
20 nm and a length of 80 nm (Figure 4.5c¢).

Recently, Pan group demonstrated a selective electrodeposition of a single Au
NP (as small as 86 nm) at the tiny tip of a tungsten (W) wire from Au plating solution
(KAu(CN),, 0.0687 wt%) by employing a dual step chronoamperometry method
that includes a higher initial negative potential (—1.4 V) for a short duration (0.25 s),
followed by a smaller negative potential (—0.8 V) for a longer duration (1 s). By such
a process, a single Au NP with a particle size as small as 86 nm can be selectively
deposited at the tip of a W wire, as shown in Figures 4.6a, b, ¢ [42].

Forster group employed the 10-250 ms nucleation pulse to the conducting
fluorine-doped tin oxide (FTO) glass working electrode within the potential range
from—0.4to—-2V, followed by a growth pulse at 0.3—0.7 V until a set charge was passed
[43]. Penner’s group also used the application of a high overpotential nucleation
pulse for a brief time (5—10 ms), followed by a long-lasting low overpotential growth
pulse that yielded particle size uniformity [44, 45]. Therefore, high-overpotential
nucleation pulse encourages instantaneous nucleation, yielding high particle density
and increasing particle size monodispersity. Synthesis of platinum (Pt) NPs for use in
electrocatalytic applications has attracted a great deal of attention. Electrodeposition
of Pt NPs (ranging from 4.5 to 9.5 nm) has been achieved on dense CNTs grown on
carbon cloth (CC)—CNT/CC with the help of ethylene glycol (EG) as a reducing
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Figure 4.6. (a) CV of W wire from the Au plating solution at 50 mV s! scan rate. (b) Electrochemical

current response by application of chronoamperometric dual-potential step (E; = —-1.4 V, T, = 0.25 s,

E,=-0.8V, T, =1s). (c) SEM image showing a selective electrochemical deposition of single Au NP
(~ 86 nm) at the tip of W wire.



https://www.twirpx.org & http://chemistry-chemists.com

68  Chemical Methods for Processing Nanomaterials

agent, which also acts as a stabilizing surfactant, and prevents the particles from
agglomeration during the electrodeposition [46].

Uniform Pt NPs were electrodeposited on GC/PANI substrates by a potentiostatic
pulsed electrodeposition process from 5 mM K,PtCl, prepared in 0.5 M H,SO,. The
deposition conditions involved the application of negative pulse potential (£, =—150
mV), negative pulse potential (£ = +100 mV) for respective pulse durations of
t,n = 10 ms and 74 = 3.33 ms, respectively, with a duty cycle (DC) of 75% [47].
About 300400 nm-sized Pt NPs were cost-effectively electrodeposited on a GCE
using water-immiscible ionic liquid (IL) droplet supported on the electrode surface at
—1.5 V vs Ag/AgCl for 500 s from an electrolytic bath composed of KPF, and
H,PtCl; [48]. A potentiostatic deposition was employed to synthesize Pt NPs
from PtCl, solution on highly oriented pyrolytic graphite (HOPG) from chloride-
based electrolytes at open-circuit potential [49]. Highly uniform Pt NPs were
electrodeposited on MWCNTs/carbon paper grown in situ at —0.6 vs SCE from a
bath comprising of chloroplatinic acid (60 g L') and hydrochloric acid (10 g L)
when the electrodeposition voltage was maintained at —0.6 V vs SCE [50]. Recently,
an electrochemical synthesis of Pt (acac), to Pt NPs having average particle sizes
~ 3.0 nm (Figures 4.7a, b) were obtained on glassy carbon via two-electron reduction
process using cyclic voltammetry and RDE methods at —1.8 V with a rotation rate
of 1,000 rpm in aprotic TFSA -based ionic liquids, such as BMPTFSA, HMPTEFSA,
and DMPTFSA [51]. Highly porous Pt NPs were obtained by two-step potentiostatic
electrodeposition with two different nucleation potentials of —0.4 and —0.6 V, and
two corresponding growth potentials of —0.1 and —0.2 V, respectively as shown in
Figure 4.7c and Figure 4.7d [52]. The chain of nickel (Ni) NPs were also
electrodeposited inside the TiO, nanotubes by employing a potentiostatic mode
of deposition at potentials ranging from —1.3 to —1.7 V from an electrolytic bath
composed of titanium fluoride and nickel chloride [53]. In another study, Ni NPs
were electrodeposited onto Ti substrate from the electrolyte consisting of 10 mM
NiCl, in 1 mM H,SO,, and the Ni*" ions were electrochemically reduced to Ni® at
—0.26 V [54].
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Figure 4.7. The particle size distribution of Pt NPs synthesized by potentiostatic electro-reduction at —1.8

V using a GCRDE in (a) HMPTFSA and (b) DMPTFSA ionic liquids containing a 5 mM Pt(acac), at a

bath temperature of 50°C. Electron tomography of porous Pt NPs electrodeposited with (¢) En =—-0.4 V
and (d) En=-0.6 V.

3.2b Metal Nanowires (NWs)

Nanowires are one-dimensional nanostructures that offer opportunities to control the
electronic and optical properties of materials due to their unique morphology. They
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are considered the building blocks for next-generation electronics, sensors, photonics,
and energy materials. High-density and high-aspect-ratio Au, Cu, and Ag metal
nanowire (NW) arrays with diameters ranging from 40 to 250 nm were synthesized
by potentiostatic deposition using anodic alumina oxide (AAO) templates. The
Au NWs were 20-30 mm in length and 40-50 nm in diameter [55]. Wang et al.
electrodeposited Au NWs using AAO templates from an electrolytic bath composed
of HAuCl,3H,0, EDTA, Na,SO;, and K,HPO,. These Au NWs were ductile, with
an average diameter of ~ 180 nm [56]. Similarly, Au NWs which were 250 nm in
diameter and 10 mm in length were synthesized using nanopore polycarbonate (PC)
membrane [57]. The electrodeposition method was also effectively used to prepare
composites of metal NPs and conducting polymers with core-shell structure. For
instance, Au/polypyrrole (Au/PPy) core-shell nanocomposites on the ITO surface
were synthesized using the electrochemical technique [58]. Au NPs with core-shell
structure sizes in the range of 250-300 nm fill coverage of 30 nm polyaniline shell
present on the gold surface. A pulse electrodeposition method was used to synthesize
PPy-Au NP composites on the graphite surface from a solution comprising of Au-
salt and monomer [59]. The electrodeposition technique can still be used to obtain
nanostructures on non-conducting dielectric substrates with the help of a versatile
lithographically patterned nanowire electrodeposition (LPNE) technique. LPNE can
be used to fabricate linear NWs of metals, semiconductors, or chalcogenide directly
on the trenched dielectric surfaces, ranging from glass to flexible plastic [60, 61, 62].
It is also possible to obtain wafer-scale fabrication of nanofluidic Au nanochannels
arrays/networks with the help of nanoimprint lithography and LPNE techniques [63].
In LPNE, the horizontal trenches were first obtained onto glass, oxidized silicon, or
Kapton polymer film substrates using photolithography [62]. Such trenches were then
used to obtain the linear NWs of Au, Pt, Pd, or Bi by potentiostatic electrodeposition
by selecting particular deposition potential from CVs (Figures 4.8a—h).
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Figure 4.8. Cyclic voltammograms acquired in the metal plating solutions employed for NW growth:

(a) Au, (b) Pd, (c) Pt, and (d) Bi, and the corresponding SEM images of linear NWs of (e) Au, (f) Pd,

(g) Pt, and (h) Bi. The range of electrodeposition potentials employed for potentiostatic electrodeposition
of nanowires is indicated in the CVs.



https://www.twirpx.org & http://chemistry-chemists.com

70  Chemical Methods for Processing Nanomaterials

3.2¢ Metal Nanorods (NRs)

The gold nanorods (NRs) were first electrodeposited by the Wang group
at a current density of 3 mA cm™? from an electrolytic bath composed of
hexadecyltrimethylammonium bromide (C16TAB) and tetradodecylammonium
bromide (TC12AB), which stabilized the synthesized Au nanostructures by
preventing them from further aggregation. The length of the Au NRs was
dependent on the concentration of gold ions and their release rates [64]. Martin and
co-workers employed a template-based method to synthesize gold nanorods using
nanoporous polycarbonate or aluminum template membranes [65, 66, 67]. A few
authors electrochemically synthesized ordered Au NRs arrays (Figure 4.9a) using
AAO or PC membrane templates of pore size of 100 nm [68]. 1D crooked gold
nanorods (CGNRs) and 2D gold network structures have also been synthesized
electrochemically in the presence of isopropanol solvent with an ionic surfactant
solution [69].

Vertically standing Ag NRs were fabricated on TiO,-modified FTO substrates
using a template-free electrodeposition method from dilute aqueous 0.1 mM AgNO,
solution ata DC voltage of —5 V in a two-electrode system (Figure 4.9b). The diameter,
length, and surface coverage of Ag NRs are dependent on the electrodeposition time
and choice of substrates [17]. Other nanostructures, such as the vertically-aligned
Ag nanoplates array on ITO (Figure 4.9c) were also reported using a two-step
electrodeposition method. The method involved application of a short nucleation
step at a high negative overpotential (—0.4 V vs SCE for 20 ms) and a longer particle
growth step at a mild deposition potential (0.250 V vs SCE for 1800 s) from aqueous
electrolyte containing 5 mM AgNO;, 200 mM KNO;, and 1 mM Naj,Cit electrolyte.
The nucleation potential, growth potential, and capping agent/precursor ratio were
found to influence the size and morphology of the Ag nanoplates [70].

2m

Figure 4.9. (a) SEM image of Au NRs by template electrodeposition. (b) Cross-section SEM image of
Ag NRs on TiO,-modified FTO glass at a growth time of 24 h. (c) SEM image of Ag nanoplates array on
ITO by two-step electrodeposition.

3.3 Nanostructured Semiconductor Materials by Electrodeposition

In the following section, we will review and discuss some of the other technologically
important nanostructured semiconductor materials synthesized by electrochemical
methods regarding different synthesis conditions.

3.3a Semiconductor Nanorods

The most interesting NR structures of zinc oxide (ZnO) on FTO were first reported
by cathodic electrodeposition from oxygen-bubbled 5 mM ZnCl, electrolyte at 80°C
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at a deposition potential of —1.3 V for 30 minutes [71]. Since then, several attempts
were made to synthesize ZnO NRs using the ZnO buffer layer and seed-layer free
electrodeposition [72, 73] (Figures 4.10a, b). A simple dc electrodeposition can be
used to selectively coat ZnO NRs on small electrodes, such as microelectrodes, very
effectively [74]. The electrodeposition mechanism of ZnO NRs generally involves
both electrochemical and solution chemical processes. During the electrochemical
process, the O, ions are reduced on the surface of the substrate, causing the formation
of hydroxide (OH") ions. Then, zinc and hydroxide ions combine to form zinc
hydroxide precipitate on the substrate, which can then be dehydrated to convert into
ZnO at sufficiently high solution temperatures (60—70°C) [75]. The reactions are
represented as below:

0, +2H,0 + 4e¢” — 20H (11)
Zn** + 20H" — Zn(OH,) — ZnO + H,0 (12)

Similar approaches have been employed for electrochemical synthesis of oxide-
based nanostructures. The electrodeposited ZnO NRs can be used as a template to
synthesize Cu,0 NRs (Figure 4.10c) on FTO by potentiostatic electrodeposition in
the range of —0.4-0.6 V vs Ag/AgCl from lactate-chelated aqueous CuSO, solution
at pH 9.0, with ZnO NRs film serving as a sacrificial template [76].

The nano-cube-structures of Cu,O were prepared on Cu foil by electrodeposition
from alkaline lactate-stabilized copper sulfate solution (0.2 M CuSO,-5H,0 +2 M
lactic acid in 0.5 M K,HPO, buffer, pH ~ 12 using 4 M KOH) in a two-electrode
configuration at 30°C. The deposition of Cu,0O on Cu was accomplished in a
galvanostatic mode at a current density of —0.3 mA cm2 for 90 minutes [77]. Large-
scale and highly oriented single-crystalline hexagonal Cu,O nanotube arrays were
synthesized using a two-step solution approach that involved the electrodeposition
of oriented Cu,O NRs, and a subsequent dissolution technique using NH,Cl additive
to convert Cu,O nanorods to nanotubes during electrodeposition (Figures 4.11a, b).
Cu,O NRs were electrodeposited from a solution mixture of 3 mM Cu(NOs),, 0.1 M
NH,C1 + 0.05 M KCl at a current density of 2.0 mA cm™ for 120 minutes at 70°C in
galvanostatic mode [78].

Various hierarchical nanostructures of ZnO were reported by a two-step
electrochemical deposition process that involved the electrodeposition of ZnO crystals
with different morphologies as a seed layer, followed by the electrochemical epitaxial
growth of oriented nanorods on the surfaces of the primary ZnO nanostructures.

Figure 4.10. SEM images of ZnO NRs prepared on FTO (a) with (top v1ew) or (b) without (cross section)
ZnO seed layer using electrodeposition. (¢) SEM image of electrochemical grown Cu,O NRs on FTO
using sacrificial ZnO NRs templates.
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Figure 4.11. SEM images of oriented Cu,O nanotubes converted from Cu,0O NRs on Cu plate prepared
by electrodeposition: (a) top and (b) cross-section view.

A variety of hierarchical ZnO nanostructures, including 2-fold nanorod arrays on
nanosheets, 6-fold nanorods on nanorods, and 6-fold nanoneedles on nanoneedles,
were synthesized on ITO. The electrochemical depositions were performed in a three-
electrode setup at 70°C. ZnO nanostructures with great control over morphology can
be achieved by tuning the electrodeposition parameters. The great example includes
the electrochemical synthesis of hexagonal nanosheets, nanorods, and nanoneedles
from 0.05 M Zn(NOs;), solutions mixed with 0.06 M KCl, 0.06 M KCI with
0.01 M ethylenediamine (EDA), and 0.01 M EDA, respectively [79]. The electrolyte
for the second electrodeposition of ZnO nanorods was prepared by adding ammonia
dropwise to the 0.05 M Zn(NO3), aqueous solution at 70°C under continuous stirring
to get a clear solution. The second electrodeposition of ZnO nanoneedles was carried
out in 0.05 M Zn(NO;),/EDA solution by controlling the amount of EDA. All the
electrodepositions were performed at —1.1 V vs SCE for 1.5 hours [80]. Figure 4.12
shows different hierarchical ZnO nanostructures.

0.5um

Figure 4.12. SEM images of different ZnO nanostructures electrodeposited on ITO: (a) primary

hexagonal ZnO nanosheets, and (b) hierarchical ZnO NRs on nanosheets; (¢) primary ZnO nanorods, and

(d) 6-fold hierarchical ZnO nanorods; (e) hierarchical ZnO nanoneedles on nanoneedles, and (f) 6-fold
hierarchical ZnO nanoneedles.

3.3b Semiconductor Nanowires

In photovoltaics and solar water splitting, the nanowire-type semiconductor
nanostructures play a crucial role because NW’s large aspect ratio provides a long
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optical path length for improved light absorption along the vertical axis, while its
much smaller diameter facilitates the radial collection of minority carriers (holes
for p-type and electrons for n-type semiconductors) over a shorter distance, thereby
minimizing the probability of recombination within the absorber material.

Moreover, electrodeposition has been extensively used to obtain such
nanostructures with or without the use of sacrificial templates or the structure-
directing agents. The Cu(OH), NWs were prepared by anodizing Cu-coated FTO at a
constant current density of 10 mA cm™ at room temperature from 3 M KOH solution
for 3 minutes (Figure 4.13a). The resulting Cu(OH), NWs were later transformed
into Cu,0 NWs upon thermal annealing at 600°C in Ar atmosphere. The thin Cu,O
blocking layer was further electrodeposited on the synthesized Cu,0 NWs from an
alkaline solution of lactate stabilized copper sulfate electrolyte in galvanostatic mode
at a constant current density of —0.1 mA cm for 30 minutes at a bath temperature of
30°C (Figure 4.13b) [81]. Highly crystalline, continuous parallel arrays of cadmium
selenide (CdSe) NWs were obtained using electrodeposition at —0.59 V for 30 minutes
using photoresist (NOA 60)-patterned ITO substrates from an electrolyte containing
0.1 M CdCl,, 0.001 M SeO,, and 1 M HCI, followed by subsequent removal of resist
in an alkaline (0.5 M NaOH) developer solution for 45 minutes. The resulting CdSe
nanowires (Figure 4.13c) were 100 nm in thickness, 300—-500 nm in width, and several
centimeters in length [82]. Using an LPNE technique described in section 3.2b, the
single semiconductor CdSe NWs can uniformly be synthesized by the reaction of Cd**
and H,SeO; under controlled activation conditions using potentiostatic deposition
at —0.60 V vs SCE [83]. In another approach, the photoconductive hemicylindrical
shell NWs (HS-NWs) composed of nanocrystalline cadmium sulfide (CdS) were
prepared. The CdS HS-NWs were synthesized in two steps: first by electrodepositing
microcrystalline cadmium (Cd) NWs by the electrochemical step-edge decoration on
the graphite electrode surface, and then converting these Cd nanowires into CdS by
exposure to H,S at an elevated temperature [84].

In addition to metallic and binary oxide materials, the electrodeposition technique
can also be efficiently used to synthesize nanostructures of ternary compounds, such
as copper indium diselenide (CulnSe,) [85, 86] and quaternary compounds, such as
copper thiocyanate (CuSCN) [87, 88, 89, 90, 91].

The p-type ternary semiconductor (I-11I-VI) material, CulnSe, (CIS) NWs were
pulse electrodeposited inside the AAO template pores. The electrolyte consisted of
a mixture of 1.5 M copper sulfate hydrate, 2 mM indium sulfate hydrate, 3.5 mM
selenous acid and lithium chloride, dissolved in 100 ml aqueous buffer solution

Cu{OH}); NWs 5. CugO NW 30 min ED

Figure 4.13. SEM images of (a) anodized Cu(OH), NWs and (b) blocking layer-coated Cu,0 NWs
synthesized on FTO using galvanostatic anodization/electrodeposition. (c) CdSe NWs electrodeposited at
—0.59 V for 30 min using photoresist-patterned ITO.
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230 nm

Figure 4.14. (a) SEM top view of CulnSe, (CIS) NWs embedded in a 2 um long AAO/Al template

anodized at 40 V. (b) SEM side-view of free-standing CIS NWs with average diameter of 30 nm after

removal of the host AAO template. (c) Typical CIS nanowires prepared by one-step electrodeposition
using AAO templates.

(pH 2.8) containing potassium hydrogen phthalate and hydrochloric acid. The
dense and compact CIS NWs (Figures 4.14a, b) were obtained at optimized pulse
waveforms with pulsing time 7, = 0.3 s at potential V,=—1 V (vs Pt) and discharging
time ¢, = 2 s at V, = 0 V yielded. Such electrodeposited CIS NWs can be annealed at
220°C in a vacuum (1072 bar) to improve stoichiometry and crystallinity [86].

Alternatively, both p-type and n-type single-phase chalcopyrite CIS NW arrays
were fabricated by a one-step electrodeposition route from aqueous solutions of
copper sulfate, indium sulfate, selenium dioxide, and citric acid, using AAO as
templates (Figure 4.14c). The conductivity type of synthesized CIS NWs is altered
just by slightly varying the electrodeposition potential, for instance, p-type (slightly
Cu-rich) and n-type (slightly In-rich) CIS NWs were obtained at —0.7 V and —0.75 V,
respectively [85].

The CuSCN NWs were grown electrochemically from an aqueous electrolyte
with the help of a chelating agent (EDTA) at room temperature in a two-step reaction,
wherein Cu?* is first reduced to Cu* and then in the second step Cu® chemically
precipitates with SCN™ to form CuSCN NWs [88]. The formation of CuSCN NWs
depends on the chelating agent in the electrolyte, and can be precisely controlled
by the applied potential or the current density on different substrates. From CVs
(Figure 4.15a), the cathodic current starts at around —0.1 V for the FTO substrate,
and 0.2 V for the gold one, reaches the maximum, and then slightly decreases and
increases again at —0.55 and —0.4 V for FTO and gold substrates, respectively. Au-
substrates initiate the formation of CuSCN NWs at low current density (low applied
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Figure 4.15. (a) CVs of glass/FTO and Si/SiO,/Au substrates in a mixture of electrolyte containing

12 mM Cu** (Cu*/EDTA/SCN™ = 1:1:0.25). SEM images of electrodeposited CuSCN NWs on (b) Si/

Si0,/Au substrate (E = —0.1 V, Q = 150 mC cm™), cross-section; (c) glass/ITO substrate (E = —0.4 V,
Q=50 mC cm™?), top view.
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potential) as compared to the FTO. Moreover, NWs on Au are vertically aligned
compared to those on FTO (Figures 4.15b, c).

3.4 Nanostructured Materials using Template-Guided Electrodeposition

Electrodeposition is also better suited to obtain different nanostructures using in situ
templates, such as membranes or surfactants/structure-directing agents. Both metal
alloys and semiconductor nanostructures, especially NWs, have been synthesized
using template-assisted electrodeposition methods. The electrodeposition of Au
NWs from cyanide baths using PC templates with a pore diameter of 80 nm was
also reported [92]. Well-defined Au NWs with uniform ends and a length equal to
template thickness were synthesized via direct electrodeposition of gold through the
pores of the PC template [93], as shown in Figure 4.16a. Porous Au NWs arrays were
fabricated through a one-step galvanostatic (10 mA ¢m™ current) electrodeposition
method, utilizing 65 nm pore-diameter nanochannel alumina (NCA) templates
[94], as shown in Figure 4.16b. Although silver (Ag) plating is a simple process,
synthesis of discrete nanostructures is not a simple task as silver tries to agglomerate,
often forming dendritic growth. Highly ordered Ag NWs arrays were prepared by
pulsed electrodeposition method using self-ordered porous alumina templates
[95]. Segmented all-Pt NWs were synthesized by a template-assisted pulse-reverse
electrodeposition (PRED) method (Figure 4.16¢) using ion track-etched nanoporous
PC-membrane. PRED into the nanochannels was performed from an alkaline
platinum bath (Platinum-OH, Metakem) at 65°C in a two-electrode configuration
with a cathodic pulse (Uc = —1.3 V) for different pulse durations (¢, = 1 to 20 s)
and anodic pulse (Ua = +0.4 V) for #, = 1 s. The morphology is controlled by the
electrokinetic effects on the local electrolyte distribution inside the nanochannels
during the nanowire growth [96]. The poly(3,4-ethylene dioxythiophene) (PEDOT)
NWs and thin films can also be synthesized by electropolymerization of 3,4-ethylene
dioxythiophene (EDOT) in aqueous LiClO, within a template prepared using the
LPNE process. These PEDOT NWs were 40—90 nm in thickness, 150—580 nm in
width, and 200 pm in length [97].

Porous nanoballs of iron oxide can be synthesized from iron precursor by
utilizing appropriate amount of CTAB surfactant and pulse potential conditions
during the PRED synthesis of metallic iron nanoballs on FTO, which then can be
transformed into porous Fe,O, nanoballs array (Figures 4.17a, b) upon annealing
after getting rid of surfactants [98].

In another study, branched core/shell nanoarrays were synthesized, in which
porous nanosheets of metal hydroxides, such as Co(OH), and Mn(OH), were

Figure 4.16. SEM images of (a) Au NWs, (b) porous Au NWs, (c) segmented Pt NWs.
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Figure 4.17. (a) Schematic showing formation of porous Fe,O; nanoballs on FTO. (b) SEM image of
porous Fe,O; nanoballs.

electrodeposited on pre-formed Co;O0, nanowire scaffold as a core on various
conductive substrates, such as Ni mesh, Ti foil, and stainless steel (SS) (Figure 4.18).
The cathodic electrodeposition of Co(OH), nanosheet shell growth on self-supported
hydrothermally grown Co;0, nanowire arrays scaffold was accomplished through
a simple electrodeposition method in a three-electrode configuration at 25°C from
aqueous Co(NOy), electrolyte. To deposit Co(OH), shell nanosheet, four cycles of
CVs were run in the potential range of —0.5 to —1.1 V vs SCE at the scan rate of
10 mV s and the samples were annealed at 200°C in air for 1.5 hours to form
homogeneous mesoporous Co;0, core/shell NR arrays. The Co;0,/Mn(OH), and
C0;0,/Mn;0, NW arrays were also fabricated under similar synthesis conditions
[99].

200 nm

foil, and (c) SS substrates.

4. Factors Influencing the Electrochemical Growth of
Nanostructures

In this section, we will briefly discuss various parameters that determine the fate
of the electrochemical synthesis of nanostructured materials. By adjusting the
composition, pH, solution concentration, bath temperature, applied potential, and
current density, the final film characteristics, such as nanostructure morphology
and crystallography can be controlled. Among the parameters mentioned above, a
proper choice of the applied potential regime is one of the essential things in the
electrodeposition of nanostructures from aqueous media. Electrodeposition in an
aqueous system is thermodynamically hindered due to the competing hydrogen
evolution reaction, and thus the growth can usually be restricted to a few monolayers.
Therefore, one needs to account for the relationship between the applied potential
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(V vs SHE) and the pH of the electrolyte before starting the electrochemical synthesis
reactions. The thermodynamics of nanostructured growth of any desired material
to be electrodeposited from the aqueous medium can be studied by constructing
the potential-pH diagram, famously known as the Pourbaix diagram. A Pourbaix
diagram represents thermodynamic and electrochemical equilibria in an aqueous
solution, which plots the equilibrium potential (V,) between a metal/semimetal and
its various oxidized species as a function of pH at room temperature [100]. The
applied potential and pH of the solution need to be carefully selected in order to have
a stable and uniform electrodeposit of the desired material. The precursor solution
concentration has a significant role in obtaining the nanostructured growth of the
desired material. Generally, low concentrations (0.1 to 1 mM) are preferred. The
electrolyte bath temperature needs to be lowered or elevated, as some reactions tend
to be exothermic or endothermic, and do not occur at room temperature to precipitate
the electrodeposits on the substrate during the reaction. During constant current
or galvanostatic electrodeposition, current density flowing through the substrate
electrode also decides the morphology of the nanostructures and generally, lower
currents for longer electrodeposition durations are preferred. However, in the case
of templated electrodeposition through PC or AAO membranes, large currents
need to be used. Thus, the electrodeposition technique can easily be customized
with proper electrochemistry knowledge about the material according to our needs
to achieve the desired nanostructures by controlling the various parameters with
ease. It has been widely used in electroplating industries to electrodeposit various
materials on sophisticated devices where physical techniques cannot be employed.
Thus, this chapter outlines the versatility of the less-energy intensive and simple
electrodeposition technique.

5. Conclusions

Electrodeposition is gaining popularity in recent years due to its capability to prepare
a range of high-quality low-dimensional multifunctional nanostructures via a simple
yet elegant physicochemical route. Contrary to the energy-intensive synthesis
processes, electrodeposition is a high-throughput and low-cost manufacturing
process that offers an inexpensive, scalable, and straightforward bench-top approach
for the growth of the thin film and nanostructures. Precise control of the potential or
the current on a conductive substrate in a solution during electrodeposition allows
for electrochemical oxidation or reduction of chemical species to form the desired
nanostructures. This bottom-up fabrication technique is capable of fabricating one-
dimensional nanostructures, such as nanoparticles, nanorods, nanowires, nanotubes,
nanosheets, nanoclusters, and several other nanostructures (including the ones yet to
be discovered) of various metals, metal oxides, metallic alloys, chalcogenides, and
composites for a wide range of potential applications in photovoltaics, solar cells,
catalysis, sensors, etc. This chapter gives brief insights into various facets of the
electrodeposition technique to synthesize technologically important nanostructures of
various materials. Different types of templates, patterns, or structure-directing agents
utilized during the electrodeposition will contribute to the continued development of
this technique in becoming popular among the research community.
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CHAPTER 5

Nanostructured Materials Using
Microemulsions

Sonalika Vaidya

1. Introduction

Ever since the term ‘microemulsions’ has been first coined [1] by Schulman, the use
of microemulsions for carrying out the synthesis of nanostructures has been emerging
at a potential rate. These microemulsions are homogeneous mixtures of water and
oil stabilized by surfactants. Surfactants help in the stabilization of microemulsions
by lowering the interfacial tension between the oil and water. Depending on the
proportion of the components used and the hydrophilic-lipophilic balance of the
surfactant, these microemulsions can be either water-in-oil type or oil-in-water type.

Synthesis in microemulsions is mostly carried out in a water-in-oil type of
microemulsion. These contain reverse micelles, which are a type of surfactant
aggregate, wherein the core of the reverse micelles is composed of an aqueous
phase (Figure 5.1). Typically, a water-in-oil type of microemulsion is formed by a
surfactant, co-surfactant, an oil phase, and an aqueous phase.

There have been reviews on this topic by eminent scientists, viz. Pileni [2],
Lopez-Quintela [3], Capek [4], Eastoe [5], Holmberg [6], Uskokovi¢ [7], and Ganguli

Surfactant

_ 0il
Aqueous Phase
Phase

Figure 5.1. Schematic showing the structure of reverse micelle.
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[8, 9]. This chapter focuses on highlighting the developments that have occurred in
this field since 2015.

2. Synthesis of Nanostructured Materials

Microemulsion acts as a nanoreactor. The reaction takes place in a confined
environment in reverse micelles. The main advantage of carrying out the reaction
in microemulsions is that the size of the particles can be easily controlled as their
growth is inhibited after nucleation. This ensures that the particles are formed with
monodisperse size distribution. Moreover, one can easily control the morphology by
varying the parameters, such as the nature of the solvent, nature of surfactant, nature
of co-surfactant, water to surfactant ratio (Wo), that are involved in the formation
of microemulsions. Various kinds of surfactants are being used, such as cationic,
anionic, non-ionic, and ionic liquid to form microemulsions. These have been used
for the synthesis of a variety of nanostructured materials. Looking at the literature,
this method has been used for the synthesis of a variety of materials such as metal,
metal alloy, oxides, chalcogenides, core-shell structures, etc.

For the synthesis of material with formula AB, two different microemulsions
are prepared—one containing an aqueous solution of metal cation A, and the other
containing the anion B. The two microemulsions are then mixed to form AB. The
product is formed by an exchange of reactants present in different reverse micelles
by the process of coalescence and de-coalescence of the reverse micelles. The
resultant product can be separated through centrifugation, or magnetic separation
(in case of magnetic materials). Figure 5.2 shows the mechanism of the formation
of the product in microemulsions. The number of microemulsion systems and the
ratio of the volume of the microemulsion involved can be varied depending on the
composition and the stoichiometry of the product.

Coalescence of microemulsion droplets
resulting in exchange of reactants

De-Coalescence of microemulsion droplets
containing product

Figure 5.2. Schematic showing the mechanism of formation of nanostructured material AB in reverse
micelles.
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We cite some examples to showcase the versatility of the microemulsion-based
method.

Wu et al. [10] synthesized Mg(OH), in microemulsion containing CTAB as the
surfactant, iso-propanol as the co-surfactant, cyclohexane as the oil and aqueous
solution. The authors have shown through surface performance analysis that CTAB
adsorbs on the surface of Mg(OH),, making it easier to be miscible with the organic
phase. Najafi et al. [11] prepared magnetic FeCo alloy with varying Fe/Co ratio using
CTAB/1-butanol/iso-octane. They found that a ratio of Fe:Co as 70:30 led to the
formation of spherical particles of FeCo, with an average particle size of less than
10 nm. In another example, Nacy et al. [12] showcased that rod-shaped La,NiO,4;
(a layered nickelate oxide), synthesized using microemulsions based on CTAB/1-
butanol/hexane, exhibited promising electrochemical performance as cathodes for
Li-O, batteries.

CoFe,0, nanoparticles with size ranging from 1015 nm were synthesized by
Laokul et al. [13] using AOT/n-hexane. AOT is an anionic surfactant. The authors
showcased the ferromagnetic behavior of the ferrites.

Various nonionic surfactants, such as TX-100, Tergitol, Igepal, Brij, etc. have
been used to synthesize a variety of materials. For instance, Pal et al. [14] used
TX-100/1-hexanol/cyclohexane-based microemulsion to synthesize bimetallic
alloy of Au-Pt with a size of 2.5 nm. NiO@ZnO core-shell nanoparticles were
synthesized by Han et al. [15] using TX-100/1-hexanol/cyclohexane as the water-
in-oil microemulsion. In another example, white light-emitting nanorods of
Sr,Si04:Eu?* were synthesized using the reverse micellar route using a Tergitol/1-
octanol/cyclohexane system [16]. The authors have studied EPR, photoluminescence
properties, and thermo-luminescence of the rods. Emsaki et al. [17] have synthesized
ZnO-ZnWO, with different ratios using the microemulsion method containing Brij
35 as the surfactant, 1-butanol as the co-surfactant, and cyclohexane as the oil phase.
The particles possessed irregular morphology with a particle size of 40—70 nm. The
authors used these composites for photodegradation of methylene blue. In a study by
Liu et al. [18], pH activable PEG-modified Fe-PDA nanoparticles for MRI guided
photothermal therapy were synthesized using Igepal CO-520 and cyclohexane as the
microemulsion system. The sensitive and efficient photothermal therapy of tumors has
been demonstrated for both the cellular level in vitro and for the tumor-bearing small
animals in vivo. Water-in-oil microemulsion based on benzyl alcohol and water was
also demonstrated to synthesize materials. Xue et al. [19] used this system to prepare
2D silica-based nanomaterials. Igepal CO-520/aqueous solution/cyclohexane-based
microemulsion was used by Biausque et al. [20] to form a bimetallic alloy with
a composition of NigPt. These alloy nanostructures possessed cuboctahedra shape
with a size of 2 nm. The authors have shown that these small-sized particles can
be used for the dry reforming of methane. Richard et al. [21] used Igepal-based
microemulsion to synthesize nanocrystals of (H;0)Y;F,,-xH,O. The authors
showed that by varying various parameters, such as microemulsion composition,
micelle hydrodynamic radius, nanoparticles with varied sizes can be formed. The
authors in their study established a relation between the parameters and the size
of nanoparticles. Xu et al. [22] have used this methodology to synthesize layered
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gadolinium hydroxide using oleylamine, which performed the function of surfactant,
oil, and base. 1-butanol was used as a co-surfactant. The size of the hydroxide varied
from 200-300 nm, depending on the amount of 1-butanol used. In another interesting
study by Menaka et al. [23] anisotropic nanostructures of NiMnO, were obtained by
thermal decomposition of the oxalate precursors of nickel and manganese having
composition Ni, sMn, s(C,0,4)-2H,0, which crystallized as nanorods. The authors
used microemulsion method and used two different systems: Tergitol/co-surfactant/
cyclohexane and CTAB/co-surfactant/cyclohexane. The authors used three different
co-surfactants, viz., 1-butanol, 1-hexanol, and 1-octanol to see the effect of chain
length of the co-surfactant on the product. In the case of cationic surfactant, rod-
shaped structures were formed, whereas cubes were formed with Tergitol as a
surfactant that eventually led to rod-shaped on increasing the chain length of the co-
surfactant. The anisotropy of the precursor was maintained for the mixed metal oxide.
Tojo et al. [24], in their review, highlighted the segregation of bimetallic nanocatalyst
using microemulsions. The authors concluded that to obtain a core-shell structure,
the minimum difference between the reduction potential of two metals should be 0.2
V. Ganguli et al. have highlighted the use of microemulsion method in synthesizing
nanostructures as electrocatalysts for water splitting [9].

Synperonic series of surfactants is another kind of non-ionic surfactant that has
been used to synthesize a variety of nanostructured materials. This surfactant has
been used to form an oil-in-water kind of microemulsion. Sanchez et al. [25] used
a microemulsion system based on water/Synperonic 91/5/iso-octane to synthesize
Zn-doped TiO, for the degradation of phenol. The authors observed that the
degradation was maximum at an optimal amount of Zn doping at 5%. Pineda et
al. [26] formed oil-in-water based microemulsion using water/Synperonic 91/5/
iso-octane. They used this system in combination with hydrothermal treatment to
form the TiO,-B (Bronze) phase of TiO,. This is a polymorphic phase of TiO, with
space group C2/m and possesses low density. Oil-in-water microemulsions formed
using Synperonic 91/5/iso-octane/water were used by Pemartin-Biernath et al. [27]
to synthesize cerium oxide and mixed Cu-Ce oxide nanoparticles.

There are some interesting uses of microemulsions. For instance, Petcu et al.
[28] have showcased that microemulsions can be used for photodegradation of dyes
without the use of solid catalysts. Here, ethyl acetate was used as an UV initiator and
the photocatalytic effect of the water/oil interface was the basis of the entire process.
The author showcased that a microemulsion system formed using a water/non-ionic
surfactant/ethylacetate chain radical process resulted in complete photodegradation
of dyes in ~ 25 minutes. Varol et al. [29] in their study demonstrated the use of the
oil-water interface of the droplets formed in a miniemulsion to synthesize hollow
nanostructures of metal oxides. The authors used this methodology to synthesize
hollow nanostructures of ceria and iron oxide. Shang et al. [30] synthesized reverse
bumpy ball structure (RBBS) nanoreactor containing Pt-y Fe,O, dimers. These were
shown to act as an efficient catalyst for the reduction of 4-nitrophenol with hydrogen.
RBBS nanoreactors are porous hollow nanostructures. These contain a large number
of accessible nanoparticles in their interior. They formed RBBS nanoreactors based
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on m-SiO, using a modified emulsion-based bottom-up self-assembly process with
high boiling point organics as a soft template. The water-in-oil microemulsion was
used to encapsulate particles that had potential to be used as nanocarriers. Zhang
et al. [31] demonstrated that when gold nanorods conjugated with porous silicon
nanoparticles were encapsulated by nano hydrogel of calcium alginate, using water-
in-oil microemulsions, they acted as an excellent nanocarriers for co-delivering
therapeutics for biomedical applications.

Another class of microemulsion that has been used widely is based on ionic
liquid. We cite here a few examples wherein ionic liquid-based microemulsions
have been used. Yan et al. [32] in their review have highlighted the use of ionic
liquid-based microemulsion for polymerization. They have cited examples in their
review showcasing the use of ionic liquid-based microemulsion for the synthesis
of polymers. In their review, they have stated that in comparison to conventional
aqueous microemulsion, these ionic liquid-based microemulsions have an advantage
for carrying out polymerization. After polymerization, the mixture which contains
the catalyst, ligands, ionic liquid, and surfactant ionic liquids can be recovered and
reused. They have also highlighted the fact that owing to high ionic conductivity
and wide potential window, these ionic liquids act as a suitable media for electro-
polymerization. These ionic liquids act as either immiscible liquids, immiscible oil, or
surfactants. Wang et al. [33] have synthesized ZnInS, in ionic liquid microemulsion
mediated hydrothermal method containing [BMIM][PF6] as ionic liquid and TX-100
as the surfactant.

3. New Techniques to Characterize Dynamics of Reverse Micelles

In this section, we discuss the use of Small Angle X-ray scattering (SAXS), Small-
Angle Neutron Scattering (SANS), and Fluorescence Correlation Spectroscopy
to understand the microemulsion system. These techniques were also used for
understanding the formation of nanoparticle inside the core of reverse micelles.
Zhang et al. [34] investigated the use of nanoemulsions, prepared from a
combination of emulsification with various pairs of co-surfactants, to form core-shell
and multi core-shell structure using SANS, DLS, and Cryo-TEM. The authors carried
out a detailed investigation to see the effect on molecular geometry and interfacial
curvature driving the formation of various morphologies in the nanoemulsions.
SAXS studies have been used effectively to understand the microemulsion
system and the formation of nanostructured material using this method. Ganguli
etal. [35] studied the growth mechanism for the formation of nanorods of zinc oxalate
formed in the microemulsion system. The system consisted of CTAB/1-butanol/iso-
octane. The authors observed that the zinc oxalate nanostructures were formed within
half an hour of the start of the reaction. From the studies, the authors concluded that
the system consists of two different kinds of moieties, viz., spherical sized moiety
of size 3—4 nm, which were assumed to be microemulsion droplets, and the second
were larger aggregates assumed to be oxalate encapsulated by surfactant. Another
study using SAXS by the authors [36] showed the variation in size and shape of the
microemulsion droplets on introducing a hydrotrope (sodium salicylate) to the system
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consisting of CTAB as the surfactant, 1-butanol as the co-surfactant, and iso-octane
as the oil phase. The shape of these droplets was observed to be ellipsoidal, and the
size of these ellipsoids increased from 7 to 40 nm on increasing the concentration
of sodium salicylate. Recently, our group has tried to understand the effect of
co-surfactant on the growth of copper oxalate nanostructures using SAXS [37]. We
used both the model-independent and model-dependent approach. The inferences
obtained, by analyzing the data using the model-independent approach, were used to
select the model used for fitting the SAXS data. The microemulsion system that was
studied was CTAB/co-surfactant/iso-octane. The two co-surfactants studied were
1-butanol and 1-octanol. We observed the shape of the reverse micelles was ellipsoid
with 1-butanol and spherical with 1-octanol. We concluded that apart from changes
in the rigidity of the surfactant film, it is the shape of the reverse micelles that affect
the shape of the final product. Sakuragi et al. [38] carried out SAXS measurement
to study the structure of microemulsions formed from deep eutectic solvents (DES)/
water/mixture of Tween 80 and Span 20. They observed a change in the morphology
from spherical to cylindrical in compositions containing a large amounts of Tween
80. The authors also observed that the size of the aggregates increased with increasing
the amount of DES. The scattering profiles were fitted using the core-corona model.

Sen et al. [39] used fluorescence correlation spectroscopy to study the size, size
distribution, polydispersity, and diffusion of the microemulsion droplets for AOT/oil/
water system and CTAB/1-butanol/oil/water system. The study was carried out by
varying the oil phase. The authors observed that the size of microemulsion droplets
for the system formed using AOT did not vary with the oil phase in contrast to the
microemulsions formed using CTAB, wherein a substantial effect was observed on
the size of the droplets and their distribution. Another study carried out by Ganguli
et al. was effective in studying the growth kinetics for the formation and growth of
iron [40] and nickel oxalates [41] using CTAB-based microemulsion. The formation
of iron oxalate takes eight days, while nickel oxalates were formed in just fifteen
hours. For iron oxalates, Ganguli et al. monitored the fluctuations in fluorescence
of sulphorhodamine B dye, embedded in reverse micelles for eight consecutive
days, and found that the growth was isotropic up to four days, with a critical size
of 53 nm. Beyond this, the nanoparticle growth was anisotropic. For nickel oxalate,
the authors studied the effects of two different parameters—one was the effect of
the surfactant, and the other was the effect of water to surfactant ratio (Wo). Three
different surfactants, viz., CTAB, CPB, and TX-100 were chosen to see the effect of
the surfactant. The size of microemulsion droplet was largest for TX-100, which was
found to be 11 nm, and it was 3—4 nm for CTAB. The size of the droplets increased
linearly with Wo.

4. Conclusions

In this chapter, we have tried to highlight the use of the microemulsion method for
the synthesis of a variety of nanostructured material. This aspect has been highlighted
in this chapter by citing numerous examples which showcased the versatility of this
methodology. We have also showcased the use of different techniques, such as FCS
and SAXS to understand nanoparticle formation using microemulsion.
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Methods of Manufacturing
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1. Introduction

The widespread use of composite materials, especially polymer composite materials
(PCM), has made tremendous progress in the field of polymer chemistry and physics.
Today, the most popular are PCM based on continuous fibers, rovings, and fabrics.
Such fillers of polymeric materials as carbide fibers, carbon nanotubes (CNT),
fullerenes, and other nanoobjects, are not far behind in terms of the growth rates of
technologies.

The increased interest in obtaining nanocomposites is associated with the unique
effect of nanoscale filler on the bulk properties of polymer composites [1, 2]. In
addition, the introduction of nanoscale filler in the polymer matrix results in materials
with high rigidity, toughness, and tribological properties [3].

2. Brief Description of Polymer Composite Materials

The complex of properties of PCM [4] is determined by the properties of the
components (matrix, filler), such as their micro- and macrostructure, phase boundary,
the response of these structures to external influences. PCM are heterophase materials
in which a continuous matrix interacting with the filler, perceives external loads and
redistributes them to the filler.

The interfacial layer is one of the most important parameters of the PCM,
which characterizes the contact area of the matrix-filler. For example, in the
volume of PCM in 1 mm® with the degree of filling 50% vol., the contact area is
450-600 mm?. You can get an unlimited amount of PCM and in a very wide range
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to change their properties by combining components of different nature, shape, and
size in one material.

The boundaries of PCM characteristics change are mainly determined by the
upper and lower values of the properties characteristic of the main classes of materials
(metals, ceramics, polymers), and the state of aggregation of substances. The main
advantage of PCM is the production of materials with properties that significantly
exceed the upper and lower bounds of the properties of the original components
(Table 6.1).

The use of light elements (carbon, silicon, boron) is most promising for the
production of materials with high mechanical properties, since the theoretical strength
of a material depends on the radius of the atom forming a chemical bond. The heat
resistance of PCM when filled with high-strength and stable objects (carbide fibers,
CNT, fullerenes) will be determined mainly by the choice of the polymer matrix, as
the less thermostable PCM component.

Table 6.1. The main mechanical properties of polymers and PCM based on them.

Characteristic Polymer PCM The range of changes in
the properties of the PCM

Density, kg/m? 760-1800 5-22000 104

Tensile strength, MPa 8-210 0,1-4000 104

Elastic modulus, GPa 0.1-10 0.01-1000 105

Relative extension, % 0.5-1000 0.1-1000 104

Resistivity 108-1020 105-1020 1025

Thermal conductivity, 0.12-2.9 0.02-400 104

W/m*K

Coefficients of Linear (2-30) x 10° | 104-5 x 10°° 10

Thermal Expansion, 1/°C

Poisson’s ratio 0.3-0.5 0.1-0.5 5

A key factor determining the final properties of the resulting hybrid materials
is the dispersion of inorganic materials in the polymer matrix. Dispersion of
inorganic filler is associated with a number of difficulties arising from the need to
combine organic and inorganic material. These difficulties can be solved by adding a
crosslinking agent through which both phases can be connected by a covalent bond
[5, 6].

The mixing of the organic polymer matrix and the inorganic filler can be carried
out by two main mixing mechanisms, such as simple and dispersing.

By simple mixing, we mean a process that results in a statistically random
distribution of particles of the initial components in the volume of the mixture
without changing their initial sizes.

Dispersing mixing is a process of mixing which is accompanied by a change
(decrease) of the initial sizes of the particles of the components associated with their
fragmentation, destruction of aggregates, deformation, and disintegration of the



https://www.twirpx.org & http://chemistry-chemists.com

Methods of Manufacturing Composite Materials 93

dispersed phase, etc. The main task of the dispersing mixing is to destroy aggregates
of solid particles and distribute them in the bulk of the liquid polymer [7].

An elementary act of destruction of an aggregate is to overcome the adhesion
forces between solid particles as a result of the action of an inhomogeneous field of
mechanical stresses during deformation of the medium. Calculations show that the
irreversible decomposition of aggregates and their dispersion in the liquid dispersion
phase occurs with the ratio:

6nRt/F > 4,

where R is the radius of the particle, T is the shear stress, F is the cohesive force of
the particles in the aggregate.

It follows that the higher the viscosity of the medium, the more effective the
dispersion. Reducing the temperature, increasing the frequency of rotation of the
working bodies of the mixer, and reducing the gap where the flow of the dispersed
system is, all contributes to dispersion.

A decrease in the adhesion forces of particles (F) in an aggregate also leads to its
destruction and an improvement in dispersion. The introduction of surfactants, low
molecular weight liquids, and other substances that are adsorbed on the surface and
weaken the interaction of particles improves dispersion.

Mixing highly viscous polymers and liquids with solid fillers are the most
common and effective processes for producing polymer composites of a dispersed-
filled structure. These are mainly polymer melts into which various amounts of solid
fillers are introduced. For their mixing, considerable efforts and high values of the
minimum shear strain y,,;, are required. It should be noted that the initial viscosity of
the melts and the liquid components of the mixtures may change during the mixing
process as a result of an increase in temperature and shear stress.

The mixing of such systems in the laminar mode is carried out with a roller,
blade, screw, and rotary mixers of the closed type.

In modern plastics processing technology, continuous blending is the main
method for producing thermoplastic-based composite materials. Laminar mixing
of highly viscous polymer melts with dispersed fillers is carried out in continuous
mode on worm, disk, and rotor-worm extruders in the process of obtaining PCM
or products. Using the dependences of shear deformation on the technological
parameters of processing and design characteristics of the equipment, it is possible
to optimize the technology of obtaining dispersed-filled material and products.

The dependencies of statistical quality criteria for mixing on the shear strain
are described by one characteristic curve. This allows you to apply the model of
laminar mixing for the organization of the process of obtaining dispersion-filled
PCM according to various schemes and using equipment of different designs.

3. Approaches for the Formation of Polymer Composite
Materials
According to the type of material formation, the synthesis of polymer nanocomposites

can be divided according to two main principles, among which are the so-called
bottom-up and top-down principles (Figure 6.1).
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Figure 6.1. Schematic illustration of (a) bottom-up principle, (b) top-down principle.

In the case of a bottom-up principle, the formation of the structure of the final
composite begins at the nanoscale level.

In most cases, there can be three basic ways of incorporating inorganic
nanoparticles into a polymer matrix. The first uses the top-down principle and
consists of direct mixing of the filler and the polymer matrix, carried out in solution
or melt. The second is based on in situ polymerization in the presence of previously
prepared inorganic nanoparticles, or vice versa, in situ preparation of nanoparticles in
the presence of a polymer. In the third case, both inorganic and organic components
are prepared in situ. The last two methods use the bottom-up principle [8—10].

The formation of composite materials in situ, based on the bottom-up principle,
allows the creation of well-defined multi-level structures with properties that are
fundamentally different from the properties of the original components. In most
cases, the organic component acts as a reaction medium in which inorganic particles
are formed. In the case of using metals and their oxides as an inorganic component,
given nanoparticles are obtained by chemical transformation of the initial elements
[8, 11]. Metals and metal oxides are good sorbents, catalysts, sensing elements,
reducing agents. On the other hand, polymers are durable and chemically stable
organic materials. Thus, the final hybrid material has a set of properties that cannot
be achieved by each of the components separately (Figure 6.2).

The most available methods for producing nanocomposites based on polymers
and inorganic fillers are such methods as the sol-gel method, mixing the polymer or
prepolymer in solution or melt, and in situ polymerization.

The introduction of the nanofiller into the polymer matrix can also be carried out
in two main ways, such as ex situ or in situ (Figure 6.3). In the first case, inorganic
nanoparticles are prepared beforehand and then introduced into the polymer in the
melt or solution. The method is based on the physical trapping of nanoparticles with
a polymer matrix, in which it is difficult to achieve uniform distribution.
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melt, (c) in situ sol-gel method.
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To overcome this drawback, an in situ method is used. This method allows you
to control the size of particles and their morphology [11]. One of the most successful
chemical processes that allows metal nanoparticles to be introduced into the organic
phase is the sol-gel method.

Consider the above methods separately.

3.1 Sol-gel Polymerization

From an ecological point of view, the optimal methods for obtaining composite
materials are drainless, in particular, the sol-gel method. Sols and gels are fluid and
gelatinous colloidal systems; colloid systems are dispersed systems, intermediate
between true solutions and coarse dispersed systems. The sol-gel method is a
convenient way to obtain dispersed materials; it allows one to exclude numerous
washing steps, since compounds that do not add impurities to the composition
of the final product are used as starting materials [12]. This method is based on
polymerization reactions of inorganic compounds, and includes the following stages,
such as solution preparation (alcohols of different nature serve as solvents), gel
formation, drying, heat treatment. Typically, the starting materials are alkoxides of
metals with the general formula M (OR) (M = Si, Ti, Zr, V, Zn, Al, Sn, Ge, Mo, W,
lanthanides, etc., R = Alk, Ar), which hydrolyze by adding water; the reaction is
carried out in organic solvents. Subsequent polymerization (condensation) leads to
the formation of a gel. For example, when n =4,

M(OR), + 4H,0 -> M(OH), + 4ROH,
mM(OH), -> (MO,),, + 2mH,0.

The real process is much more complicated and proceeds through a multi-stage
mechanism. At the same time, flow conditions, such as the use of catalysts, the nature
of the metal, and the alkoxy group are essential.

Thus, the sol-gel process includes hydrolysis, polymerization, or chemically
controlled condensation of a gel precursor, nucleation, and particle growth followed
by agglomeration. Tetramethoxysilane (TMOS) or tetracthoxysilane (TEOS) are
most often used as precursors, which form a host-silica gel-structure around the
dopant guest and thereby create a trap. Nucleation proceeds through the formation
of a polynuclear complex, the concentration of which increases until some
supersaturation is reached, determined by its solubility. From this moment begins
the growth of the nucleating seed and new nucleating seeds are not formed. At the gel
formation stage, the gels can be impregnated with ions of various metals.

The obtained oxopolymers have an ultrathin porous mesh structure with pore
sizes from 1 to 10 nm, similar to the structure of zeolites. Depending on the synthesis
conditions, their specific surface SD is from 130 to 1260 m?/g, bulk density is
from 0.05 to 0.10 g/cm?. Drying conditions, during which the removal of volatile
components occurs, determine the texture of the product [13]. The formation of the
structure and texture of the product is completed at the stage of heat treatment.
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Template synthesis is one of the most successful techniques of sol-gel
technology, which allows the formation of nanocomposite materials that meet the
following requirements:

* a certain size and shape of crystallites or crystals;
* anarrow distribution of pore size in a given range;

« the formation at the molecular level of the specific structure of the nanocomposite,
for example, a material with anisotropic organization at the meso-level
(10-1000 nm).

The use of templates has long been known in metallurgy. One of the long-
standing directions is the change in the shape of crystallites formed from solutions
and melts of various natures. In the sol-gel technology, the most frequently used
template term or templity, template synthesis has been consciously used relatively
recently.

For example, the introduction of NaH,PO, in nanoscale dispersions of iron
hydroxide contributes to changing the shape of the growing particles a-Fe,O; [14].
It was found that the shape of the formed crystals is influenced by both the nature of
the anion of the introduced salt and its amount.

The use of the techniques of template sol-gel synthesis has become widely
used to create silicate materials with controlled porosity. Silicate nanocomposites
obtained by the sol-gel method are distinguished by chemical inertness, hardness,
and a high degree of crosslinking of the silicate skeleton. Such materials also have
the ability to incorporate organic matter, which can then be removed by chemical or
thermal means.

The approach consists in the copolymerization of two precursors with
the subsequent selective removal of one of them (Figure 6.4) [15]. This class of
template agents is much broader because it generalizes the entire range of monomers

Figure 6.4. Scheme of the template sol-gel synthesis, including the step of (a) copolymerizing two
precursors, and (b) selective removal of one of them.
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with mutual affinity. In particular, the synthesis of macroporous materials by
copolymerizing polyvinyl alcohol or polyethylene oxide with tetracthoxysilane is
very successful. Phase segregation of the introduced second phase is polymerized
and its removal by heat treatment leads to the formation of macroporous materials
with a wide pore size distribution.

The sol-gel polymerization method can also be based on the hydrolytic
polycondensation of tetraethoxysilane with an organic or organoxytrialkoxysilane.
At the same time, the structure of the organic or organoxy group bound to the silicon
atom (after its burning out or hydrolysis) determines the size and shape of the pores
[15]. Bornyloxytriethoxysilane or fenxyloxytriethoxysilane can in particular be used
as pore-forming agents. Under the influence of molecular templates, the surface
morphology of the coatings can change. For example, the introduction of branched
oligomers into silica sols causes a significant increase in the development of the
surface topography (Figure 6.5) [16].

This method is effective and difficult to implement. It is advisable to use it in
the manufacture of composites with the participation of metals and their oxides.
To develop a method for producing a composite based on polyimide and carbon
nanotubes, it is possible to use simpler as well as efficient synthesis methods.

Figure 6.5. The state of the surface of silicate films was obtained from silica sol without organic modifiers
(left) and with the addition of branched oligomer (right). Images were obtained with an atomic force
microscope.

3.2 Melt Mixing Technique

Melt mixing technique is a standard method for producing composites, including
calcining a polymer matrix at high temperatures and adding a filler followed by
mixing to achieve the desired particle distribution. The advantage of this method is
environmental friendliness, since there is no need to use large quantities of solvent.
In addition, this method can be combined with such industrial stages as molding and
extrusion, which makes it convenient and economical.

However, this method is mainly applicable in cases where layered silicate acts
as an inorganic filler. The most common method for producing polymer-silicate
nanocomposites is the mechanical mixing of a polymer melt with a modified silicate
of organic cations. In this case, intercalation of polymer particles (intercalated
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systems) is achieved, and only a fraction of the particles of layered silicates are
stratified into single layers of nanoscale thickness. As a result, the physicomechanical
characteristics are improved, as, for example, in the case of polystyrene, polyethylene
oxide, polypropylene compositions [17-22]. When polyolefin composites are
obtained by this method, the filler is modified with maleic anhydride [23], or the
olefin is copolymerized with a polar comonomer [20, 21, 24]. Modification increases
the compatibility of the polymer with the filler.

3.3 Mixing in Solution

This approach is based on the use of a common dissolution system, suitable for
both polymer dissolution and swelling of inorganic fillers [25]. Using the example
of a layered silicate, the process consists of several stages. First, the silicate layers
swell in the solvent (for example, in chloroform). After mixing the solutions of the
polymer and layered silicate, the polymer chains intercalate into the interlayer space
of the silicate, replacing the solvent. After removal of the solvent, the intercalated
structure remains, which is a nanocomposite [26, 27].

The process includes a solvent in which the polymer and prepolymer are soluble
to affect the exfoliation of the layered silicate into separate layers (Figure 6.6). When
selecting a suitable solvent, weak bonds are destroyed holding the layers together,
after which the polymer is easily adsorbed on a separate plate.

The leading factor of polymer intercalation into layered silicate from solution
is entropy. Entropy arises due to the desorption of solvent molecules, which
compensates for the decrease in entropy of bound intercalated polymer chains [28].
With this approach, intercalation occurs only in the case of certain polymer/solvent
pairs.

This method is effective for intercalating polymers with low or neutral polarity
into layered structures, and is convenient for producing thin films with intercalated
clay layers oriented along polymer chains (and film surface) [29]. When used in
industry, this method requires large amounts of organic solvents, which are usually
environmentally harmful and uneconomical [30]. In addition, this method is difficult
to implement when using carbon nanotubes.

In the work of Ku et al., a homogeneous distribution of single-layer and
multi-walled CNTs in a polyimide matrix has been reported [31]. This result

Figure 6.6. Example of (a) intercalated, and (b) exfoliated organoclay in a polymer matrix.
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was achieved by prolonged (48 hours) ultrasonic dispersion of a polyimide
solution containing terminal amino groups and a mixture of CNTs with 1-ethyl-
3-(3-dimethylaminopropyl) carbodimide. The resulting compound was a CNT
functionalized with polyimide groups. Further mixing of the modified CNT solution
with a solution of a pure polyimide matrix and the subsequent removal of the solvent
gave a composite material with a uniform distribution of the filler.

In [32], a polyimide/multi-layer CNT nanocomposite was obtained by ultrasonic
dispersion of a mixture of modified CNTs and a solution of polyamic acid in N,
N-dimethylacetamide, followed by thermal imidization. The resulting material had
an increased tensile strength compared to pure polyimide. When the nanocomposite
is filled with multi-walled CNTs, up to 10% by weight of its dielectric constant
reached a value of 60, which is about 17 times greater than the analogous parameter
of pure polyimide.

3.4 In Situ Polymerization

The next method of obtaining nanofilled polymers is direct synthesis of the material by
in situ polymerization, i.e., matrix polymer synthesis in the presence of an inorganic
nanofiller. In this case, the monomer or oligomer undergoes polymerization. The
method allows you to create well-defined multi-level structures with properties
fundamentally different from the properties of the original components. For example,
the modulus of elasticity, strength, heat resistance, barrier properties of nylon-6
compositions with montmorillonite are doubled compared with the initial polymer
[33, 34]. Note that the process of obtaining such a nanocomposite developed by
Japanese scientists has been implemented on an industrial scale.

When in situ polymerization is used to obtain polyimide/CNT composites,
preliminary ultrasonic dispersion of CNTs is carried out in a solution of one of the
monomers (usually a diamine), and the polymerization reaction takes place in the
presence of a filler.

For the first time, polymerization in situ was reported by Imai et al. [35].
In this work, the polyimide/carbon black composite was obtained directly by
polycondensation of a mixture of carbon black, and ammonium salt obtained from
nonamethylenediamine and pyromellitic acid. Later, Ounies et al. published a study
of the effect of increasing the strength and conductive characteristics of composite
materials PI/single-walled CNT [36]. In both papers, a jump in conductivity was
noted by more than 8 orders of magnitude to a value of 10-°~10"7 S/cm when a certain
critical concentration was reached. When using multi-layer CNTs as a filler, it was
possible to achieve an increase in conductivity by 11 orders of magnitude, to a value
of 10 S/cm at a critical concentration of approximately 0.15% by volume [37],
and an increase in concentration to 3.7% by volume gave electrical conductivity of
107! S/cm. In general, based on literature data, it is difficult to estimate the required
number of CNTs for the manifestation of the electrically conductive properties of
the composite, since the reported percolation threshold values vary within very
wide limits: from less than 1% to values greater than 10%. The reasons for such
large differences can be both the uneven distribution of CNTs (due to their poor
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dispersion in the polymer matrix) and experimental difficulties, which lead to errors
in determining the threshold values of the electronic conductivity.

The in situ polymerization method is also effective in the polymerization of polar
monomers, in particular, to obtain nanocomposites by emulsion polymerization.
So, for example, when achieving the complete dispersion of the sodium form of
montmorillonite in water, nanocomposites based on polymethyl methacrylate,
polystyrene, styrene copolymer, and acrylonitrile were obtained [38]. Another
approach to the synthesis of polystyrene—montmorillonite nanocomposites has been
proposed in the source [39]. The radical polymerization initiator was fixed in the
interlayer space of the silicate lattice by cation exchange with sodium ions. This
allowed the polymerization of styrene directly in the interlayer space of silicate,
followed by exfoliation of particles of this filler under the action of the resulting
polymer.

This method is also used for the synthesis of nanocomposites based on
polyethylene terephthalate, polyimide [40], as well as thermosetting polymeric
matrices. Thus, in [24], the effect of the type of layered silicates and their modifiers,
curing agents, and polymerization conditions on the structure and properties of
nanocomposites based on epoxy resins was studied.

As you know, epoxy resins or oligomeric products of small molecular weight
are widely used for the production of composite materials. Based on them, functional
nanocomposites can be obtained. Thus, the modification of epoxy resins with
other resins, in particular, vinyl esters, made it possible to create a binder with the
structure of interpenetrating networks and nanoscale phases. Fiberglass based on
such a modified binder has a complex of properties inherent in both epoxy and vinyl
ester binder [41]. The introduction of copper nanoparticles into composites based on
epoxy binders reduces their flammability [42, 43].

In situ polymerization can be carried out both in the presence of a solvent and in
the presence of a catalyst.

Source [44] described the synthesis of nanocomposites based on graphene and
epoxy resin by in situ polymerization. The synthesis is carried out first by dispersing
the filler in acetone using ultrasound. The resulting mixture is then added to the
epoxy matrix before being placed in a vacuum oven. After evaporation of about 80%
of the solvent, m-phenylenediamine is added with vigorous stirring. After stirring,
the mixture is poured into a stainless-steel mold, dried at 60°C for 5 hours to remove
residual solvent, pre-cured in an oven at 80°C for 2 hours, and confirmed at 120°C
for another 2 hours with the composite. Figure 6.7 shows that better dispersion was
achieved in materials with epoxide/graphene and epoxy/modified graphene oxide
composites compared to epoxy/graphene oxide composites.

Nevertheless, a good dispersion of graphene oxide was observed in the
polypropylene matrix [45]. In order to achieve it, the Ziegler-Natta catalyst was used.
The catalyst was incorporated into the graphene oxide layers, as shown in Figure 6.8.
The Grignard reagent was used before the addition of titanium tetrachloride to obtain
a Ziegler-Natta graphene-oxide catalyst system. Then this catalyst is added at 60°C
in a hexane-propylene solution with vigorous stirring. Triethylaluminum (AlEt;) and
dimethoxydiphenylsilane (DDS) as initiators were added to the mixture to initiate
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Figure 6.7. Results of transmission electron microscopy of samples (a) epoxide/graphene, (b) epoxide/
modified graphene oxide, (c) epoxide/graphene oxide.
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Figure 6.8. Scheme of nanocomposite synthesis based on polypropylene and graphene oxide in the
presence of a catalyst.
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the polymerization reaction. The final composite is obtained by filtration, washing,
and drying.

The in situ polymerization method has several advantages. First of all,
thermoplastics and thermosetting composites can be synthesized by this method
[46, 9]. It allows the polymer to be “stitched” to the surface of the filler, which
improves the properties of the final material. Exfoliated structures are achieved using
this method due to the improved distribution and intercalation of the filler in the
polymer matrix.

4. Production of Composites Based on High-Temperature
Thermoset Plastics

Asnoted above, the production of composite materials, by mixing the matrix and filler
in solution or melt, is compatible with existing industrial technologies, and therefore,
is well known and well developed. However, these methods are unsuitable for the
production of composites of high-temperature polymers or thermoset composite. In
turn, methods of producing composite materials based on such matrices are not as
detailed in the literature as those obtained from solutions or melts. In this regard, we
would like to focus on obtaining polymer composites by the in situ method using the
example of a polyimide matrix, which is a typical example of a high-temperature
polymer, since most polyimide matrices are insoluble in organic solvents, and their
softening temperature exceeds 300°C.

Polyimides are produced by polycondensation of carboxylic acid dianhydrides
with diamines. There are single-stage and two-stage polymerization reactions. In the
one-step method, the stages of acylation and cyclization proceed simultaneously in
a high-boiling solvent at 180—200°C. In the case of a two-stage process, the reaction
proceeds with the formation of an intermediate product of polyamic acid, and in the
second stage, cyclodehydration (imidization) is carried out with the formation of
polyimide. However, in both cases, the initial monomers are dissolved in a suitable
solvent, and at this stage an inorganic filler may be added to the reaction mixture.
Depending on the method of synthesis, the target polyimide composites can be
obtained in the form of powders or films.

4.1 Composite Materials Based on Polyimides

One of the interesting fillers for polyimides is single-walled (SWCNT) or multi-
walled (MCNT) carbon nanotubes. The combination of CNTs and polyimides will
play an important role in the development of new highly efficient nanocomposites
[47]. There are two general methods for producing such composites. One is to mix
the CNT with the polymer matrix in a molten form to produce a composite. Another
is to disperse the CNT in the polymer solution, solidify the resulting solution, and
remove the solvent.

Park and his colleagues reported on the method of efficiently dispersing
SWCNTs in a polyimide matrix [48]. The resulting SWCNT polyimide films are
electrically conductive and optically transparent. A sharp increase in conductivity
was observed between 0.02% and 0.1% vol. SWCNT, and during this process, the
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nanocomposite was transformed from a capacitor to a conductor. The introduction
of 0.1% vol. SWCNTs increased conductivity by 10 orders of magnitude, which
exceeds the antistatic criterion for thin films for use in astronautics (1 x 10 S cm™).
Polyimide film containing 1.0% vol. The SWCNT still transmitted 32% of the visible
light at 500 nm, while the film produced by direct blending passed less than 1%.
Dynamic mechanical test showed that by the addition of 1.0% vol., the SWCNT
increases the elastic modulus by 60%, and the thermal stability of the polyimide is
improved in the presence of the SWCNT.

Connell et al. [49] reported on the synthesis of alkoxysilane polyamic acids, and
SWCNTs were added to a previously prepared polyamic acid solution. When loading
0.05% wt., the SWCNT achieved a percolation barrier, which can be seen from the
sharp decrease in the surface resistance of the material. Surface resistance and volume
resistance indicates that the SWCNT polyimide composite is conductive. However,
the presence of SWCNT in polyimide has very little effect on the temperature at
which the fracture starts (Tg) and the tensile strength of the polymer. An increase
in the ionic strength of the polyimide matrix by the addition of an inorganic salt
(CuSO,) led to the formation of a SWNT network sufficient for conductivity, for
example, adding 0.014% wt. CuSO, in a composite containing 0.03% wit.

The SWCNT led to films reduced by 4 orders of magnitude by surface and
volume resistance [50, 51]. An increased electrical conductivity of nanocomposite
films is observed; however, electrical percolation occurs at larger loads than those
commonly used in SWCNT polyimide nanocomposites. The modulus of the films
slightly increases with increasing content of single-walled carbon nanotubes.
Electrospun fibers were obtained from the same SWCNT polyamide suspensions
used to make films. High resolution scanning electron microscopy images have
shown that the SWCNT is located inside the fibers and may have a direction parallel
to the fiber axis [52].

San and his colleagues [53] reported on the production of functionalized CNTs
using polyimides with pendant hydroxyl groups. It was found that the resulting
polyimide-functionalized CNTs are soluble in the same solvents as the original
polyimide. A significant advantage of this method is that these functionalized
nanotubes can be used directly to produce polyimide-CNT composites with a
relatively high content of nanotubes.

Bean and colleagues [54] obtained polyimide-CNT composites by carrying
out in situ polymerization in the presence of MCNT. The percolation barrier of
the electrical conductivity of the resulting PIMUNT composites is about 0.15% by
volume. The electrical conductivity increases by more than 11 orders of magnitude
to 10 S cm™ when the percolation barrier is reached, and subsequently increases
to 107! S cm™ with an increase in the concentration of MCNT to 3.7% by volume.

Nakashima [47] reported on the synthesis of fully aromatic polyimides containing
disulfonic acid triethylammonium salts (Figure 6.9). The polyimides obtained have
an increased ability to dissolve MWCNTs in themselves. The main driving force for
solubilization of MWCNTs are the n-n-interactions between the condensed aromatic
part of the polyimide and the MWCNT surface. A high concentration of MWCNTs
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Figure 6.9. Polyimides containing disulfonic acid salts [43].

in polyimide solutions leads to the formation of gels consisting of individually
dissolved MWCNTs.

Ando and his colleagues [55] obtained new nano-ZnO/hyperbranched polyimide
hybrid films by in situ sol-gel polymerization. Films obtained from colorless,
fluorinated polyimides and homogeneously dispersed ZnO nanoparticles show good
optical transparency. Later on, two types of model compounds (with and without
ZnO) and a hyperbranched polyimide (HBPI) film with ZnO microparticles were
obtained. These materials were used to study the mechanism of fluorescence of the
original HBPI and in situ hybrid films. In in situ hybrid films, an effective energy
transfer from ZnO nanoparticles to the main HBPI chain was observed, while in
ordinary HBPI films only energy transfer from local excited states was observed.
This shows that HBPI are terminally associated with ZnO particles through a
monoethanolamine group, which is an effective way to transfer energy, which leads
to fluorescence.

Liu and his colleagues [56] obtained hybrid optical films based on
Pl-nanocrystalline titanium with a relatively high titanium content and a large
thickness of soluble polyimides containing hydroxyl groups (Figure 6.10). Two types
of new soluble polyimides were synthesized from hydroxy-substituted diamines and
various commercially available tetracarboxylic dianhydrides. The hydroxyl groups
in the main chain of the polyimide bind the organic and inorganic parts and also
control the molar ratio of titanium butyloxide to hydroxyl groups. This leads to
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Figure 6.10. Hybrids based on PI nanocrystalline titanium [56].
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homogeneous hybrid solutions. Flexible hybrid films were obtained, and analysis
showed that these films have relatively good surface flatness, thermal stability,
variable refractive index, and high optical transparency. Three-layer anti-reflection
coatings based on these hybrid films were obtained, and the reflectivity was less
than 0.5% in the visible region. These characteristics suggest that these films can be
applied in optics.

Polyimide conductive composites are made from appropriate polyimides
and conductive fillers, such as carbon nanotubes, graphite, and acetylene black.
The polyimide precursor (polyamic acid) was synthesized from 3,4,3°,4’biphenyl
tetracarboxylic dianhydride and 4,4’diaminodipheny] ether with the help of intensive
mechanical mixing at —5°C. Experimental results showed that the electrically
conductive composite based on carbon nanotubes and polyimide possess better
electrical, mechanical, and adhesive properties than the other two composites [57].

A new highly porous composite based on polyimide and silicon with high
flexibility, mechanical strength, and heat resistance has been developed. The
composite material was prepared using a new process consisting of phase separation
of a mixture of a polyimide precursor (polyamic acid), solvent, and alkoxide of silicon
using CO, at high pressure (40°C, 20 MPa), the formation of silicate by sol-gel
reaction, and solvent extraction with supercritical CO,. The composite has a bimodal
porous structure with micropores of 10-30 um and nanopores of 50 nm. Silicon
nanoparticles with a diameter of less than 100 nm are dispersed in the polyimide
matrix. The porosity of this composite is 78%, which is higher than the porosity of
the polyimide produced by the foaming method.

The relative dielectric constant of the composite is below 1.4 at 1 MHz. The
porous sheet of a polyimide silicon composite material proved to be quite flexible,
and does not collapse even when bent. It should be noted that the Young’s modulus
(0.80 GPa) and the decomposition temperature (600°C) of this composite are higher
than those of ordinary porous polyimide with the same porosity. These properties
make a composite material based on polyimide and silicon suitable for use as a
flexible thermally insulating material [58].

4.2 Composites with Nanostructured Silicon Carbide

Over the past decade, many research papers have been devoted to combining
polymers with nanoparticles to obtain materials with increased rigidity, toughness,
and tribological properties [59]. By adding nanoscale fillers to the polymer matrix, the
material acquires new chemical and physical properties. This is due to the influence
of the unique nature of the nanoscale filler on the bulk properties of polymer-based
nanocomposites [60, 61]. Polymer nanocomposites are intensively used in various
fields, due to their ease of processing, low production cost, good adhesion to the
substrate, and unique physicochemical properties. Dispersion of inorganic materials
in a polyimide matrix is a complex task and a key factor influencing the final
properties of hybrid materials. Adding a crosslinking agent is a solution to a number
of difficulties associated with dispersing. By adding a crosslinking agent, organic
and inorganic materials can be covalently bonded, and the compatibility between
these two phases is improved [62, 63].
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Silicon carbide nanoparticles (SiC) are chosen for their unique physical
properties, such as excellent chemical resistance, heat resistance, high electron
mobility, excellent thermal conductivity, and outstanding mechanical properties.
They are used to produce highly efficient composites [64—67], and are used in
electronics [68, 69]. These properties make SiC nanoparticles a suitable material for
the production of polymer nanocomposites with an enhanced structure [70].

The properties of nanocomposite films obtained from the new polyimide and
silicon carbide nanoparticles SiC using two simple methods are reported. In the first,
SiC nanoparticles were first functionalized with epoxy (y-glycidoxypropyltriethoxy
silane) terminal groups (mSiC), and then the solution was mixed with a
polytriazolimide. A homogeneous solution for the preparation of a polytriazolimide/
mSiC film was heated under vacuum. In the second method, a new diamine containing
the 1,2,4-triazole cycle - 4,4’-(4-(2,3-diphenylphenoxal-6-yl)-4H-1,2,3-triazole-3,5-
diyl), and a commercially available dianhydride (4,4’-(hexafluoroisopropylidene)
diphthal dianhydride) react in sifu in the presence of SiC nanoparticles to form a
homogeneous mixture of polyamic acid and silicon carbide (PAA/SiC), which is
then transformed into a polytriazolimide in a vacuum in a high-temperature process/
SiC film. The results of the study showed that strong chemical bonding between
SiC nanoparticles and the polymer matrix leads to an increase in glass transition
temperature Tg from 300°C to more than 350°C, tensile strength from 108 MPa
to 165 MPa, and a temperature of 5% mass loss (T5%) from 380°C to 500°C. The
photoluminescence intensity has increased, and the spectrum shows a shift to the
blue region with increasing content of SiC [71].

A highly efficient composite material based on silicon carbide (SiC) and
bismaleimide modified with allyl novolac for abrasive tools and wear-resistant
elements was developed and characterized. The results showed that the residual
strength at 440°C for 1 hour decreased to 64% of the strength without heat treatment,
and the thermal-oxidative stability is better than for SiC/polyimide composites made
in a similar way. The proportion of polymer in the composition of the composite
affects the mechanical properties. The flexural strength of a composite increases with
an increase in the proportion of bismaleimide, but its excess leads to the formation of
bubbles in the composite. The best composite with a bending strength of 82.4 MPa
was obtained using 13% wt. bismaleimide. After treatment at 280°C for 1 hour, the
bending strength increased by 34% due to the further crosslinking of the polymer at
a higher temperature [72].

It is expected that the combination of polyimides and other organic/inorganic
compounds will play an important role in the development of innovative high-
performance nanocomposites for various applications.

4.3 Preparation of Powder Polyimide Composites

The process of obtaining a powder composite material can be divided into four
stages:

» modification of the surface of the inorganic filler (if necessary);

* dispersion of inorganic filler in a solution of high-boiling solvent and diamine;
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* carrying out polymerization and imidization reactions;

* isolation of the resulting composite material in the form of a powder.

4.3.1 Modification of the Surface of the Inorganic Filler

Modification of the surface of the inorganic component before introducing into the
composite, on the one hand, allows an increase in the affinity between the organic
and inorganic phases of the material, on the other hand, makes it possible to vary the
properties of the materials obtained. For example, it is well known that doping of
carbon nanotubes leads to a sharp increase in the conductivity of nanotubes, due to a
change in their electronic structures caused by charge transfer [73—76]. The authors
[77-79] reported on the production and electrical properties of air-stable polymer
composites filled with CNTs (doped with iodine). It is reported that conductivity
increases 2—5 times as compared to composites with unalloyed CNTs.

4.3.2 Dispersion of the Inorganic Filler in a Solution of High-Boiling Solvent
and Diamine

As noted earlier, the key stage in obtaining a composite with an inorganic nanosized
filler is dispersion of the filler in solution. As high-boiling solvents, choose those
that are capable of dissolving both the initial monomers and the polymerization
product. In the case of precipitation of the product from the solution in the process of
growth of the polymer chain, a product with a low molecular weight will be obtained.
Suitable solvents can be, for example, high-boiling aprotic polar solvents, such as N,
N-dimethylformamide, dimethyl sulfoxide, etc.

The processing time and frequency of acoustic waves during ultrasonic
dispersion are the determining parameters of the process. The effect of dispersion
time and ultrasound frequency on the quality of the distribution of carbon nanotubes
and nanoscale boron carbide in the final polyimide composite is considered in [80]. It
was shown that when using a frequency of 10-15 kHz for both fillers, agglomerates
of nanoparticles are observed on the surface of the composite, regardless of the
time of dispersion. Increasing the frequency to 20 kHz at small (5-10 minutes)
exposure times leads to an uneven distribution of the filler in the final composite with
agglomerates of 2—5 pm in size. And only with an increase in the dispersion time to
15-20 minutes, a uniform distribution of the inorganic filler over the surface and in
the structure of the composite is observed.

After obtaining a uniform dispersion of the filler and the diamine in the solvent,
the usual mechanical stirring can be used to further carry out the process. Dianhydride
is added to the resulting dispersion with stirring, and then proceed to the next stage.

4.3.3 Polymerization and Imidization

The polymerization reaction is usually carried out at elevated temperatures for a
long time. If necessary, a polymerization initiator, for example, benzoic acid, may be
added to the reaction mixture. The parameters of this stage of the process will depend
on the starting monomers. For polyimide composites, the process is carried out in
steps: they hold the reaction mass at 90°C for 4 hours, and then, at a temperature of
180-200°C for 12—16 hours.
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4.3.4 Selection of the Resulting Powder Composite Material

Isolation of the composite is carried out by precipitating the polymer from the solvent
of the reaction medium. To do this, the reaction mass is poured into a large volume
of solvent that does not dissolve the final polymer. In the case of polyimides, ethyl
alcohol is usually used as such a solvent. The precipitation is filtered, washed, and
dried to constant weight.

4.3.5 Production of Film Polyimide Composites
The process of obtaining film polyimide composite material can be divided into five
stages [81-84]:

1. Modification of the surface of the nanoscale filler (if necessary);

2. Dispersing inorganic filler in a solution of high-boiling solvent and diamine;

3. Conducting the polymerization reaction to obtain a solution of the precursor

(polyamic acid);
4. Applying the resulting solution of polyamic acid on a substrate;

93]

Drying the solvent followed by stepwise imidization in a vacuum oven.

The last stage is the drying of the solvent and stepwise imidization is carried
out in a vacuum drying oven. An extremely important step is pre-drying, at a
temperature of 70-80°C for 8—12 hours, allowing you to remove the solvent.
It is important to avoid rapid heating of the plate in order to avoid the formation
of bubbles on the surface of the film due to the rapid evaporation of the solvent.
Further gradual increase in temperature provides the most complete and uniform
imidization. Step polymerization begins at a temperature of 150°C, keeping the plate
under these conditions for 20-30 minutes, then the temperature is increased by 50°C,
and maintained for the same amount of time. Thus, the imidization temperature is
increased in increments of 50°C, and the imidization is completed at a temperature
of 300°C.

The most important criterion in obtaining polymer composite films is uniformity
and uniform thickness.

The simplest way to apply a polyamic acid solution to a substrate is to immerse
the substrate in the solution or pour the solution onto the substrate. However, this
method does not allow the control of the thickness of the resulting film. At present,
for the manufacture of polyimide films, the method of spin-coating is used, which
appeared relatively recently, but gained most popularity in the manufacture of
polyimide films. Using this method, it is possible to adjust the thickness of the
resulting film by changing the speed of rotation of the plate.

Samples of films can be obtained on various laboratory instruments designed to
apply liquids to coatings. Concomitant evaporation of the solvent, which is induced
by rapid rotation, leads to the formation of a semi-solid film. On the previously
cleaned and dried plate of glass or metal, put the prepared polymer solution. Place
the plate on the Spin Coater vacuum chuck and rotate at a speed ranging from 100 to
6000 revolutions per minute, depending on the desired film thickness.
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CHAPTER 7

Quantum Dots and Their Synthesis
Processes

Prashant Ambekar"* and Jasmirkaur Randhawa?

1. Introduction

The possibility of zero-dimensional quantum confinement was realized in the
year 1981, when Ekimov and co-workers at loffe Physical-Technical Institute, St.
Petersburg observed unusual optical spectra for a sample of glass containing CdS
and CdSe semiconductors [1]. The first explanation for the unusual optical behaviour
has also been given by Ekimov, suggesting that nanocrystallites of the semiconductor
got precipitated in glass due to heating and the quantum confinement of electrons in
these nanocrystals, which were named quantum dots. A large amount of experimental
and theoretical work has been done in the first half of the 1980s decade, studying
the size-dependent development of bulk electronic properties in semiconductor
crystallites of size ~ 15 to several hundred angstroms [2]. In some initial works,
these crystallites have been termed as “clusters” because they were very small to
have electronic wave function similar to bulk material despite exhibiting the same
unit cell and bond length as the bulk semiconductors. For clusters, it has been
concluded that complete delocalization of electrons has not yet occurred [3]. They
are fluorescent semiconducting nanocrystals (NCs) with a radius that is comparable
to that of the Bohr exciton radius of the material [4]. QDs possess various unique
physical properties, such as quantum confinement effects, tunable electronic and
optical properties, surface effects, high quantum yields, quantum tunneling effects,
etc., due to their modified energy structure and increased surface to volume ratio.
A/The visible change in color from lemon green to blood red, with a gradual
decrease in the size of QDs is depicted in Figure 7.1. A typical example of emission
wavelengths of different types and sizes of semiconductor QDs are listed in
Table 7.1 by Reshma et al. [5]. QDs are among the most researched materials at
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Figure 7.1. The CdSe QD samples (A, C, E, G, and I) as seen under normal light and samples (B, D, F, H,

and J) as seen under UV light (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article). [Reprinted from Synthesis, characterization, and application

of CdSe quantum dots by Karan Surana, Pramod K. Singh, Hee-Woo Rhee and B. Bhattacharya. 2014.

Journal of Industrial and Engineering Chemistry 20: 4188-4193. Copyright (2014) with the permission
from Elsevier].

Table 7.1. Emission wavelength and size of the different QDs (Reprinted with the permission from

ref. [5]).
Sr. No. | Quantum dots | Size/range/diameter (nm) | Emission range (nm)
L. CdS 2.8-5.4 410-460
2. CdTe 3.1-9.1 520-750
3. CdSe 2-8 480-680
4. CdTe/CdSe 4-9.2 650-840
5. InP 2.5-4.5 610-710
6. InAs 3.2-6 860-1270
7. PbSe 3.2-4.1 1110-1310
8. DT-Ag,S [*] 5.4-10 1000-1300

present catering to the recent applications, such as light emitting diodes [6, 7],
biolables [8, 9], medicine [10], lasers [11], and sensors [12, 13].

2. Types of QDs

On the basis of the nature of materials, configuration/structure, and applicability, the
QDs developed so far could be listed in different types as—

Semiconductor Quantum Dots (SQDs)

Carbon-based Quantum Dots (CQDs)

Infrared Quantum Dots (IR QDs)

Dilute Magnetic Semiconductor Quantum Dots (DMS QDs)

Core-Shell Quantum Dots (CSQDs)

o &6 o
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Semiconductor Quantum Dots (SQDs): The first in the genre are nanocrystals of
group [I-VI, I1I-V, and IV-VI binary, forming a large number of luminescent materials
with unique optical, electrical, and physical properties [1]. They demonstrate size,
shape, composition, and nanoscale interface-controlled fluorescence properties over
a wide range of emission spectra, ranging from 450 to 1500 nm, making them a
potential candidate for multiplex optical sensing, in long term in vitro and in vivo
imaging [15].

Carbon-based Quantum Dots (CQDs): Xu et al. in 2004 discovered a new class
of carbon nanomaterials, i.e., CQDs, while working on the purification of single-
walled carbon nanotubes [16]. They show good conductivity, high chemical
stability, environmental friendliness, broadband optical absorption, low toxicity,
strong photoluminescence (PL) emission, optical properties, and can be synthesized
casily at a large scale. Their physiochemical properties are seen to be controlled
by surface passivation/functionalization with several polymeric, inorganic, organic,
or biological materials [17]. The CQDs so far developed are of three kinds, viz.,
Polymer Dots (PDs), Carbon Nanodots (CNDs), and Graphene Quantum Dots
(GQDs), of which GQDs and CQDs are fluorescent.

Infrared Quantum Dots (IR QDs): Due to the limited penetration depth of
visible range photons, IR and near IR quantum dot-based devices are demanded by
bio-imaging techniques looking at their performance in deep tissue imaging, wherein
the absorption window of a spectral range of hemoglobin and water are blocked.
Moreover, IRQDs are also in demand due to their importance in harvesting the Sun’s
infrared energy, which is available most of the time when direct sun rays are not
available (~ 480 W/m?). PbS, PbSe, InAs are a few examples of IRQDs developed
so far [18].

Dilute Magnetic Semiconductor Quantum Dots (DMSQDs): The ferromagnetism
in nanomaterials enhances its usefulness in opto-spintronics [19]. Ferromagnetic
DMSs with an energy gap in the visible range are obtained by doping paramagnetic
transition metal ions into a wide bandgap of semiconductors, such as ZnO doped with
transition metals, viz., V**, Cr?>*, Mn?, Fe?', Co?*, Ni**, of which V**, Fe*, and Co*"
doping exhibits ferromagnetism at room temperature [20]. This class of materials
appears to be extremely sensitive to the conditions of sample preparation and post-
synthetic treatment, and the ultimate source of the observed ferromagnetism remains
controversial [21].

Core-Shell Quantum Dots (CSQDs): Core-shell QDs (CSQDs) are developed
to improve the photoluminescence efficiency of single QDs, as well as to enhance
their sensing applications. Achievement and sustenance of quantum confinement is
generally obtained by encapsulation with organic surfactant. Organic encapsulation
acts as a surface trap state, aiding non-radiative de-excitation of the charge generated
by the photon, and hence reduces the fluorescent quantum yield. In CSQDs, epitaxial
layers of inorganic material are grown over the core material, which improves the
quantum efficiency due to increased confinement of electron-hole pair in the core
and dangling bonds on the surface. The core and the shell are typically composed of
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groups I[I-VI, IV-VI, and III-V semiconductors, with configurations, such as (CdS)
ZnS, (CdSe) ZnS, (CdSe) CdS, and (InAs) CdSe [22]. Different categories of CSQDs
are formed depending on the position of the valence and conduction band, and the
essential energy gap between them in the semiconductors, as depicted in Figure 7.2.
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Figure 7.2. Types of core-shell quantum dots. [Reprinted from Core—shell quantum dots: Properties and
applications by D. Vasudevan, Rohit Ranganathan Gaddam, Adrian Trinchi, Ivan Cole. 2015. Journal of
Alloys and Compounds, 636: 395-404. Copyright (2015) with the permission from Elsevier].

3. Preparation Techniques

Quantum dots are prepared by both physical as well as chemical methods. The
physical methods usually involve nucleation and growth of the particle in vapor
phase or in solution. In the chemical methods, chemical reaction of formation of a
substance is a necessary step. The steps occurring in chemical method are nucleation
and crystal growth, which is followed by necessary supersaturation.

The two approaches used for the synthesis of QDs are popularly known as a top-
down and bottom-up approach. In the top-down method, the bulk material is brought
into smaller nanosized dimension by using different processes, tools, and particles.
Typical examples could be given as optical lithography, chemical etching, use of
electrons/ions/atoms particle beam, thin-film evaporation, molecular beam epitaxy,
milling, and grinding.

In a/the bottom-up approach, the synthesis process is carried out either in the
gas phase or in liquid state. In the gas phase process, the material to be synthesized
is mixed/reacted in an atomic state in gas. The atoms of the material are produced
in situ by evaporation. The synthesized bulk material is obtained by condensation
with/without the addition of stabilizers. This method is used for the preparation of
mono-dispersed metal particles and bulk powder of several oxides.

The synthesis process of nanoparticles carried out in solution phase is termed as
arrested precipitation, in which further growth of synthesized particles is arrested at
some stage by stabilizing its surface using surfactants (ionic and covalent both are
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used). Growth can also be arrested by using cavities of micelles, zeolites, membranes,
etc., and also by quenching, i.e., sudden variation in temperature and pressure [23].

3.1 Electron Beam Lithography

Mark Reed and co-workers of Texas Instruments in Dallas made the first lithographic
quantum dots in 1987 using electron-beam lithography [24]. An electron beam scans
the semiconductor surface, which has been coated with a thin polymer layer called
a resist. (Similar effects can also be achieved by means of x-rays or ion beams.) A
series of process steps replace the resist with a thin layer of metal in areas where the
beam was scanned at high intensity. A shower of reactive gas then etches away the
unprotected quantum-well material, leaving the pillars behind. Using this technique,
pillars or other features as small as 1,000 angstroms across can be quite easily
constructed. However, the process becomes increasingly difficult as the scale falls to
about 100 angstroms, which is the limit of the best-known resist.

3.2 Molecular Beam Epitaxy

Molecular beam epitaxy is considered the most valuable and pure method of
preparation of SQDs [25]. The approach involves deposition of atomic or molecular
beams produced in some sources on crystalline substrates with atomically smooth
surface in ultrahigh vacuum. Spontaneous formation of ordered quantum dot arrays
on crystalline surfaces represents an example of self-organization of matter in the
course of stress relaxation in thin epitaxial films; these stresses originate from the
mismatch between the lattice constants of the film and substrate. This unique method
produces quantum dot arrays with ultra-small dispersion of the size distribution
function, and helps to study the quantum size effects. Alchalabi et al. prepared PbSe
quantum dots with very small dispersion of the size distribution function (only 2%)
using this method [26]. However, the method requires complex equipment and high-
purity materials.

3.3 High Temperature Colloidal Synthesis

Production of high optical quality monodisperse (< 5% RMS in diameter) CdS, CdSe,
and CdTe nanocrystals by a simple synthetic route has been first reported by Murray
et al. [27]. This technique is also called high temperature colloidal synthesis, namely
pyrolysis of organometallic precursors at 300°C. In this technique, the organometallic
reagent is rapidly injected into a hot coordinating solvent to produce temporally
discrete homogeneous nucleation. The coordinating solvent facilitates slow growth
and annealing, resulting in uniform surface derivatization and regular core structure.
Powders of the desired size are precipitated to get monodispersed nanocrystallites
(slightly prolate 1.1 ~ 1.3) of average size tunable from 12 to 115 AU, which can be
dispersed in a variety of solvents. Chemical processes involving the compounds, such
as alkylcadmium, silylchalconides, phosphines, phosphine chalcogenides are carried
out in an airless manner. For producing 1.0 M stock solutions of trioctylphosphine
selenide [TOPSe] and trioctylphosphine telluride [TOPTe], required masses of
selenium and tellurium shot have been dissolved directly in sufficient TOP [28].
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The typical preparation of Tri-n-octylphosphine (TOP) or Tri-n-octylphosphine
oxide (TOPO) capped CdSe nanocrystallites is reprinted here as “Method 1 and 2
with permission from J. Am. Chem. Soc. 1993, 115: 8706-8715. Copyright (1993)
American Chemical Society”.

Method 1: Fifty grams of TOPO is dried and degassed in the reaction vessel by
heating to 200°C at 1 Torr for 20 minutes, flushing periodically with argon. The
temperature of the reaction flask is then stabilized at 300°C under 1 atm of argon.

Solution A is prepared by adding 1.00 mL (13.35 mmol) of Me,Cd to 25.0 mL
of TOP in the dry-box. Solution B is prepared by adding 10.0 ml of the 1.0 M TOPSe
stock solution (10.00 mmol) to 15.0 ml of TOP. Solutions A and B are combined and
loaded into a 50-mL syringe in the dry-box.

The heat is removed from the reaction vessel. The syringe containing the reagent
mixture is quickly removed from the dry-box, and its contents are delivered to the
vigorously stirring reaction flask in a single injection through a rubber septum. The
rapid introduction of the reagent mixture produces a deep yellow/orange solution
with an absorption feature at 440-460 nm. This is also accompanied by a sudden
decrease in temperature to 80°C. Heating is restored to the reaction flask, and the
temperature is gradually raised to 230-260°C.

Aliquots of the reaction solution are removed at regular intervals (5—10 minutes),
and absorption spectra were taken to monitor the growth of the crystallites. The
best quality samples are prepared over a period of a few hours of steady growth by
modulating the growth temperature in response to changes in the size distribution as
estimated from the absorption spectra. The temperature is lowered in response to a
spreading of the size distribution and increased when growth appears to stop. When
the desired absorption characteristics are observed, a portion of the growth solution
is transferred by cannula and stored in a vial. In this way, a series of sizes ranging
from 15 to 115 AU in diameter can be isolated from a single preparation.

CdTe nanocrystallites are prepared by Method 1, with TOPTe as the chalcogen
source, an injection temperature of 240°C, and growth temperatures between 190
and 220°C.

Method 2: A second route to the production of CdE (E = S, Se, Te) nanocrystallites
replaces the phosphine chalcogenide precursors in Method 1 with (TMS),S,
(TMS),Se, and (BDMS),Te, respectively. Growth temperatures between 290 and
320°C were found to provide the best CdS samples. The smallest (12 AU) CdS,
CdSe, and CdTe species are produced under milder conditions with injection and
growth carried out at 100°C.

The detailed procedures for Isolation and Purification of Crystallites, Size-
Selective Precipitation, and Surface Exchange are described by Murray et al. [27].

High Temperature Colloidal Synthesis Method has also been used by Schwartz
et al. [21] for the preparation of colloidal ZnO DMS-QDs by alkaline-activated
hydrolysis and condensation of zinc acetate solutions in dimethyl sulfoxide
(DMSO). The process carried out is “Reprinted (adapted) with permission from
(Dana A. Schwartz, Nick S. Norberg, Quyen P. Nguyen, Jason M. Parker, and
Daniel R. Gamelin. 2003. J. Am. Chem. Soc., 125: 13205-13218). Copyright (2003)
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American Chemical Society”. For the preparation of colloidal nanocrystalline ZnO,
typically 30 mL of 0.552 M N(Me),OH in EtOH (1.8 equivalent of OH") has been
added dropwise at the rate of 2 mL/min to a 90-mL solution of 0.101 M Zn(OAc), in
DMSO with constant stirring. Then the transition-metal doping has been achieved by
the addition of Co(OAc),.4H,0 or Ni(ClO,),.6H,0 to the Zn(OAc),.2H,0 precursor
solution. The nanocrystals prepared have been precipitated from DMSO by the
addition of ethyl acetate or heptane. They have been later washed with ethyl acetate
and resuspended in DMSO or ethanol. Addition of 10 mg of Zn(OAc), restores the
optical clarity of the suspension. On the other hand, for preparation of Co*":ZnO
nanocrystals, the solvent has been allowed to evaporate from a concentrated ethanol
suspension of nanocrystals in the air at room temperature. For the treatment with
trioctylphosphine oxide (TOPO), the nanocrystals have been precipitated from
DMSO by addition of dodecylamine, and washed with ethanol to remove DMSO.
The excess Zn*" precursor from the DMSO solution has been carefully removed
completely prior to the addition of the amine, since the amine causes rapid growth
of the nanocrystals with variable size. The dodecylamine-capped nanocrystals have
been then resuspended in toluene and precipitated with ethanol twice. The resulting
powder has been heated in TOPO at 180°C for at least 30 minutes, and then cooled
to below 80°C, precipitated, and washed with ethanol. The resulting powders may be
re-suspended (with the addition of 1 mg of additional TOPO) in a variety of nonpolar
solvents to form stable, high-optical-quality colloidal solutions.

3.4 Hydrothermal Method

The process of preparation of QDs at high vapor pressure and moderate temperature
yields crystallization under a controlled atmosphere. The hydrothermal method uses
comparatively low temperature under-water synthesis with an added advantage of a
good reaction rate to prepare specific materials. The basic need of this method is the
solubility of minerals/precursors in hot water and under high pressure. Therefore, it
requires a bulky and strong-walled vessel called a hydrothermal bomb or autoclave.
This method has been proposed in the middle of the 19th century, and has been used
extensively due to its low cost, environment non-toxicity, and simple experimental
facilities [29]. For the first time, by using this wet chemical route, a series of oxidize-
stable CdTe nanoclusters with narrow size distributions and extremely small particle
sizes ranging from 1.3 to 2.4 nm have been prepared in an aqueous solution using
2-mercaptoethanol and 1-thioglycerol as stabilizers in the year 1996 by Rogach et al.
[30]. However, the process is a bit time consuming as it requires keeping materials in
an/the autoclave for more time, and sometimes for days. Therefore, a new modified
method called Microwave-assisted Hydrothermal method was developed. Wang
et al. [31] have given the following modified one-step synthesis technique to prepare
CdTe Quantum Dots. The excerpts are reproduced here with permission.

“The one-step synthesis of water-soluble cysteamine (CA), CA-CdTe QDs was
performed using TeO,, NaBH, (96%), and CdCl,-2.5H,0 (99%) as precursors. CA
(0.6816 g) was added to 100 mL of 2 x 1072 mol/L CdCl,-2.5H,0 solution under
stirring. The pH of the solution was then adjusted to 5.85 by dropwise addition
of 1 mol/L NaOH solution. The solution was deaerated under nitrogen flow for
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30 minutes. While stirring, TeO, and NaBH, were added to the original oxygen-free
solution. The typical molar ratio of Cd**/Te* /CA was 1:0.05:2. The resulting mixture
solution was heated to 100°C and refluxed at different times to control the size of the
CdTe QDs.”

Tian et al. [32] have published details about the different hydrothermal methods
to prepare the graphene quantum dots. Dong et al. [33] described the comparatively
simple method to prepare GQDS using citric acid at 200°C. In this method, citric
acid is directly heated till the formation of graphene oxide, which is then reduced
to graphene quantum dots using NaOH solution, maintaining a pH value of 7.0
repeatedly to produce a final product.

3.5 Solvothermal Method

This method has a small deviation from the hydrothermal method, wherein organic
solvents are used as a solvent to synthesize water-based sensitive materials. It also
evades air for air-sensitive precursors in a hermetically sealed system and prevents
the volatilization of toxic substances. As this process needs to be performed at high
temperatures and pressures, the costs involved are higher. This method shows ease
in precise control over the size, shape, and crystallinity of metal oxide nanoparticles
or nanostructure products by simply changing certain experimental parameters. The
reaction temperature, time, solvent type, surfactant type, and precursor type can also
be altered to have precise control over the particles, such as nanostructured to make
nanostructured titanium dioxide [34], graphene [35], carbon spheres [36], etc.

3.6 Core-Shell Structured Quantum Dots

The CSQDs are prepared either by organometallic route or by aqueous phase
synthesis [37]. Core metal nanoparticles are prepared by high temperature thermal
decomposition of organometallic compounds in the absence of water and oxygen
[38]. A typical example is the synthesis of cobalt metal from octacarbonyl dicobalt
complex at 500°C in the presence of surfactant. The surfactant added controls the
particle size, and can later be removed by repeated washing, and the core QDs are
stored in toluene and ethanol. Contact with air leads to the formation of oxide,
and hence this method is used for the fabrication of metal-metal oxide core shell
nanoparticles.

In order to enhance the air stability of CSQDs, a number of inorganic and
organic surface coatings have been developed (Figure 7.3) to protect the core—shell
structure. These surface modifications could be achieved through many methods,
such as covalent bond formation, passive adsorption, electrostatic forces, and
multivalent chelation [39]. These organic/inorganic surfaces play a major role in
tailoring the properties of CSQD. The first inorganic surface coating of a core shell
QD to reduce lattice mismatch has been reported by Bleuse et al. [40]. The inorganic
surface coating provides considerable stability against photooxidation, higher
quantum yield, extraordinary photoluminescence, enhanced optical properties,
and increased half lifetime. Besides semiconductors, other types of inorganic shell
materials used include polymers, silica, metals (Au, Ni, Co, Fe) and metal oxides,
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Figure 7.3. Surface modification of core-shell quantum dots. [Reprinted from Core—shell quantum dots:

Properties and applications by D. Vasudevan, Rohit Ranganathan Gaddam, Adrian Trinchi, Ivan Cole.

2015. Journal of Alloys and Compounds, 636: 395-404. Copyright (2015) with the permission from
Elsevier].

carbon, etc., to act as protection for chemically highly active core from oxidation
or erosion, to provide bio-affinity through functionalization of amine/thiol terminal
groups, for some specific applications, such as catalysis, solar energy absorption, and
permanent magnetic properties, to enhance the adsorption capacity for environmental
remediation applications [37]. The QDs having a semiconducting surface coating of
band gap energy value higher than the shell are called a quantum dot quantum well
(QDQW), for example, a QDQW with structure ((CdS) HgS) CdS [41].

Organic surface modification of CSQDs is achieved by attaching functional
moieties either by a covalent bond or mere physical adsorption on the surface. In
general, the usual method is to cap the synthesized QDs with thiolate ligands during
the growth period. Different capping ligands that have been used are Thioglycerol,
mercaptoacetate, 1,4-dithiothreitol, 2-mercaptoethanol, cysteine, methionine, and
glutathione, amines such as hexadecylamine, n-butylamine, and n-hexylamine have
also been used in conjunction with TOP and TOPO [42].

3.7 Chemical Ablation

In this process, organic molecules are carbonized to carbonaceous materials by using
strong oxidizing acids. The materials can be converted into small sheets by controlled
oxidation. One simple process of synthesizing CQDs in an aqueous solution has been
reported, where carbonates are dehydrated with concentrated sulfuric acid, then the
carbonaceous material is broken into QDs with nitric acid, and then finally passivated
with amine-terminated compounds (4,7,10-trioxa-1,13-tridecanedi-amine) [43].
Surface passivation is an important criterion for the photo-luminescence application
of CQDs, the emission wavelength of which can be tuned by selecting the proper
material and controlling the duration of nitric acid treatment. One-pot preparation
of photoluminescent CQDs has been reported using carbon as a source of QD and
polyethyleneimine (PEI-cationic branched polyelectrolyte) oxidized with HNO;, the
PL response of which has been found tp be very much pH-sensitive, in sharp contrast
to the generally reported pH-insensitivity of CQDs [17].
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1. Introduction

In recent years, nanoscience and nanotechnology have been assisting the researchers
and scientists to understand the problems, such as deformation/distortion in the
structure of materials, and this is one of the reasons behind the degradation in efficiency
of energy conversion and storage devices. Nanoscience and nanotechnology have a
wide range of applications at nanometer scale (10~° meters), i.e., inorganic, organic,
metallic, metal-oxides, ceramic, polymers, etc. Physical and chemical properties
of any material play a very crucial role to understand crystal structure, surface
morphology, electrical structure, chemical bonding, phases of crystals, interface
between solid-liquid, energy capacity, power density, storage capacity, etc. Further,
these structures need to be well understood at nanoscale and then improved in the
devices at an industrial scale. At present, researchers have mechanized many efficient
chemical and physical techniques to grow nanoparticles, such as spray coating,
electrospinning, sputtering (DC/RF), plasma deposition, dip coating, spin coating,
electro-chemical deposition (ECD), atomic layer deposition (ALD), chemical bath
deposition (CBD), molecular beam epitaxy (MBE), ball milling, etching through
chemical acids to deform the materials into nanomaterials, photolithography
(Electron Beam Lithography, X-Ray Lithography), nanomasking, and chemical vapor
deposition, etc. All these techniques are efficient at particular levels, and considered
requisites. Among these techniques, some are economical and some are expensive.
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In this chapter, we are going to discuss the low cost, easy to operate, and efficient
way to deposit the nanomaterials at both laboratory and industrial scale by using the
chemical vapor deposition technique. The chemical vapor deposition (CVD) method
is very popular among the researchers due to its flexibility in operation and working
efficiency in the field of nanoscience and nanotechnology. In this chapter, a brief
history, classification, working principle, applications in different nanomaterials, and
its advantages and disadvantages are to be discussed.

2. Definition

There are many flexible definitions of the CVD method which have been given by
researchers and scientists in their own words. In simple reported words, the CVD is a
technique to deposit the nanostructure/nanomaterial in the solid-state form with some
required sources on the specific target/sample with the help of vapor/gases in the
inert atmosphere at a controlled temperature and pressure zone. In other words, CVD
is a technique to deposit the desired solid nanostructures on the surface of substrate
by decomposition or chemical reactions of specific precursors in the presence of
particular catalysts by the flow of inert carrier gases at a controlled flow rate inside
the reaction chamber/tube. It produces the high-quality thin films or nanostructures
for energy conversion and storage devices at a commercial scale. Jan-Otto et al. have
reported the definition of CVD in the ‘Handbook of Deposition Technologies for
Films and Coatings’ as the process in which the substrate is exposed to one or more
volatile precursors, which reacts on the substrate to get the desired thin film, or as the
family of processes where a solid material is deposited from a vapor by a chemical
reaction occurring on a normally heated substrate surface [1]. Another definition is
that this method can be used to deposit good quality thin films, powder, single, and
polycrystalline films, different kinds of oxide coatings, texture, or shape substrates.
Guo et al. reported that CVD is the process in which a precursor is converted to
nanoparticles, which is widely used for ceramic nanopowders depositions [2].
According to Wilson, CVD is the process of synthesizing one material on another
material from a vapor precursor caused to react by heating. In this article, the CVD
was used for surface functionalization of a textile, i.e., coating of nanoparticles
on textiles for integrated sensors and actuators applications [3]. Makhlouf et al.
reported that the CVD process to coat any ceramic, metallic alloys, and inter-metallic
compounds in solid form from a gaseous phase, is by chemical reaction between
volatile precursors (gases phases) and the surface to be coated (heated substrate)
[4]. The CVD method has been used widely in material science for commercial
production of thin film coating of metal oxides, sulfides, silicates, carbides, nitrides
for photovoltaic, corrosive resistive coatings, electronics/microelectronic, magnetic
properties, micro, catalysis, different kinds of mirror coatings, and nanostructures
materials in the field of nanoscience and nanotechnology. So overall, CVD techniques
are a bottom-up approach to synthesize or deposit the nanomaterials on the substrate
at different conditions or parameters. This approach is very popular for homogeneous
nanoparticles deposition on the large surface area as well as on any shape’s substrate
where the deposition of nanoparticles occurs from an atomic scale to a nano scale,
which would change the properties of the materials in output devices.
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2.1 A Brief History

In 1855, the CVD method was reported by Wohler for metal deposition in which
tungsten (WCI16) was used as a precursor with hydrogen as carrier gas. After that
the CVD system was used by John Howarth to produce black carbon and later it
was used for burning of wooden wastes. In 1880, Sawyer and Mann filed the patent
to make carbon fiber filament in electric lamp industry by the CVD method, and
later this process of deposition was patented for metal deposition for lamp filaments
applications. In 1890, the popular Mond Process was explained to deposit the pure
nickel from nickel ores. In 1909, the deposition of silicon by hydrogen reduction of
SiCl, for silicon thin films was used in electronics and photocells applications. Later
in the year 1950, the Tri-iso-butyl-aluminum was used as a catalyst to deposit the
highly pure aluminum by polymerization of olefins using the Ziegler-Natta method,
and later this pure aluminum was used in large scale for VLSI applications [5]. So,
after the second world war, researchers started to produce coated materials in various
fields, and thus the CVD technique came into trend. In 1960, the terms chemical vapor
deposition and physical vapor deposition (PVD) were used as technical aspects, and
in this same year CVD was introduced for semiconductor materials fabrications for
many electronics and photovoltaic applications. Later in the year 1960, the carbide
of titanium (TiC) was deposited first, and CVD tungsten was developed. In 1963,
the plasma-based CVD was introduced in electronics applications. In 1968 and
1980, the CVD for cemented carbide coating and diamond coating were introduced,
respectively. Later in 1990, the Metal-Organic CVD for metal and ceramic deposition,
and combined CVD, PVD, plasma tools were used to develop the semiconductor
device fabrication in electronic and optoelectronic applications [6].

2.2 Deposition Parameters in CVD

2.2.1 Precursors

Precursors in the form of gas or liquid provide reactive species, and when these
precursors come in contact with the heated substrate, they generate raw material
(nanomaterial), so proper selection is very important, as it affects the other growth
parameters. Types of precursors fall into several general groups, which are the
halides, carbonyls, and hydrides. The general characteristics of a precursor which
are taken in consideration can be summarized as follows [6].

* Good stability at room temperature.

» React cleanly in the reaction zone.

* Sufficient volatility at low temperature so that it can easily be transported to the
reaction zone without condensing.

» High degree of purity and yield when produced.
+ Able to react without producing side reactions.

2.2.2 Carrier Gas

Carrier gases in the CVD process directly affect its parameters, i.e., deposition
time, growth time. Inert gases, such as argon, helium, and hydrogen have been
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largely studied as carrier gases [7, 8]. Carrier gases have different momentum and
thermal diffusivity, i.e., mean free path and mass diffusivity of reactant molecules
have a significant effect on the deposition rate, composition, and morphology of the
structure. The general characteristics of a carrier gas can be summarized as follows:

 Transport of the reagents in gas phase (often with carrier gas) to the reaction
zone.

+ Diffusion (or convection) through the boundary layer.
* Adsorption of precursors on the substrate.

* Surface diffusion of the precursors to growth sites and reaction without diffusion
is not needed, as this may lead to rough growth of film.

» Surface chemical reaction, formation of a solid film, and formation of
by-products.

* Desorption of by-products.
+ Diffusion of by-products through the boundary layer.

 Transport of gaseous by-products out of the reactor.

2.2.3 Substrate

The CVD method can be used to grow films on various types of substrates. Substrate
selection depends upon the individual case of synthesis, but they have to obey some
general characteristics, such as stability, good adhesion with film, growth temperature
stability, and their inertness in the growth environment.

For example, the effect of substrate’s pore structure with bulk phase reactant
concentration, reactant diffusion, and deposition temperature are studied
experimentally and explained qualitatively by a theoretical modeling analysis. In
this report, results revealed that the reaction mechanism depends on water vapor
and chloride vapor concentrations. Consequently, diffusivity, bulk phase reactant’s
concentration, and substrate’s pore dimension are important in the CVD process.
The effect of deposition temperature and narrow deposition zone as compared to
the substrate thickness also suggested a mechanism named Langmuir-Hinshelwood
Mechanism. This mechanism got involved in the CVD process for a very fast reaction
rate. Further, gas permeation data indicated that deposition of solid in a substrate’s
pores could result in the pore size reduction, which strongly depends on the initial
pore size distribution of the substrate [9].

2.2.4 Catalysts

Selection of the catalyst becomes very important for synthesis of particular
nanomaterials. Some of the recent techniques, such as the catalyst enhanced chemical
vapor deposition (CECVD) method have emerged as new enhanced techniques. It
is particularly suitable for the deposition of metallic films on thermally sensitive
substrates. Palladium, platinum, and nickel have been found to be very suitable
catalysts for the deposition of metallic layers on polymers. For example, catalyst
nanoparticles play a key role in carbon nanotubes growth by catalytic chemical vapor



https://www.twirpx.org & http://chemistry-chemists.com

Chemical Vapor Deposition (CVD) Technique for Nanomaterials Deposition 129

deposition (CCVD). CNTs growth via CCVD process includes the decomposition of
carbon source near the catalyst surface through catalytic mechanism. Further, there is
diffusion of carbon into catalyst particles and finally solid carbon structure due to its
super saturation in the catalyst particles. In this described process, they are capable
of decomposing the hydrocarbons used for CNTs growth. Overall, transition metals
have been reported to be appropriate catalysts. In recent researches, alloys of these
metals have proved to be better catalysts and produce CNTs of high quality [10].

2.2.5 Growth/Deposition Rate

Growth rate is a dependent parameter which depends on the physical parameters, such
as the temperature of the substrate, operating pressure in the reactor, composition,
and chemistry of different phases. Kinetics and mass transport can both play a
significant role in the film deposition. At lower growth temperature, deposition rate
is controlled by the kinetics of chemical reactions occurring either in the gas phase or
on the substrate surface. In the case of film, growth rate increases exponentially with
substrate temperature according to the Arrhenius equation:

E
Growth rate oc ex A
P )

where E, is the activation energy, R is the gas constant, and T is the temperature.
As the temperature increases, the growth rate becomes nearly independent of
temperature. Further, this growth rate is controlled by the mass transport of reagents
through the boundary layer to the growing surface. The pressure of the CVD reactor
also influences the growth rate. As the pressure falls, gas phase reactions tend to
become less important, but layer growth is often controlled by surface reactions. At
very low pressures (e.g., 10~ Torr), mass transport is completely absent and layer
growth is primarily controlled by the gas and substrate temperature and by desorption
of precursor fragments and matrix elements from the growth surface.

Steps involved in CVD growth process
* Reactant molecules diffuse through the boundary layer near gas-solid interface.
* They adsorb on the surface.
* Get diffused on the surface.

* Further, react with each other and the solid product is formed. Any gaseous
by-product formed may be adsorbed on the surface.

* Desorbs and diffuses outward into the gas stream and gets carried away.

2.3 Classification of Chemical Vapor Deposition (CVD)

2.3.1 Atmospheric Pressure Chemical Vapor Deposition (APCVD)
2.3.2 Metal-organic Chemical Vapor Deposition (MOCVD)

2.3.3 Low-pressure Chemical Vapor Deposition (LPCVD)

2.3.4 Plasma-enhanced Chemical Vapor Deposition (PECVD)
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2.3.5 Microwave Plasma Enhanced Chemical Vapor Deposition (MW PECVD)
2.3.6 Aerosol-assisted Chemical Vapor Deposition (AACVD)

2.3.7 Photochemical Vapor Deposition (PCCVD)

2.3.8 Chemical Beam Epitaxy (CBE)

Type of CVD System: Formation of films on a substrate by chemical reaction of
vapor phase precursor which is understood as chemical vapor deposition (CVD).
To maintain the vapor phase of different precursors, various techniques are applied,
such as direct heat (Thermal CVD), Higher frequency radiation (Photo-assisted
CVD), Plasma (Plasma CVD), etc. Further, according to the reaction pressure and
by specific types of precursors, they are named differently, such as Atmospheric
Pressure CVD (APCVD), Metal Organic CVD (MOCVD), Atomic Layer Chemical
Vapor Deposition (ALCVD), Chemical Beam Epitaxy (CBE), and a high vacuum
CVD technique.

2.3.1 Atmospheric Pressure CVD (APCVD)

This CVD method is used for deposition of undoped and doped oxide thin films at
atmospheric pressure (1 atmosphere = 101325 Pa or 760 Torr) with high deposition
rate. Due to relatively low temperature, the deposited oxide has low density and
the coverage is moderate. Low temperature APCVD is needed for many insulating
films (SiO,, BPSG glasses). On the other hand, high temperature APCVD is used to
deposit epitaxial Si and compound films (cold wall reactors) or hard metallurgical
coatings, such as TiC and TiN (hot wall reactors). Figure 8.1 shows the schematic of
atmospheric pressure CVD technique. In this schematic, the precursor and catalyst
are placed on the heater for controlled evaporation. The gaseous flow further goes to
the reactor for the growth. Here in the reactor, the substrate is placed on the susceptor,
and excess gas goes to the vent for further cleaning.

Advantages of APCVD

* Low equipment cost.
» Large area uniformity achieved through control of temperature and gas.

» Simple process control and source replenishment because the source gas
generation is physically separated from the deposition chamber.

;I:t‘:r Reversible

Valve

Furnace  Quratz Reactor

Figure 8.1. Schematic of APCVD technique.
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APCVD Limitations

» Wafer throughput is low due to low deposition rate.

* Film thickness uniformity can be an issue.

+ Step coverage is not very good.

» Contamination is a problem and maintaining stoichiometry can be hard.

» Large number of pinhole defects can occur.

2.3.2 Metal-Organic Chemical Vapor Deposition (MOCVD)

Organo Metallic Chemical Vapor Deposition (OM-CVD) is widely employed in solid
state chemistry and electronics for the selective deposition of mono/poly-metallic film
of high purity. Few reports have been reported on its application to the preparation
of oxide-supported metal particles and films. In particular, potential advantages
will be gained in the case of crystalline oxides, such as zeolites. Conventionally
used ion exchange or wet impregnation techniques have no general applicability
in heterogeneous catalysis for the preparation of high-purity and high-performance
materials. Unconventional techniques, such as solution-phase metal impregnation of
zeolites and in situ microwave decomposition of intrazeolite organometallics have
also been used for the preparation of zeolite-encapsulated metal clusters [11].

2.3.3 Low-Pressure Chemical Vapor Deposition (LPCVD)

Due to mass transport velocity and speed of reaction on surface, LPCVD is used
instead of APCVD. Pressure and gas diffusion are reciprocal to each other in
LPCVD. Pressure in LPCVD is usually around 10-1000 Pa. In LPCVD procedure,
it has a set of quartz tube inside a winding heater that begins with cylinder weight at
low weight of around 0.1 Pa. The cylinder is then warmed to the ideal temperature
and the vaporous species (working gas) is embedded into the cylinder at the weight
foreordained between 10—1000 Pa. This working gas comprises of weakening gas
and the receptive gas that will respond with the substrate and make a strong stage
material on the substrate. After the working gas enters the cylinder, it spreads out
around the hot substrates that are as of now in the cylinder at a similar temperature.
The substrate temperature is critical and impacts what responses happen. This
working gas responds with the substrates and structures the strong stage material,
and the overabundance material is siphoned out of the cylinder [12]. Figure 8.2
shows the schematic of low-pressure CVD technique.

Quartz Tube

Loading Wafers Wafers Boat
Gate Process
Gas Inlet

Figure 8.2. Schematic of low-pressure CVD technique.
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2.3.4 Plasma-Enhanced Chemical Vapor Deposition (PECVD)

In this method, to create the desired solid surface, such as SiO,, Si;N, (Si;Ny),
Si,OyN,, and amorphous Si film on the substrate, plasma is purged in the deposition
chamber with reactive gases. Plasma is an ionized gas with high free electron
content (about half). Plasmas are isolated into two conditions- chilly (likewise called
non-warm) and warm. In warm plasma, electrons and particles in the gas are at a
similar temperature in any case. In chilly plasmas, the electrons have a much higher
temperature than the unbiased electrons and particles. In this way, cool plasma can
use the vitality of the electrons by changing only the weight. This enables a PECVD
framework to work at low temperature (somewhere in the range of 100 and 400°C).
PECVD must contain two anodes (in a parallel plate arrangement), plasma gas, and
receptive gas in a chamber. To start the PECVD procedure, a wafer is put on the
base cathode, and responsive gas with the testimony components is brought into
the chamber. Plasma is then brought into the chamber between the two cathodes,
and voltage is connected to energize the plasma. The energized state of plasma at
that point barrages the receptive gas, causing separation. This separation stores the
ideal component onto the wafer. The schematic of plasma-enhanced CVD technique
is shown in Figure 8.3 which gives a representation of system parts by their names.

Advantages of PECVD
* Low temperature synthesis.
* More compression and higher film density for higher dielectric.

* Ease of cleaning the chamber.

Limitations

+ Stress of plasma bombardment.
« Initial expenses of the equipment.

» Small batch size.

Chamber Thermocouple

Heating Element Hoaﬁni Element
Gas l(r?ctor tube Metal Cag‘er Substrate _—_ metal Track

————PiasmaRegion———— —% To Pump

1 pd 1
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Coaixal Cable Generator

Figure 8.3. Schematic of plasma-enhanced CVD technique.
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2.3.5 Microwave Plasma Enhanced Chemical Vapor Deposition (MW PECVD)

MW-PECVD reactors are broadly utilized for developing precious stone with grain
sizes crossing the range from nanometers through microns to millimeters. Precious
stones can be kept in microwave MW plasma-improved synthetic vapor statement
PECVD reactors with a scope of grain sizes going from nanometers through microns
to millimeters (Figure 8.4). Single gem materials rely on the selection of factors,
such as gas blend, development conditions, substrate properties, and development
time [13].

Tuner  wave Guide ﬁ Short- Circuit Piston

Quartz Enclosure - |__— Antenna

Plasma — | |__—Gas Insert
Faraday Cage — | o | Substrate Holder |

Figure 8.4. Microwave plasma enhanced CVD technique.

2.3.6 Aerosol-Assisted Chemical Vapor Deposition (AACVD)

This involves utilization of a fluid gas to transport dissolvable antecedents on a
warmed substrate. The strategy has generally been utilized when an atmospheric
pressure CVD demonstrates volatility or is thermally flimsy [14].

2.3.7 Photochemical Vapor Deposition (PCVD)

The procedure of photograph processing helps in improvement of CVD method, in
which it includes association of light radiation with forerunner atoms either in the gas
stage or on the growth stage on the surface. Forerunner atoms must assimilate energy,
since customarily basic inorganic antecedents have been utilized, which require
utilization of UV radiation. The utilization of organometallic antecedents (with
p- and s-fortified moieties) opens up the conceivable outcomes for a more extensive
scope of wavelengths. Yet, this can prompt an expanded potential for carbon fuse.
Photochemical CVD has comparable potential of focal points to those of PECVD;
to be specific, low temperature statement, changes in the properties of developed
layers, i.e., dopant joining, free control of substrate temperature, and separation
of forerunner. However, with concealing or laser actuation, it is conceivable to
accomplish chosen region development [15].

2.3.8 Chemical Beam Epitaxy (CBE)

CBE is a high vacuum CVD method that utilizes unstable metal-natural antecedents
and vaporous co-forerunners. Firmly, this method is a combined procedure of
metal-natural antecedent, sub-atomic epitaxy (MOMBE) that utilizes unpredictable
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metal-natural antecedents and co-forerunner vapor. In CBE, MOMBE compound’s
response happens on the substrate, prompting single precious stone. Thus, gas-stage
responses assume no huge job in film development [15].

2.4 Application of CVD in Nanomaterials

2.4.1 Transition Metal (TM) Oxides Nanoparticles

The TMs display specific properties and transport different outputs with different
reactants in surrounding elements, such as sulphides, oxides, selenides, nitrides,
chalcogenides, and some MOFs having specific organic compounds, etc. The TMs
are the elements that are placed in the d-block in the periodic table from IV to VII
groups. TMs have variable oxidation states because of partially-filled d-orbit. The
TMs have been used as nanoparticle materials at the nanoscale in electronic device
applications, i.e., semiconductors devices, energy storage, and conversion devices
i.e,, Li" and Na'ion batteries, capacitors, supercapacitors, gas sensing devices,
photovoltaics, etc.

In this section, we have discussed about metal oxides deposited using CBD and
their properties at a nano scale. Scandium (Sc) is a rare TM on earth, but still it
is available in oxides and can be useful for many applications. Xu et al. reported
optical and microstructural properties of Sc,0; thin film deposited by MO-CVD,
and studied the effect of deposition temperature on its properties [16]. Luo et al.
reported the effect of Sc,0; layer deposited by PAMBE-CVD at low a temperature
of about 100°C for high electron-mobility (u,.) transistors based on AlGaN/
GaN material [17]. Putkonen et al. reported Sc,0; from Sc(thd);, Sc(tmod);, and
Sc(mdh); at 450-600°C in oxygen atmosphere using flow-type hot-wall ALE-CV.
Figures 8.5a—d show the comparative study of AFM image of Sc,0; films [18]. Lee
et al. reported the homogeneous and dense Sc,05 and Ta-doped SnO, thin films on
corning glass substrate as having high optical and mechanical properties using cold-
wall, horizontal, and low-pressure type MOCVD for transparent conductive oxides
(TCOs) [19, 20].

One of TM is TiO, which is widely used in energy related devices, such as
Li-ion batteries (LIBs) as cathode material, capacitors, photocatalyst, solar cells, gas
sensors, nanorods, nanowires, thin films, 1D, 2D, 3D film, and other shape and sized
nanostructured materials. Puma et al. reported synthesis of TiO, for the photocatalyst
on the activated carbon by MOCVD. In this case, the titanium tetra-isopropoxide
(TTIP), tetrabutyltitanate (TBOT), Titanium tetrachloride/tetra-nitra-totitanium,
and activated carbon were used as precursors for N, as a carrier gas [21]. Song et
al. reported TiO, nanoparticles having particle size 1-5 nm on a silver substrate at
90 K using RLA-CVD [22]. Pradhan et al. synthesized TiO, nanorods (50-100 nm
diameter with 0.5-2 pm length) using low pressure MOCVD, and they observed that
in the presence of NHj, the growth rate of TiO, nanorods was increased [23]. The
Rutile phase of TiO, nanowires by using surface reaction limited pulsed CVD, as
reported by Shi et al., as shown in Figure 8.6 [24]. Xie et al. reported mass production
of TiO, nanoparticles (30-80 nm) synthesis by propane/air turbulent flame CVD by
the oxidation of TiCl, in high strength propane/air turbulent flame [25].
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O um

Figure 8.5. AFM images of Sc,0; films deposited from Sc(thd);/O; at 350°C (a) and 400°C (b) as well as

from (CsHs);Sc/H,O at 250°C (c) and 350°C (d). The thicknesses of the measured samples were 70 (a, b)

and 150 (c, d) nm. The height axes were 40 (a—c) and 100 (d) nm. Reprint with permission [18], Copyright
2001, American Chemical Society.

Figure 8.6. (a) NRS of TiO, grown on Si substrate. (b) TEM image of a TiO, NR. (c¢) HRTEM image
of a NR acquired from the rectangle region in part (c). Reprint with permission [24], Copyright 2011,
American Chemical Society.

The oxides of vanadium metal have been used in energy related materials for
the last five decades. This material showed very interesting results due to its special
properties, such as flexible oxidation states, and phase transition (semiconductors to
metal and metal to insulator phase, and vice-versa) at critical temperature. These metal
oxides have their many phases, and each of its phase is stable at a specific temperature
and pressure conditions, i.e., VO, VO,, V,05, V,05, V;0,,V,04, V50,4, V0,3, V,0,3,
V05, and V,O,,. They generally form vanadium oxide (VnO,, _,) for their possible
oxide forms. Nag et al. reported VO, thin film and its nanoparticle synthesis by
various CVD methods, i.e., MO-CVD, AP-CVD, LP-CVD, AA-CVD [26]. Manning
et al. reported the single phase W-doped VO, synthesized by AP-CVD on silicon-
coated (50 nm) glass substrate [27]. Barreca et al. reported the highly oriented V,04
nanocrystalline thin film using the PE-CVD method [28]. Nandakumar et al. reported
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the carbon-free V,05 thin film at 180°C on Sb-doped n-type silicon using LT-CVD
[29]. Based on these studies, we can summarize that the vanadium oxide phases and
crystallinity depend on the deposition parameters, such as temperature, pressure, and
technique used for depositing thin films. Vanadium oxides are the most widely used
material in Li*/Na* ion batteries, capacitors, supercapacitors, gas sensing devices,
etc. Another TM is chromium oxide, and there are very few methods that have been
reported to deposit chromium oxide by CVD. Gupta et al. reported Cr,05 thin film
on selective areas by using the AP-CVD method, in which CrO; precursor was used
on the single crystal SiO, deposited-TiO, substrate for depositing Cr,0O; film [30].
Sousa et al. reported a single crystal chromia-Cr,0O; thin film on sapphire deposited
by laser assisted-CVD method at low temperature and low pressure [31]. Zhong
et al. reported the chromium oxide nanoparticles/thin film deposition using
MO-CVD method for electro-magnetic devices applications [32]. Manganese (Mn) is
the most popular element for energy storage related applications based on transition
metal oxides. It has variable oxidation states, for example, Mn? (MnO), Mn™?**
(Mn;0,), Mn** (Mn,0;), Mn*™* (MnO,, or MnO,), Mn*® (MnO;), and Mn*’ (Mn,0-),
and some of its oxides are stable in the natural conditions, and also commercialized
in the forms of MnO, Mn;0,, Mn,0;, and MnO, [Sigma-Aldrich Ltd., USA]. The
MnO, nanoparticles are very popular in the energy storage/conversion devices, such
as Li*/Na" ion batteries, capacitors, or supercapacitors due to their structural stability
during charge-discharge process for a long time. These nanoparticles can be in any
shapes and sizes, such as nanorods, nanowires, nanoflowers, nanospheres, etc., and
it depends on the deposition condition and phases of crystal structures (a, B, v, A,
8-Mn,O,). Table 8.1 shows the deposition parameters of CVD for CNT synthesis
reported by various research groups.

Manganese oxides 3D crystal structures are most widely used as cathode
materials in battery applications. It has low electrical conductivity, so various research
groups are working on this material, and especially MnOx with particular conductive
polymers, carbon materials (carbon nanotube, graphene, graphene oxides, etc.) to
improve the mechanical and electrical properties. Table 8.2 shows the cobalt oxide
thin film deposition by various CVD methods at different temperatures.

Le et al. reported the manganese oxides nanoparticles by CVD by using the
manganese carbonyl (Mn,CO),, as a precursor [50]. Matsumoto et al. has reported
the manganese and manganese oxides thin films by CVD method for advanced silicon
devices. They used bis (ethyl cyclopentadienyl) manganese, and (EtCp),-Mn was
used as a precursor at 70°C—80°C temperature with 25 sccm H, gas flow rate [S1].
The Li-manganese oxide (Lij4;Mn,,0, ) thin film on soda lime glass substrate
by MO-CVD process was reported by Oyedotun et al. In this process, the lithium
manganese acetylacetonate was used a precursor, and deposition temperature and N,
gas flow rate was kept at 420°C and 2.0 dm*/min in MO-CVD system, respectively
[52]. Iron oxides are the compounds that have Fe2, Fe** bonded with oxygen atoms,
which make a stable ore or compound in nature. These metal oxides also show the
tunable oxidation states, such as FeO (F*?), Fe,04 (Fe*), FeO, (Fe™), and some mixed
valency (Fe*, Fe”) of Fe;0, (Magnetite), Fe,O5, Fe;O,, Fe 50,4, etc. Crystal phases,
such as o-Fe,0; (Hematite), B-Fe,O5, and y-Fe,O, (Maghemite) are also available
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Table 8.1. Deposition parameters of CVD for CNT synthesis.
Deposition CNT type | Precursors Catalyst Carrier gas Temperature Ref.
method range (°C)
CVD (Temp - Ethylene, Ni, Ar, 50 sccm 545,900 [33]
membrane) Pyrene
PE-CVD SWCNT, Methane, Ferritin, Ar, 60 sccm 600 [34,
VA-CNT | C,H,:NH, Ni 35]
CVD SWCNT Methane Aerogel- Ar, 100 sccm 850-1000 [36]
Fe/Mo
Fast heating SWCNT CH,/H, Fe/Mo H, 900 [37]
CVD
Th-CVD MWCNT C,H, N, 675, 700, 850 [38]
CCVD SWCNT Methane CO, Fe, H,, 75 ml/300 1000 [39]
Co-Fe ml/min
AE-CVD C,H, Ni Ar 700-1000 [40]
Injection- MWCNt Ferrocence, Fe Ar'H, (10%), | 590, 740, 850, [40]
CVD toluence 750 ml/min 940
LT-CVD SWCNT | C,H,NH, Fe and NH,/H, 350 [41]
Al/Fe/Al
layer
CVD SWCNT Ethanol CoMn Ar (50 sccm) 850 [42]
doped
Mesoporus
silica
(SBA16)
Th-CVD SWCNT Methane Ni-Cu-Al H, and N, 700-750 [43]
Infusion-CVD | MWCNT Ethanol Ni None 700 [44]
RFM_PECVD | SWCNT/ Methane Ni and H, 550, 850 [45]
MWCNT Zeolite
Water-assisted | MWCNT | Ethylene + Fe/Al, 04/ Ar 750 [46]
CVD water + H, Si0,/Si
Th-CVD VA-CNT C,H, Co: Ni Ar, 500-550 [47]
with Pd,
Crand Pt
MPE-CVD CNT CH, +H, Ni/Si/TiN - 520 [48]
tfPE-CVD WACNT | C,H,+H, Fe - 600 [48]
ECR-CVD HA-CNT CH, +H, Co - 600 [49]

in iron oxide compounds. Park et al. reported the y-Fe,O; and Fe;O, nanoparticles
and thin film using CVD [53]. Yang et al. reported Fe,0;-ZSM-5 catalyst preparation
by MO-CVD [54]. Yubero et al. synthesized a-Fe,O; hematite thin films deposition
by IBI-CVD methods. In this research, the bombardment of accelerated ions of
0"2/0"+Ar* with volatile Fe(CO)s precursor on the substrate (silicon wafer, fused
quartz, and KBr pallets) surface at a pressure of 3 x 107 Torr was used [55]. The iron
oxide nanoparticles by wet and dry chemical methods (colloid chemical, sol-gel)
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Table 8.2. Cobalt oxide thin film deposition by various CVD methods at different temperatures.

Substrate | Pressure | O, flow rate | Thickness | Growth rate Phases

Temp (°C) (mbar) (scecm) (nm) (nm/min)
350 10 150 543 10 7 Co;0,
350 2 50 20410 3 CoO
400 10 150 41310 9 Co;0,
400 2 50 26112 4 Co0O*Co;0s
450 10 150 62313 10 Co;0,
450 2 50 51530 13 Co;0,
500 10 150 72633 12 Co;0,
500 2 50 127639 21 Co;0,

are explained by Hasany et al., as are the applications of iron oxides nanoparticles
in various fields, such as water purification, pigments, coating, gas sensors, ion
exchangers, catalysts, magnetic data storage devices, resonance imaging, etc. [56].
Oxides of cobalt (Co) are available in a stable form, i.e., CoO, C0,0; (Co*?), Co;0,
(Co™ ). It is a very popular material, especially for Li-lon batteries (as a cathode
material), capacitors, solar thermal energy storage devices (as light absorber layer),
and solid-state sensors applications. Maruyama et al. reported cobalt oxide thin film
by LT-AP-CVD on borosilicate glass and stainless steel plate substrate [57]. Haniam
et al. reported CoO and Co;0, film on Co/Al/Cr/Si-substrate by LCVD. In this case,
acetylene and H, gas flow rate was kept at 50 and 100 sccm, respectively [58]. The
Co0;0, has the mixed valency (+2/+3) with normal spinel structure, which is the most
stable form of oxides of cobalt. Barreca et al. reported the cobalt oxide thin film by
the cold wall, low-pressure CVD method on ITO substrate [59].

The composition and microstructure of cobalt oxide thin films are
obtained from a novel cobalt (II) precursor by chemical vapor deposition.
Chalhoub et al. reported CoO coating by the MO-CVD method [60] The other
cobalt oxide nanomaterials by PE-CVD, AP-CVD, MO-CVD, LCVD, ion-
assisted-CVD, and other types have been reported in various research groups
[58, 61-64]. Similarly, the other kinds of transition metal oxides, such as Cu,O,,
Zn, 0Oy, Ru,O,, etc. can be easily deposited by specific types of CVD methods, which
require specific precursors, carrier gases, temperature, and pressure, etc.

2.4.2 Carbon and Its Derivatives

Carbon is the 15th most abundant element on the earth’s crust. It has a tetravalent
valency and covalent bonds with surrounding atoms. Carbon has its allotropes,
such as diamond (sp* hybridization in cubic system), graphite (sp? hybridization in
hexagonal system), buckyball (C-60 or buckminister fullerene), Cs,,, C;,, amorphous
carbon (having specific sp? and sp* hybridization ratio at microscopic level), carbon
nanotubes (CNTs), lonsdaleite (hexagonal diamond) and its isotopes, such as C,,
(98.93%), Cy3 (1.07% and C,, (radioactive isotope) [65].
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2.4.2.1 Carbon Nanotubes (CNTs)

The CNTs are the cylindrical form of graphene (monolayer of graphite) sheet
and closed by fullerenoid end-caps. The single, double, and multi-wall CNTs are
available, and CNTs have dimensions like inner diameters of 1-3 nm, outer 2-20 nm,
length ~ 1 pm, and inter tubular distance of about 340 pm (which is a larger value then
inter-planar distance in graphite) [66]. CNTs can be synthesized in various forms,
such as CNTs yarns, sheet, sponges, and arrays (well-defined vertically aligned with
respect to substrate surface) by using the CVD method. CNTs have a wide range
of applications as electrodes in capacitors, supercapacitors, Li-ion batteries (LIBs),
diagnostic devices, contrast agents, drug-delivery, microbiology, and antimicrobial
therapy of infected diseases. Functionalized CNTs with specific chemical groups
that change its physical and biological properties can be used in cancer treatment
and drug delivery applications [67-69]. Nowadays, the CVD is the most effective
synthesis method for pure CNTs for energy related devices applications. A recent
study reported by authors shows the role of MWCNTs coated by the CVD method on
the carbon fibers, i.e., carbon felt substrate, for the high performance in binder-free
lithium ion battery electrodes application [82]. Saifuddin et al. reported high quality
CNTs synthesized by arc-discharge, laser vaporization, and PE-CVD method [70].

2.4.2.2 Graphene

In recent years, graphene is the most eminent material because of its properties and
wide range of applications. Graphene shows very good properties as compared to
other materials, such as mechanical strength, thermal conductivity, charge mobility,
specific surface area, and electrical conductivity. These properties enable possibilities
to use this material in the field of nanoelectronics devices and energy. Basically,
graphene is one of the derivatives of carbon in a particular arrangement of carbon sp?
hybridized atoms that changes the properties of carbon material very differently to
its original state. In a single layer graphene, six carbons (hexagonal ring) are bonded
to each other two-dimensionally. Graphene oxide is the oxidized graphene layer
obtained by adding some oxygen functional groups using some particular techniques,
such as hummer’s method. Reduced graphene oxide (rGO) is the final product one
gets after the reduction of graphene oxides (GOs) by using some specific chemical,
thermal, and electrical treatments. Still, rGO has some oxygen functional groups
in the structure. GO and rGO differ from their functionalized groups. Graphene
synthesis using CVD and some deposition parameters are shown below in the
Table 8.3.

Table 8.3 shows graphene synthesis by various CVD methods reported by
various research groups. Graphene can be synthesized by different CVD methods,
such as plasma-enhanced, aerosol pyrolysis CVD with uniform layers with and
without substrate [80]. Malesevic et al. reported few layers of graphene synthesized
by MW PE-CVD. A wide variety of substrates, such as Si, Ni, Ge, Ti, W, Mo, Ta,
quartz, and SS (stainless steel) can be used for depositing graphene by MW PE-CVD
[81]. Figure 8.7a shows dimensions and orientation of freestanding FLG in an SEM
image. Figure 8.7b with the top view shows the high density of the flakes.
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Table 8.3. Showing graphene synthesis by various CVD methods.

Method Type Substrate Precursors | Carrier Temp. Ref.
gas range (°C)

SWP-CVD Graphene Al, Cu foil CH, Ar+H, 320 [71]

Th-CVD Graphene Fe-foil C,H, Ar+H, [ 700,750 | [72]

CVD Graphene Cu-foil CH,+H, H, 1000 [73]

CVD Graphene Ni-foil CH, H,+Ar 900 [74]

CVD Graphene Ni-foam CH, H,+Ar 1000 [75]

AP-CVD Graphene Polycrystalline Cu foil CH, H,+ Ar 1050 [76]

EA-HFCVD | 1D-Graphene Ni/Si CH, H, 950 [77]

APRF-CVD Bilayer Cu-foil Ag, Au, - 1000 [78]

Graphene TiO,-
Ethanol

PA-CVD Graphene Cu-foil CH, Ar, H, 1045 [79]
(printing-
assisted)

- . Vo .
Figure 8.7. (a) Dimensions and orientation of freestanding FLG in SEM image. (b) Top view shows the

high density of the flakes. Scale bar in images of both is 1 pm. Reprint with permission [72]. Copyright
2011, Elsevier B.V.

2.5 Advantages of CVD Technique
1. This technique is useful for depositing ultra-thin layers using ALD.

2. Deposition can be done at low temperature even close to ambient temperature.
Apart from this, we can control dopant incorporation, substrate temperature,
dissociation of precursor, and selective area growth.

3. Precursor is relatively air stable and susceptible to reaction with water.

4. Uses very bulky ligands in the precursor. This improves the vapor pressure and
makes it less air/moisture sensitive.

5. Thermal stability of the samples is very high.

6. Particle size for a given metal loading can be controlled by adjusting the
precursor vapor pressure, which governs nucleation rate.

7. Low cost, high thermal efficiency, continuous operation, high throughput, and
setup is easy to scale up technology.
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8. Higher purity can be achieved.
9. High density of nearly 100% of theoretical value can be obtained.
10. Any element and compound can be deposited.

11. Economical in production because many parts can be deposited simultaneously.

Conclusion

In this chapter, we described various CVD techniques for depositing a wide variety
of nanomaterials that can be utilized for various applications. It covers detailed
information about deposition parameters, i.c., carrier gas, substrate, catalysts,
growth rate, temperature, pressure, etc. These parameters play a very important
role during the synthesis of nanomaterials using chemical vapor deposition (CVD)
technique. Here, we explained various CVD techniques used by various research
groups. Each technique has advantages and disadvantages. This study will help the
research community to understand various CVD techniques, deposition parameters
for synthesizing various carbon-based materials, and other materials for various
applications.

Abbreviations

Al Aluminum

Ar Argon

AACVD Aerosol-Assisted Chemical Vapor Deposition
APCVD Atmospheric Pressure Chemical Vapor Deposition
ATM Atmospheric Pressure

ALE-CVD Atomic Layer Epitaxy Chemical Vapor Deposition
ALD Atomic Layer Deposition

CNT Carbon Nanotube

CCVD Catalytic Chemical Vapor Deposition

Cu Copper

CVD Chemical Vapor Deposition

CBD Chemical Bath Deposition

CECVD Catalysts Enhanced Chemical Vapor Deposition
CVICVD Chemical Vapor Infiltration Chemical Vapor Deposition
CBE Chemical Beam Epitaxy

°C Degree Celsius

DC Direct Current

ECD Electrochemical Deposition

ECRCVD Electron Cyclotron Resonance Chemical Vapor Deposition
Fe Iron

Ge Germanium

GHz Gigahertz

GO Graphene Oxide

H, Hydrogen

kW Kilowatt
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LICVD
LPCVD
MBE

mbar
MWPECVD
MOCVD
Mo

mWwW

PVD
PACVD
PAMBE-CVD
PECVD
RF
RFCVD
RLA-CVD
rGO
RPCVD
RT

Si

SCCM

SS

Ta

Ti

TiC

TTIP
TACVD
VLSI

\\%
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1. Introduction

Transition metal dichalcogenides (TMDs) in their single-layer (S-L) crystalline form
are nowadays an essential piece of the nanotechnology toolset. One single-layer of a
TMDs crystal is the thinnest expression that preserves the stoichiometry of the bulk.
TMDs are formed in-plane (x,y directions) by covalent bonds between a transition
metal (W, Mo, etc.) and a chalcogen atom (S, Se, or Te), while much weaker out-of-
plane (z-direction) van der Waals forces dominate the interaction between the atomic
layers. Several decades ago, Joensen and coworkers predicted that these ultra-thin
crystals could exist isolated from their bulk counterparts. Successful exfoliation
of S-L MoS, was achieved by the intercalation of Li atoms [1]. However, these
single-layers restack after removing the solvent, hindering the intrinsic properties
of S-L MoS,. It was not until 2010 that two research groups managed to isolate and
measure photoluminescence (PL) spectra from microscopic portions of mechanically
exfoliated MoS, crystals. Both groups reported strong PL emission from the thinnest
regions of the crystal, a counterintuitive result that revealed a transformation of the
band structure of MoS, from indirect bandgap to direct bandgap semiconductor at
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the monolayer limit [2, 3]. Similar results to that observed in exfoliated MoS, were
reported soon after for monolayers of WS, synthesized via chemical vapor deposition
(CVD) [4], WSe, [5], and MoSe, [6].

The layer dependent transformation of the bandgap observed in S-L TMDs was
a breakthrough discovery that could be compared in importance to the discovery of
the buckyball (Cy,) [7], the observation of the chirality induced bandgap variations
in single-walled carbon nanotubes, or the isolation of graphene and the subsequent
measurement of the behavior of electrons of massless Dirac fermions [8]. All of these
discoveries had a profound impact on both technology and basic science.

Mechanical exfoliation (using sticky tape) of single- and few-layers TMDs,
although not scalable, can provide high quality samples to enable basic-science
studies of the physical properties of TMDs and other 2D materials; both graphene
and S-L MoS, were first isolated by this method. Mechanical exfoliation yields
single-layered crystals with superb quality; however, the resulting single-layer area
is quite small and hard to locate. Since large areas are required for more complex
applications, such as fabrication of multiple field-effect transistors, optical devices,
or sensors, it is necessary to explore other methods of preparation. Here is where
CVD plays a crucial role in the development of the science and technology of S-L 2D
materials. CVD is a versatile and inexpensive method to grow high-quality crystals,
and has been widely adopted for the growth of single- and few-layers TMDs.

In the rest of the chapter, we will explore how CVD is used to grow the four
basic semiconducting TMDs—MoS,, WS,, MoSe,, and WSe,. We will review how
it is possible to create alloys in single-layer form, as well as heterojunctions and
substitutional doping for tuning the bandgap.

2. The CVD Synthesis of 2D Materials

In CVD, a reaction chamber confines the vapors of volatile precursors, and these
fumes react chemically by the effect of temperature gradients. The chemical vapors
are transported by a controlled flow of gas(es) through the chamber. The variables
of the CVD experiment include the choice of chemical precursors, the flow rate(s)
of the transport gases, the partial pressure of the reactants, temperature gradients,
reaction duration, and the choice of substrate. Under the right conditions, the result
is the growth of crystalline solids on the surface of the substrate. The schematic
diagram in Figure 9.1 represents perhaps the most basic CVD system that can be
used to grow single-layer TMD.

From the plethora of recent reports, the synthesis of TMDs can be obtained
using two main routes, the so-called one-step growth and two-step growth [9]. One-
step growth means that the gaseous precursors of the chalcogen (X) and the transition
metal (M) react within the chamber at the proper formation temperature to obtain
MX, as the final product [10, 11]. The two-step growth requires a pre-deposited
metal or its metal oxide as a thin film (by PVD, sputtering, or other techniques),
which is subsequently exposed (within the CVD reactor) to the chalcogen vapors at
a high temperature to form the MX, compound. Figure 9.2 illustrates the different
CVD configurations that can be used.
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Figure 9.1. Schematic diagram of a generic CVD setup to grow S-L TMD.
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Figure 9.2. Schematic representation of the four primary CVD configurations combining X: the
chalcogen powder, M: the transition metal or metal oxide, and the substrates that can have a pre-deposited
layer of a metal or metal oxide, adapted from [9].

After many years of research on CVD synthesis of TMDs, the growth parameters
are now well established. For example, for the W chalcogenides (WS,, WSe,), the
growth temperature needs to be higher than Mo chalcogenides when the precursors
are their respective oxides. Similarly, the gas flow rates and the initial reactant masses
are well known (see Table 9.1 in summary).

2.1 MoS,

MoS, was the first single-layer semiconductor to be synthesized by CVD, and
therefore the most studied of the TDMs so far [12, 13, 14, 15]. Usually, CVD growth
of MoS, monolayers is carried out at atmospheric pressure, a weighed amount of
sulfur powder is placed in a crucible at a distance between 10 and 25 cm from the
center of the furnace where MoO; powder and SiO,/Si substrates are preloaded. The
furnace temperature is slowly raised to 750°C (200°C for sulfur), while the sulfur
vapors are carried downstream by the carrier gas (Ar, H,, H,S, N,) [14].

In a variant of the previously described setup, the molybdenum oxide powder
precursor is replaced by a molybdenum oxide thin film (1-5 nm) directly deposited
on the substrate. The oxide particles in the film promote the nucleation process, where
the sulfur atoms react with molybdenum atoms until the seed particles are consumed,
liberating oxygen in the process [16]. The crystals obtained by this method vary
according to the growth characteristics of the nucleation centers—initially forming
island-like areas in the substrate that eventually connect as the crystals grow. This
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type of growth dynamics only occurs for a Mo oxide film thickness between 1 and
5 nm; films thicker than 5 nm form polycrystalline multilayers, while for films
thinner than 1 nm, the emerging islands are unable to connect and form extended
monolayers (see Figure 9.3).

Another parameter that has a definitive effect on crystal shape is the concentration
ratio of Mo to S atoms available at the edges of the MoS, crystal during growth. A
hexagonal shaped crystal is obtained when the Mo:S ratio is approximately one. Any
disproportion either way leads to triangular shapes [11].
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Figure 9.3. (a) Optical micrograph of a CVD grown MoS, on a 285 nm SiO, on Si substrate.

(b) Photoluminescence spectrum of a MoS, monolayer. The zoom-in view depicts the Raman peaks.

(c) HRTEM image of a triangular island, and its corresponding FFT pattern (insert). (d) Raman spectrum

of a triangular-shaped MoS, monolayer, with peaks corresponding to vibrational modes (in-plane and
out-of-plane).

2.2 WS,

In some of the early reports on the synthesis of TMDs by CVD, a two-step approach
was considered, by exposing a thin film of the transition metal at high temperature
to a sulfur vapor, in a process called sulfurization. However, the extremely high
temperatures required for evaporating transition metals, such as tungsten and
molybdenum, with melting points of 3422°C and 2623°C, respectively, present a
serious limitation. On the other hand, the use of the corresponding metal oxide,
such as WO,, offers a viable alternative to thermally deposit these materials as the
transition metal source [4]. The melting point of WO is significantly lower than pure
W, and in this way, thin oxide films evaporated on SiO,/Si substrates (~ 10 A oxide
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thickness) provide both the precursor and the nucleation centers for the growth of
WS, monolayer. This process is usually performed at temperatures close to 800°C,
and yields 170 um side WS, triangles, as can be seen in Figure 9.4 [17].

In the one-step synthesis of WS, monolayers in CVD, the WO, powder is placed
at the center of the furnace at 950°C. A boat containing sulfur is placed upstream at a
lower temperature (~ 200°C), while the substrates (SiO,/Si, sapphire, etc.) are placed
downstream at a lower temperature (600-800°C). The experiment can be carried out
either in low-vacuum or at atmospheric pressure using Ar or N, as a carrier gas. With
this method, 200 um wide triangular monolayer crystals have been obtained [18].
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Figure 9.4. (a) Optical image of as-grown WS, on 300 nm thick SiO,/Si. Insert: zoom-in of a large WS,

triangle. (b) Photoluminescence spectra of WS, for 1L, 2L, 3L, and bulk. (c) HRTEM phase-contrast

image of S-L WS,; Insert: diffraction pattern of a WS, single-domain. (d) Raman spectra of S-L and

bulk WS, using the 488 nm laser line excitation, showing a clear shift of the in-plane and out-of-plane
vibrational modes, enough to discriminate bulk from S-L.

2.3 MoSe, and WSe,

In the CVD synthesis of S-L MoSe,, the selenization of MoO; has subtle differences
compared to the sulfurization in MoS, [19, 20, 21]. The temperature and the carrier gas
Ar1/H, mixture (see Table 9.1) require precise control to obtain large-area single layer
selenides. Some selenization processes can proceed rapidly, starting at temperatures
as low as 550°C, resulting in vertically aligned crystals (Kong et al.). Other reported
methods require higher temperatures and the use of growth promoters (WO, o MX,
M = Na or K; X = Cl, Br or I; Se at 270°C) that result in larger monolayer coverage
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of the substrate [22]. MoSe, monolayer crystals, as large as few millimeters of good
quality were synthesized at atmospheric pressure using glass substrates [20].
Similarly, CVD processes have been reported for WSe, monolayers grown on
graphene [5], sapphire [23], and SiO,/Si [24], with crystal sizes in the 200 um range
and large area coverage [25]. Here, the carrier gas mixture played an essential role in
the removal of residual oxides. Of particular technological interest, is the attainment
of a preferential growth orientation of triangular-shaped WSe, with the help of
native defects present in hexagonal boron nitride (h-BN) [26]. On the downside,
TMDs selenides are fragile in an oxygen atmosphere. An important note about using
selenium-compounds containing selenium can produce SeO, in CVD that has toxic
effects, and thus require special care, such as proper handling of vapor residues.

2.4 Choice of Substrates

TMD growth by CVD by its nature is a process that requires temperatures between
400°C and 900°C (see Table 9.1). Due to this, the substrates must be thermally stable
at such temperatures. These substrates should have a high melting point and low
roughness (ultra-flat crystals). The most commonly used substrates are SiO,/Si, bare
Si, sapphire, and other 2D crystals, such as graphene and h-BN.

Silicon is the most widely used substrate for TMDs and many other crystals.
Silicon is ubiquitous in the crystal growth processes because of the well-defined
process that makes super high-quality wafers affordable. Silicon substrates with less
than 300 nm Si0O, layer create a superb optical contrast with monolayer 2D crystals,
such as graphene and TMDs [27, 28]. Sapphire is also used for CVD growth of
TMDs. Like silicon, it has a flat surface and a hexagonal symmetry that promotes
highly oriented TMDs films [29]. Van der Waals epitaxy in sapphire is preferred
because when TMD islands coalesce, lower angle boundaries are formed. Another
desirable characteristic of sapphire is its high optical transmittance, which makes
it an ideal substrate for optoelectronic applications. A pre-annealed treatment of
sapphire substrates before the CVD process itself has some advantages. It has been
shown that the c-plane of sapphire pre-annealed at 1000°C works well as a template
for WSe, growth [30].

It is technologically relevant to create devices where every material is atomically
thin. In such a system, graphene could act as the electrical conductor where electrons
can move freely in the 2D plane, and through the interfaces with a van der Waals
material. TMDs can play the part of the semiconductor with h-BN as the insulator.
Growing TMDs on graphene by CVD has already been demonstrated [15, 31].
Graphene is also an excellent substrate material for the preparation of High-resolution
transmission electron microscopy (HRTEM) samples, and as a photovoltaic collector
[32, 33]. Hexagonal boron nitride can also be used as a substrate, and in this case
its insulating properties promote valley spin electronics phenomena in TMDs [34].

2.5 Characterization Basics

A key aspect boosting research on S-L TMDs is the availability of ad hoc
characterization techniques. Starting with optical methods, we can mention
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photoluminescence (PL) spectroscopy—it uses an excitation beam with photon
energy higher than the bandgap of the material of interest. Monolayer TMDs are
direct bandgap semiconductors; hence, the photon emission is intense regardless of
the infinitesimal thickness of the film [35, 3, 2]. Raman spectroscopy is another optical
technique—it probes the vibrational modes of the crystals using laser excitation, a
monochromator, and a detector to monitor the energy losses of the excitation beam.
The Raman shift peaks appear at energies commensurate with the vibrational modes
of the lattice, and serve as a fingerprint of the material [36, 37]. For TMDs, PL and
Raman represent excellent non-destructive techniques with high sensitivity to the
material type and the number of layers [38, 39].

Another characterization technique that complements PL and Raman
spectroscopies is atomic force microscopy (AFM), suitable for measuring layer
thickness of TMDs and other 2D materials. It has angstrom resolution in the
z-direction and can easily resolve a single layer TMD [40]. On the downside, since
the height information is extracted from a topography image, the TMD must be
supported on an ultra-flat substrate for AFM to work accurately [41].

High-resolution transmission electron microscopy (HRTEM) might be the most
powerful technique available so far. Using AC-HRTEM, it is possible to see the
lattice, edges, vacancies [42], and grain boundaries of S-L TMD [43, 44]. However,
it requires either the growth of the TMD directly on the TEM grid, or a complicated
and usually dirty transfer procedure [45].

3. Heterostructures and Doping

As presented in the previous sections, CVD is an excellent technique to grow high
purity single-layer TMDs. However, it is of great interest to be able to synthesize
heterostructures and introduce impurities in the lattice of TMDs. TMDs monolayers
have many properties that may be very useful for optoelectronic devices. By analogy
with conventional semiconductor materials, the TMDs bandgap can be easily
modified by staking heterostructures, surface straining, or by chemically changing
the lattice with vacancies and doping.

3.1 Out—of-plane Heterostructures

The creation of heterostructures is of prime importance for the fabrication of
electronic and optoelectronic devices based on semiconductors. The first approach
for generating heterostructures made of TMDs is by vertical stacking. Artificial
stacking of different S-L TMDs was achieved using dry or wet transfer methodologies
[46, 45]. Heterostacking of semiconductor TMDs generates a type II band alignment
where the conduction band resides in one of the materials and the valence band in
the other one. Bilayer systems of combinations of sulfides and selenides of tungsten
and molybdenum offer another option to tune the bandgap of TMDs [47, 48]. CVD
offers a clean alternative to transfer methods, and CVD grown TMD heterostructures
exhibit a perfectly clean interface between the two single layers [49, 50]. Clean
interfaces are essential for the observation of new physical phenomena in these
heterostructures [51].
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3.2 In-plane Heterostructures

A valuable strategy in the synthesis of CVD is the implementation of a methodology
that permits control of the lateral growth of heterostructures of alternately different
MX, compositions. The growth can follow the crystalline boundaries in-plane as a
guide for the manufacture of concentric triangles of WS,-WSe, structures, as shown
in Figure 9.5a [52], or different lateral structures, such as WS,-MoS, [53]. Even
intentionally implanted defects in the substrate can guide the in-plane orientation of
triangular crystal growth, such as the alignment of WSe, on h-BN [26].

In-plane junctions can be synthesized by sequential stages of CVD growth, each
with different precursors and gas flows to promote the growth of the desired TMD.
This has a direct impact on the technological trend of manufacturing devices that
make use of such properties as valley electronics, spin-flip changes, and 2D transport
in semiconductor-junctions that can be obtained by a bandgap alignment between the
different compositions merged at the boundaries of triangular MX, crystals.

Figure 9.5. (a) Vertically grown WS,/MoS, heterostructures [47]. (b) Optical microscopy image of the
WS,/MoS, heterostructure [50]. (c) Schematic illustration of an in-plane MoX,-WX, junction. (d) Optical
image of a triple junction heterostructure consisting of S-L MoSe,—WSe, [52].

3.3 Doping and Defects

Defects and doping are the most straightforward way to tune the electronic band
structure of a semiconductor [54]. For silicon, boron, and phosphorus, doping
produces the p-type and n-type Si used to form the first solid-state electronic
devices [55]. CVD makes possible the incorporation of heteroatoms in the lattice
of semiconducting TMDs. The simplest example of doping is by forming alloys of
TMDs, such as WS, and MoS,. This can be achieved by substituting the chalcogen
in the form MoS,_Se(y) [56, 57] or the transition metal in the form Mo;_,W,S,
[58, 59]. In both of these alloys, the bandgap can be tuned within the limits of the
bandgaps of the TMDs being alloyed.

As a further step in the substitutional inclusion of heteroatoms outside the
traditional transition metal or chalcogen groups, CVD has enabled the integration of
manganese [60], thenium [61], and carbon [62].
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After almost a decade of research on single-layer TMDs, CVD has played a crucial
role, enabling the production of good quality single-layer TMD crystals. Continuous
improvement of the CVD method has enabled a substantial increase in the area
coverage and quality of the crystals. Table 9.1 summarizes the growth conditions for
the semiconducting TMDs discussed in this chapter.

Table 9.1. CVD synthesis conditions and variables to grow single-layer MX, (M: W, Mo; X: S, Se)
TMDs systems and alloys.

TMD Precursors Substrate | Temperature | Pressure/gas | Morphology/ | Reference
size
MosS, (NH,),Mo0S,, S |SiO,/Si, |400°C 200-2 mTorr, | 2-5 nm [12]
SrTiO4 precursor gas | Hexagonal
flakes
MosS, (NH,),MoS,, S | SiO,/Si 500-1000°C | 1-500 Torr/ | Bilayer and [63]
precursor gas | trilayer thin
films
MoS, (NH,), MoS, Graphene | 400°C 10 mTorr Few layer [64]
to 1 atm/70 | TMDs on
sccm Ar graphene
MoS, MoO;, S 180°C | SiO,/Si 650°C Atmosphere | Monolayer [16]
(300 nm)
MoS, Nanoribbons Si0,/Si 850°C Atmosphere | Monolayer [65]
MoO;, S 180°C | (300 nm) and few
layers
MoS, MoCls, S 300°C | SiO,/Si 700°C, Atmosphere | Triangular [43]
(300 nm) monolayers
and Stars,
10-20 pm
MoS, MoO;, S 100°C | SiO,/Si 850°C 2 Torr/Ar Monolayer [66]
(300 nm) and few
layers
MoS, MoO;, S 130°C | Mica 530°C 225 mTorr/ | Monolayers [67]
Ar
MoS, MoO;, S 130°C | Graphene/ | 670°C 5 Torr/Ar Monolayers [31]
SiC, SiO,/
Si
MoS, MoS, powders, | SiO,/Si 900°C 20 Torr/ar Monolayer [28]
S (200°C) (300 nm) and few layer
TMDs
WS, ~1t0o2.8 nm Si0,/Si 400-600°C | Atmosphere/ | Mono, bi, and [68]
WOy thin film, Ar trilayer
S (200°C)
WS, WO; film by Si0,/Si 750-900°C | 450 mTorr Mono, bi, and [69]
ALD, H,S gas tetra-layers
WS, WOj; thin films | SiO,/Si 400-1000°C | Atmosphere/ | Monolayers [70]
(5-20A), S Ar and
(200°C) nanotubes

Table 9.1 Contd. ...
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...Table 9.1 Contd.

TMD Precursors Substrate | Temperature | Pressure/gas | Morphology/ | Reference
size
WS, WO;, SiO,/Si, S | Si0,/Si 700-950°C | Atmosphere/ | Triangular [18]
(200°C) (300 nm) Ar monolayers
200 pm
WS, WO, film (5 Si0,/Si 800°C Atmosphere/ | Triangular [4]
t0o10 A) on (300 nm) Ar Monolayers
Si0,/Si
MoSe, 225°C MoCl,4 Si0,/Si 450-600°C | Atmosphere | Thin films [71]
(300 nm)
MoSe, MoO;, Se, Ar/ | SiO,/Si 750°C 1 Atm/50 Triangular [6]
H, (15% H,) (275 nm) sccm Ar Monolayers
135 pm
MoSe, MoO;, Se Sapphire | 700-900°C | 40-70 Ar-10 | Triangular [19]
(270°C), Ar/H, H, scem, Monolayers
(15% H,) 25-350 Torr | 5-10 pm
MoSe, MoO;, Se SiO,/Si 820°C 1 Atm/Ar 10 | Triangular [22]
(270°C), Ar (300 nm), sccm Monolayers
mica 20-40 um
MoSe, MoO;, Se Si0,/Si 800°C 20 Torr Mono, bi and [20]
(270°C), H, (100 nm) tri layer full
1 cm? area
MoSe, 5 nm Mo film, | SiO,/Si 820°C 1 Atm/Ar 10 | Films with [72]
Se (220-300°C) sccm vertically
aligned layers
MoSe, Se 20 cm from | Molten 450-600°C | Atmosphere/ | Triangular [73]
center, MoO; glass Ar monolayers
powder 10-50 pm to
1 mm
WSe, 5nm WO;, Se | graphene/ | 800°C Atmosphere/ | Monolayers, [5]
(500°C) SiC Ar and
multilayers
WSe, WO;, Se Sapphire | 750-850°C | Ar 80 sccm, | Monolayer [23]
(270°C), Ar, H, in Sapphire, |H,20sccm, |1 mm
925°C center | 1 Torr
WSe, WO, ,MX (M | SiO,/Si 750-850°C 1 Atm, 80/20 | 20-200 [25]
=NaorK; X= scem Ar/H, | pm depend
CL, Brorl), Se on growth
(270°C) promoters
WSe, WO;, Se Si0,/Si 900°C Ar 14 scem | Triangle— [24]
(400°C), Ar (300 nm) 1 Atm hexagon 1-5
pm
WS-y S, WO;, Se Si0,/Si 450-600°C | Atmosphere/ | Triangle- [74]
Se,, (300 nm) Ar hexagon 540
um, Mo:W
variable ratio

Table 9.1 Contd. ...
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... Table 9.1 Contd.

TMD Precursors Substrate | Temperature | Pressure/gas | Morphology/ | Reference
size
WS-y W, Se, S Si0,/Si 650-700°C | Atmosphere/ | Triangle- [75]
Se,, (300 nm) Ar hexagon 540
um, Mo:W
depends ratio
Mo, WS, | S, WO;, MoO; | SiO,/Si 450-600°C | Atmosphere/ | Triangle- [68]
(300 nm) Ar Shaped 40
um, Mo:W
depends ratio
Mo, WS, | S, WO;, MoO; | SiO,/Si 850°C Atmosphere/ | Triangle [76]
(300 nm) Ar Monolayers
Mo,_,W.S, | MoS, or MoS,/ | Sapphire |650-700°C | Atmosphere/ | Triangle [58]
WOy Ar Monolayers
Mo,_,W.S, | SiO,/Si,S, WO;, | SiO,/Si 300°C Atmosphere/ | Triangle [59]
MoO; (300 nm) Ar Monolayers
Mo,_ Se, WO;, MoO; | SiO,/Si 450-800°C | Atmosphere/ | Triangle- [77]
W.Se, (300 nm) Ar hexagon 540
um, Mo:W
depends ratio
Mo,_ W, Mo, Se Si0,/Si 650-850°C | Atmosphere/ | Triangle- [78]
W.Se, (300 nm) Ar hexagon 540
um, Mo:W
depends ratio
MoS,—y | Se, S, MoO; Si0,/Si 700-800°C | Atmosphere/ | Triangle- [57]
Se,, (300 nm) Ar hexagon 540
um, S:Se
depends ratio
MoS,_yy | MoS,, MoSe, | SiO,/Si 600-700°C | 60 mTorr/Ar | Monolayers [75]
Se,, powders (300 nm) alloys
940-945°C
MoS, ;) MoS, layers Si0,/Si 600-900°C | Atmosphere/ | Triangle- [79]
Se,, (by CVD), Se (300 nm) Ar hexagon 540
(270°C) pum, S:Se
depends ratio
MoS,;_, | thiophenol Si0,/Si 650-700°C | Hy/ Single-layer [56]
Se,, dissolved in (300 nm) Atmosphere | triangular or
tetrahydrofuran, hexagonal
diphenyl- 1-10 pm
diselenide,
MoO;
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CHAPTER 10

Metal Oxi1ide/CNT/Graphene
Nanostructures for Chemiresistive
Gas Sensors
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and V.N. Singh"**

1. Introduction

Gas sensors are one of the important aspects of modern day lifestyle. People are
becoming more and more health and environment conscious. The presence of
dangerous gases, such as NO,, CO, ammonia, H,S, and SO, in the atmosphere has
become a matter of concern for people in general. The presence of even a trace
amount of these elements can be harmful to the health of humans and other living
entities, and therefore, recently, a lot of efforts are being put into making efficient
gas sensors (such as MOS, catalytic metal, conducting polymers, optical based gas
sensors) [1], which can detect ppm and ppb levels of toxic gases. It is interesting to
note that toxic gases, such as ammonia and H,S, etc., not only harm humans and
other living entities, but also electrical appliances, such as the condenser unit of
chillier, and so on, resulting in a huge loss of resources. There are several reviews
on gas sensing based on metal oxides. CNT and graphene, being semiconducting in
nature, transport the produced electron to the nearest electrode very easily, which
helps in the collection of electrons. Thus, sensors based on metal oxide combined
with CNT and graphene show enhanced sensitivity and better response time. There
are very few reviews on metal oxide/CNT/graphene-based gas sensors [2—7]. In this
review, we are trying to summarize the most important results of gas sensors based
on metal oxides/CNT/graphene (their synthesis and gas sensing performance with
different gases). Apart from this, gas sensing mechanism involving CNT/graphene
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with metal oxide has also been explained in this review. This chapter will serve the
researchers in the field of gas sensors with all aspects of such gas sensors.

2. Synthesis of Metal Oxides/CNT Based Gas Sensor

A brief summary of synthesis methods of metal oxide and CNTs are given below.

2.1 Metal Oxides

Metal oxides are one of the most significant and generally characterized solid
catalysts. In recent years, research on nanoparticles has provided a wide scope for
the development of novel solutions in the field of electronics, cosmetics, optics,
and healthcare, as it has unique properties, such as optical, electrical, mechanical,
magnetic, and catalytic. At present, MOS nanoparticles are used in gas sensors
because of their small size (1 nm—100 nm) and having high surface area per unit
mass [1], which enhances the gas sensing properties. Metal oxides typically contain
an anion of oxygen in the oxidation state of —2. MO can easily lose electrons, and are
good conductors of heat and electricity, because they have low ionization potential.
Metal oxides are of two types: n-type and p-type. Table 10.1 shows how different
target gases affect the resistance of metal oxide. Researchers have shown great
interest in metal oxide-based gas sensors for the detection of toxic gases due to their
excellent sensitivity, high chemical stability, and low cost [8].

MOs also have large band gaps (> 1); for example, ZnO has a band gap of
3.37 eV and detects various gases (such as LPG, ethanol, NH;, toluene, acetone,
formaldehyde, O,, CO, NO,) [9-17]. Table 10.2 summarizes metal oxides, such as
SnO, [18-27], TiO, [28-32], WO, [33-40], Fe,O5 [41-47], In,0; [48-53], La,0;
[54], CuCrO, [55], NiO [56, 57], Co;0, [58-60], their band gap, and gases it can
detect.

Table 10.1. Behavior of various MOs in the presence of reducing and oxidizing gases.

Type of sensitive Metal oxide Type of target gas Response
materials

Reducing gas | Oxidizing gas

n-type MgO, ZnO, CaO, Resistance Resistance | R/R, | Ry/R,
WOs;, TiO,, In,0;, decrease increase
SnO,, Fe,04
p-type La, 03, CeO,, Resistance Resistance | Ry/R, | R/R,
CuCrO,, Mn,0;, increase decrease

NiO, Y,0;, Co;0,

2.2 Synthesis of Metal Oxides

Some of the techniques used for making metal oxide nanoparticles/thin films are
summarized below. Details are provided in the references: (i) Sputtering [61],
(i) Wet process [62], (iii) Hydrothermal techniques [63], (iv) Flame Transport
Synthesis [64], (v) Reflux method [12], (vi) Thermal evaporation [65], (vii) Cross
linking deposition [66], (viii) Sonication method [67], etc.



https://www.twirpx.org & http://chemistry-chemists.com

Metal Oxide/CNT/Graphene Nanostructures for Chemiresistive Gas Sensors 165
Table 10.2. Metal oxides, their band gap, and gases that they can detect.

Oxide type | Band gap (eV) | Detectable gas Reference

ZnO 3.37 LPG, Ethanol, NH;, Toluene, Acetone, Formaldehyde, [9-17]
02, CO, NO,

SnO, 3.6 H,, CO, Ethanol, Formaldehyde, H,S, CH,, O;, SO,, [18-27]
NHj;, Acetone

TiO, 32~335 Ethanol, O,, H,, NO,, NH, [28-32]

WO, 2.7 NO, Acetone, SO,, O;, NH;, CO, H,S, NO, [33-40]

Fe, 04 2.2 CO, Ethanol, Acetone, LPG, NH;, Formaldehyde, NO, [41-47]

In, O; 3 NO,, O3, Ethanol, Acetone, NH;, H,S [48-53]

La,04 5.8 Co, [54]

CuCrO, 3.2 04 [55]

NiO 36~4 Ethanol, Formaldehyde [56-57]

Co;0, 2 Acetone, Formaldehyde, CO [58-60]

2.2.1 Process of Growth of Nanomaterial

In the process of crystal formation, there are mainly three steps:

i) Nucleation: For a specific solvent, a substance has a certain solubility, and when
it’s supersaturated, the solute is precipitated, which in turn forms crystal nuclei.

ii) Growth: After the nuclei is formed, they adhere to each other and the rate of
super-saturation becomes less so that nuclei is formed again and an equilibrium
is obtained. If the nucleation time is short, it will lead to a more uniform grain

size.

iii)

Ripening: In this process, which is typically called Ostwald ripening, larger

particles are grown over a period of time, and on the other hand, small particles
become more small and finally dissolve.

2.3 Carbon Nanotube (CNT)

Recently, carbon nanostructure has made a big impact in material science. Ijima et al.
found long tubular structures, called carbon nanotube, which have unique electronic
properties that depend on the growth of carbon lattice into the tube. If the carbon
lattice grows in a cylindrical form, then the zig-zag, armchair, and chiral shape of
the carbon atom along the top of the cylinder is observed. Carbon nanotubes are of
two types (i) single-walled carbon nanotubes (SWCNT), (ii) multi-walled carbon
nanotubes (MWCNTs). The properties (such as conductivity, larger surface area,
porosity, strong interaction among adsorbed molecules), make MWCNTs ideal
candidates for designing gas sensors in different configurations. Elastic modulus
(strength) of an individual perfect nanotube is around ~ 1 TPa or 150 GPa [68].
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2.4 Synthesis of CNT
There are three main techniques to make CNTs [69]:

i) CVD (chemical vapor deposition): In this technique, a hydrocarbon source gas
flows into an enclosed chamber in which the molecules of hydrocarbon are
broken into reactive species and react in the presence of catalysts (usually Ni,
Fe, or Co) at 500—1000°C temperature range. CNTs get coated on the substrate.
In comparison to the other two techniques, CNT is formed at a relatively lower
temperature in CVD.

This technique is more efficient in producing high quantities of MWCNT as well
as SWCNT. High defect density of MWCNT is the biggest disadvantage seen in
this deposition method.

ii) Arc discharge technique: This method is done in a vacuum chamber which
consists of two carbon electrodes acting as a carbon source. An inert gas, in
general helium, is applied to hasten the rate of carbon deposition. When DC
voltage is applied between the carbon anode and cathode, plasma of the inert
gas is generated to evaporate the carbon atoms. The ejected carbon atoms are
deposited on the negative electrode to form CNTs. Both SWCNTs and MWCNTs
can be grown by this method. The growth of SWCNTSs requires a catalyst. It is the
principle method to produce high quality CNTs, with nearly perfect structures.

iii) Laser ablation technique: In this method, a target made of carbon is etched by a
laser pulse beam of high intensity in a closed furnace with flow of inert gas and
a catalyst. After this, the CNT are formed on a substrate.

Both the ablation method and arch discharge require high temperature, which is
one of the disadvantages, as a high amount of energy is used.

2.5 Synthesis of Graphene

Graphene is a 2D material consisting of sp? hybridized carbon atoms in a hexagonal
structure. It is a highly conductive material. There are many techniques for
synthesizing graphene. Here in Table 10.3, a few general methods are given and
compared on the scale of cost, complexity, scalability, etc. [70].

Table 10.4 enlists recent advancements in the synthesis of metal oxide
nanostructures/CNT/GO composites, the gases that are sensed, etc. An et al. had
grown WO; nanotube by using thermally evaporated TeO, nanowire as a sacrificial
core, which was removed by thermally evaporating TeO, in the presence of air. The
thicknesses of the nanowalls were 20-30 nm, and diameters were 100-120 nm.
These were used to detect NO, gas upto 1-5 ppm at 300°C [61]. Hashishin and
Tamaki synthesized CNT-WO; composite. They used the wet process technique,
which yielded composite with grain size of 50 ~ 200 nm, and were used for detecting
NO, gas up to 5 ppm at 200°C [62]. Zhang et al. synthesized a-Fe,O; nanosheet by
solvothermal method, with an average thickness of 50 nm and diameter of 200 nm. It
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Table 10.3. The comparison among the different techniques of producing graphene [70].

Mechanical exfoliation Chemical exfoliation/GO Chemical vapor

(Scotch-tape method) chemical reduction deposition
Quality of synthesized Very high Poor High
graphene
Maximum electron 200,000 10 350,000
mobility (cm?/Vs)
Feasibility of SLG Yes, with difficulties No Yes
production
Scalability Not scalable Scalable Scalable
Maximum sample Approximately 100 pm Arbitrary 7.5 m?
size
Production price _ <0.1 USD <1USD
(per 1 cm?)
Production method Low Medium Very high
complexity

was used to detect H,S gas up to 5 ppm at 135°C [71]. In 2014, Muthukumaran et al.
produced a-Fe,0;/CNT nanocomposite by hydrothermal method. The thickness of
the composite was 1-10 pm, and was used for detecting NH; gas up to 2000 ppm at
100°C [63]. In 2017, Schiitt et al. synthesized a network of ZnO-CNT hybid tetrapods
by using flame transport technique. The length of the tetrapod arms varied in the range
of 5—-60 um, and the diameter of the tetrapod arms were in the range of 0.8—8 pum. This
was used to detect NH; up to 100 ppm at room temperature. SEM image of this paper
is also shown in Figure 10.3a, which shows the tetrapodal structure of ZnO-CNT
[64]. Septiani et al. synthesized MWCNT-ZnO nanocomposite by reflux method.
The particle size of ZnO lies from 30 nm to 46 nm. These were used to detect toluene
up to 200 ppm at 150°C [12]. Seo et al. prepared TiO, nanotubes with diameter and
length of 70 nm and 600 nm, respectively, by hydrothermal treatment for the detection
of toluene up to 50 ppm at 500°C [72]. Zheng et al. synthesized In,O; nanotower
with an octahedral cap size of 600 nm by using of thermal evaporation technique and
this sensor used for detecting H, gas up to 1000 ppm at 240°C [65]. Co,0,/carbon
hybrid hollow nanospheres with diameter of 40 ~ 60 nm were synthesized by Liu
et al. in 2019 by using cross-linking deposition. It was used to detect H,S gas up to
50 ppm at 92°C [66]. Choi et al. synthesized SnO, nanowires with a diameter of
~ 50 nm by using thermal evaporation technique. It was used to detect NO, gas up to
5 ppmat200°C[73]. Jia et al. prepared SnO,/CNT by using sonication method, where
he achieved the crystallite size of 4 nm, and it was used for detecting ethanol up to
100 ppm at 200°C. TEM and XRD images of SnO,/CNT nanocomposites and porous
SnO, nanotubes are shown in Figures 10.1b and 10.1c [67].
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Table 10.4. Synthesis of some metal oxides and CNT/metal oxides.

Metal oxide
nano structure

Technique & size

Details

Gas detected with
concentration

Ref.

WO,
Nanotube

sputtering

20 ~ 30 nm (wall
thickness)

100 ~ 120 nm
(diameter)

Te was evaporated on Si
substrate, and then they are put in
horizontal tube furnace to obtain
TeO, nanowires. These were used
a sacrificial core and WO; was
deposited over it using sputtering
with constant rotation. TeO,

core was removed by thermally
annealing these structures in air
and WO; nanotube was obtained.

NO, gas
5 ppm

[61]

CNT-WO,
Composite

By Wet process
50 ~ 200 nm
(grain size)

(NH4),yW ,0,4.5H,0
neutralized by dilute Nitric

acid sol". Obtained precipitate
(CH,WO,) washed with
deionized water (4 ~ 5 times) and
dried. Micro drop of H,SO, (0.1
to 7 wt%) dropped on surface of
CNT, between Au electrodes with
micro gap (5p), by using micro
injection. Dried and calcined

at 400°C for 3 h under inert

gas of Ar. Obtained CNT-WO,
composite.

NO, gas
S ppm

[62]

a-Fe,05
Nanosheet

By Solvothermal
method 50 nm
(thickness) 200
nm (diameter)

Mixed (2.5 mM) Fe,(CsH,0,).
H,0 and (35 ml) ethanol to form
a clear sol". Stirred vigorously

for 1 h and transferred into 50

ml Teflon lined stainless steel
autoclave. Heated at 150°C for
10 h and cooled down to RT. Red
precipitates obtained. Centrifuged
3 times with deionized water and
absolute ethanol water. Dried in a
vacuum at 60°C for 7 h. Obtained
a-Fe,0; nanosheet.

H,S gas
5 ppm

[71]

a-Fe,0;/CNT
Nanocomposite

By Hydrothermal
method

1~10 um
(thickness)

Mixed (95%) H,SO,, (69%)
HNO; and CNT with ratio 1:1.
Magnetically stirred at 60°C for
24 h. Washed several times with
deionized water and centrifuged
3 times. Dried at 80°C for 24 h.
Mixture mixed with red hued
colored a-Fe,0; nanostructures
by 2:1. Sonication for a few
min at ambient temp. Obtained
a-Fe,04/CNT nanocomposite.

NH; gas
2000 ppm

[63]

Table 10.4 Contd. ...
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...Table 10.4 Contd.
Metal oxide Technique & size | Details Gas detected with | Ref.
nano structure concentration
ZnO Tetrapodal | By Flame First step: Mixed Zinc powder NH; gas [64]
Network Transport (grain size ~ 1-5 um) and Poly 100 ppm
synthesis vinyl butyral (1:2 by mass).
3~5um Heated in a muffle furnace at
(diameter) 900°C for 30 min (heating rate ~
15 ~20 um 60°C/min). Powder pressed into
(length) cylindrical pellets (h =3 mm,
d = 6 mm) with density 0.3 g/
cm®. Reheated at 1150°C for 4
h. Second step: 0.1 wt% CNTg
dispersed in distilled water. Use
ultra-sonication bath for 20 min.
Sol" filled in computer controlled
syringe and dropped slowly (130
pL) on the templates. Dried
template at least 1 h.
MWCNT-ZnO | By Reflux method | Mixed Zn (NO;).4H,0, Toluene gas [12]
Nanocomposite | 30 ~ 46 nm MWCNTjg and Ethylene glycol. 200 ppm
Refluxed at 197°C for 12 h.
Yellow precipitate obtained.
Cooled at RT and washed several
times. ZnO in mixture formed
in Zinc glycolate. Calcined at
400°C for 3 h. MWCNT-ZnO
nanocomposite was obtained.
TiO, By Hydrothermal | Mixed TiO, powder and NaOH Toluene gas [72]
Nanotube method sol” was hydrothermally treated 50 ppm
600 nm (length) at 230°C. It was washed with
70 nm (diameter) | HCI sol", filtered and dried.
Obtained TiO, nanotube was
calcined at 600 ~ 700°C and ball
milled.
In,04 By Thermal Active carbon and In,O; powder | H, gas [65]
Nano Tower Evaporation in 1:1 was heated rapidly in a 1000 ppm
600 nm horizontal tube furnace up to
(octahedral cap 1050°C (heating rate ~ 40°C/
size) min) to obtain In,O; nanotube.
C0;0,/C By Cross-linking | A gel using cobalt acetate H,S gas [66]
Hollow Nano Deposition was made. It was washed and 50 ppm
sphere 40 ~ 60 nm dried and carbonized at 600°C
(diameter) under N, atmosphere to obtain
C0;0,/C hollow nanosphere.
SnO, By Thermal Sn metal powder was heatedina | NO, gas [73]
Nanowire Evaporation horizontal type furnace at 750°C. | 5 ppm
~50 nm The flow of Ar was controlled to
(diameter) obtain SnO, nanowire.

Table 10.4 Contd. ...
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... Table 10.4 Contd.

Metal oxide Technique & size | Details Gas detected with | Ref.
nano structure concentration
SnO,/CNT By Sonication Dissolved SnCl,.2H,0 in Ethanol [67]
Composite method ~ 4 nm distilled water was mixed with 100 ppm

(crystallite size) HCl and as treated CNT. These
were sonicated and stirred. After
washing they were calcined at
350°C to achieve SnO,/CNT
nanocomposite.

Tom i,

#—-Sn0, A = as-prepared
nanocomposites
B - Sn0, nanotube

Intensity (a.u.)

2 theta (degree)

Figure 10.1. (a) SEM images of ZnO-tetrapod—CNT networks at 2.0 wt% [64], (b) TEM images of the
SnO,/CNT nanocomposites [67], (c) XRD patterns of the SnO,/CNT nanocomposites and the porous
SnO, nanotubes [67] (permission granted).

3. Metals Oxide/CNT/Graphene Based Gas Sensors

The interesting part of this chapter is the comparison between metal oxides and
CNT/metal oxide or graphene/metal oxide for different gas sensing parameters (such
as concentration of gas, operating temperature, sensor response, response time,
recovery time, etc.).

3.1 SnOyBased Gas Sensor

SnO, is widely used in gas sensors. It has a wide band gap of ~ 3.6 eV, and has a
tetragonal structure. Some SnO,, SnO,/noble metals, SnO,/CNT, SnO,/graphene-
based gas sensors are presented in Table 10.5. Liu et al., using a combustion chemical
vapor deposition process, fabricated nanostructured SnO, thin-film gas sensors.
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They used Pt interdigitated electrodes. The thickness of the film was < 1 um, and it
consisted of nanocrystalline particles with size <30 nm. At 300°C, it showed a sensor
response of 1075 to 500 ppm ethanol vapor, with response time and recovery time of
31 and 8 s, respectively. The detection limit was below 1 ppm. The sensor responses
of SnO, thin-film-based gas sensor for different concentration of ethanol are shown
in Figure 10.2a with permission [74]. In 2020, Wan et al. fabricated graphene
oxide (GO)@SnO, nanofiber/nanosheets (NF/NSs) nanocomposites, which sensed
100 ppm formaldehyde gas with response of 280% at 60°C temperature [75]. In
2012, Mashock et al. reported significant enhancement in the gas sensing properties
of CuO nanowire by using SnO, nanocrystals (NCs). The sensing performance was
observed at room temperature (RT), having sensitivity of ~300% for 1% NH; in air.
The response and recovery times were ~ 125 s and ~ 500 s, respectively [76]. Chunga
et al. in 2014, fabricated Au@SnO, core—shell structure using sol-gel method, and
enhanced the sensor response to 2.9 for 50 ppm of formaldehyde gas. The response
and recovery times were 80 s and 62 s, respectively [77]. Hieu et al. in 2008, fabricated
SnO, nanowires (NWs) and coated it with a functional La,O; layer by solution
deposition, and found enhanced sensor response of ~ 57.3 at 400°C for ethanol with
response and recovery time of ~ 1 and ~ 110 s, respectively [78]. Navazani et al.
in 2020, fabricated SnO,-Pt/MWCNTs-based gas sensor with response of 28.25%
for 100 ppm methane at room temperature. The response and recovery times were
176 s and 763 s, respectively [79]. Zheng et al. in 2011, fabricated sensors from NiO/
SnO, nanofibers which exhibited good sensing properties to 10 ppm formaldehyde
gas at an operating temperature of 200°C, and the minimum detection limit was
0.08 ppm with the response of ~ 6, response time and recovery time of the sensors
were about 50 s and 80 s, respectively [80]. Hwang et al. in 2011 decorated Ag
layers of thicknesses ~ 550 nm on the surface of SnO, NWs via e-beam evaporation
and enhanced the response to ~ 228.1 for 100 ppm ethanol (operating at 450°C)
with response and recovery times ~ 5 sec and ~ 100 s, respectively [81]. Wang
et al. in 2013 prepared Pt-loaded SnO, porous nanosolid (SnO,:Pt PNS), which had
the response of 64.5 to 100 ppm CO at room temperature with a response time of
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Figure 10.2. (a) Sensor responses of the sensor device upon exposure to different concentrations of
ethanol at a working temperature of 200°C [74] (permission granted), (b) Response curves towards
different concentrations of H,S [82] (permission granted).
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~ 144 5 [19]. Song et al. in 2016, demonstrated gas sensors based on SnO, quantum
wires, which were anchored on reduced graphene oxide (rGO) nanosheets, and
had response of 33 for 50 ppm for H,S gas at room temperature with response and
recovery times of 2 s and 292 s, respectively. The response curve of SnO,/Rgo-based
gas sensors for different gas concentrations of H,S gas is shown in Figure 10.2b
[82]. Wang et al. in 2009, fabricated 1 mol% Pd-doped SnO, thin films by sol-gel
method, and detected 10 ppm formaldehyde at 250°C with a response of 1.55, and
response time and recovery time of 50 s each [83]. Hieu et al. in 2007 fabricated
SnO,/MWCNTs composite by thin film microelectronic technique, which detected
60-800 ppm NH; at room temperature with a response of 2-30, and response time
and recovery time around less than 300 sec [84].

3.2 ZnO-Based Gas Sensors

ZnO has a great impact in gas sensors because of its wide band gap of ~ 3.37 eV.
Some ZnO, ZnO/Noble metals, ZnO/CNT, ZnO/Graphene-based gas sensors are
presented in Table 10.6. Tian et al. used a facile solution-processing technique
to grow ZnO nanorods arrays. At 300°C, it showed a sensor response of 70% to
100 ppm ethanol vapor, with response time and recovery time of 10 and 10 s,
respectively. The detection limit was around 1 ppm [85]. In 2014, Chung et al.
fabricated Au@ZnO core-shell structure, which sensed 5 ppm formaldehyde gas with
a response of 10.57% at room temperature. The response and recovery times were
138 s and 104 s, respectively [86]. In 2011, Yu et al. reported sensing performances
of ZnO—CuO and Pt/ZnO-CuO. At room temperature (RT), it showed a response
of ~ 2.64% for 1000 ppm CO in air. The response and recovery times for both were
~ 80 s, respectively [87]. Alfano et al. in 2019, fabricated graphene functionalized
with ZnO nanoparticles using microwave irradiation method, and found enhanced
sensor response of ~ 26 at room temperature for 1 ppm NO, gas [88]. Schutt et al. in
2017, fabricated sensors from tetrapodal-ZnO (ZnO-T) networks functionalized with
CNTs to form (ZnO-T-CNT), which exhibited good sensing properties to 100 ppm
NH; gas at room temperature with a response of ~ 330, response time and recovery
time of the sensors were about 18 s and 35 s, respectively. The sensor response
of ZnO-T with different gas concentration are shown in Figure 10.3a [64]. Wang
et al. in 2019, fabricated a composite prepared from zinc oxide and graphene oxide
nanoribbons (ZnO/GONR)-based gas sensor with a response of ~ 18% for 50 ppm
NO, gas at room temperature. The response and recovery times were 31 s and 27 s,
respectively [89]. Das et al. in 2010, fabricated sensors using Pt/ZnO single nanowire
Schottky diodes by using e-beam lithography, which exhibited good sensing
properties to 2500 ppm hydrogen gas at room temperature, and with a response of ~
80. The sensing properties of Pt/ZnO single nanowire with different temperature are
shown in Figure 10.3b [90]. Iftekhar Uddin et al. in 2014, synthesized a silver (Ag)-
loaded zinc oxide (ZnO)-reduced graphene oxide-based gas sensor with a response
of ~21.2 for 100 ppm acetylene gas at 150°C. The response and recovery times were
25 s and 80 s, respectively [91].
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Figure 10.3. (a) Dynamic NH; response (100 ppm) for ZnO-T samples with content of CNTs: 2.0
wt% [64] (permission granted), (b) Temperature-dependent sensitivity for three representative H,
concentrations [90] (permission granted).

3.3 TiO, Based Gas Sensor

TiO, is also widely used in gas sensors. It has a wide band gap of 3.2-3.35 eV. Some
TiO,, TiO,/noble metals, TiO,/CNT, TiO,/graphene-based gas sensors are presented
in Table 10.7. Seo et al., using a hydrothermal treatment process, fabricated porous
gas sensing films composed of TiO, nanotubes gas sensors. At 500°C, it showed a
sensor response of 50 to 50 ppm toluene gas with some response time and recovery
time [72]. In 2008, Liang et al. fabricated a thick-film of NASICON (sodium super
ionic conductor), which was formed on the outer side hollow Al,O; tube, and
after that, a thin layer of V,0s-doped TiO, was adhered on the NASICON as an
electrode for sensing, which sensed 50 ppm SO, gas with a response of 90% at
400°C temperature. The response time was 10 s and the recovery time was 35 s [92].
In 2010, Moon et al. reported the gas sensing properties of pure and Pd-doped TiO,
nanofiber mats. The sensing performance was observed at an operating temperature
of 180°C, having sensitivity ~ 38% for 2.1 ppm NO, [31]. Acharyya et al. in 2016,
fabricated sensors from TiO, nanotubes and reduced graphene oxide (RGO), which
exhibited good sensing properties, to 800 ppm methanol room temperature, with
the response of 96.93%, response and recovery times of the sensors were about 18 s
and 61 s, respectively [93]. Hu et al. in 2010, decorated Ag-TiO, heterostuctures on
TiO, nanobelts surface by photoreduction, and enhanced the response to ~ 46.153%
for 500 ppm ethanol operating at 200°C, with response and recovery times of
~2 s and ~ 2 s, respectively. The sensitivity of TiO, nanobelts, Ag-TiO, nanobelts,
surface-coarsened TiO, nanobelts, and surface-coarsened Ag-TiO, nanobelts with
different concentrations of ethanol are shown in Figure 10.4 [94]. Karthik et al. in
2020 prepared reduced graphene oxide/titanium dioxide (rGO/TiO,) composite thin
films by using spray pyrolysis technique, which had the high sensitivity of 92%
to 1500 ppm CO, at 673°C, with response and recovery times of ~ 30 s and 25 s,
respectively [95]. Fort et al. in 2019, demonstrated gas sensors based on gold and
TiO, nanoparticles decorated with SWCNT, which have sensitivity of 10% for 1 ppm
of NO, gas at 240°C [96].
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Figure 10.4. The sensitivity profiles of ethanol vapor sensors based on TiO, nanobelts, Ag-TiO,
nanobelts, surface-coarsened TiO, nanobelts, and surface-coarsened Ag-TiO, nanobelts upon exposure to
different concentrations of ethanol vapor at 200°C [96] (permission granted).

3.4 a-Fe,0;-Based Gas Sensor

a-Fe,O; have great impact on gas sensors because of its wide band gap of
~ 2.2 eV. Some a-Fe,0;, a-Fe,05/noble metals, o-Fe,0;/CNT, a-Fe,0s/graphene-
based gas sensors are presented in Table 10.8. Liang et al. fabricated ultrafine
a-Fe,O; nanoparticles by a facile reverse micro-emulsion method. At 340°C, it
showed a sensor response of 36% to 3000 ppm acetone gas [97]. In 2015, Mirzaei
et al. fabricated Ag@a-Fe,0; nanocomposite, which sensed 100 ppm ethanol gas
with a response of 6% at 250°C. The response and recovery times were 5.5 s and
16 s, respectively. The change in resistance of Ag@o-Fe,O; nanocomposite with
different concentrations of acetone are shown in Figure 10.5a [98]. In 2018, Kim
et al. reported Fe,O; particles uniformly decorated on carbon nanotubes (Fe,O;@
CNT). The sensing performance was observed at room temperature (RT), having
response of ~ 1.5% for 1 ppm H,S gas [99]. Sen et al. in 2014, fabricated Polyaniline/
y-ferric oxide (PANi/y-Fe,O5) nanocomposite films, and found sensor response of
~0.5 at 28°C for 50 ppm LPG gas with a response time of 60 s [100]. Muthukumaran
et al. in 2014, fabricated sensors from iron oxide nanostructures with a dendritic-
like pine tree morphology, which showed good sensing properties to 4000 ppm NH,
gas at an operating temperature of 100°C, with the response of ~ 2.65%, and the
response and recovery times of the sensors were about 300 s and 900 s, respectively
[63]. Wang et al. in 2014, fabricated a hierarchical a-Fe,04/NiO composite with
a hollow nanostructure-based gas sensor with response of ~ 18.68% for 100 ppm
toluene gas at 300°C. The response of pure NiO and a-Fe,04/NiO composites with
different concentrations of toluene gas are shown in Figure 10.5b [101]. Zhang
et al. in 2017, prepared reduced graphene oxide/o-Fe,O; (1GO/0-Fe,O;) hybrid
nanocomposites, which exhibited good sensing properties to 5 ppm NO, gas at room
temperature with a response of ~ 3.68. The response and recovery times were ~ 32 s
and 1435 s respectively [102]. Basu et al. in 2019, demonstrated gas sensors based on
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Figure 10.5. (a) Sensing response of Ag@a-Fe,0 towards different concentrations of ethanol vapor at
250°C [98] (permission granted), (b) Response of pure NiO and a-Fe,04/NiO composites at 300°C vs
toluene concentration [101] (permission granted).

nanocomposites of rGO-a-Fe,05, which showed a response of ~ 400% for 10 ppm
of CO gas at room temperature. The response and recovery times were 21 s and 8 s,
respectively [41].

3.5 In,0;-Based Gas Sensors

In,O5 has a great impact on gas sensors because of its wide band gap of ~ 3 eV.
Some In,0;, In,O5/noble metals, In,O,/CNT, In,O,/graphene-based gas sensors are
presented in Table 10.9. Nie et al. synthesized indium nitrate/polyvinyl pyrrolidone
(In(NO;)5/PVP) composite nanofibers. At room temperature, it showed a sensor
response of 53.20% to 1000 ppm NH; gas. The response of In,0,/PANI with
different concentrations of NH; is shown in Figure 10.6 [103]. In 2016, Karmaoui
et al. fabricated sub-spherical In,O;-Pt nanoparticles (NPs), which sensed 1.56 ppm
acetone gas with a response of ~20% at 150°C [27]. Shruthi et al. in 2019, prepared
Y,05-In,0; nanocomposites (NCs), which exhibited good sensing properties to 200
ppm methanol gas at room temperature, with a response of ~ 923. The response
and recovery times were ~ 13 s and 18 s respectively [104]. In 2012, Pashchank
et al. reported fabrication of In,O,/multi-walled carbon nanotubes (CNTs) composite
microstructures. The sensing performance was observed at 200—400°C, having
response of ~ 100% for 500-5000 ppm H, gas [105]. Liu et al. in 2013, fabricated
a Pd-decorated In,O; film, and found enhanced sensor response of ~ 4.6% at room
temperature forl vol% H, gas. The response and recovery times were 28 s and
32 s, respectively [106]. Liu et al. in 2017, fabricated sensors based on the materials
composed of hierarchical flower-like In,O5 and reduced graphene oxide (rGO), which
exhibited good sensing properties to 1 ppm NO, gas at an operating temperature of
74°C, with a response of ~ 1337%, response time and recovery time of the sensors
were about 208 s and 39 s, respectively [107]. Inyawilert et al. in 2019 fabricated
0-1.0 wt% PdO,-doped In,O; nanoparticles-based gas sensors with a response of
~3526% for 10000 ppm H, gas at 250°C [108]. Ma et al. in 2010, fabricated sensors
from Pr-doped In,O; nanoparticles, which exhibited good sensing properties to
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Figure 10.6. The response values of pure PANI and three In,O;/PANI nanofibers sensors to different
concentrations of NH; at room temperature [103] (permission granted).

50 ppm ethanol gas at an operating temperature of 240°C, and with a response of
~ 106. The response and recovery times were 16.2 s and 10 s, respectively [109].

3.6 WO;-based Gas Sensor

WO, also has a great impact in gas sensors because of its wide band gap of
~ 2.7 eV. Some WO;, WO;/noble metals, WO,/CNT, WO,/graphene-based gas
sensors are presented in Table 10.10. Ke et al. fabricated a WO, thin film-based gas
sensor. At 200°C, it showed a sensor response of 12.5% to 20 ppm benzene gas. The
response and recovery times were 70 s and 120 s, respectively. Figure 10.7 shows the
change in resistance with different concentrations of benzene [110]. In 2015, Kim
et al. fabricated WO; nanorods decorated with both Pd and Au nanoparticles, which
sensed 200 ppm acetone gas with a response of 152.4% at 300°C. The response
and recovery times were 101 s and 96 s, respectively [111]. In 2019, Zhao et al.,
reported Au@WO; core—shell nanospheres (CSNSs)-based gas sensors. The sensing
performance was observed at 100°C, having a response of ~ 136% for 5 ppm NO,
gas, and the response and recovery times were 218 s and 2649 s, respectively [112].
Wang et al. in 2017, fabricated Pt-loaded mesoporous WO;-based gas sensors, and
found sensor response of ~ 13.61 at 125°C for 200 ppm NH; gas, with a response
time of 43 s and recovery time of 272 s [113]. Hashishin et al. in 2008, fabricated
sensors from CNTs-WO; composite, which exhibited good sensing properties to
5 ppm NO, gas at an operating temperature of 300°C, with a response of ~ 677%,
and the response time and recovery time of the sensors were about 30 s and 75 s,
respectively [62]. Shi et al. in 2016, fabricated a reduced graphene oxide/hexagonal
WO, (rGO/h-WO;) nanosheets composites-based gas sensor with a response of
~ 168.58% for 10 ppm H,S gas at 330°C, and also having a response time of ~ 7 s,
and recovery time of ~ 55 s [114]. Le et al. in 2019, fabricated a sensor from 0.5 wt%
CNT/WO; nanoplate, which exhibited good sensing properties to 30 ppm NH; gas
at an operating temperature of 50°C, and the minimum-detection-limit was 3 ppb,
with a response of ~ 45 [115]. Zhao et al. in 2019, prepared mesoporous WO,@
graphene aerogel nanocomposites, which exhibited good sensing properties to
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Figure 10.7. Effect of the sensor temperature on benzene sensitivity [110] (permission granted).

50 ppm acetone gas at an operating temperature of 150°C, and with a response of
~ 15%. The response and recovery times were ~ 13 s and 65 s, respectively [116].

4. Summary of Recent Advances
Innovations in Gas Sensing

i) Using the CNT-based paper, it is possible to make flexible gas sensors

CNT paper mixed with metal oxide can be pasted on the substrate, and electrode
would be deposited over it. Thus, the idea of flexible gas sensor can be realized.

ii) CNT mixed with metal oxide

When CNT is used in combination with metal oxide, it improves its gas sensing
properties. CNT is decorated with metal oxide, CNT is kept in less quantity
just to help in enhancing the conduction, sensing performance, and also help in
reducing temperature. There are several types of CNTs, and in this review, we
are mostly focusing on the MWCNTs. These can be functionalized and CNTs
can work as a sensing material, but in such cases the responses are very poor,
and therefore we have focused on composites of metal oxides with CNT. For
example, Schiitt et al. synthesized ZnO-T-CNT network by using flame transport
technique. This was used to detect NH; up to 100 ppm at room temperature,
and have a response of 330, with response and recovery times of 18 s and 35 s,
respectively. Figures 10.8a and b show the sensing mechanism and response of
ZnO-T samples with different contents of CNTs: 0.0, 0.8, 2.0 wt%, and (j—1) 4.0
wt% for NH; gas [64] (permission granted).
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Figure 10.8. Shows (a) On the exposure to NH; vapor, a higher change in the height of the potential
barrier between the ZnO-T-arms can be obtained due to adsorbed NH; molecules on the CNT, leading to
an electron transfer to ZnO through the CNT, (b) Dynamic NH; response (100 ppm) for ZnO-T samples

iiii)

with different contents of CNTs: 0.0, 0.8, 2.0 wt%, and (j—1) 4.0 wt% [64] (permission granted).

Graphene mixed with metal oxide

It has been observed that presence of graphene helps in improving the gas
sensing properties. For example, Song et al. demonstrated gas sensors based on
SnO, quantum wires, which were anchored on reduced graphene oxide (rGO)
nanosheets, and had a response of 33 for 50 ppm of H,S gas at room temperature,
with response and recovery times of 2 s and 292 s, respectively. The gas sensing
mechanism is also shown in Figures 10.9a and b [82] (permission granted).

Presence of noble metals

Noble metals affect the gas sensing properties by influencing the electronics
of the chemical environment at the surface of the metal oxide. For example,
Chung et al. fabricated Au@ZnO core—shell structure-based gas sensors, which
exhibited a good response of around 10.57 for formaldehyde gas up to 5 ppm
at room temperature, with response and recovery times of 138 s and 104 s,
respectively [86]. Figures 10.10a,b, and ¢ show the gas sensing mechanism
and sensor response of pure SnO, NWs and Ag-decorated SnO, NWs [81]
(permission granted).
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Figure 10.9. (a) Schematic illustration of H,S sensing mechanism of gas sensors employing SnO,
quantum wire/rGO nanocomposites, (b) Response curves of gas sensors based on pristine rGO, SnO,

quantum wires (8 h) and SnO,/rGO nanocomposites (8 h) [82] (permission granted).
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Figure 10.10. Schematic diagrams on the gas sensing mechanism of (a) pure SnO, NWs and
(b) Ag-decorated SnO, NWs, and (c) C,HsOH responses (Ra/Rg) [81] (permission granted).

v) 1D, 2D, thin film

One-dimensional nanostructures, such as nanowires, nanotubes, nanorods,
nanopillars, nanoneedles, nanocylinders, and nanowhiskers, have great attention
because of their potential applications in catalysts as carrier materials. For
example, in 2011, Hwang et al. fabricated a sensor via e-beam evaporation
techniques. Ag layers were uniformly coated on the surface of SnO, NWs with
thicknesses ranging from 5 to 50 nm, which were converted into islands of Ag
by heat treatment at 450°C for 2 h. They have a good response of ~ 228.1 for
100 ppm ethanol (operating at 450°C), with response and recovery times of
~ 5 sec and ~ 100 s, respectively. The TEM image of Ag-coated SnO, NWs is
shown in Figure 10.11 [81] (permission granted).

Figure 10.11. Transmission electron micrographs of 5SAg-SnO, NW networks [81].

5. (i) Gas Sensing Mechanism

In order to explain the gas sensing mechanism, n-type semiconductor oxide materials
with reducing gas are considered, as these are easier to explain. Similar will be the
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case for p-type oxide semiconductor materials with oxidizing gas. In the case of
nanomaterials, first they are annealed at a certain temperature to form a neck between
nanomaterials. It is well known that metal oxides are oxygen deficient by nature,
resulting in adsorption of oxygen at its service in the form of O,, O, O* depending
on the temperature of the surrounding. When these oxides are exposed to air, oxygen
molecules engage the electrons, and thus the resistance of nanomaterials increases in
the presence of oxygen. In the presence of reducing gases, these oxygen molecules
are taken away by it, and thus the electrons are released back, which increases the
conductivity or decreases the resistance of the material. This can also be explained
in terms of formation of depletion layer. In the presence of oxygen, electrons are
bound, therefore it can be said that the width of the depletion layer increased, and in
the presence of reducing gases, the depletion region width is reduced. The adsorption
of gases at the surface of the metal oxide can be understood with the help of the
following equations [103]

0,(gas) — O,(ads) (la)
At (T < 100°C), 0,(ads) + e — O, (ads) (1b)
At (100°C < T <300°C), O, (ads) + e~ — 20~ (ads) (1c)
At (T > 300°C), O~ (ads) e — O* (ads) (1d)

In the case of nanoparticles, when the size of the nanoparticles is in the range
of Debye length, the sensor response increases drastically. The Debye length Ly, is
defined as—

Lp = (e kT/e’n, )"

where €, K,T, e, and n, are the dielectric constant, Boltzmann constant, temperature,
electronic charge, and density of electrons, respectively. This is due to the creation of
a complete depletion region at the neck of the particles (become oxygen deficient),
resulting in increase in the resistance to a very large amount. In the presence of
reducing gases, almost all of the oxygen is taken away, resulting in the opening
of the complete channel at the neck region, resulting in very low resistance. Thus,
when nanomaterials with smaller size are used, the response of the device increases
drastically.

(ii) Role of Metal Catalyst

When noble metals are used for enhancing the gas sensing response, it acts in two
ways (i) Chemical sensitization: When noble metals such as platinum or gold are
used, they adsorb oxygen molecules on their surface, thus more oxygen is adsorbed
compared to bare metal oxide. Thus, the resistance of the material increases by using
noble metals. In the presence of reducing gases, they take away almost all the oxygen,
thus decreasing the resistance. In such cases, the presence of noble metal provides
electrons for conduction, thus decreasing the resistance further. (ii) Electronic
sensitization: On the other hand, some metals such as palladium, silver, etc. form
metal oxide in the presence of oxygen. Thus, p-n type junction is formed between
p-type oxide catalyst and n-type sensing metal oxide, which increases the width of



https://www.twirpx.org & http://chemistry-chemists.com

Metal Oxide/CNT/Graphene Nanostructures for Chemiresistive Gas Sensors 187

the depletion layer. Thus, the overall resistance of the material in the presence of
oxygen is increased. In the presence of reducing gases, these noble metal oxides turn
to metal, and provide electrons to decrease the resistance further. Thus, it increases
the resistance in the presence of oxygen and decreases the resistance in the presence
of reducing gases. Thus, they enhance the overall sensor response. The gas sensing
mechanism of Pt/ZnO single nanowire for H, gas is shown in Figures 10.12a,b,
and ¢ [90] (permission granted).

(iii) Role of CNT

Since CNTs are longer and conducting, they help in transporting the electron
to the nearest electrode. Thus, when CNT is present, it can increase the response
time. Similarly, CNTs are generally p-type materials, and therefore they take part
in increasing or decreasing the concentration of electrons, and thus changing the
sensing properties, as discussed in the case of noble metals.

(iv) Role of Graphene

Graphene being a two-dimensional material and also having good conductivity,
helps in a similar way as carbon nanotube in affecting the sensing properties, but
with better efficiency.

Figure 10.12. (a) Diagram of the Pt/ZnO single nanowire H,-sensing mechanism. Energy-level diagram
of (b) Pt/ZnO nanowire interface and (c) ZnO nanowire surface [90].
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6. Conclusion and Further Remark

The main advantage of this kind of metal oxide CNT/graphene composite gas sensor
is that the sensing can be done at a relatively low temperature. By optimizing the
conditions, sensing can also be done at room temperature in certain cases for certain
gases. The disadvantage of this method is that the amount of CNT should be very
less, otherwise they will short the electrodes. Thus, the amount of CNT needs to be
optimized.

Need of standardization of gas sensor

One of the main concerns of gas sensor research is lack of standardization,
e.g., definition of limit of detection. The limit of detection is determined by further
extrapolating the R,/R, versus concentration curve to 36/R,. Where o is defined as
the standard deviation of R,

There are other problems in the standardization of gas sensors: The researchers
working in this field do not adhere to a uniform limit of detection while claiming
the detection limit of their gas sensor. Also, there is a lot of non-uniformity in the
working temperature selection at different places and environment. It ranges from
30°C to 400°C. Another point is that it is well known that water vapor produces
resistance change in metal oxides, and therefore it is also mandatory to provide
humidity data. It is also to be noted that very few researchers have worked away from
the linear range or selectivity to meet industrial application. Due to these reasons, gas
sensors are not standardized.
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CHAPTER 11

Chemical Route Synthesis and
Properties of CZTS Nanocrystals
for Sustainable Photovoltaics

Shefali Jain, Pooja Semalti, Vidya Nand Singh and
Shailesh Narain Sharma*

1. Introduction
1.1 Foundation of Photovoltaic Solar Cell

Huge amount of energy demand and environmental concerns for our earth (such as
large demand of fossil fuels for energy production, climate change, carbon emission,
etc.) forces us to use renewable and clean sources of energy [1]. Sun provides us a
clean and inexhaustible source of energy [2]. Photovoltaic (PV) cells made up of
semiconductor materials have the capability to capture and convert this solar energy
to electricity through an electronic process, as shown in Figure 11.1. Energy received
from the sun frees the electrons in the semiconductor materials. These charges are
then forced to travel through an electrical circuit for driving different electrical
devices. The PV effect was first observed by Alexandre Edmund Becquerel in 1839.
Bell Labs situated in the U.S. were the first who introduced the solar cells for some
scientific and commercial applications [3].

1.2 Efficiency of Solar Cells

The maximum efficiency of any solar cell is the maximum power that can be
collected from the cell. The maximum theoretical limit of an efficiency was
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Figure 11.1. Working of photovoltaic device.
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Figure 11.2. Shockley-Queisser limit for the efficiency of a solar cell.

determined in 1961 by William Shockley and Hans Queisser. It was found that for
a single p-n junction having a band gap of 1.34 eV, the maximum limit for solar
conversion efficiency (under 1000 W/m?, AM 1.5, Figure 11.2) is around 33.7% [4].
The presently commercialized silicon-based solar cell, having a band gap of 1.1 eV,
has a theoretical maximum efficiency of 29%. However, the practically achieved
efficiency for these mono-crystalline silicon solar cells is about 25% due to different
losses, mainly by reflection off the front surface and light blockage. According to the
Shockley Queisser (SQ) limit, the maximum efficiency of CZTS-based photovoltaic
materials would be ~ 32.2% [5]. This concept is valid only for a single p-n junction
cell, however, the cell having multiple p-n junctions can outperform this limit with a
maximum efficiency limit of 86% [6].

1.3 Future Photovoltaic Cell

The commercialized solar cells available in the market are based on crystalline silicon
and thin-film semiconductor materials. Silicon solar cells are highly efficient, having
higher manufacturing costs, however, thin-film solar cells have a low manufacturing
cost but lower efficiencies. Other types of solar cells, such as multi-junction tandem
cells, have specialized applications in satellites and military applications due to
their light weight and very high efficiencies. The present and future scenarios of the
efficiencies for different type of solar cells are shown in Figure 11.3. On the basis of
the different materials used, solar cells are divided into three different generations.



https://www.twirpx.org & http://chemistry-chemists.com

Colloidal CZTS Nanoparticles for Sustainable Photovoltaics 197

Best Research-Cell Efficiencies LINREL

Oosrarond coenz

Cell Efficiency (%)
=
T

L ||r|._|_|||'_]_||||_]_||||'IIII'IIII'IIIIlIIIII' i
a5 = 3 150 =3 20 E F i i

Figure 11.3. Cell efficiency levels for different generation photovoltaic cells (Single junction wafer
Si approaching practical performance limits and challenge facing thin films: closing the gap between
laboratory and production devices). Source: National Renewable Energy Laboratory (NREL), July 2018.

1.3.1 First Generation Photovoltaic Solar Cell

This is the oldest form of solar cells using single/multi crystalline silicon wafers as
an absorber material. They have a payback time of 1-2 years. Presently, these types
of solar cells are used for both domestic and commercial purposes. They are the most
popular as they have a good performance (25%) with high stability. However, the
production of these types of solar cells requires high cost and lot of energy.

1.3.2 Second Generation Photovoltaic Solar Cell (Thin-Film Technology)

These types of solar cells have lower efficiency (15-22%) as compared to the first
generation. However, the production cost for this thin film technology is lower.
These thin film technology-based solar cells use amorphous silicon, CdTe, and
CIGS/CZTS inks as an absorber material. They have many advantages, such as low
materials consumption, low production cost, and production on flexible substrates
(Figure 11.4). However, the production of these type of solar cells includes mainly

Figure 11.4. Flexible substrate for thin film solar cell [8].



https://www.twirpx.org & http://chemistry-chemists.com

198  Chemical Methods for Processing Nanomaterials

vacuum synthesis at high temperature. Researchers are working on non-vacuum
processes for their production.

1.3.3 Third Generation Photovoltaic Solar Cell

These types of solar cells are most efficient solar cells which use organic materials,
such as polymers, as active materials. The multijunction tandem cells having high
efficiency also belong to this category, however, they are very expensive. The thin
film photovoltaic cells based on low bandgap perovskite materials are another
category of solar cells gaining the attention of the scientific community. This type of
solar cell has many advantages, such as being simple, quick, low cost, flexible, and
having a large-scale roll-to-roll production for a commercial purpose. However, they
suffer from low efficiency and high instability.

2. Introduction to CZTS Nanoparticles
2.1 Brief Summary of Properties of CZTS

Photovoltaic electricity generation based on silicon technology with a record
efficiency of 25% does not fulfill the energy demands of the earth [9]. To overcome
the high cost of silicon wafers, the materials such as CdSe, CdTe, CulnSe,,
CulnGa(SSe),, CIGS offering stable and efficient (~ 22%) [9] photovoltaic
modules (second generation photovoltaic materials) have been studied. However,
the availability and expensiveness of indium is also one of the concerns. To meet
the increased demands of energy, the major issues, such as increasing the use of
the traditionally available materials, using cost effective methods, and searching for
other alternatives for both the materials and cost-effective methods maintaining the
eco-friendly environments need to be addressed. Hence, it is necessary to develop
the solar cell with high efficiency, long term stability, less environmental damaging,
and lowest possible cost. The quaternary compounds, such as Cu,ZnSnS, (CZTS),
Cu,ZnSnSe, (CZTSe), and Cu,ZnSn(Se,S, ), (CZTSSe) have attracted escalating
consideration of researchers for photovoltaic devices [10]. They have very good
properties, such as P-type conductivity, ideal direct bandgap, and large absorption
coefficient for photoactive applications. Among these, the CZTS absorber layer is
of immense importance because of its direct and low band gap of 1.4-1.5 eV with
a higher absorption coefficient of 10* cm™ [11]. The availability of the constituent
elements of these particles is ~ 50, 75, 2.2, and 260 ppm, respectively, as compared
to indium, which is ~ 0.049 ppm only [12]. Due to the toxic constituents, such as
Cd and low abundance of In and Te, these quaternary chalcopyrite materials act as
an absorber layer by replacing half with tin and half with zinc. Therefore, CZTS
compound has been studied as a new developing absorber material in inorganic, low-
cost solar cell devices.

2.2 Structural Analysis of CZTS

CZTS is a I,-1I-IV-V, quaternary chalcopyrite semiconductor compound. On the
basis of crystal modifications, there are two main tetragonal structures: kesterite type
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Figure 11.5. Schematic representations of the kesterite CZTS structure.

and stannite type [13]. Both the kesterite and stannite structures constitute a cubic
closed packing arrangement of the anion (S), and cations (Cu*, Zn*", Sn*"), such that
cations occupy 50% tetrahedral voids. Thus, due to different positions of the cations
present in the structure, they have different space groups.

Kesterite are the minerals with AL,BIICIVXVI, structure (with A = Cu,
B =Zn, Fe, C=Sn, and X = S, Se) which are found in nature with iron (Cu,(Zn, Fe)
SnS,) content in them [14]. The kesterite phased CZTS is mostly found because of
its higher thermodynamic stability, i.e., lower energy as depicted by first principle
calculations by Chen et al. as compared to stannite phased CZTS [15, 16].

The kesterite structure is constituted of alternate layers of cations Sn and Zn
coordinated with Cu along z axis at z = 0, 1/4, %, and % respectively (Figure 11.5).
Thus, in kesterite phase CZTS with space group 14 the coordinates of Cu with Zn
are 2a (0,0,0), while another Cu was arranged at 2¢ (0,1/2,1/4) and 2d (0,1/2,3/4),
while Sn occupies the 2b site (0, 0, 1/2). The S anions occupies 8¢ (x,y,z) in the (110)
mirror plane [17, 18].

There exists one more type of structure for CZTS, i.e., wurtzite structure. In this
structure, Zn is replaced by Zn, Cu, and Sn in wurtzite ZnS, such that each sulfur
atom is coordinated by one Zn, two Cu, and one Sn atom. It is just a cationic disorder
in kesterite CZTS structure.

2.3 Pure Phase Engineering and Defect States of CZTS

The valance band consists of a linear combination of S-3p and Cu-3d (antibonding).
However, the conduction band is constituted of an isolated energy band made by
S-3p and Sn-5s states [17, 19]. They explain the most stable symmetry in case of
kesterite phase CZTS having a high absorption coefficient in visible spectrum,
which is dependent on dielectric function. Neutron powder diffraction by Schorr
et al. determines that Cu,ZnSnS, crystallizes in the most stable kesterite structure.
They have low formation energy with point defects Zn., and Cuy, anti-sites in the
Cu-Zn (001) plane at Z = 1/4 and % which makes CZTS p-type [20].
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In literature, the CZTS synthesized in Zn-rich and Cu-poor configurations was
observed to have a high efficiency solar cell, as it makes CZTS more p-type. However,
the clear definition of Cu-poor and Zn-rich is not defined. Thus, it was found that for
the higher efficiency solar cell, the CZTS nanoparticles must have a configuration
such that Cu/(Zn+Sn) and Zn/Sn should lie in the ranges of 0.7-0.9 and 1.1-1.3,
respectively. As confirmed by Fairbrother et al., the shaded area in Figure 11.6
indicates the CZTS nanoparticles with the compositions such that Cu/Sn = 1.7-1.9,
Cu/Zn =1.3-1.7, and Zn/Sn = 1.1-1.3, in the range such that the device efficiency is
higher [21]. Figure 11.6 shows the possible range for the chemical potential resulting
into the formation of quaternary semiconductor phase of Cu,ZnSnS,, which is very
narrow and is stable [22].

Thus, it is very difficult to fabricate single-phase Cu,ZnSnS,. By the ternary
phase equilibrium of Cu,S—ZnS—SnS, [23], it was found that with a slight variation
in the composition of input precursors, reaction time, and temperature, the formation
of binary and ternary compounds is also possible during CZTS synthesis. These
secondary phase formations during the synthesis of CZTS may lead to poor and low
efficiency device quality [24, 25]. Cu-poor and Zn-rich composition results in ZnS
phases many times, having a very high bandgap, resulting in insulator regions in the
device, thus reducing the device performances [26].

However, these binary phases may also result in the evolution of CZTS
nanocrystals depending on the reaction conditions. Guo et al. described the final
formation of CZTS nanoparticles from the spherical shaped Cu,S nanoparticles to
pure rice-like wurtzite phased CZTS nanoparticles. The authors of the chapter also
studied the development of kesterite phased rod-shaped CZTS nanoparticles from
Cu,S nanoparticles (shown in Figure 11.7), which involves three steps: (1) The rapid
nucleation of Cu,S, (2) The asynchronous diffusion of zinc (Zn) and tin (Sn) with
simultaneous growth and shape transformation, and finally, (3) conversion to pure
CZTS NCs was obtained. Due to similar anionic lattice structures of both Cu,S and
CZTS, the inter-diffusion of cations take place at high reaction temperatures [11, 27].
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Figure 11.6. The chemical potential phase diagram of Cu,ZnSnS, under Cu-rich conditions [22].



https://www.twirpx.org & http://chemistry-chemists.com

Colloidal CZTS Nanoparticles for Sustainable Photovoltaics 201

y Growth Regime

[ |

After -
Injecting During 8 During 8
'rénp Sat Minutes from minutes to

i nucleation 15 minutes
275°C
—

Mucheation OS5

hape
Modification

Cucl +Zncl +Sncl +OPiC H 3,

Figure 11.7. Schematic showing the development of CZTS nanorods from Cu,S nanoparticles at a
molecular level [27].

However, different reaction conditions, such as temperature, various surfactants, etc.
lead to different phases explained further in the chapter. Furthermore, Zhang et al.
found that wurtzite phase of CZTS can be formed by partial replacing of Zn sites in
ZnS by Cu and Sn atoms [18].

3. Synthesis of CZTS Nanoparticles

CZTS thin films fabrication process can be done by both vacuum and non-vacuum
method, but it was observed during the literature survey that the efficiency of solar
cells based on CZTS-family (CZTSSe 12.6% using chemical route) [91] thin film
synthesized by non-vacuum technique have obtained the highest efficiency. Here,
authors are discussing different methods for the fabrication of CZTS thin film for the
introduction, however, the chemical route has been discussed in detail (summarized
in Figure 11.8).

| synthesis of czTs thin film |

Vacuum process | Non vacuum process

I Sputtering (Max. Eff. 6.7%) l - Spray pyrolysis deposition
(Max. Eff. 1.15%)

| Evaporation (Max. Eff. 8.4%) |

Electrodeposition (Max.
| PLo(vax. Eft. 6.7%) | | e, 7.3%)

—*| Solgel (Max. Eff. 2.23%)

Other low cost deposition
techniques like screen
L] printing (0.49%), CBD ion
exchange (0.16%), SILAR
(0.396%) etc.

Figure 11.8. The efficiency for CZTS thin film solar cells by both vacuum and non-vacuum methods.
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3.1 Vacuum-Based Deposition

The vacuum-based techniques involve the efficient control over the synthesis
parameters, such as temperature and pressure, resulting in controlled chemical
composition and phase of the samples with good reproducibility. The vacuum-based
methods mainly involve sputtering, evaporation, and PLD based techniques. In these
techniques, the constituent precursors of the CZTS nanoparticles were deposited
under various temperature and pressure conditions.

3.1.1 Sputtering Techniques

This technique involves many methods used by different researchers, such as Ar beam
sputtering by Ito and Nakazawa in 1988 [28], DC-magnetron and RF magnetron
sputtering [29, 30], ion beam sputtering [31], pulsed laser deposition [32], atom
beam sputtering [33], and many more. The first CZTS solar cell with an efficiency
of 3.7% based on sputtering method was reported [34]. After that, Chalapathy
et al. reported a CZTS-based solar cell with a conversion efficiency of 4.59% by DC
sputtering [35]. Katagiri et al. also prepared the solar with CZTS thin films as an
acceptor layer with an efficiency of 5.74% using Cu, ZnS, and SnS nanomaterials
as precursors [36]. However, the CZTS solar cell with an efficiency of 6.77% was
established in 2008 using this technique [37, 38].

3.1.2 Evaporation Techniques

This technique involves co-evaporation, fast evaporation, electron beam (EB), and
thermal evaporation techniques for the deposition of CZTS thin films [39, 40, 41,
42, 43, 13]. It involved two different approaches, first the simultaneous deposition
or sequential deposition of all precursors, followed by the second step, called
sulfurization or annealing.

The first CZTS-based inorganic PV device with PEC 0.66% was designed using
EB evaporation method by Katagiri et al. in 1997. However, the device synthesized
by sequential deposition of precursors showed a conversion efficiency of 2.62%
by the same group in 2001, followed by vapor-phase sulfurization [39]. Kobayashi
et al., who followed a similar technique of sulfurization at 520°C, observed an
efficiency of 4.53% [40]. Schubert et al. observed a maximum PEC of 4.1% in a
device synthesized based on the co-evaporation process [43]. However, Shin et al.
observed that the device based on thermal evaporation method showed a maximum
efficiency of 8.4% [13].

3.1.3 PLD Technique

This technique has many advantages, such as consistent and uniform deposition
on the target, increased crystallinity, clean deposition because of inert atmosphere,
simplicity, and flexibility [44, 45]. The quality of the deposited film depends on
many factors, such as pulse-rate, distance, and length between substrate and target
temperature and substrate orientation. The literature survey shows that the small area
deposition (~ 1 cm?) is the only disadvantage in using this method.
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Sekiguchi et al. reported the first PLD-based solar device having CZTS thin
films on GaP substrate [46]. Moholkar et al. observed the maximum efficiency of
4.1% for CZTS-based solar cell device using this technique [47, 13].

3.2 Non Vacuum-Based Deposition

The large production of the low cost and vacuum-free production of photovoltaic
device involves various techniques for deposition, such as chemical bath deposition
[48], hydrazine solution preparation and spin coating [49], electroplating [50],
spray pyrolysis [51], ultrasonic spray pyrolysis [USP] setup [52], sol-gel [53], and
electrodeposition [54].

The vacuum-based methods are expensive and suffer low materials utilization,
and consumption of large energy. However, non-vacuum-based methods are cheap,
have less energy consumption, and provide good and uniform thin films over a large
area. This technique can also incorporate flexible substrate for thin film deposition.
Thus, the successful low cost, non-vacuum deposition techniques, in combination
with the non-toxic and earth abundant constituents of CZTS, lead to the unparalleled
growth in photovoltaic technology.

3.2.1 Spray Pyrolysis Technique

In this method, the target surface is heated to a high temperature of about 600°C, and
then the precursor metal salts solutions are sprayed onto the heated surface, which
causes the pyrolysis of the sprayed material, and the formation of a thin film coat on
the surface. The structural and optical properties of the film depend highly on the
temperature of the target surface, and it was found to have better quality in the range
of 500°C—650°C in pyrolysis.

This technique was first used by Nakayama and Ito in 1996 for the stannite-phased
CZTS films [55]. Kamoun et al. followed a similar technique for the preparation of
kesterite-phased CZTS. However, secondary phases of CuS and Cu,S were observed,
which were removed by post annealing and sulfurization [56]. Furthermore, the same
technique can also be used without annealing or post-deposition sulfurization to
obtain single-phased CZTS [57].

In spite of advantages, such as low cost and vacuum-free technique, this technique
cannot be scaled for industrial applications, which is the biggest disadvantage with
this method.

3.2.2 Electrodeposition Technique

It is a non-vacuum low-cost method which can also be used for large scale production
in industries. It involves sequential or 1-step electrodeposition of precursors,
followed by sulfurization/annealing. Scragg et al. first fabricated the solar cell using
CZTS as thin films using this technique, and got an efficiency of 3.2% with some
improvements in annealing conditions [58, 59]. However, Ennaoui et al. observed a
PEC of 3.4% using the same technique for copper-poor CZTS material as an absorber
layer in 2009 [60]. The solar cell developed by electrodeposited CZTS got a record
efficiency of 7.3% fabricated by Deligianni et al., which includes metal stacking
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using electrodeposition technique, followed by low temperature annealing in N,, and
sulfur vapor producing highly crystalline CZTS phase [61].

3.2.3 Sol-gel Deposition Technique

It is also a very simple and low-cost technique based on spin coating. The first device
fabricated by Tanaka et al. based on spin-coated CZTS layer shows the conversion
efficiency of 1.01%. The same group further improves the conversion efficiency to
2.03% by improving the synthesis condition of CZTS, which involves annealing of
CZTS precursor film in sulfur environment at 500°C for 1 hour [62, 63, 64, 53].

3.2.4 Colloidal Route Technique

CZTS can also be synthesized by the colloidal route. This method develops CZTS
nanoparticles in the pure kesterite phase with a good yield. The main advantage of
this method is that it does not require post synthesis sulfurization/selenization.

The CZTS nanocrystals were synthesized firstly by Guo et al. by the hot
injection technique using Olylamine as a solvent containing 1.5 mmol copper (II)
acetylacetonate, 0.75 mmol of zinc acetylacetonate, and 0.75 mmol of tin(IV)
bis(acetylacetonate) dibromide in oleylamine at 225°C. Xin et al. fabricated a dye
sensitized solar cell using CZTS nanoparticles synthesized by the above method, and
observed to have a maximum efficiency of 7.37% [65]. Our group also synthesized
kesterite-phased CZTS nanoparticles using hot-injection technique using TOPO
(Tri-Octyl Phosphine Oxide), and studied the formation of CZTS from Cu,S
nanoparticles [27].

3.2.5 Other Non-Vacuum Technique

Zhou et al. reported a screen printing (SP) approach for the CZTS-based solar cell
preparation of 0.49% efficiency [66].

The solvothermal route is another non-vacuum method as introduced by Cao
and Shen to synthesize high quality CZTS nanoparticles at 180°C in an autoclave
with a Teflon lining [67]. Successive ionic layer adsorption and reaction (SILAR)
technique is another good chemical route method, as reported by Shinde et al., for the
formation of CZTS thin films by sequential reaction on SLG substrate surface [68].
The maximum efficiency of 1.85% was reported by Mal et al. using wet chemistry
(SILAR) technique [69]. Recently, another novel technique known as an open
atmosphere chemical vapor deposition (OACVD) was reported by Washio et al. It
includes the synthesis of CZTS nanoparticles using oxide precursors. CZTS-based
best solar cells yielded an efficiency of 6.03%.

In all the synthesis methods, the morphology and size of CZTS nanoparticles
depends on many factors, such as the surfactant used, the reaction time, atomic
precursors, etc. It has been found in literature that with change in reaction time,
different shapes of CZTS nanoparticles, such as sphere, rhombus, and rice can be
obta