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Preface

This encyclopedia has been written by leading professionals
in the field worldwide. The chapters are arranged alphabeti-
cally to simplify its use by readers. We expect that our book
will be useful not only for specialists (professors, researchers,
engineers), but also for undergraduate and graduate students.
On the whole, the target audiences are as follows: students,
scientists, college and university professors, research profes-
sionals, technology investors and developers, research enter-
prises, R&D and defense research laboratories, and academic
and research libraries. These very broad spectra of special-
ists work in the fields of nanotechnology and nanoscience
and have strong connections with materials science, electrical
and electronic engineering, solid-state physics, surface sci-
ence, catalysis, “greener” chemical processes, colloid science,
ceramic and chemical engineering, coatings and adsorbents,
drug delivery, polymer science and engineering, sol-gel sci-
ence, supramolecular science, nanomedicine, metallurgy and
powder technology, device and chip engineering, aerospace
engineering, computer technology, information technology,
environmental engineering, biomimetics, pharmacy, biotech-
nology, water splitting and remediation, etc.

© 2016 by Taylor & Francis Group, LLC

Students can easily find any data on classic nanotech-
nology in this book and use them in classroom presenta-
tions. Professionals can use the book as a background for
their research work, presentation in congresses, and lectures
for graduate and postgraduate students in most universities
worldwide. The book contains a host of illustrative material
in black and white, and the accompanying e-book contains all
of the figures/images in full color. You can access the e-book
using the code provided on the inside cover of this book.

Placing specialists at the forefront of the nanoscience revo-
lution, this book identifies current challenges and development
paths sure to influence fields examining the design, application,
and utilization of devices, techniques, and technologies critical
to research at the atomic, molecular, and macromolecular levels
ranging from 1 to 100 nm. We hope that this encyclopedia will be
an invaluable reference source for the libraries of universities and
industrial institutions, of government and independent institutes,
and for individual research groups and scientists working in the
fields of nanoscience and nanotechnology.

The editors are very grateful to the contributors for their
hard work and patience.
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INTRODUCTION

This chapter deals with the biomimetic method in nanosci-
ence and nanotechnology. Predictability on the basis of sci-
entific understanding is a precondition for technology. The
aims of science are to explain and understand and to organize
knowledge. With a solid scientific basis, it shall be possible to
make predictions, for example, about the movement of planets
or asteroids, molecules, water flow around pillars, or emer-
gent properties such as bird flock flying patterns and swarm
intelligence in ants. To achieve this, various techniques and
methods are applied.

Nanoscience and nanotechnology tools and techniques
have rapidly developed since the 1980s. Current tools and
techniques for characterization, manipulation, and fabri-
cation of matter at the nanoscale are manifold. The four
major groups of nanoscale probing tools are scanning
probe microscopy, (including scanning tunneling micros-
copy, atomic force microscopy (AFM), and scanning near
field optical microscopy), as well as electron microscopy,
x-ray methods, and optical techniques (Bhushan 2010). The
core tool, the AFM, was invented in 1986 (Binnig et al.
1986). This lenseless microscope has subnanometer reso-
lution, can be used for imaging as well as manipulation
down to the single atom level, and works in various envi-
ronments such as vacuum, air, water, buffer solutions, and
oil (Haugstad 2012). This makes it so interesting for appli-
cations regarding the investigation of biological samples
(Parot et al. 2007). Even live cells (Henderson 1994) or
protein—protein interactions on the single protein level can
be imaged with this device in real time at unprecedented
resolution (Viani et al. 2000).
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Nanotechnological products and processes can be devel-
oped on the grounds of nanofabrication (lab scale), molec-
ular manufacturing (manufacture of complex nanoscale
structures by means of nonbiological mechanosynthesis
and subsequent assembly), and nanomanufacturing (indus-
trial scale) (Bhushan 2010). In such products and processes,
nanotechnology can be embedded in numerous aspects of the
manufacturing processes. While the physics itself is the same
across all length scales, materials and structures have unique
size-dependent properties (that may be very different from
the properties of bulk material). Also, the smaller the size, the
more relevant the structure of the material becomes. Single
atoms, molecules and nanostructures exhibit unusual physi-
cal, chemical, and biological properties when compared to
the bulk material. Gold, for example, has golden coloration at
the macroscale and is known as a highly inert material; nano-
gold colloids, however, exhibit different colors at different
sizes and concentrations, and they are not bio-inert (Brown
et al. 2008).

The ideas for new nanotechnological products and pro-
cesses are often rooted in physics or inorganic chemistry.
There is, however, also a considerable and expanding body
of knowledge at the nanoscale in biology. Such knowledge
about materials, structures and functions in living nature
can be applied in different ways. One possibility is to use
macromolecules or organisms directly, like in biotechnol-
ogy. Another way is to strive for the understanding of prin-
ciples behind particular phenomena and to apply them in
distinct areas, like in biomimetics. The following focuses
on biomimetics.

What we describe here is perhaps a small but probably sig-
nificant method for nanotechnology, because the role models

37



Downloaded by [llle C Gebeshuber] at 08:37 25 February 2016

38

that can be found in living nature have been tested in evolu-
tion since billions of years.

COMMON GROUND OF BIOMIMETICS
AND NANOTECHNOLOGY

Most often biology and engineering do not touch on each
other (Figure 30). There is, however, an intersection of both
fields. Different disciplines are found in this intersection, such
as the two distinct fields of biotechnology and biomimetics.
Biotechnology is not our concern here; we only deal with
biomimetics. The intersection itself can be sliced into pieces
according to their scale. By doing so, the field discussed in
this chapter can be illustrated like in Figure 30.

In the following, the fields of biomimetics and nanotech-
nology are characterized in order to investigate how the for-
mer can contribute to the latter.

WHAT Is BIOMIMETICS?

Biomimetics is about transferring principles from biology to
engineering to enhance and bring up new products and pro-
cesses for human needs. Although the name and the scientific
field were only established in the last decades, the method is
an old one. Leonardo da Vinci and his studies of bird flight,
for example, eventually have led to airplanes. At the end of
the twentieth century, the field of biomimetics became estab-
lished both methodically and institutionally, leading to an
ever-increasing number of applications.

In this recent definition, the main aspects are covered:
“Biomimetics combines the disciplines of biology and tech-
nology with the goal of solving technical problems through
the abstraction, transfer, and application of knowledge gained
from biological models” (VDI 6220 2012).

At the core, biomimetics is about understanding func-
tional or operational principles that are at work in biology and
results in the abstractions of them in order to find out if they
might also work in engineering. This procedure is different
from biotechnology, which is not necessarily about transfer-
ring principles.

Engineering

Biomimetics at
the nano scale

FIGURE 30 Biomimetics and biotechnology are some of the few
areas at the intersection of engineering and biology. Biomimetics
at the nanoscale is a small but probably significant method in
nanotechnology.
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Biomimetics works because biological and engineering
entities are part of the same world and therefore underlie
the same natural laws. Hence, principles in living organisms
can also work in technical applications. Nevertheless, there
are large differences between entities from the respective
fields. One difference is the development throughout which
a fertilized egg turns into an embryo and eventually into a
mature organism. This is completely different from produc-
tion devices or machines in engineering. Another difference
is that every machine has its engineer who builds it, whereas
organisms do not. But this paradigm is slowly changing, with
the development of engineered self-replicating machines (see,
e.g., Griffith et al. 2005).

Basically, two ways of working in biomimetics can be dis-
tinguished. They are referred to as technology pull (also called
top-down biomimetics and biomimetics by analogy) and biol-
ogy push (also called bottom-up biomimetics and biomimetics
by induction) (see, e.g., Gebeshuber and Drack 2008).

Technology pull biomimetics is problem based: it starts
with a problem in engineering. The next step is to see if
similar “problems” occur in living nature. Drag reduction,
for instance, is a problem for ship builders and similarly for
fish. After such equal problems are found, the biological role
models are investigated with the tools and methods of engi-
neering. The term “technical biology” (Technische Biologie)
was introduced by Nachtigall to name this methodical part of
biomimetics (cf. Nachtigall 1998). In the drag reduction case,
for example, the engineer would measure relevant param-
eters of the fish and look at the surface, shape, and so on. In
doing so, the researcher might find interesting features, so far
not thought about in engineering. The process of finding out
more about the principles starts with the potential result of an
abstraction that can be transferred and applied in human-built
devices or machines.

Biology push biomimetics starts with basic research in
biology, without having an application in mind. During or
after such work, it might turn out that the found results are
also useful for engineering (solution-based biomimetics). The
found principles are then transferred and applied.

Technology pull, in general, has a large potential for find-
ing within a short time principles that are useful for particular
problems. Utilization of such principles is usually restricted to
a small area of application. In contrast, biology push biomi-
metics has a lower potential for immediate applications, but
the chance for finding revolutionary or generic principles is
much higher.

Whether a product or technology is the result of biomimet-
ics or not follows from the description of the method. Three
necessary conditions have to be fulfilled (i.e., answered with
yes) to legitimately speak about biomimetics (Frey et al. 2011,
VDI 6220 2012):

1. Role model from biology: Did the inspiration come
from living nature (biology)?

2. Abstraction from biological role model: Was there
an abstraction (of a principle) of the natural role
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model? Was the biological knowledge analyzed and
abstracted step by step (with an understanding of the
principle)?

3. Transfer to technical application: Was the principle
applied in engineering?

The scope of biomimetics is broad. Most of the established
knowledge transfer was done in the field of constructions.
However, processes in living nature are also of inter-
est, for example, photosynthesis. Furthermore, informa-
tion processing like in neuronal networks or optimization
with genetic algorithms can be referred to as biomimetics
(Gruber et al. 2011).

As we have seen, research in biomimetics can lead to
applications in engineering. Additionally, the process of
doing biomimetics can also reveal new insights for biol-
ogy, besides those accomplished with technical biology.
This can be termed as reverse biomimetics (cf. Masselter
et al. 2012, p. 380). One example is the evolutionary strat-
egy of Rechenberg (1994). He introduced algorithms for
optimization in engineering based on the concepts of muta-
tion, selection, and recombination from evolutionary biology
and achieved good results in engineering. Analyzing those
algorithms in turn was of interest for evolutionary biology
(cf. Wagner and Altenberg 1996).

WHAT Is NANOTECHNOLOGY?

According to ISO definition ISO/TS 80004-1:2010, nanotech-
nology is the “application of scientific knowledge to manipu-
late and control matter in the nanoscale [...] in order to make
use of size- and structure-dependent properties and phenom-
ena, as distinct from those associated with individual atoms
or molecules or with bulk materials.” In a note to this entry,
ISO states that manipulation and control includes material
synthesis. Nanotechnology has functional parts in the range
of nanometers to some hundreds of nanometers. The rise of
nanotechnology began when we were able not just to image
but also to manipulate matter on the nanometer scale. These
possibilities were greatly enhanced with the increasing avail-
ability of scanning probe microscopes for the scientific com-
munity (Meyer et al. 2004/2012). One of the early examples
of nanotechnological manipulation is the spelling of the
company name IBM by Don Eigler and coworkers from IBM
Almaden with just 35 xenon atoms on a single-crystal nickel
surface (Eigler and Schweizer 1990). The group thereby dem-
onstrated tailored manipulation of single atoms.

The two major approaches for obtaining nanotechno-
logical products and processes are termed top down and
bottom up (not to be confused with the terms as used in
biomimetics).

In top-down approaches, nanoobjects are constructed from
larger entities without atomic-level control. Top-down
approaches comprise lithography, deposition, and etching. In
bottom-up approaches, materials and devices are built from
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molecular components that assemble themselves chemically
by principles of molecular recognition. Bottom-up methods
include (self-)assembly of atomic and molecular building
blocks to form nanostructures. This method is widely used in
sol-gel and chemical vapor deposition. In nature, self-assembly
has existed for billions of years, from simple biomolecules to
complete organisms.

Gebeshuber et al. (2010)

The history of nanomaterials can be dated back to pre-
Columbian times: The first permanent organic blue pigment,
Maya Blue, is a result of ancient “nanotechnology” (Chiari
et al. 2008). Further examples of historical nanomaterials
are the Lycurgus Cup in the British Museum, dating back
to the late Roman Empire, and stained glasses in Medieval
Europe (Francis 2010). Properties of nanomaterials are
responsible for the respective effects described in this para-
graph. It remains to be discussed if it is justified to call such
ancient approaches “nanotechnology,” since the people back
then did not know the reason for the respective material
properties.

In general, nanoscience deals with research on materials,
structures, and processes on the nanometer scale, and nano-
technology deals with the development of materials, struc-
tures, and processes where the functional units are in the
nanometer range (generally from a few nanometers to some
hundreds of nanometers). Nanoscience and nanotechnology
can rather be associated with tools, techniques, and methods
than with established research fields. Most research in these
fields is rather interdisciplinary and touches upon pure and
applied mathematics, physics, chemistry, materials science,
engineering, and life sciences. The methods, concepts, and
goals of the respective fields converge. This inherent inter-
disciplinarity of nanotechnology poses a challenge and offers
an enormous potential for fruitful cross-fertilization among
specialist areas. The properties of many materials change
when they exist as nanosized particles. Besides the chemistry,
surface physics becomes increasingly important, and not just
the material itself but also its structure is of relevance for its
mechanical, electrical, catalytic, optical, and toxic properties.
Furthermore, quantum effects such as the tunneling effect,
confinement properties, spin effects, and quantum coherence
are important.

The scope of nanotechnology is to individually address,
control, and modify structures, materials, and devices with
nanometer precision and to synthesize such structures into
systems of micro- and macroscopic dimensions such as
microelectromechanical systems-based devices. For this, we
need to establisha thorough understanding of the fundamen-
tal physics, chemistry, biology, toxicology and technology of
nanoscale objects (nanomaterials, nanoparticles, nanostruc-
tures), the respective fabrication, diagnostics and analytics
and of how such objects can be used in areas such as com-
putation, cosmetics, engineering, medicine, nanobiotechnol-
ogy, nanostructured materials, optics, resource sustainability,
science, sensors, textiles, and many more.
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FIELDS OF COMMON POTENTIAL

Phenomena of life occur on different hierarchical levels, down
to the nanoscale. The micro- and nanoscale are of specific
importance in living systems. Single molecules, their inter-
actions, and emergent properties on larger length scales are
the very constituents of life. The complexity of a single cell
in the human body by far exceeds any current engineered
device. A cell’s activities such as sensing, actuation, energy
conversion, or information storage are carried out with the
contribution of biomolecules, such as proteins. Protein sizes
range from about 1 to about 20 nm; there are millions of
different proteins. Biological materials are amazing: there
are tough materials, “smart” materials, adaptive materials,
functional materials, materials with molecular precision,
hierarchical materials, and multifunctional materials. Many
functionalities on the macroscale are based on functionalities
on the nanoscale. The more we understand and abstract deep
principles of biology on these length scales, the more success-
ful can the biomimetic method transfer knowledge from mate-
rials, structures, and processes in living nature to engineering,
for independent technological applications and devices.

With increasingly powerful microscopes, researchers have
started to see amazing order, structure, and functionalities of
biological materials, down to very small scales. Biomolecular
“machines” such as the ribosome, built with atomic precision
(Yusupov etal. 2001), powerful composites such as the Abalone
shell (Smith et al. 1999) or the crystal eyes of brittle stars
(Aizenberg et al. 2001), biomineralized beautifully structured
little gems such as diatoms (Gebeshuber and Crawford 2006,
Round et al. 1990/2007), optimized biotribological properties,
for example, decreasing the friction coefficient to numbers so
low that lubrication engineers are amazed (Gebeshuber 2007)
and functional surfaces with nanoscale properties responsible
for exciting tricks such as increased antireflective properties
(Stavenga et al. 2006) or iridescent coloration in plants and
microorganisms based on nanostructures (Gebeshuber and
Lee 2012) are just some examples for the properties of organ-
isms that are also interesting for engineering.

Currently, merging of nanoscience and nanotechnology
with the life sciences, especially biology, biotechnology, bio-
mimetics, nanomedicine, genetic engineering, and synthetic
biology, can be recognized (see, e.g., Bainbridge 2007, Chen
and Ho 2006, Ulvick 2010). This new and emerging field with
enormous creative potential is called nanobioconvergence.

Andreas Lymberis from the European Commission,
Information Society and Media Directorate-General, describes
converging micro- and nanobiotechnologies toward integrated
biomedical systems as

research and development at the convergence of microelec-
tronics, nano-materials, biochemistry, measurement technol-
ogy and information technology that is leading to a new class
of biomedical systems and applications, e.g., molecular imag-
ing, point of care testing, gene therapy and bionics (including
on and inside the body sensors and other miniaturised smart
systems) which are expected to revolutionise the healthcare
provision and quality of life. In particular they are expected
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to identify diseases at the earliest possible stage, intervene
before symptomatic disease becomes apparent and monitor
both the progress of the diseases and the effect of intervention
and therapeutic procedures.

Lymberis (2008)

Nanobioconvergence is an emerging field, and no rigid defini-
tion has been established yet. One potential definition is the
following: “Nanobioconvergence denotes the merging of life
sciences, especially biology and biotechnology, with nanosci-
ence and nanotechnology, focusing on the technical output
from the connections of these particular fields as well as on
the unified opportunities and challenges they present to human
nature and our values” (Gebeshuber et al. 2013). Biotechnology
(genetic engineering, engineering of proteins, etc.), bionano-
science (focusing on molecular building blocks of living cells),
and biomimetics form important constituents of nanobiocon-
vergence. Biomimetics can be done on many length scales, but
because of the hierarchical organization of organisms, with
many properties based on functionalities originating from the
nanoscale, biomimetics is especially rewarding when taking
into account nanoscale properties of life.

Since all these fields are currently emerging, there is still
a lot of defining and categorizing going on. What one set of
researchers would place in biotechnology, others categorize as
biomimetics. Research toward producing spider silk is a case in
point. The categories can also change with time. Sarikaya and
coworkers, for example, wrote in their 2003 paper “Molecular
biomimetics: nanotechnology through biology” (Sarikaya et al.
2003): “Molecular biomimetics is an emerging field in which
hybrid technologies are developed by using the tools of molecu-
lar biology and nanotechnology. Taking lessons from biology,
polypeptides can now be genetically engineered to specifi-
cally bind to selected inorganic compounds for applications in
nano- and biotechnology.” Eight years later, the group reports
the fabrication of hierarchical hybrid structures using bioen-
abled layer-by-layer self-assembly, functional hybrid nanoma-
terials with well-defined hierarchical and spatial organization
(Hnilova et al. 2012)—something one would nowadays rather
call biotechnology than biomimetics.

Biomimetic techniques applied to nanotechnology com-
prise technology pull and biology push. Examples for bio-
mimetics in nanotechnology are principles of self-assembly
(Valéry et al. 2003), self-repairing materials (dynamic break-
ing and repair of “sacrificial” bonds) (Fantner et al. 2005),
bioinspired sensors (Barth et al. 2012), mass production of
nanostructures (Guozhong and Ying 2011), and artificial pho-
tosynthesis (Razeghifard 2013).

On a more abstract level, Werner Nachtigall, the doyen of
biomimetics in Germany, identified 10 general principles of bio-
mimetics that can be applied by everybody working in the field,
even by people who are not (or who do not want to be) involved in
biology at all (Nachtigall 2009). These principles are as follows:

1. Integration instead of additive construction
2. Optimization of the whole instead of maximization
of a single component feature



Downloaded by [llle C Gebeshuber] at 08:37 25 February 2016

Biomimetics: Biomimetics in Nanotechnology

. Multifunctionality instead of monofunctionality

. Fine-tuning regarding the environment

. Energy efficiency

. Direct and indirect usage of solar energy

. Limitation in time instead of unnecessary durability
. Full recycling instead of piling waste

. Interconnectedness as opposed to linearity

. Development via trial-and-error processes

SO X9k~ W

—

Nachtigall’s general principles are of high relevance for
biomimetics that draws its inspiration from nanoscale
properties of living matter. One example for “fine-tuning
regarding the environment” is navigation in honeybees.
These animals orient themselves with the help of the
polarization of the skylight. Abstraction of the deep prin-
ciples of polarized skylight-based navigation leads to the
development of technical navigation systems (produced
with micro- and nanofabrication techniques) that are com-
pletely independent from the normally used GPS systems
(reviewed in Karman et al. 2012).

Biomimetics at the nanoscale has as integral parts abstrac-
tion of the principles of the investigated nanomaterials, nano-
structures, and nanoprocesses, followed by principle transfer
to nanotechnology. In the remainder of this section, we illus-
trate in two examples the technology pull and biology push
methods of biomimetic nanotechnology.

TecHNoLoGy PulL

The Carinthia University of Applied Sciences in Austria
offers the MSc course “Biomimetics in Energy Systems.”
One of the authors of this chapter (ICG) supervised the MSc
thesis “Biomimetic potential of sponge spicules” by Ehret
(2012). The work performed in this thesis shall now serve
as an example for “technology pull.” Bioinspired improve-
ment of daylight-guidance systems in buildings was the
problem in engineering on which the thesis is based. Glass
sponges (animals) were selected as model organisms with
similar “problems” in living nature. The silica spicules of
glass sponges serve as light guides, providing light to the
photosynthesizing microorganisms and algae that live in
close association with the “glass fiber” in the interior from
the sponge. Detailed description of investigations of the
biological role model, the glass sponges, with tools and
methods from engineering, including dynamical mechani-
cal analysis, light transmission studies, and the propagation
of ultra short laser pulses, lead to the following abstractions
that can subsequently be transferred to engineering: self-
assembly of metal oxides on functionalized surfaces, the
manufacturing of layered organic-inorganic composites with
enhanced mechanical properties, and the tuning of optical
and mechanical properties by means of nanostructuring and
hierarchical architecture. Application of these abstractions
in construction of daylight-guidance systems shall yield
more conveniently illuminated workspaces in offices proof
(Figure 31).
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BioLoGy PusH

One example for successful “biology push” is nanoscale struc-
tures on moth eyes (Figure 32). The eyes of certain moths
are covered with nipple-like arrays, which basic biological
research revealed to be antireflective (Vukusic and Sambles
2003). The nipple array gradually matches the optical imped-
ance of one medium with that of its neighbor across the inter-
face. Such a property is of paramount interest in engineering
applications, for example, for lens surfaces of camera and
photographic equipment. Principle transfer to engineering
is straightforward, since the property in question is depen-
dent on the structure rather than on the material. Man-made
similar nanofabricated structures (Reflexite™) yield amazing
antireflective properties in a wide bandwidth, from 400 to
700 nm (Boden and Bagnall 2006, Figure 32).

ReverRSE BIOMIMETICS

Prominent examples for reverse biomimetics at the nanoscale
remain to be seen. Nevertheless, there is a considerable poten-
tial for such examples. Though not in the realm of reverse
biomimetics, the discovery of the mechanism of ATP produc-
tion in mitochondria can serve as an illustration. ATP is a
universal carrier molecule of energy in organisms. Peter D.
Mitchell proposed the chemiosmotic theory to explain how
ATP production could work, for which he received the Nobel
Prize. For the production of ATP, an electrochemical (proton)
gradient across the membrane of the mitochondrion was pro-
posed. Experiments to support this theory were performed
by Racker and Stoeckenius (1974). They artificially “built”
vesicles that contained ATPase (the enzyme that catalyze the
decomposition of ATP into ADP and a free phosphate ion) in
their membranes and through some other means they provided
for a proton gradient. The arrangement of these components
turned out to be causally sufficient to explain the processes
in the organism (Weber 2005). Similarly, one can think of
future examples where, by building of biomimetic nanoprod-
ucts, knowledge can be gained in biology.

METASCIENTIFIC CONSIDERATIONS

In this section, we deal with further considerations that are
deemed important when describing biomimetics in nanotech-
nology: the goal and future of nanotechnology, ethical, legal,
and social issues (leading to governance and risk research)
and educational as well as accessibility issues in an age of
converging technologies.

According to the Foresight Institute (Palo Alto, California),
the goal of nanotechnology is “to improve our control over
how we build things, so that our products can be of the highest
quality [...] while causing the lowest environmental impact.”
(Foresight Institute 2015). However, it needs to be ensured that
nanotechnology that is intended to cause the lowest environ-
mental impact is not only upfront “green” with negative side
effects on ourselves, further organisms, and the environment.
Some human actions and technological developments might
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FIGURE 31 (a) A member of the 1910-1913 British Arctic expedition with a glass sponge. Some glass sponges have hydrated silica
spicules that are 3 m long. Based on functionalities on the nanoscale, such spicules can be very effective fracture-resistant light guides.
(Copyright Ponting Collection, Scott Polar Research Institute, Cambridge, U.K., http://www.spri.cam.ac.uk/,) (b) The largest biosilica struc-
ture on Earth: the giant basal spicule from the deep-sea glass sponge Monorhaphis chuni. (Reproduced from Wang, X. et al., Evid. Based
Compl. Altern. Med., 540987, 14, Copyright 2011. With permission.) (c) Principle of daylight guiding in buildings. (Copyright Dr. Aziz
Laouadi, National Research Council Canada, Ottawa, Ontario, Canada.)

have short-term benefits on the environment, but come with
unforeseeable long-term effects that are hard and impossible
to predict for the complex system we are all embedded in.
The progress of nanoscience and nanotechnology is accom-
panied by important ethical, health, environmental, and social
issues. Because of the huge envisaged impact of science and
technology on society, increasingly also social scientists and
technology assessment specialists deal with nanoscience and
nanotechnology. Prospects, problems, and potential risks require
focused consideration by third parties such as parliaments,
NGOs, sociologists, philosophers, insurance companies, law
enforcement agencies, or scientific researchers from other fields.

© 2016 by Taylor & Francis Group, LLC

Technological, environmental, societal, health, and safety issues
must be addressed in research, societal studies, regulatory mea-
sures, and government policies (Holsapple et al. 2005, Holsapple
and Lehman-McKeeman 2005, Huber 2010, Powers et al. 2006,
Thomas and Sayre 2005, Thomas et al. 2006a,b, Tsuji et al. 2006).

Societal implications of nanoscience and nanotechnol-
ogy should be judged using a balanced approach between the
potential achievements (leading to envisioned societal ben-
efits) and potential hazardous consequences (which could be
a combination of unexpected benefits and risks) (Roco 2003).

“Futures” in terms of visions, expectations, scenarios, fears,
and hopes increasingly dominate science outreach and the
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FIGURE 32 Antireflective surfaces on moth eyes (a) and the respective engineered biomimetic antireflective structures (b). (a): (A) SEM
of a moth eye, showing nipple-like structures. Inset: Moth. Scale bar, 1 um. (B) Similar structures on transparent wings of hawkmoths.
Scale bar, 1 pm. Inset: Single nipple. Scale bar, 100 nm. (b): (A) Reflectance measurements on engineered antireflective surface structures.
For the surface called “third iteration moth eye,” reflectance is below 1% for the whole spectrum that is visible to humans. (B) Biomimetic
structure, machined in silico. Scale bar, 2 um. (a: Reproduced by permission from Macmillan Publishers Ltd. Nature, Vukusic, P. and
Sambles, J.R., Photonic structures in biology, 424, 852—855, Corrigendum in Nature, 429, 680, Copyright 2003; b: Boden, S.A. and Bagnall,
D.M., Biomimetic subwavelength surfaces for near-zero reflection sunrise to sunset, Proceedings of the Fourth IEEE World Conference on
Photovoltaic Energy Conversion, Waikoloa, HI, pp. 1358-1361, 2006 © IEEE.)

drive and motivation of scientists (Grunwald 2007). Futures are
socially constructed. Especially concerning nanoscience and
nanotechnologies, the ongoing debate is very much a debate
about futures. The visions for the future of nanotechnology have
a wide bandwidth, ranging from “expectations of salvation and
anticipations of paradise” (Grunwald 2010) to the announce-
ment of the “ultimate catastrophe” (Grunwald 2010)—both
extremes being based on the same futuristic technical ground.

The high degree of interdisciplinarity in nanoscience and
nanotechnology poses a grand challenge as well as provides
great opportunities to today’s mainly specialist scientists.

To fully exploit the potential of biomimetics in the age of
nanotechnology, scientists and engineers will have to substan-
tially change their ways of thinking, especially on the level of
fundamental research and education (Casert and Deboelpaep
2006, Gebeshuber and Majlis 2010, Roco 2002). Still, many
researchers use for their research on a specific field in nanotech-
nology just the instruments they or their close collaborators have
at their disposal, which are not always the best-suited ones. We

© 2016 by Taylor & Francis Group, LLC

have to move from tool-based nanotechnology to understand-
ing-based nanotechnology. Martin Rees from Trinity College
in Cambridge describes in his foreword to James Lovelock’s
2010 book the current way of doing science as “the special-
ized quasi-industrial style in which most research is conducted”
(Rees 2009). In such a way, true interdisciplinarity cannot be
obtained. Interdisciplinary scientific principles and concepts
that allow specialist scientists to understand complex phenom-
ena need to be developed toward a unification of science (Roco
and Bainbridge 2002). To allow for proper, accessible organiza-
tion of knowledge, the specialist results that currently appear
in increasingly specialist journals need to be rearranged and
connected across fields (Gebeshuber and Majlis 2010).

CONCLUSIONS AND OUTLOOK

One of the paramount advantages of the biomimetic method as
opposed to other innovation methods in nanotechnology is that
we have biological “best practice” examples and know that they
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work. However, due to the integrated multifunctionality of bio-
logical materials, structures, and processes, it might sometimes
be hard to identify the respective principles responsible for one
single technological aspect that we want to transfer to research
and development. In the biomimetic method applied to nanosci-
ence and nanotechnology, we have the option to go along two
roads: either to take the typical Western science approach and
try to dissect the best practice models in living nature to vari-
ous single, unrelated properties, some of which may be highly
intriguing and successful for immediate application in common
products, but that might come with unintended long-term effects,
or to take a more holistic approach and appreciate the best prac-
tice models as a whole, trying to develop a deep understanding
why life as we know it has developed the way we currently expe-
rience it and to develop a kind of engineering and way of manag-
ing resources that is closer to the way nature does it—biomimetic
nanotechnology with the strive for sustainability.

Organisms show us, for example, a completely different way
of resource “management” as opposed to the one we currently
have in engineering and construction. They predominantly use
water-based chemistry, are subject to limits and boundaries,
and are in a state of dynamic nonequilibrium. They are locally
attuned and responsive (they harvest locally, use common
materials, etc.), integrate cyclic processes via feedback loops,
cross-pollinate and mutate, and are resilient (diverse, decen-
tralized and distributed, redundant) (Biomimicry 3.8 2014).

Biomimetics is perhaps a small but probably significant
method, because the role models that can be found in living
nature have been tested in evolution since billions of years
and promise great nanoscience and nanotechnology-based
innovations. To sum up, biomimetics in nanotechnology has
great potential for exciting nanoscience and nanotechnology-
based innovations.
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INTRODUCTION

Man-made machines on all length scales dominate current
human lives. Technology and our current ways of dealing
with resources, the transport of materials and products, man-
ufacturing of products, and finally the disposal or reuse or
recycling of products are increasingly getting green and, even
more so, aim at sustainability.

People have realized that we live on a planet with boundar-
ies, and our approaches have changed accordingly. Tribology
is represented in most machines, since most machines are
devices with moving parts, interacting parts in relative
motion—and thereby tribosystems. With the recent rise of
micro- and nanoscale technologies, micro- and nanotribolo-
gies are increasingly important and need to be included in
green technology approaches. Even more so given the great
future that is forecasted for nanotechnology, for which nano-
tribology is an enabling technology.

Green technology is understood as technology that is
“better than currently used ones” or technology “regard-
ing green applications” (such as renewable energy). Such
an understanding of green is different from the understand-
ing of sustainable, which is a more holistic concept. The
technology of palm oil-based engines is a simple example
illustrating the difference between green and sustainable
technology. It is green technology, because such engines
use vegetable oil rather than fossil fuels, and thereby have a
closed carbon circle, but it is not sustainable technology, due
to the usage of a substance as fuel that can also be used as
cooking oil (feeding the needy) and due to the contribution
of oil palm plantations to the destruction of ancient rain-
forest and decrease of biodiversity (which are both complex
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systems influencing the living conditions of future genera-
tions). Sustainable technology complies with the principles
of social, economic, and ecological sustainability. It takes
into consideration also future generations and their needs
and good living (Robbins 2011).

The following sections define tribology and nanotribol-
ogy and subsequently introduce concepts of green technology
and sustainable technology, first on their own and second as
concepts related to nanotribology. This way of introduction
and subsequent interweaving of previously unrelated concepts
allows the reader to understand the key contributing fields
and the timeline in the development of green nanotribology
and related sustainability aspects, bridging historic trends and
current developments, accumulating in an emerging field that
increasingly gains importance.

TRIBOLOGY

H. Peter Jost, president of the International Tribology
Council, coined the word tribology in the year 1966. The
word is a combination of Tpipw, tribo, “I rub” in classic
Greek and the suffix -logy from -Aoyia, -logia “study of,”
“knowledge of.” Various reports published between 1966
and 2009 for the United Kingdom and for China state that
between 1% and 2% of the gross national product or gross
domestic product could be saved by optimized tribology
(Jost 1966, Research Report Tribologie 1976, Tribology
Science Industrial Application Status and Development
Strategy 2008, Zhang 2009).

In the systems science tribology, also the environment and
development with time have to be accounted for; therefore,
tribology and especially the emerging fields of micro- and
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nanotribologies (which are close in scale of action to the func-
tional units of the green and in most cases sustainable living
tribosystems) are well suited for the development and success-
ful implementation of green and sustainable concepts.

NANOTRIBOLOGY

The term “nanotribology” was introduced in the year 1991 by
Krim and coworkers in the scientific journal Physical Review
Letters with their study on atomic scale friction of a kryp-
ton monolayer (Krim et al. 1991). Nanotribology denotes the
study of tribologically interesting materials, structures, and
processes with methods of nanotechnology (e.g., high-reso-
lution microscopy). This field is of utmost importance to tri-
bology in general, because the real area of contact between
two surfaces can be very small: Rigid surfaces, for example,
only touch at asperities, where extreme conditions can appear.
Since the late 1980s, measurement methods have been estab-
lished and are now well introduced to the scientific and engi-
neering community that allow to obtain data on interactions
that take place on such a small scale. Prominent examples for
such measurement devices are scanning probe microscopy
and nanoindentation techniques that can probe interactions on
smallest scales (subnanometer distances, one atom thin sepa-
rations, monomolecular lubricant layers). Atomic force Kelvin
probe microscopy is, for example, used for the measurement
of surface charges, and friction force microscopy can measure
stick—slip interactions of single atoms with a crystalline sur-
face. Because of the inherent connection of the macro- via the
micro- to the nanoscale, the fields of micro- and nanotribol-
ogy are of relevance for tribology at all scales (Tomala et al.
2013). One example are hip implants, where nanoscale rough-
ness can dramatically influence the formation of bacterial
biofilms on implant surfaces inside the human body, thereby
increasing the risk of inflammation and necessity of another
surgery. With the development of micro- and nanomachines
(such as microelectromechanical systems [MEMS] and nano-
electromechanical systems, such as the acceleration sensor in
airbags or nanoresonators), these fields are increasingly get-
ting attention (Bhushan 2008). Important application fields of
nanotribology are molecular dynamics studies, MEMS, hard
disks, and diamond-like carbon research (Elango et al. 2013).

GREEN TECHNOLOGY

Technological advancement has for a long time been
directly connected with human development. The late
Professor Gustav Ranis, Frank Altschul Professor Emeritus
of International Economics at Yale, for example, states that
“human development, in combination with technology, yields
economic growth which, in turn, is necessary to generate fur-
ther advances in human development” (Ranis 2011). However,
recently, this view started to change. Planetary boundaries
(Rockstrom et al. 2009) and depletion of resources, combined
with the knowledge that human technological, industrial, and
further activities alter and change the Earth, in many cases not
for the better, leading to a new view in which technological
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advancement is not seen anymore as directly correlated with
an improvement of the human condition—it is now clear that
besides technology, the society and the environment also
need to be integrated. The planetary boundaries concept
(Figure 529 and Table 127) introduced by Johan Rockstrom,
the executive director of the Stockholm Resilience Centre,
and coworkers in Nature in 2009 and further elaborated in
a report to the club of Rome (Wijkman and Rockstrom 2012)
is a new approach to defining biophysical preconditions for
human development: they define the safe operating space for
humanity with respect to the Earth’s system. Earth is a com-
plex system full of interdependencies and interconnectedness
that reacts in nonlinear, often abrupt ways, and human actions
are the main driver of current global environmental change.
We rely on the relative stability of this system and many of its
subsystems (such as the monsoon system).

Green technology is defined as technology with less impact
on the environment than traditionally used technology and as
technology that contributes to green applications such as renew-
able energy (for example to friction and wear issues in wind
turbines). Keywords regarding green technology comprise
life cycle assessment, green manufacturing, ecological design,
green chemistry, industrial symbiosis (employs principles of
ecological systems to industrial systems), ecological modern-
ization (true green technology, disruptive technologies, e.g.,
new bioinspired approaches without the use of plastics or met-
als), and integrating concepts and frameworks at the interface
of technology, society, and the environment (Robbins 2011).

Si-wei Zhang, past president of the Chinese tribological
society, introduced green tribology as an international con-
cept in the year 2009. Green tribology is the science and
technology of tribological aspects of the ecological balance
and their influence on the environment and living nature
(Nosonovsky and Bhushan 2010, Nosonovsky and Bhushan
2012). Tribology must proceed in consensus with the most
important worldwide rules and regulations concerning the
environment and energy.

SUSTAINABLE TECHNOLOGY

The concept of “green” is not the same as the concept of “sus-
tainable.” Green refers to “better for the environment than
conventional” or “related to green applications.” The con-
cept of sustainability emerged in the 1980s, when the United
Nations published the Brundtland report (World Commission
on Environment and Development 1987) and defined sustain-
able development as “development that meets the needs of the
present without compromising the ability of future genera-
tions to meet their own needs.” The Brundtland report states:
“In essence, sustainable development is a process of change
in which the exploitation of resources, the direction of invest-
ments, the orientation of technological development, and insti-
tutional change are all in harmony and enhance both current
and future potential to meet human needs and aspirations.”
Sustainability is now a widely used word, and depending on
which group uses it, it can denote very different concepts. Here,
in this chapter, sustainability is used in its original definition
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Climate change

FIGURE 529 The planetary boundaries for Earth (Rockstrom et al. 2009). Inner circular shading: safe space. Wedges: estimates for the
current position. Note that the boundaries in three systems (rate of biodiversity loss, climate change, and human interference with the nitro-
gen cycle) have already been exceeded. Image Copyright (2009) Nature Publishing Group. Reproduced with permission.

from the Brundtland report and thereby related to economic
well being, environmental protection, and social equality.

Examples for sustainable technologies with relevance for
tribology are alternative fuels (such as biodiesel, bioalcohol,
nonedible vegetable oil, and nonfossil methane and natural
gas), electric cars, energy recycling, environmental technolo-
gies (such as renewable energy, water purification, air puri-
fication, sewage treatment, environmental remediation, solid
waste management, and energy conservation), hydropower,
manure-derived synthetic crude oil, soft energy technologies,
water power engines, wave power, and windmills. For more
in-depth information on the connections and interdependen-
cies of technology, globalization, and sustainable develop-
ment, the reader is referred to Ashford and Hall (2012).

GREEN NANOTRIBOLOGY

Green nanotribology is green technology dealing with friction,
adhesion, wear, and lubrication of interacting surfaces in relative
motion at the nanoscale. A smart combination of mechanical,
energetic, and chemical approaches, combined with optimum
designed materials, and minimized stresses to the environment
and biology, paths the way toward green nanotribology.

Green nanotribology includes biomimetic tribological nan-
otechnology; sustainable control of friction, adhesion, wear,
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and lubrication on the nanoscale; environmental aspects of
nanoscale lubrication layers; environmental aspects of nano-
technological surface modification techniques; and nano-
tribological aspects of green applications such as artificial
photosynthesis. Green nanotribology shall be able to provide
technical support to the preservation of resources and energy.

The components of green nanotribology (Gebeshuber
2010, Gebeshuber 2012) are nanostructured surfaces, nano-
agents (ingredients, additives, products of the additives, and
by-products that appear in the system after the technological
application), and nanoprocesses (see Table 126).

GREEN NANOTRIBOLOGY AND
RELATED SUSTAINABILITY ASPECTS

Tribologists are already used to the inherent interconnectiv-
ity of various aspects of their profession, and it is easier for
them to adopt new holistic concepts such as green and sus-
tainable as opposed to most other people working in tech-
nology fields.

In 2006, the eminent tribologist Prof. Wilfried Bartz, pub-
lishedanarticleinthe scientific journal Tribology International
on Ecotribology. He relates environmentally acceptable tribo-
logical practices to saving of resources of energy and reducing
the impact on the environment (Bartz 2006). In a now classic
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TABLE 126
Nanotribology Components, Their Importance,
and Points to Address for Going Green

Nanotribology Importance Points to Address

Nanosurfaces Medium Nanostructured surfaces

Hierarchical surfaces

Material selection

Coated materials

Monomolecular lubricant layers

Nanoagents High Physical properties

Chemical properties

Effect on environment and organisms

Changes of properties with time

Changes of properties in the
triboprocess

Nanoprocesses Medium to low  Energy efficiency

Share between process relevant
energy, destructive energy, and
waste as well as reusable energy

Effectiveness of reusing process

energy

Source:  Gebeshuber, 1.C., Green nanotribology and sustainable nanotribology
in the frame of the global challenges for humankind, in: Green
Tribology—Biomimetics, Energy Conservation, and Sustainability,
Bhushan B. (ed.), Springer, Heidelberg, Germany, 2012, pp. 105-125.

illustration, the ecobalance tree, Bartz mentions important
parameters that need to be taken into consideration in the
development of ecotribology: the raw material, its transport,
the production of products using materials, the transport of
these products, the usage, and the disposal. Important aspects
are the exploitation of resources, waste management, emis-
sions, recycling, combustion, and reusage.

Sasaki’s 2010 article on environmentally friendly tribol-
ogy (Ecotribology) in the Journal of Mechanical Science

and Technology focuses mainly on progress through surface
modification (Sasaki 2010).

Tzanakis and coworkers highlight future perspectives of
sustainable tribology in their 2012 article in the Renewable
and Sustainable Energy Reviews (Tzanakis et al. 2012). They
present three interesting case studies from diverse areas of
interest in tribology (micro-CHP (combined heat and power)
systems, slipways for lifeboats, recycled plastics for skate-
board wheels) and perform tribological analyses and sustain-
ability considerations.

Gebeshuber introduced sustainable nanotribological systems
based on the sustainability concept of design lectures from liv-
ing nature, the principles of life as introduced by the Biomimicry
Guild in 2009 (Gebeshuber 2012, Figure 530). The six basic cat-
egories are “survival because of evolution” (in the context of
sustainable nanotribology, this means continuous incorporation
and anchoring of information), resource efficiency regarding
material and energy (closed tribosystems, recycling and reuse
of substances and waste energy), adaptation to changing con-
ditions (reactive nanosurfaces, nanoagents, and nanoprocesses
that change depending on the environment and that are used in
as small amounts as necessary), integration of development with
growth (in the context of sustainable nanotribology, this means
achieving a balance between development and growth), respon-
siveness and being locally attuned (tribological systems not as
good as possible, but as good as necessary, with additional bene-
fits regarding energy savings and environmental compatibility),
and the usage of life-friendly chemistry (water-based chemistry,
green chemistry—one of the basic requirements of green nano-
tribological systems) (Table 127).

OUTLOOK

Green and sustainable nanotribologies are currently rela-
tively small fields that act as enabling technologies for nano-
technology in general. Optimized nanotribological systems
where from the very beginning concepts of sustainability are
integrated can pave the way for sustainable nanotechnology
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FIGURE 530 Green and sustainable nanotribologies, word cloud constructed from Gebeshuber 2012.
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TABLE 127
Contributions of Green Nanotribology to Address Issues
Arising from the Nine Planetary Boundaries

Planetary Boundary Green Nanotribology Solutions

Climate change Energy materials with optimized
tribological performance; reduced
information and communication
technology (ICT) global greenhouse
gas emissions by optimized
micro- and nanomechanics; less
CO, waste of machines due to
optimized tribology (less fuel
consumption in production and use).

Rate of biodiversity loss Less consumption of resources via
optimized nanotribology in
production and use allows for less
deforestation and more places for
wildlife to thrive.

Interference with the nitrogen and

phosphorus cycles

Optimized nanotribosystems with
reduced NO, and phosphate emissions.

Stratospheric ozone depletion Usage of nonflammable, non-ozone-
depleting solvents.

Ocean acidification Less CO, waste of machines due to
optimized tribology (less fuel
consumption in production and use).

Global freshwater use Optimized nanotechnological
desalination processes, wastewater
treatments, and sewage treatments.

Change in land use Optimized nanotribological systems
for optimized land use (more
efficient production, storage, novel
batteries that take less space, etc.).

Chemical pollution Reduced lubricant spillage by usage
of molecularly thin lubricant films
instead of bulk lubrication.

Atmospheric aerosol loading Optimized machines giving off less
small wear particles and less

polluting exhaust fumes.

Note: See Figure 529.

that improves the human condition and the condition of the
environment around us and that provides a technological
environment that grants freedom to pursue long-term social
and economic development.
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nutraceuticals, 665
preparation, 664—665
vs. whey proteins, 665

Catalyst theory, 1111, 1113-1114
Cathodic physical vapor deposition (C-PVD)

fabricated coatings
Ti—-Hf-Si—N (see Ti-Hf-Si—-N coatings)
Ti—Si—-N (see Ti—Si—N coatings)

Ti—Zr-Hf-V-Nb-N (see Ti-Zr-Hf-V-Nb-N

coatings)
Zr-Ti-Si—N (see Zr-Ti—Si-N coatings)

Cation distribution, spinels

binary spinels, 998—-999

CFSE, 1000

diffraction techniques, 1000-1001
elastic energy, 999

electrostatic energy, 999-1000
indirect methods, 1001

normal and inverse spinel, 999
physical properties, 998

Cationic MNP, 546
Ceramics

biological applications, 138
electronics applications, 137
energy applications, 137
high-temperature methods
combustion method, 134-135
hydrothermal methods, 134
sintering, 133—134
thermal oxidation, 135
low-temperature methods, 135
mechanical applications, 137-138
nonoxide ceramics, 132—-133
optical applications, 137
oxide ceramics, 132
properties, 135-136
sensing applications, 136—137

CFSE, see Crystal field stabilization

energy (CFSE)

Chemical synthesis

PANI nanofibers, 926
plasmonic nanoparticles, 911-912

Chemical vapor deposition

NCD films

HFECVD, 676

microwave plasma CVD, 676
UNCD films, 1048

Chemotherapy, 445

magnetic NPs, 797
melanoma prevention, 461-464

Chitosan - MXn precursors

chromium, 508-509

cobalt, 508-509, 513
formation mechanism, 516, 521
gold, 511, 514-515

iron, 508, 510-511

manganese, 508-509

nickel, 509, 511, 514
palladium, 512-513, 517-518
platinum, 512, 517

process steps, 505-506
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rare-earth compounds, 515-516, 520-521

silver, 511, 516

Sn0,, 513-515, 519

titanium, 506-507

vanadium, 507-508

Zn0, 513, 519
Chromium nanoparticles

adsorption, 580-582

SSTMC method, 508-509
Citrate—nitrate auto combustion method

TiO, nanoparticles, 1098-1099
Classical Hall-Petch effect, 499
CMOS technology

nanowires, 877

semiconductor metal oxide gas sensors, 529
CNB, see Carbon nanoballoon (CNB)
CNH, see Carbon nanohorns (CNH)
CNTs, see Carbon nanotubes (CNTs)
Coated catalysts, 547
Coatings

analytic methods

adhesive/cohesive strength, 626—627

elementary analysis, 625-626

friction test, 626

nanohardness and elastic modulus

measurements, 626

vacancy-type defects, 627

XRD, 625, 627
C-PVD fabrication

Ti—Hf-Si—N (see Ti-Hf-Si—N coatings)

Ti—Si-N (see Ti—Si-N coatings)

Ti—Zr-Hf-V-Nb-N (see Ti—Zr—Hf-V-

Nb-N coatings)

Zr-Ti-Si-N (see Zr-Ti-Si-N coatings)
deposition conditions and regimes, 625
detonation technology (see Plasma

detonation technology)
Cobalt nanoparticles
reverse micelle system, 556559
SSTMC, 508-509, 513
Co-Cr powder plasma detonation coatings
corrosion tests, 621
elementary distribution maps, 608
HVPIJ treatment, 609-610
micro—electron diffraction pattern, 613
Rutherford backscattering energy
spectrums, 610
SEM analysis, 608
surface roughness diagram, 619
TEM image, 614
through-the-thickness elementary
composition analysis, 606—607
two-phase composition, 612
wear resistance, 620
Colloidal nano-ZnO, see Zinc oxide (ZnO)
nanostructures
Concentration polarization, 212
Condensation
G, loading ratio, 169-170
G, loading ratio, 170
mechanism, 169
spermine and spermidine, 168
toroidal formation, 170-172
Conducting polymers
electrochemical synthesis

cyclic voltammetry, 936

electrode material, 937

electrolytes, 937

galvanostatic technique, 936

polyaniline, 938-939

polypyrrole, 938
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potentiostatic method, 936
pulse potentiostatic technique, 936
template-free procedures, 938
template synthesis, 937-938
three-electrode electrochemical cell, 936
properties, 935
Conductive heat transfer, 780
Continuous hydrothermal flow synthesis (CHFS)
methods, 134
Convective heat transfer, 780
average diameter, 771
experimental data, 771-772
laminar range, 771
model predictions, 771-772
Nusselt number, 770
pool, 771
Reynolds number, 770-771
root-mean-square velocity, 770
total heat flux, 770
turbulent range, 771
Convective self-assembly method, NSL,
431-432
Copper nanomaterials
adsorption, 577-578
EEW method, 1134-1135
Core—shell nanoparticle delivery systems,
669-670
Cross-coupling catalytic theory, 11161117
Crystal field stabilization energy (CFSE), 1000
CuO nanowires
gas sensor applications, 533
water nanofluids, 774
Cyclodextrin ferrocene self-healing
hydrogel, 1066
Cylindrical cell method, 1076-1077

D

Debye function analysis (DFA) method
automatic preprocessing step, 145
biomimetic apatite, 150—153
bone regeneration mechanism, 153
Compton and absorption effects, 144145
Debye equation

accuracy, 146
Gaussian sampled/binned distances, 146
interatomic distances, 145-146
interference contributions, 144
programs, 146147
reciprocal space representation, 144
defective organometallic polymers,
153-155
drugs, 153-154
nanosized cluster, 143
nonstoichiometric iron oxides, 149-151
organics, 153—154
periodic clusters, 143-144
Rietveld methods, 144-145
size and shape effects, 142—143
thiol-capped gold NPs, 147-148
titanium dioxides, 148—150

Deep-freeze homogenization method, 848

Delivery vehicles
advantages, 663
BNPs, 662
GRAS delivery materials, 662—663
milk proteins (see Milk proteins)
need for, 663-664
oral drug delivery, 662
selection factors, 663

Dendrimers, 592-593
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condensation
G, loading ratio, 169-170
Gg loading ratio, 170
mechanism, 169
spermine and spermidine, 168
toroidal formation, 170-172
gene delivery
biological membranes, 166
intact dendrimers, 167-168
in vitro experiments, 166—167
mechanism, 167-168
health-care diagnostics, 321
PAMAM, 166-167
Dental implantation, TiO, nanoparticles, 1099
Depth-sensing indentation, see Nanoindentation
Desalination technology, 207
Dialysis, 206
Dielectric nanoobjects and nanosystems
application, 178-179
bandgap, 174
lattice structure distortion, 174
luminescence
absorption spectrum, 175
of amorphous nanoobjects and
nanosystems, 175
chemical environment effect, 176-177
intensity and wavelength of exciting
radiation, 177-178
photoluminescence excitation
measurements, 175
relaxation processes, 175
temperature, 175-176
natural dielectrics, 174
nonlinear optical properties, 178
resistivity, 174
shape and size changing, 174
Diffusional impregnation, 548
Diffusiophoresis, 732
Dilute polymerization, PANI nanofibers,
927-928
Dip-coating, NSL, 431-432
Direct emulsion, 688
Dispersion phase based emulsion, 688
Double emulsions, 688
Doxorubicin delivery
amide-linked DOX, 189
dexamethasone-conjugated MWCNTs, 191
FA-MWCNTs, 190-191
HA-MWCNTs, 189-190
human cancer treatment, 187, 189
linkage types, 189-190
nanoparticles, 189
SWCNTs, 191-192
Drug delivery
antibiotic-loaded NPs, 445
CNTs
cytostatic drugs, 187-188
doxorubicin delivery (see Doxorubicin
delivery)
molecular transport, 187
polymer-based NPs, 445
Drug-loaded nanoparticles
antimicrobial activity, 445-446
cancer, 444-445
drug delivery, 445
environment effects, 449
gene therapy, 446
health effects, 448449
imaging and diagnosis, 443-444
medical devices, 446-447
negative prospect, 448
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positive prospect, 447-448
social effects, 449-450
tissue engineering, 446
3D supramolecular assemblies, see
Supramolecular architectures
Dust explosion accidents, 356
electrostatic charge distribution, 362
process safety control, 362
Dye-sensitized solar cells (DSSCs), 1101
Dynamic light scattering (DLS) analysis
carboxylated hydrophilic polymer/silica
hybrid nanoparticles, 350
sulfonated hydrophilic polymer/silica hybrid
nanoparticles, 351
Dynamic light scattering (DLS) technique,
692-693
Dynamic thermal conductivity, 747-750
Al,O;—water and ethylene glycol, 746747
base fluid molecules, 743, 746
brownian motion
Gupta and Kumar approach, 1085
Jain et al. approach, 1085
Jang and Choi approach, 1083
Koo and Kleinstreuer approach,
1081-1082
Kumar et al. approach, 1082—-1083
Li and Peterson approach, 1084—-1085
negative effect, 1085
Prasher et al. approach, 1083—-1084
Brownian motion simulation, 744745
factors, 742-743
Feng and Kleinstreuer model, 745
fractal theory, 743
Hamilton and Crosser model, 743
heat microtransfer, 745
Langevin equation, 745
Li model, 745
Maxwell model, 743, 745
measurement
experimental apparatus, 1088
experimental setup, 1086
vs. Reynolds number, 1090, 1092
Stokes—Einstein equation, 744
velocities, 745-746
Yang model, 745

E

EB lithographic process, see Electron-beam
(EB) lithographic process
Ecotribology, 873-874
EDLC, see Electric double-layer capacitors
(EDLC)
EEW method, see Electrical explosion of wire
(EEW) method
EFA method, see Envelope function
approximation (EFA) method
Electrical explosion of wire (EEW) method
agglomerated Cu nanopowder, 1134-1135
air-dry nanopowders, 1136
Al,O; formation, 1134
graphite layers, 1135
metal oxide nanoparticles, 1133
operation parameters, 1132-1133
particle size distribution (PSD), 1137
phenomenon, 1132
polymeric composites, enthalpy of
adhesion of, 1138
protective oxide layer, 1135
schematic setup, 1132-1133
Electric double-layer capacitors (EDLC), 28-29

Index

Electrochemical-assisted nanomaterial
synthesis, 307
Electrochemical deposition under oxidizing
conditions (EDOC) ZnO synthesis
techniques, 1162—1163
Electrochemical synthesis
conducting polymers
cyclic voltammetry, 936
electrode material, 937
electrolytes, 937
galvanostatic technique, 936
polyaniline, 938-939
polypyrrole, 938
potentiostatic method, 936
pulse potentiostatic technique, 936
template-free procedures, 938
template synthesis, 937-938
three-electrode electrochemical cell, 936
plasmonic nanoparticles, 910-911
ZnO nanoparticles
alcohol-based electrolyses, 1166—1168
aqueous based electrolyses, 1163—-1166
EDOC-like processes, 1162-1163
Electrodialysis, 206, 477
Electron-beam (EB) lithographic process,
968-969
Electron localization indicator (ELI), 55
Electrospinning, PANI nanofibers, 926
Electrowetting, 398-399
ELI, see Electron localization indicator (ELI)
e-membranes, 479
Empirical pseudopotential method (EPM),
1008-1009
Emulsion inversion point method, 692
Emulsions
HLB, 688, 692-693, 700
nanoemulsions (see Biobased oil
nanoemulsions)
preparation methods
high-energy approaches, 690-691
low-energy approaches, 691-692
Energy storage systems (ESSs), 258
Energy transfer coupling, microwave-assisted
hydrothermal synthesis
dielectric constant, 565-566
dielectric losses, 565-566, 568
dielectric polarization, 568
magnetic heating, 568
magnetic losses, 568—-569
microwave radiation, 567-568
second-order effects, 569
Envelope function approximation (EFA) method,
1020-1021
band structure, 1013-1015
description of, 10101012
Enzyme immobilization
adsorption, 196
amperometric enzyme biosensor fabrication,
198
applications, 202
chitosan, 196-197
covalent binding, 196
cross-linking, 196-197
definition, 196
disadvantages, 200
encapsulation, 196
entrapment, 196
Fe,0, nanoparticles, 201
immobilized phospholipase Al process, 201
magnetic CS nanoparticles, 201
superparamagnetic nanoparticles, 201
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synthetic nanopolymer carriers, 198-200
trypsin immobilization, 201
EP method, see Empirical pseudopotential
method (EPM)
Erbium-doped ZnO nanostructures, 1146-1148
Erbium, ytterbium and thulium tri-doped ZnO
nanostructures, 1154-1155
ESSs, see Energy storage systems (ESSs)
Estrasorb®, 541-542, 545
EU NANOSAFE2 project, 356
Europium and erbium co-doped ZnO
nanostructures, 1152-1153
Europium-doped ZnO nanostructures, 1148-1150

F

Fabrication
detonation (see Plasma detonation technology)
plasmonic nanoparticles
electron beam lithography, 910-911
nanosphere lithography, 910-911
False discovery rate test method, 657
Faraday rotation
vs. carrier density and static magnetic field,
245-246
circularly polarized waves, 245-246
definition, 241
electric biasing, 245-246
electric field, 244
experimental setup
analytical model, 250
antennas, 248
circular cylindrical wave guide, 248
IS fitting, 250-251
isolation vs. rotation angle, 251-252
polarizers, 248
rectangular—circular transitions, 248-249
S,, and S, measurement, 250
scattering parameters measurement, 248
transmission line model, 249
plane wave incidence, 244
properties, 245
reflection, 244
rotation and ellipticity angles, 245
scalar transmission coefficients, 246
transmission, 244
transmitted wave, 244
weak frequency dispersion, 245
zero rotation angle, 245
Fe203-Si02 glass
CuO nanocomposites, 236-238
mesoporous silica nanocomposites, 237-240
Fe,0,/CdTe@Si0O, nanoparticles, 903
Fe,0, nanoparticles, 894-897
Fe,0,@Si0,@CeO, nanoparticles, 902-904
Fe,0,@TiO, nanoparticles, 903
Fenofibrate, 545-546
FIB-CVD method, see Focused ion beam-
chemical vapor deposition (FIB-
CVD) method
Fischer-Tropsch process, 119
Flagellar propulsion, nanorobots, 817—-818
bead model, 830831
BEM, 828-830
biocompatible materials, 832—-833
flagellar motor, 823-824
geometry and dimensions, 832-833
low-reynolds-number hydrodynamics, 824
methods, 823
modes, 833-834
multiflagella, 834
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nanoswimmers, 823
RFT, 825-827
SBT, 826-829
sperm number, 831-832
viscosity, 833
wall effects, 834
Fluorescein isothiocyanate-bovine serum
albumin (FTIC-BSA), 296
Focused ion beam-chemical vapor deposition
(FIB-CVD) method, 966
Food proteins, 663
Forward osmosis membranes, 476—477
Fourier transform infrared (FT-IR) analysis
carboxylated hydrophilic polymer/silica
hybrid nanoparticles, 349
sulfonated hydrophilic polymer/silica hybrid
nanoparticles, 350-351
Fourier transform infrared (FT-IR)
spectrum, 103
Fractal model
characteristics, 769-770
convective heat transfer
average diameter, 771
experimental data, 771-772
laminar range, 771
model predictions, 771-772
Nusselt number, 770
pool, 771
Reynolds number, 770-771
root-mean-square velocity, 770
total heat flux, 770
turbulent range, 771
water-alumina nanofluids, 771
thermal conductivity
average diameter, 773
base fluids, 772-773
Brownian motion, 772-775
experimental data, 774
fractal analytical expressions,
773-774
model predictions, 774
Freundlich adsorption isotherm, 574
FTIC-BSA, see Fluorescein isothiocyanate-
bovine serum albumin (FTIC-BSA)
Fullerenes
boron nitride nanostructures
applications, 94-95
atomic structures, 94
binding energy, 92-93
bond polarity, 91-92
defects, 94
fullerites and fullerides, 93-94
geometry, 89-91
multishelled fullerenes, 93
vibration frequencies, 93
nanomedicine, 595
Fungi synthesizing metal nanoparticles
Fusarium oxysporum, 714, 719
intracellular and extracellular biomimetic
synthesis, 714
Penicillium fellutanum, 716
representative list, 717-718

G

Galvanic theory, 1112, 1114-1116
Generally recognized as safe (GRAS) delivery
materials, 662—663
Gene therapy, 446
melanoma prevention, 464—465
nanoparticles, 464—465

1177

Genetic analysis, LOC technologies
DMF, 405-406
pneumatic microvalve, 402—404
pump actuation, 404—405
Glass
nanodimensional silica-based glasses
CuO nanoparticles, 235-236
ionic conductivity, 235
magnetodielectric effect, 236-240
7ZnO nanorod, 236-237
nanometallic glasses
bulk glass formation, 232
IGC technique, 230
MD simulations, 233-235
mechanical behavior, 233
vs. melt-spun glass, 230
Mossbauer spectroscopy, 232
positron annihilation spectroscopy, 232
SAXS and WAXS study, 231-232
sustainability, 232
Gold nanoclusters (AuNCs), 851, 853-854
Gold nanoparticles (Au-NPs), 416
biological synthesis, 912-913
health-care diagnostics, 319
LASIS
ex situ biofunctionalization, 426
SSTMC, 511, 514-515
Graphene
plasmonic nanoparticles, 909-910
superlattices
carbon clusters transport, 1028—1032
defective graphene, transport in, 1028
growth model, 1032
Graphene oxide
biomolecules
amino acids, 286287
fatty acids, 287
nucleotides, 286
saccharides, 286
schematic representation, 288—291
B-lactoglobulin, 297
bottom-up process, 292
covalent functionalization, 293
description, 287, 292
diimide-activated amidation reaction
strategy, 296
DNA, 294-295
enzymes, 297-298
FTIC-BSA, 296
glycosaminoglycans, 299-300
from graphite oxide, 292
herceptin, 297
hexagonal atomic configuration, 287, 292
keratin-engrafted sheets, 296-297
lipids, 300-301
noncovalent functionalization, 293-294
oligosaccharides, 298
peptides, 295
polysaccharides, 298-299
RNA, 295
Scotch-type method, 287, 291
structure and properties, 292-293
top-down approach, 292
Green chemistry principles
microwave-assisted hydrothermal
synthesis, 562
Greener synthesis
electrochemical-assisted method, 307
herbal-assisted method, 310-312
microwave-assisted method, 307, 562
solar energy method, 308
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solvents
ionic liquids, 310
supercritical fluids, 309-310
water, 308-309
sonoelectrochemical-assisted method, 307
ultrasound-assisted method, 307
Green nanotribology
components, 873-874
definition, 873
planetary boundaries, 875
sustainability, 873-874
Green technology, 871-872

H

Hard-template method, PANI nanofibers,
926-927
Hartree—Fock (HF) approach, 73
HDS process, see Hydrodesulfurization (HDS)
process
Health-care diagnostics
carbon nanotubes, 321-322
dendrimers, 321
gold nanoparticles, 319
imaging purposes, 323-325
magnetic nanomaterials, 319-321
quantum dots, 318-319
Heat transfer
conduction mode, 780
convection mode, 780
average diameter, 771
experimental data, 771-772
laminar range, 771
model predictions, 771-772
Nusselt number, 770
pool, 771
Reynolds number, 770-771
root-mean-square velocity, 770
total heat flux, 770
turbulent range, 771
critical heat flux mode, 780-781
mixed mode, 780
pool boiling, 780-781
Heavy metals (HMs)-contaminated soil
calcium, 486
mechanism of action, 485-486
remediation techniques, 484—485
Herbal-assisted nanomaterial synthesis, 310-312
Heterogeneous catalysts
classes, 547
model catalysts (see Reverse micelles)
preparation techniques
drawback, 548
impregnation, 547-548
precipitation, 547-548
n-Hexane—water—penta-ethyleneglycol-
dodecylether (PEGDE) reverse
micelle system
model size predictions, 553-554
nanoparticles preparation
Co nanocrystallites, 556-559
Fe nanocrystallites, 556557
ruthenium nanocrystallites, 555-556
stability region
solubility, 552-553
ternary phase diagram, 550-551
water core sizes, 552
HF approach, see Hartree—Fock (HF) approach
HFCVD, see Hot filament chemical vapor
deposition (HFCVD)
High-energy emulsification methods, 690-691
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High-pressure homogenizers, 691
High-speed air transport prevention, 362
HLB, see Hydrophilic-lipophilic balance (HLB)
Hollandite, 1126
Homogenization method, 848
Hot filament chemical vapor deposition
(HFCVD), 676
Hybrid nanomaterials
biohybrids, 339-343
inorganic solids, organic derivatives of,
334-336
intercalation compounds, 336339
sol—gel processes, 331-334
Hydrodesulfurization (HDS) process, 117-119
Hydrogels
applications, 1067
biomimetic interactions, 1065
characterization methods, 1066-1067
classification, 1064
host—guest complexation, 1065-1066
jonic interactions, 1065
metal-ligand complexation, 1065
nanocarriers, 593
self-healing and self-repairing, 1064
temperature, 1065
Hydrophilic-lipophilic balance (HLB), 688,
692-693, 700
Hydrophilic nanoparticles
carboxylated (see Carboxylated hydrophilic
polymer/silica hybrid nanoparticles)
sulfonated (see Sulfonated hydrophilic
polymer/silica hybrid nanoparticles)
Hydrothermal synthesis, 562-563

IGC technique, see Inert gas condensation (IGC)
technique
Imaging and diagnosis, 443-444
Impedance spectroscopy (IS)
BiMnO; thin films, 375-377
data representations, 369-372
experimental setup, 367-369
geometrical factor, 374-375
in-plane measurements, 373-374
LaMnO;-SrTiO; multilayers, 380381
nonideal impedance response, 365-366
parallel-plate capacitor measurement
configuration, 372-373
phasor diagram, 365
RC element model, 366-367
Sm,CuO,—LaFeO; multilayers, 378-380
temperature-dependent data, 372
VO, thin films, 377-378
Impregnation, 547-548
In,O; nanowires, 533
InAs/GaSb superlattices
EFA method, 1020-1021
band structure, 1013-1015
description of, 1010-1012
EP method, 1008-1009
k - p method, 1020-1021
deformation potentials, 1017
description of, 1012-1013
four-band Kane’s model, 1016
interband transition energy, 1019
layer thickness, 1018
schematic band structure, 1008—-1009
Incipient wetness impregnation, 547
Indentation size effect (ISE), 786, 790
Inelastic deformation, 494

Index

Inert gas condensation (IGC) technique, 230
Inorganic metal nanoparticles biosynthesis
actinomycetes, 713-714
bacteria (see Bacteria synthesizing metal
nanoparticles)
drawbacks, 720
fungi (see Fungi synthesizing metal
nanoparticles)
future roadmap, 720721
mechanistic aspects
FT-IR data analysis, 719
gold biomineralization, 718-720
NADH-dependent nitrate reductase
enzymes, 718-719
polysaccharide biomineralization
process, 718-719
yeast, 714, 716, 718
Instrumented indentation, see Nanoindentation
Interfacial polymerization method, PANI
nanofibers, 928
Intracellular thermometry, 854-856
Inverse emulsion, 688
Inverse Hall-Petch effect, 498
In vitro release testing, MNPs, 545
Ion-beam lithographic systems, 969
Tonic liquids, 310
Ton-track technology, 965-966
Iron nanoparticles
reverse micelle system, 556557
SSTMC, 508, 510-511
Iron oxide nanoparticles
applications, 389
characterization techniques
vs. measurement techniques, 384
Mossbauer spectra, 387-388
SEM, 386
STEM, 387
TEM, 385-386
XPS, 388-389
XRD, 387
Z-contrast scanning transmission
electron microscopy, 387
synthesis
bottom-up approaches, 383-384
top-down approaches, 383-384

J

Jahn-Teller effect, 998
Joule heat, 1132

K

Kelvin method, 391-392
Kelvin probe force microscopy (KPFM)
applications, 395
instrumentation, 394
principle, 392-394
probes, 394-395
schematic diagram, 393
sensitivity and spatial resolution, 395
Korgel’s method, 505
KPFM, see Kelvin probe force microscopy
(KPFM)
k - p method, 1020-1021
deformation potentials, 1017
description of, 1012-1013
four-band Kane’s model, 1016
interband transition energy, 1019
layer thickness, 1018
Kronig Penney model, 1008
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Lab-on-a-chip (LOC) technologies
electrowetting, 398-399
genetic analysis
DMF, 405-406
pneumatic microvalve, 402—-404
pump actuation, 404-405
micropumps, 398
pneumatic microvalves, 398
protein biomarker screening
DMF, 409-410
droplet technique, 410—411
microvalve-enabled immunoassay,
407-409
o-Lactalbumin (x-LA), 670
Lactoferrin (LF), 670-671
B-Lactoglobulin (B-LG), 668—669
LaMnO;-SrTiO; multilayers, 380-381
Langmuir adsorption isotherm, 574
Laser ablation synthesis in solution (LASIS)
Au-NPs
ex situ biofunctionalization, 426
in situ biofunctionalization, 426-427
experimental setup, 418—419
laser parameters, 422423
material parameters, 420—-422
mechanisms
explosive ejection model, 419-420
thermal evaporation model, 420
stabilizers, 424—-425
system parameters, 423—-424
Lead nanomaterials
adsorption, 583
(-RDIn,,SPP, 222
LF, see Lactoferrin (LF)
Lipidic drug delivery system, see LyoCell®
technology
Liposomes, 592
Liquid droplet size based emulsion
ME:s, 688-689
NEs, 689-690(see also Biobased oil
nanoemulsions)
Load—partial unload method, 784—785
Localized surface plasmon resonance
(LSPR), 909
Local-spin-density (LSD) formalism, 56
Low-energy emulsification methods, 691-692
LSD formalism, see Local-spin-density (LSD)
formalism
Luminescence
dielectric nanoobjects and nanosystems
absorption spectrum, 175
of amorphous nanoobjects and
nanosystems, 175
chemical environment effect, 176-177
intensity and wavelength of exciting
radiation, 177-178
photoluminescence excitation
measurements, 175
relaxation processes, 175
temperature, 175-176
nanothermometers
cytotoxicity and biocompatibility, 858
environmental parameter sensitivity, 858
fluorescence polarization anisotropy, 853
hyperthermia treatment, 857
intracellular thermometry, 854—-856
materials, 851
nitrogen-vacancy electronic spin
method, 854
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quantification methodologies, 852—853
size and shape, 851-852
spatial and temperature resolution, 857
stimuli-responsive drug-delivery systems,
856-857
temporal resolution, 858
LyoCell® technology
benefits of, 183-185
bicontinuous lipid bilayer, 181-182
cubosomes, 182
electrostatic repulsion, 181
emulsions, 181-182
interpenetrating aqueous channels, 181-182
vs. lipid-based particles, 181
liposomes, 182
mixed micelles, 182
phase behavior, 182—183
solubilization and sequestration aspects, 181
uses, 181

M

Magnetically biased graphene
conductivity, 242243
electromagnetic applications, 241
Faraday rotation (see Faraday rotation)
properties, 241
SSP (see Surface plasmon polaritons (SPP))
transverse electric surface modes, 241

Magnetic beads (MBs), 319-320

Magnetic nanomaterials and health-care

diagnostics, 319-321

Magnetite, see Fe;O, nanoparticles

Magnetite nanoparticles (MNPs)
advantages, 104
coprecipitation method, 105
SCMNP

catalytic activities, 107-108

characterization, 106-107

preparation, 105-106
ultracentrifugation, 104

Manganese nanoparticles, 508—-509

Man-made machines, 871

Maximum explosion pressure, 357

Maxwell model, 1079

Maxwell’s equations, 907-908

Mechanical stretching, PANI nanofibers, 926

Medical devices, 446-447

Melanoma prevention
chemotherapy, 461-464
gene therapy, 464—465
photoprotection, 458
radiotherapy, 461
theranostics, 459
tumor imaging, 458—459
viral therapy, 464—465

Melt emulsification method, 847

Membrane distillation, 477

Membrane emulsification, 692

Membrane fouling, 211-212

Membrane separation processes
challenges, immense difficulties, and

indomitable barriers, 213
characteristics of, 206
definition of membrane, 206
dialysis, 206
electrodialysis, 206
NF (see Nanofiltration (NF))
osmosis, 206207
Mercury nanomaterials, 581-582
Metalloporphyrins (MPs)
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(CHInTPP
electronic absorption spectrum,
218, 221
equilibrium constant, 220
intensity, 218
one-center intermolecular
interaction, 220
optimized structures, 222
preparation, 216
pyridyl-substituted pyrrolidinyl-[60]
fullerenes reaction, 223-226
reaction stoichiometry, 221-222
spectrophotometric titration, 218
step reactions, 220
visible spectra, 218-219, 222
O=Mo(OH)TPP
electronic absorption spectrum, 218
O?-and OH-anionic ligands, 218
optical response, 223
pyridyl-substituted pyrrolidinyl-[60]
fullerenes reaction, 225-228
spectrophotometric titration, 218-219
step reactions, 220-221
stoichiometry, 218-219
synthesis, 217
optical density, 218
Py;F preparation, 217
Py,F’ preparation, 217
PyF preparation, 217
quantum chemical calculations, 217
spectroscopic measurements, 217
supramolecular interactions, 215
thermodynamic and kinetic
characteristics, 217
Metal nanostructures, 417
nanocarriers, 593
size-dependent impact responses
longitudinal impact response, 499-501
transverse impact response, 495-499
soil remediation procedures
dechlorinating reagents, 482—-484
heavy metal retention, 484-486
Metal oxide nanoparticles
EEW method, 1133
gas sensor applications (see Semiconductor
nanostructures)
Korgel’s method, 505
molecular complex decomposition
method (see Solid-state thermal
macromolecular complex (SSTMC)
method)
Micellar nanoparticles
antimicrobial properties, 542-543
applications, 1059-1060
characterization methods
microscopy techniques, 1058—-1059
scattering methods, 1058
components, 541
critical micellar concentration (CMC), 1056
formation and entrapment of, 1056—1057
nanocarriers, 591-592
ocular delivery, 545-546
oral delivery, 545
physicochemical characterization, 542
spherical micelles, 1056
structures, 541-542
topical delivery, 543-545
transdermal delivery, 543-545
Microemulsion method, 847
Microemulsions (MEs), 688—-689
Microfiltration membranes, 475-476
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Microfluidizer, 691
Microhotplate systems, 529
Micropumps, 398
Microvalves, see Pneumatic microvalves
Microwave-assisted hydrothermal synthesis,
305-307
apparatus, 563-564
applications, 565-567
energy transfer coupling
dielectric constant, 565-566
dielectric losses, 565-566, 568
dielectric polarization, 568
magnetic heating, 568
magnetic losses, 568—-569
microwave radiation, 567-568
second-order effects, 569
industrial applications, 565-567
Milestone Ethos One furnace, 563
principles, 562
reaction parameters, 564
sample heating, 564-565
Microwave plasma-enhanced chemical vapor
deposition, 676
Mie’s theory, 908-909
Milk proteins
caseins (see Casein nanoparticles)
whey proteins (see Whey protein
nanoparticles)
Milling method, 848
Minimum explosive concentration (MEC), 357
Minimum ignition temperature (MIT), 359
Mixed oxides nanoparticles, 902
Mn-Ca oxides
hollandite model, 1126
PSII, 1124
UV-induced photodamage, 1128—1130
water oxidation mechanism, 1126-1128
WOC, 1121-1122
Mobil composition of matter-41 (MCM-41)
catalytic activities, 104
FT-IR spectrum, 103
leaching, 101
nitrogen sorption analysis, 104
presynthesized Schiff base ligands, 101
in situ—formed Schiff base ligands, 101-103
XRD pattern, 103—-104
Molecular biomimetics, 40
Molecular complex decomposition method, see
Solid-state thermal macromolecular
complex (SSTMC) method
Molybdenum-based hybrid nanocatalysts
applications, 100
hybrid catalysts, 100
hybrid materials, 100
MCM-41
catalytic activities, 104
FT-IR spectrum, 103
leaching, 101
nitrogen sorption analysis, 104
presynthesized Schiff base ligands, 101
in situ—formed Schiff base ligands,
101-103
XRD pattern, 103-104

MNPs (see Magnetite nanoparticles (MNPs))

MWCNTs
catalytic activity, 110
characterization, 109-110
TEM micrograph, 108
Mossbauer spectra
iron oxide nanoparticles, 387-388
Ni—Cr coating, 607
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MPs, see Metalloporphyrins (MPs)
MQ-MSN/PNIPAM-g-Cs microspheres, 904
Multiple emulsions, 688
Multiwalled carbon nanotubes (MWCNTSs)

catalytic activity, 110

characterization, 109-110

ex-cathode spot, 23

graphite cathode spot area, 19

TEM micrograph, 108

TEM micrographs, 20

N

Nanobattery
advantages, 31
atom bottom-up technique
add/drop filter, 31-32
add/drop optical multiplexing
system, 32
capacity data, 34-35
charge/discharge cycles, 34-35
control port optical field, 31
double nanoring resonators, 31-32
dynamic results, 34
effective mode core area, 31-32
input optical field, 31
P and N types, 32-33
proton-tunneling mechanism, 33
simulation results, 34-35
temporal soliton, 32
testing stage, 33
transmitted and circulated
components, 32
vacuum treatment, 33
wavelength-selected tweezers, 31
zinc—air structure formation, 33
Nanobioconvergence, 40
Nanocalcium
HMs-contaminated soil, 486
POPs-contaminated soil, 484
Nanocatalysis, 115
Nanocatalysts
catalytic properties
interparticle distance effects, 124
shape effects, 123-125
size effects, 123-124

surface-capping agents effect, 125-126

surface effects, 124
characterization, 116
composition effects, 126—127
in oil and gas processes
ethylene oxide manufacturing, 118
Fischer-Tropsch process, 119
HDS process, 117-119
middle distillate fraction, 117-118
refinery products producing, 118-119
selective catalytic hydrogenation, 119
oxidation state effects, 128—129
preparation method
microemulsion, 116—117
SCF, 117
sonochemical reactions, 117
support effects, 127-128
supports, 115-116
Nanocomposite membrane-based water
purification processes
distillation, 477
electrodialysis, 477
e-membranes, 479
forward osmosis, 476—-477
microfiltration, 475-476

Index

nanofiltration, 473-474
pervaporation, 477-479
reverse osmosis, 472—-473
ultrafiltration, 474—475
Nanocrystalline diamond (NCD) films
carbon fiber substrate, 682—-683
chemical vapor deposition
HFCVD, 676
microwave plasma CVD, 676
porous silicon substrate, 678—679
porous Ti substrate, 680—682
quartz substrate, 683—-684
silicon substrate, 676—678
surfatron system, 679, 683
TigALV substrate, 679-680
Nanodimensional silica-based glasses
CuO nanoparticles, 235-236
ionic conductivity, 235
magnetodielectric effect, 236240
ZnO nanorod, 236-237
Nanoedge method, 848
Nanoemulsions
advantages, 707-708
disadvantages, 708
food applications, 708-709
lipophilic functional compounds,
703-704
production
emulsifiers, 704-705
high-energy approaches, 705-706
low-energy approaches, 706707
o/w nanoemulsion, 705
Nanofiltration (NF)
application of, 212-213
contribution to human society, 212-213
and desalination technology, 207
disadvantages, 210-211
drinking water, 210
ecological imbalance, 213
environmental sustainability, 213
future vision, 213
groundwater quality scenario, 210
mankind’s prowess, 213
membrane fouling, 211-212
membranes, 473—-474
textile wastewater treatment, 207-209
Nanofluids
characteristics, 779
density, 754, 757-758
erosion, 782-783
erosion reduction, 725
fractal model (see Fractal model)
mass diffusion coefficient, 759-761
nonblocking microchannels, 725
non-Newtonian effects, 782
PIV, 782
pump power, 725-726
quality assessment, 782
specific heat capacity, 754, 757
stability, 725
surface tension, 758-759
thermal conductivity, 727
3w method, 1077-1078
base fluid type, 728-729
Brownian motion, 732
Bruggeman model, 1079
carbon nanotubes, 1074
coolant fluids, 725
copper nanoparticles, 1073
cylindrical cell method, 10761077
diffusiophoresis, 732
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dynamic, 1081
dynamic models (see Dynamic thermal
conductivity)
fractal model (see Fractal model)
Maxwell model, 1079
microconvection, 725
pH effect, 729
properties, 726
shapes, 728
size, 728
solid-liquid interface, 731-732
static, 1078-1081
static models (see Static thermal
conductivity)
steady-state parallel-plate method, 1076
surfactants, 729-730
temperature, 729
temperature comparator method, 1078
temperature oscillation technique, 1077
thermal constant analyzer technique,
1075-1076
thermophoresis, 732-738
transient hot-wire method, 1075
type, 727-728
ultrasonication, 730-731
volume concentration, 726727
Yu and Choi model, 1079
thermal expansion coefficient, 758
thermal performance
heat transfer (see Heat transfer)
mechanical and thermal properties, 781
viscosity, 751, 755-757
Al,0;-water nanofluids, 753-754
alualuminum nitride/ethylene glycol,
747, 750
aluminum nitride/polyethylene glycol
nanofluids, 747, 750
capillary viscometer, 751
CuO-water nanofluids, 753-754
dynamic and kinematic viscosity,
752-753
Einstein equation, 751-752
Frankel and Acrivos equation, 752
Krieger-Dougherty model, 753
magnetic field, 750-751
Newtonian and non-Newtonian behavior,
747, 750
particle concentration, 747
silver nanoparticles, 747
surfactants, 751
temperature and volume fraction, 751
water mixture/ethylene glycol, 751
Nanoindentation
commercial devices, 790
contact depth and area, 786, 790
indenters
Berkovich/Vickers pyramid, 786
pointed indenters, 785-786
spherical indenters, 785-786
inelastic properties, 786787
ISE, 786, 790
load-displacement curves
contact stiffness, 784
CSM mode, 785
elastic contact, 784-785
hardness, 784-785
load-unload P-h curves, 787-788
nonhomogeneous materials
coatings and surface layers, 789
multiphase microstructure, 786, 789
surface forces and adhesion, 790
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viscoelastic properties, 787-788
Nanomedicine
biomedical diagnosis/imaging, 793-795
drug transportation and delivery,
795-796
history, 793
nanostructured materials, 792793
theranostics, 793
biodegradable polymers, 798
drug molecules, 798
magnetic resonance, 798
multivalent binding, 798
nanoplatforms, 797
tumor-specific molecular targeting,
798-799
therapeutical applications
hyperthermia, 795-796
intratumoral injection, 796-797
magnetic field energy, 796
magnetosomes, 797
thermally sensitive doxorubicin, 797
toxicity, 799
Nanometallic glasses
bulk glass formation, 232
IGC technique, 230
MD simulations, 233-235
mechanical behavior, 233
vs. melt-spun glass, 230
Mbssbauer spectroscopy, 232
positron annihilation spectroscopy, 232
SAXS and WAXS study, 231-232
sustainability, 232
Nanoonions, see Carbon nanoonions (CNOs)
Nanopharmaceuticals
advantages, 597
future developments, 597
nanocarriers
aquasomes, 595
characterization, 595
CNTs, 592
dendrimers, 592-593
fullerene, 595
hydrogels, 593
liposomes, 592
metallic nanoparticles, 593
polymeric nanoparticles, 593
polymer micelle, 591-592
polymersomes, 593
QDs, 594-595
solid lipid nanoparticles, 593-594
virosomes, 595
types, 591
Nanorobots
chemical locomotion, 818—819
control and navigation, 821-822
flagellar propulsion, 817-818
bead model, 830-831
BEM, 828-830
biocompatible materials, 832—-833
flagellar motor, 823-824
geometry and dimensions, 832—833
low-reynolds-number
hydrodynamics, 824
methods, 823
modes, 833-834
multiflagella, 834
nanoswimmers, 823
RFT, 825-827
SBT, 826-829
sperm number, 831-832
viscosity, 833
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wall effects, 834
issues, 817
macroscale experiments, 834—836
microscale experiments, 835, 837-839
powering and actuation
fuel-free methods, 820
internal powering, 820
magnetic methods, 820-821
micro-/nanofabrication techniques,
819-820
molecular motors, 820
power supply, 819
Nanoscale probing tools, 37
Nano scale zero-valent iron (NZVI), 482—-483
Nanosized hydroxyapatite (nHA)
fabrication method, 47
physical and chemical properties, 46—47
porous composite scaffolds
bioinert titania, 50
brittleness, 48
Ca-P solution-dipping method, 50
freeze-drying, 48
interconnecting structures, 47
in vitro/in vivo evaluation, 50
natural polysaccharides, 48—-49
poly(3-hydroxybutyrate), 50
poly(vinyl alcohol), 49-50
poly (L-lactic acid), 48
polyamide, 49
polyurethane, 49
solvent casting/particle leaching, 48
TIPS, 48
Nanosphere lithography (NSL)
2D colloidal crystals, 431
fabrication processes, 432—433
plasma-assisted (see Plasma-assisted
nanosphere lithography)
Nanospherical-lens lithography (NLL)
challenges, 435
schematic illustrations, 435
UV lamp, 436-438
Nanowires (NWs)
CMOS, 877-878
solar cells, 886—-890
TFETs, 879-881
thermal energy harvesting, 886
vibrational energy harvesting, 890-891
Nano-zerovalent metals (n-ZVMs)
Eh and pH
closed system, 1109-1110
open system, 1110-1111
macropore formation, 1105-1106
nature of, 1111
water consumption, 1109
water remediation treatment
catalyst theory, 1111, 1113-1114
cross-coupling catalytic theory,
1116-1117
galvanic reactions, 1112-1113
galvanic theory, 1112, 1114-1116
oxidation, 1105
redox theory, 1112-1114
shuttle reactions, 1112
types, 1103
Natural nanopolymer carriers, 197-198
Neem oil nanoemulsion, 695
Neodymium-doped ZnO nanostructures,
1151-1152
Neuroelectronic interfacing, 447
Neutral MNP, 546
NF, see Nanofiltration (NF)
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nHA, see Nanosized hydroxyapatite (nHA)
Nickel nanoparticles
SCs, 273
SSTMC, 509, 511, 514
Ni—Cr powder plasma detonation coatings
corrosion tests, 621
elementary composition, 604
HVPIJ treatment, 609-610
microhardness distribution, 617
Maossbauer spectroscopy, 607
Rutherford backscattering energy
spectrums, 605
SEM analysis, 603—604
strength properties, 618
TEM image, 615-616
two-phase composition, 612
wear resistance, 620
XRD pattern, 612
NLL, see Nanospherical-lens lithography (NLL)
Noble metal nanostructures
plasmonic nanoparticles, 909
SSTMC method
gold, 511, 514-515
palladium, 512-513, 517-518
platinum, 512, 517
silver, 511, 516
Noncommon atom superlattices
(NCA SLs), 1009
Nonsono-electrooxidation ZnO nanoflowers,
1166-1167
NSL, see Nanosphere lithography (NSL)

(0]

Oil-in-water (o/w) nanoemulsion, 705
Organic—inorganic (OI) nanostructured hybrids,
see Hybrid nanomaterials
Osmosis, 206-207
Ostwald ripening
biobased oil nanoemulsions, 690
co-precipitation reactions, 977
Oxide nanoparticles
magnetite (see Fe;O, nanoparticles)
TiO, (see Titanium dioxide (TiO,)
nanoparticles)
ZnO (see Zinc oxide (ZnO) nanostructures)

P

Palladium nanoparticles
soil remediation, 483
SSTMC, 512-513, 517-518
Palm oil-based engines, 871
PANDA microring resonator, 31
PANI nanofibers, see Polyaniline (PANI)
nanofibers
Particle image velocimetry (PIV), 782
Pentagon—heptagon defect, 160
Persistent organic pollutants (POPs)-
contaminated soil
calcium, 484
categories, 482—-483
mechanism of action, 483-484
Pervaporation membranes, 477-479
Pharmaceutical nanosuspensions
advantages, 847
brain drug delivery, 849-850
characterization
particle morphology, 848
particle size, 848
zeta potential, 848—849
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ocular delivery, 849
oral delivery, 849
parenteral delivery, 849
preparation methods
homogenization, 848
melt emulsification, 847
microemulsion, 847
milling, 848
precipitation, 847
pulmonary delivery, 849
targeted delivery, 849
topical delivery, 849
Phase inversion temperature (PIT) method, 692
Photocatalysts, 124
Photodegradable supramolecular
hydrogels, 1066
Photodynamic therapy, 299
Photoluminescence (PL) spectra
semiconductor nanomaterials, 978-979
ZnO nanostructures
aluminum-doped, 1144-1146
erbium-doped, 1146-1148
erbium, ytterbium and thulium tri-doped
nanostructures, 1154-1155
europium and erbium co-doped
nanostructures, 1152-1153
europium-doped, 1148-1150
neodymium-doped, 1151-1152
pure nanostructures, 1141-1142
silver-doped, 11421145
terbium-doped, 1150-1151
ytterbium and erbium co-doped
nanostructures, 1153-1154
pH-sensitive supramolecular hydrogels,
1065-1066
Physical supramolecular hydrogels, 1065
Plasma-assisted nanosphere lithography
fabrication processes, 432—433
polystyrene (PS) nanospheres, 433-434
Plasma detonation technology
advantages, 600—-601
Co-Cr powder coatings
corrosion tests, 621
elementary distribution maps, 608
HVPIJ treatment, 609-610
micro—electron diffraction pattern, 613
Rutherford backscattering energy
spectrums, 610
SEM analysis, 608
surface roughness diagram, 619
TEM image, 614
through-the-thickness elementary
composition analysis, 606—607
two-phase composition, 612
wear resistance, 620
disadvantages, 600
Ni—Cr powder coatings
corrosion tests, 621
elementary composition, 604
HVPIJ treatment, 609-610
microhardness distribution, 617
Mbssbauer spectroscopy, 607
Rutherford backscattering energy
spectrums, 605
SEM analysis, 603—-604
strength properties, 618
TEM image, 615-616
two-phase composition, 612
wear resistance, 620
XRD pattern, 612
plasma spray facility diagram, 601

Index

stages, 601
Plasmonic nanoparticles
aluminum nanoparticles, 909
applications
chemical and biological sensors, 918
exciton—plasmon interactions,
918-919
biological synthesis, 912-913
chemical reduction synthesis, 911-912
electrochemical synthesis, 910-911
fabrication
electron beam lithography, 910-911
nanosphere lithography, 910-911
graphene, 909-910
LSPR, 909
noble metals, 909
SERS spectroscopy, 914, 917-918
size and shape effects, 912-914
SPR
Maxwell’s equations, 907-908
metal—dielectric interface, 908
Mie’s theory, 908—909
Platinum nanoparticles
BN nanotubes, 88
SSTMC, 512, 517
PL technique, see Photoluminescence (PL)
spectra
Pneumatic microvalves, 398
Polyamidoamine (PAMAM) dendrimers,
166-167
Polyaniline (PANI) nanofibers, 938-939
applications, 925-926
chemical synthesis, 926
dilute polymerization, 927-928
electrospinning, 926
hard-template method, 926-927
interfacial polymerization method, 928
mechanical stretching, 926
radiolytic polymerization, 929
rapid-mixing reaction, 928
seeded polymerization method, 929
SEM images, 924
soft-template method, 927
TEM images, 925
template-free methods, 927
ultrasonic irradiation, 929
Polyhedral oligomeric silsesquioxanes (POSS)
nanoparticles, 961-962
Polymer/clay nanocomposite material preparation
acrylated modifying agent, 952
cation-exchange technique, 951
clay modification, 953
Cloisite 30B, 952-953
Darocure 1173, 953
free-radical polymerization, 953
melt blending, 952
photochemical methods, 954
physical properties, 951
in situ photopolymerization, 952, 954
solution-mixing, 951
styrene-based polymerically-modified
clays, 955
thiol-ene polymerization, 955
type 11 photoinitiated free radical
polymerization, 954
XRD and TEM analyses, 952
Polymer films
applications, 1063-1064
brushes, 1062-1063
characterization methods, 1063
layers, 1063
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membranes, 1062
SAMs, 1062
Polymeric NMs (PNMs), 321
Polymer nanocomposites
advantages, 951
CdsS, 958
CNT, 956
gold nanoparticles, 958-959
graphene, 955-956
nanocarriers, 593
POSS nanoparticles, 961-962
silver nanoparticles, 958-961
Si0,, 957-958
in situ preparation, 951
TiO,, 956-957
ZnO0, 958
Polymersomes
applications, 1059-1060
characterization methods
microscopy techniques, 1058—-1059
scattering methods, 1058
cryogenic transmission electron
microscopy, 1058
nanocarriers, 593
schematic representation, 1057
Polypyrrole nanostructures, 938
Polystyrene—Fe;0, core—shell nanoparticles,
894-895
Poorly water-soluble drugs
challenge, 846
colloidal dispersion (see Pharmaceutical
nanosuspensions)
Porous composite scaffolds, nHA
bioinert titania, 50
brittleness, 48
Ca-P solution-dipping method, 50
freeze-drying, 48
interconnecting structures, 47
in vitro/in vivo evaluation, 50
natural polysaccharides, 48—49
poly(3-hydroxybutyrate), S0
poly(vinyl alcohol), 49-50
poly (L-lactic acid), 48
polyamide, 49
polyurethane, 49
solvent casting/particle leaching, 48
TIPS, 48
Porous silicon substrate, NCD films, 678—679
Porous Ti substrate, NCD films, 680—682
Positron annihilation method, 629
POSS nanoparticles, see Polyhedral
oligomeric silsesquioxanes
(POSS) nanoparticles
Precipitation method, 547-548, 847
Protein biomarker screening, LOC technologies
DMF, 409-410
droplet technique, 410—-411
microvalve-enabled immunoassay, 407—-409
PS-co-4-PVP - MXn precursors
chromium, 508-509
cobalt, 508-509, 513
formation mechanism, 516, 521
gold, 511, 514-515
iron, 508, 510-511
manganese, 508-509
nickel, 509, 511, 514
palladium, 512-513, 517-518
platinum, 512, 517
process steps, 505-506
rare-earth compounds, 515-516, 520-521
silver, 511, 516
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Sn0O,, 513-515, 519
titanium, 506-507
vanadium, 507-508
Zn0, 513, 519
Pure ZnO nanostructures, 1141-1142

Q

Q-particles, 124

Quantum dots (QDs)
health-care diagnostics, 318-319
nanocarriers, 594-595

Quartz substrate, NCD films, 683-684

R

Radiation methods
carbon nanostructures modification, 970-971
FIB-CVD method, 966
ion-track technology, 965-966
lithographic processes, 968—969
nanogels, 966-968
nanoparticles synthesis, 968
polymeric nanocomposites, 966—-968
of solid surfaces, 969-970
Radiolytic polymerization, PANI nanofibers, 929
Radiotherapy, melanoma prevention, 461
Rapid-mixing reaction, PANI nanofibers, 928
Rare-earth metal nanostructures
dielectric nanocrystals, 175
SSTMC, 515-516, 520-521
RC element model, 366-367
Reassembled casein micelles (rCM)
drugs, 665-666
nutraceuticals, 665
preparation, 664—665
Redox-stimuli-responsive supramolecular
hydrogels, 1066
Redox theory, 1112-1114
Resistive force theory (RFT), flagellar
propulsion, 825-827
Reverse micelles
advantage, 559
catalytic reactions, 548
definition, 548-549
nanosized metal precipitates, 549-550
n-hexane—water—PEGDE system
(see n-Hexane—water—penta-
ethyleneglycol-dodecylether
(PEGDE) reverse micelle system)
schematic representation, 549
ternary phase diagram, 549
Reverse osmosis (RO) membranes, 472-473
[Ru(bpy);]**/Mn oxide, 1124-1125
Ruthenium nanocrystallites, 555-556
Rutherford Backscattering Spectroscopy (RBS),
625-626

S

SAMs, see Self-assembled monolayers (SAMs)
SC, see Supercapacitors (SC)

Scanning electron microscopy (SEM) analysis
carboxylated hydrophilic polymer/silica
hybrid nanoparticles, 350

iron oxide nanoparticles, 386
sulfonated hydrophilic polymer/silica hybrid
nanoparticles, 351
Scanning transmission electron microscopy
(STEM), 387
SCEF, see Supercritical fluid deposition (SCF)
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SCNPs, see Single-chain polymer nanoparticles
(SCNPs)
Seeded polymerization method, PANI
nanofibers, 929
Selenium nanomaterials
adsorption, 582-583
doped ZnO nanoparticles, 901
Self-assembled monolayers (SAMs), 1062
Semiconductor nanostructures
metal oxide gas sensors
additives, 531-532
binary metal oxides, 527-528
dopants, 531-532
film synthesis, 528-529
low-dimensional structures, 532-533
microstructure effects, 529-531
mixed metal oxides, 528
principles, 525-527
sensor fabrication, 528-529
wide bandgap materials (see Wide bandgap
semiconductor nanomaterials)
Sensors
SiC nanoparticles, 720-721
TiO, nanoparticles, 1100-1101
SERS spectroscopy, see Surface-enhanced
Raman scattering (SERS)
spectroscopy
Silica-coated magnetite nanoparticles
(SCMNPs)
catalytic activities, 107-108
characterization, 106—107
preparation, 105-106
Silicon substrate, NCD films, 678—679
Silver-doped ZnO nanostructures, 1142-1145
Silver nanoparticles (AgNPs), 417
antimicrobial mechanism, 2-3
applications, 1, 4-5
biological synthesis, 912-913
on cell metabolome, 990
cellular uptake, 987-989
characteristics and properties, 985-986
cytotoxicity, 989-990
degree of bioaccumulation, 987
on earthworms, 986
factors affecting, 3—4
fate and distribution, 986
genotoxicity, 990
in seawater and freshwater organisms, 986
SSTMC, 511, 516
in tissue/organs, 987
toxic effects, 4
Single-chain polymer nanoparticles (SCNPs)
additional uses, 948
characteristics, 942
characterization techniques, 945-946
controlled polymerization, 942-943
cross-linker-induced collapse methods,
945-946
enzyme mimetics, 946-947
intrachain folding/collapse, 943-945
intrachain heterocoupling technique,
945-946
intrachain homocoupling technique,
945-946
in nanomedicine, 947
polymer functionalization, 943-944
schematic representation, 942-943
size, 942
Single-walled carbon nanotubes (SWCNTSs),
19-20, 23, 134-135
Skin deposition model, MNPs, 543-544
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Slenderbody theory (SBT), flagellar propulsion,
826-829
Sm,CuO,—LaFeO; multilayers, 378-380
Smart corrosion—resistant coatings, TiO,
nanoparticles, 1101
SnO, nanoparticles
gas sensor applications, 532
SSTMC, 513-515, 519
Soft-template method
PANI nanofibers, 927
Sol—gel hybrid nanomaterials, 331-334
Solid lipid nanoparticles
nanocarriers, 593-594
Solid-state thermal macromolecular complex
(SSTMC) method
formation mechanism, 516, 521
noble metals (see Noble metal
nanostructures)
process steps, 505-506
rare-earth compounds, 515-516, 520-521
Sn0O,, 513-515, 519
transition metals (see Transition metal
nanostructures)
ZnO, 513, 519
Solid-supported architectures, see Polymer
films
Solvent displacement method, 692
Solvothermal method, TiO, nanoparticles, 1097
Sonoelectrochemical-assisted nanomaterial
synthesis, 307
Sono-electrooxidation ZnO nanoflowers,
1166-1167
Sourirajan-Loeb synthetic membrane, 205
Spark plasma sintering (SPS), 133-134
Spherical zinc oxide nanoparticles, 1159
Spin coating, NSL, 431-432
Spinels
applications, 1005
cation distribution
binary spinels, 998-999
CFSE, 1000
diffraction techniques, 1000-1001
elastic energy, 999
electrostatic energy, 999-1000
indirect methods, 1001
normal and inverse spinel, 999
physical properties, 998
charge combinations, 996-997
electrical properties, 1004—1005
first-principle calculations, 1001-1002
magnetic properties, 1003—-1004
structural phase transition, 998
structure, 997-998
synthesis methods, 1002-1003
Zn-Ni system, 997
Spontaneous emulsification, 692
SPP, see Surface plasmon polaritons (SPP)
SPR, see Surface plasmon resonance (SPR)
Static thermal conductivity, 1078—1081
Bruggeman model, 739
carbon fibers, 741-742
Garnett—-Maxwell approximation, 742
Maxwell model, 738-739, 741
mixed nanoparticles, 740
nonpolar coefficient, 740
nonspherical particles, 740
shape factor, 739
spherical nanoparticles, 739
surface nanolayers, 740-741
Statistical functional data analysis, 654
Steady-state parallel-plate method, 1076
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Stokes—Einstein equation, 692-693
Stone—Wales defect, 160
Sulfonated hydrophilic polymer/silica hybrid
nanoparticles
characterization
DLS analysis, 351
FT-IR analysis, 350-351
SEM analysis, 351
TEM analysis, 351
TG analysis, 351
proton exchange membranes, 351-353
synthesis, 350
Supercapacitors (SC)
EDLC, 258-259
pseudocapacitors, 259
3D graphene-based supercapacitor (see 3D
graphene-based supercapacitor)
3D graphene composite-based supercapacitor
(see 3D graphene composite-based
supercapacitor)
Supercritical fluid deposition (SCF), 117
Supercritical fluids, 309-310
Superlattice EPM (SEPM) method, 1008
Superlattices
carbon systems (see Carbon superlattices)
InAs/GaSb (see InAs/GaSb superlattices)
Superparamagnetic iron oxide NPs (SPIONs),
794-795
Supervised materials classification, 658, 660
Supported catalysts, 547
Supramolecular architectures
hydrogels (see Hydrogels)
micelles (see Micellar nanoparticles)
polymer films (see Polymer films)
polymersomes (see Polymersomes)
Surface-enhanced Raman scattering (SERS)
spectroscopy, 914, 917-918
Surface plasmon polaritons (SPP)
bulk SPPs, 252
charge distribution and electric field lines, 253
dispersion diagram, 253-254
dispersion of, 252
nonreciprocal graphene coupler, 255-256
nonreciprocal phase shifter, 253
nonreciprocal plasmonic coupler, 253
polarization characteristics, 252
propagation, 252
symmetrical and antisymmetrical coupled
modes, 254
Surface plasmon resonance (SPR)
Maxwell’s equations, 907-908
metal-dielectric interface, 908
Mie’s theory, 908—-909
Sustainable technology, 871-873
SWCNTs, see Single-walled carbon nanotubes
(SWCNTs)
Synthetic nanopolymer carriers, 198-200

T

Temperature comparator method, 1078
Temperature oscillation technique, 1077
Template-free methods, PANI nanofibers, 927
Terbium-doped ZnO nanostructures, 1150-1151
Textile wastewater treatment, 207-209
Theranostics, 793

biodegradable polymers, 798

drug molecules, 798

magnetic resonance, 798

melanoma prevention, 459

multivalent binding, 798
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nanoplatforms, 797
tumor-specific molecular targeting, 798-799
Thermal analysis, 654-656
Thermal conductivity, nanofluids, 727
base fluid type, 728-729
Brownian motion, 732
Bruggeman model, 1079
carbon nanotubes, 1074
coolant fluids, 725
copper nanoparticles, 1073
diffusiophoresis, 732
dynamic, 1081
dynamic models (see Dynamic thermal
conductivity)
fractal model (see Fractal model)
Maxwell model, 1079
measuring techniques
3w method, 1077-1078
cylindrical cell method, 10761077
steady-state parallel-plate method, 1076
temperature comparator method, 1078
temperature oscillation technique, 1077
thermal constant analyzer technique,
1075-1076
transient hot-wire method, 1075
microconvection, 725
pH effect, 729
properties, 726
shapes, 728
size, 728
solid—liquid interface, 731-732
static, 10781081
static models (see Static thermal
conductivity)
surfactants, 729-730
temperature, 729
thermophoresis, 732-738
type, 727-728
ultrasonication, 730-731
volume concentration, 726727
Yu and Choi model, 1079
Thermal constant analyzer technique, 1075-1076
Thermally induced phase separation (TIPS), 48
Thermal plasma process, TiO,
nanoparticles, 1098
Thermodynamically stable emulsions, see
Microemulsions (MEs)
Thermogravimetry (TG) analysis
carboxylated hydrophilic polymer/silica
hybrid nanoparticles, 349-350
sulfonated hydrophilic polymer/silica hybrid
nanoparticles, 351
Thermometers
luminescence methods
cytotoxicity and biocompatibility, 858
environmental parameter sensitivity, 858
fluorescence polarization anisotropy, 853
hyperthermia treatment, 857
intracellular thermometry, 854—856
materials, 851
nitrogen-vacancy electronic spin
method, 854
quantification methodologies, 852—853
size and shape, 851-852
spatial and temperature resolution, 857
stimuli-responsive drug-delivery systems,
856-857
temporal resolution, 858
nonluminescence methods, 851
Thermophoresis, 732-738
Thin-film battery, see Nanobattery
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Thiol-capped gold NPs, 147-148
3D graphene-based supercapacitor

foam structure 3D architecture
advantages, 262
Co;0, nanowires, 262
CVD approach, 261
definition, 261
graphene network, 261-262
Ni foam removal, 261
Ni foam substrate, 262, 264
NiO dense and uniform coating, 261
porous structure, 261-262
GO/rGO self-assembly, 260
interconnected porous framework
copper wire electrode, 265, 268
graphene aerogel, 263, 265, 268
self-assembled graphene hydrogel, 263,
266-267
macroporous spherical interconnected
network, 271, 273
template-directed approach, 260261
wavy wrinkles 3D structure
graphene/NiO-MnO, composites,
262,264
poly(p-phenylenediamine), 263, 265
of 1GO, 263, 265
in situ polymerization method, 263

3D graphene composite-based supercapacitor

CNT, 279-280
composite materials, capacitance,
269, 271

conducting polymers, 276278

metal oxides/hydroxides
Co,0, composite electrode, 274-275
cyclic performance, 275-276
disadvantage, 271
hydrothermal method, 271
MnO, composite electrode, 271-273
MnO,/G-gel/NF electrodes, 275-276
Ni(OH),, 273
NiO/graphene composite, 273-274
TGH, 275-276

nitrogen doping, 279

Three-dimensional nanostructures

fabrication, 966

TigAl,V substrate, NCD films, 679-680
Ti—-Hf-Si—N coatings

adhesion tests, 633—-634

deposition parameters, 625
diffraction spectra, 630—631
elementary analysis, 625-626, 632
energy-dispersive spectra, 632—633
nitrides heat of formation, 630
SIMS analysis, 632—633
S-parameter-energy dependence, 633-634
TEM images, 631

textured analysis, 631-632
tribomechanical properties, 631
wear resistance tests, 633, 635

TIPS, see Thermally induced phase

separation (TIPS)

Ti—Si—N coatings

deposition parameters, 625

elementary analysis, 625, 627-628
loading and unloading curves, 630
S-parameter-energy dependence, 629-630
stress analysis, 627

surface morphology, 630

surface topography, 628—629

tribological investigations, 627—-628

x-ray diffraction patterns, 627
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Tissue engineering, 446
Titanium dioxide (TiO2) nanoparticle-GH
(TGH), 273-274
Titanium dioxide (TiO,) nanoparticles, 897-899
anticancer drugs, 1099
citrate—nitrate auto combustion method,
1098-1099
dental implantation, 1099
DSSCs, 1101
gas sensor applications, 532
long-term exposure effects, 1101
sensors, 1100-1101
smart corrosion—resistant coatings, 1101
sol—gel preparation, 1097
solvothermal method, 1097
thermal plasma process, 1098
ultrasonic-assisted sol-gel method, 1097
VOCs, 1100
water disinfection and microbial control,
1099
Ti-Zr-Hf-V-Nb-N coatings
deposition parameters, 625-626
EDX analysis, 641-642, 646
element distribution map, 646—647
FCC crystal structure, 640
friction tests, 648—-649
PIXE spectrum, 644
RBS analysis, 641, 643, 646
SEM analysis, 641
S-parameter-energy dependence, 642—643
textured analysis, 645-646
tribological wear tests, 648—649
wear products, 648, 650
XRD spectra, 644-645
Total scattering (TS) technique, see Debye
function analysis (DFA) method
Toxicology
chemical and physical characterization, 863
eukaryotic cells, 867
microbiological assays, 864—-867
prokaryotic cells, 867
Transient hot-wire method, 1075
Transition metal nanostructures
gas sensor applications, 1100
SSTMC method
chromium, 508-509
cobalt, 508-509, 513
iron, 508, 510-511
manganese, 508-509
nickel, 509, 511, 514
titanium, 506-507
vanadium, 507-508
Transmission electron microscopy (TEM)
analysis
iron oxide nanoparticles, 385-386
MNPs, 542
sulfonated hydrophilic polymer/silica hybrid
nanoparticles, 351
Tribology, 871-872
Tubular zinc oxide nanoparticles, 1160-1161
Tumor imaging, melanoma prevention, 458—459
Tunnel FETs (TFETs), 879-881
Type-II InAs/GaSb superlattices, see InAs/GaSb
superlattices

U

Ultrafiltration membranes, 474—475

Ultrafine particles (UFPs), 860

Ultrananocrystalline diamond (UNCD) films
AMR studies, 1048-1049
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anisotropic magnetoconductivity, 1046-1048
DFS model, 1047
temperature-dependent conductivity, 1046
Ultrasonic-assisted sol-gel method, TiO,
nanoparticles, 1097
Ultrasonication
nanofluids, 730-731
PANI nanofibers, 929
Ultrasound-assisted nanomaterial synthesis, 307
Ultrasound generators, 691
Unsupervised materials classification, 658, 660
US Pharmacopeia antimicrobial effectiveness
testing, MNPs, 542-544
UV-curing process
advantages, 951
definition, 951
polymer/clay nanocomposite materials,
951-955
polymer nanocomposites
advantages, 951
CdS, 958
CNT, 956
gold nanoparticles, 958-959
graphene, 955-956
POSS nanoparticles, 961-962
silver nanoparticles, 958—961
Si0,, 957-958
in situ preparation, 951
TiO,, 956-957
Zn0, 958

V

Vanadium nanoparticles, 507-508
Viral therapy and melanoma prevention,
464-465
Virosomes, 595
Viscosity
MNPs, 542
nanofluids, 751, 755757
Al,O,—water nanofluids, 753-754
alualuminum nitride/ethylene glycol,
747, 750
aluminum nitride/polyethylene glycol
nanofluids, 747, 750
capillary viscometer, 751
CuO-water nanofluids, 753-754
dynamic and kinematic viscosity,
7521753
Einstein equation, 751-752
Frankel and Acrivos equation, 752
Krieger—Dougherty model, 753
magnetic field, 750751
Newtonian and non-Newtonian behavior,
747, 750
particle concentration, 747
silver nanoparticles, 747
surfactants, 751
temperature and volume fraction, 751
water mixture/ethylene glycol, 751
VO, thin films, 377-378
Volatile organic compounds (VOCs), TiO,
nanoparticles, 1100

w

Water, in greener synthesis, 308-309

Water-in-oil (w/0) microemulsions, see Reverse
micelles

Water-oxidizing catalysts, see Mn—Ca oxides

Water remediation treatment
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n-ZVMs
catalyst theory, 1111, 1113-1114
cross-coupling catalytic theory,
1116-1117
galvanic reactions, 1112—1113
galvanic theory, 1112, 11141116
oxidation, 1105
redox theory, 1112-1114
shuttle reactions, 1112
types, 1103
TiO, nanoparticles, 1099
Whey protein isolates (WPIs), 667-668
Whey protein nanoparticles
B-LG, 668—669
BSA, 667
vs. casein nanoparticles, 665
core—shell delivery systems, 669—670
a-LA, 670
LF, 670-671
WPIL, 667-668
Wide bandgap semiconductor nanomaterials
characterization of, 977-978
chemical methods, 976
co-precipitation method, 976-977
photocatalyst
band positions, 979
decolorization rate, 980
heterogeneous catalysis, 979
homogeneous catalysis, 979
Langmuir-Hinshelwood kinetics model,
980
MB dye aqueous solution degradation,
980
MB dye degradation, 980982
pseudo-first-order kinetic equation, 980
UV-photoreactor, 980
PL tachnique, 978-979
quantum confinement effect, 975
quantum confinement effects, 976
quasistable energy states, 975
surface-to-volume ratio, 976
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Winsor-type MEs, 689

Wire explosion, see Electrical explosion of wire

(EEW) method
3w method, 1077-1078
WO; nanowires, 533
World Health Organization (WHO), 453
Wormlike micelles, 1056
WPIs, see Whey protein isolates (WPIs)

X

X-ray diffraction (XRD) pattern
iron oxide nanoparticles, 387
MCM-41-supported molybdenum—Schiff

base complexes, 101-103

X-ray lithographic process, 969

X-ray photoelectron spectroscopy (XPS)
iron oxide nanoparticles, 388-389
NCDs/Si film, 678

Y

Yeast synthesizing metal nanoparticles
Rhodosporidium diobovatum, 718
Yarrowia lipolytica, 716

Ytterbium and erbium co-doped ZnO

nanostructures, 1153-1154

Yu and Choi thermal conductivity

model, 1079

V4

Z-contrast scanning transmission electron
microscopy, 387
Zinc oxide (ZnO) nanostructures
electrochemical synthesis

alcohol-based electrolyses, 1166—1168
aqueous based electrolyses, 1163-1166

EDOC-like processes, 1162-1163
functionalization, 899-902
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gas sensor applications, 532
morphology-dependent applications
flower-like structures, 1160
rods, 1160
spheres, 1159
tetrapods, 1161
thin films, 1161
tubular structures, 1160-1161
photoluminescence properties
aluminum-doped, 1144-1146
erbium-doped, 11461148
erbium, ytterbium and thulium tri-doped
nanostructures, 1154-1155
europium and erbium co-doped
nanostructures, 1152—-1153
europium-doped, 1148-1150
neodymium-doped, 1151-1152
pure nanostructures, 1141-1142
silver-doped, 1142-1145
terbium-doped, 1150-1151
ytterbium and erbium co-doped
nanostructures, 1153-1154
physical synthesis techniques, 1158
sol-gel approach, 1158
SSTMC, 513, 519
wet-chemical/solution-based synthesis
methods, 1158

ZnO/TiO, composites, 902-903
Zr-Ti-Si-N coatings

chemical composition, 639
columnar structure, 638

hardness and elastic modulus, 640
load—displacement curves, 640
macrostructure of, 637

RBS analysis, 636, 638

scratch properties, 636, 638
substructure characteristics, 639
surface morphology, 635-636
tribological properties, 635—636
x-ray diffraction spectra, 639-640

Zyvex (company), 447
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