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Abstract

Despite there are structures invisible for the human eye, they mastered the world of
advanced electronic devices, sensors, novel cosmetics or drugs. When the
dimensions of the materials go down to the nanometres scale, their properties change
dramatically comparing to the observable objects. Because of their tiny size, they
gained the name of nanomaterials but simultaneously their importance has
significantly grown up. Nanomaterials exhibit superb features such as a distinctive
catalytic activity, hydrophobicity, photoconversion activity and biological affinity.
Following that, even a small amount of nanomaterials is sufficient to provide
unusual properties to the final products such as coatings, active layers in solar cells,
clothes, electrodes and electrolytes used for energy storage devices. Owing to the
rapid development in the synthesis methods and characterization techniques,
especially those used for morphology inspection, we can investigate them in details
on the molecular scale and describe the mechanism that stays behind improved
antimicrobiological activity, hydrophobicity, capacitance or catalytic properties.
Despite the number of usable elements is limited, the diversity of morphologies,
namely rods, particles, tubes, planes and the possibility of heterostructures
formation, provides researchers the wide room for maneuverer. Sometimes, only
small change in the material geometry, structure or a little amount of introduced
dopant atoms is enough to obtain completely new nanomaterial that has not been
known so far. Therefore, we should not be surprised how fast surrounding
environment is changing and our everyday life is supported by the novelties from
the nano world.

The aim of this chapter is to present the diversity of nanomaterials taking into
account their dimensions, shape and composition. Herein, particles, tubes, wires,
pores, walls, exhibiting at least one dimension within the nanoscale will be evoked.
Moreover, the nanostructures that morphology reminds well known objects from
nature are discussed. The description of some interesting examples is supported by
the extraordinary SEM images illustrating the beauty unavailable for naked eye.

1 Introduction

In the present world, more and more electronic devices that plays important role in
our life owns its popularity to achievements in nanotechnology: new functional
materials, advanced fabrication and characterization techniques. As we need long
lasting batteries in our cell phones, highly sensitive diagnostic tests or clothes highly
resistant for dirt or moisture, we have to appreciate researchers’ efforts to control
dimensions, shape and properties of tiny structures. Taking into account such small
dimensins, the prefix “nano” originating from the Greek nomenclature and meaning
dwarf has been reserved for those objects. Considering nanostructures, we should
be aware that at least one of their dimension does not exceed 100 nm and because
of that, their morphology cannot by simply verified by visual observation. To realize
how small are these structures, the dimensions of selected objects are given in Fig.
1. This diagram illustrates in dimensional scale how nanomaterials are far from
those we can just catch in our hands.

Apart from the size, comparing to typical bulk materials, like the silver plate or
plastic spoon, nanomaterials exhibit unique physical and chemical properties. Those
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size-dependent features, like higher conductivity, degradation of organic pollution,
ability to transport small drug molecules or anti-corrosion resistance, justify the
importance of intense research in this field. Those nanostructures can be formed
directly on the stable substrate, suspended freely in some liquid or may form the
powder. Following the way how the nanomaterial is stored, one may distinguish
free-standing or substrate bound nanomaterials. In the case of free-standing
nanostructures, usually their larger amount looks like a powder and in such form it
is stored in the closed container and offered to the customer. However, since the
powder is composed of tiny particles, there is a fear of dusting that could be harmful
to human health. Because of safety issues, some nanomaterials are stored as a
suspension in a liquid medium, usually water or alcohol. The safest form of
nanomaterials storage and further transport is their immobilization or in the best
case, application of such synthesis method allowing its formation already on the
stable substrate. Nevertheless, today optimism towards unique features of
nanomaterials and their application in many fields should be balanced by their safe
usage, storage and finally recycling.

1.1 Dimensions of nhanomaterials

Among variety of materials for which at least one dimension does not exceed 100
nm, one may distinguish four classes: zero (0-D), one (1-D), two (2-D) and three (3-
D) — dimensional structures (Tiwari et al., 2012) . Such classification was proposed
by Pokropivny and Skotokhod (2007) and Table 1 goes along with his scheme.
However, irrespective of the dimensions, among those structures, we can distinguish
amorphous or crystalline, single crystalline or polycrystalline, chemical pure or
doped in bulk or only on the surface, standalone materials or embedded within other
medium. Nanostructures can be built of metallic or semiconducting units as well as
polymeric molecules.

Zero-dimensional nanostructures exhibit all three dimensions in nanometres
regime and have a diameter less than 100 nm. Here, we can find nanoclusters
possessing irregular structure and dimensions within 1-10 nm range. As
nanocrystals, monocrystalline nanostructures are defined with size from 1 to 30 nm.
Commonly recognized quantum dots are semiconducting nanocrystals. Recently,
apart from the quantum dots, hollow spheres, nanolenses or onion like structures are
associated to 0-D group.

For one-dimensional nanomaterial, one dimension is outside the nanoscale range.
Following that, one can find nanotubes, nanorods and nanowires, nanobelts or even
nanoribbons. Nanowires exhibit elongated structures and are obtained from various
metallic, semiconducting or oxide materials. They are especially applied in
electronics, new generation of photovoltaic devices and sensing platforms. On the
contrary, tubular structures possess a hollow interior. The most known tubes are of
course carbon structures: single-, double- and multi-walled carbon nanotubes.
However, recently the focus is put onto the semiconducting tubular materials, like
titania or alumina nanotubes that could be easily formed during anodization.
Two-dimensional nanomaterials exhibit plate-like shape and therefore very thin
layers or coatings are there included as well as some disc-like structures. However,
their thickness still does not exceed 100 nm. Within 2-D nanostructures one can find
branched structures, nanoplates, nanosheets or nanowalls. The most common
example of 2-D is graphene due to the unique properties allowing application in
different areas, from electronic devices to medicine as the crucial component of
sensing electrode material. Additionally, owing to the sophisticated deposition
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techniques, like magnetron sputtering, chemical vapour deposition, laser ablation,
precisely controlled nanofilm can be formed using targets or chemical compounds
as precursors.

Three-dimensional nanomaterials are materials that are not exactly fitting
nanoscale at any dimension. Nevertheless, they still have high surface area and
provide many adsorption sites for all involved molecules. Within this group bulk
powders, dispersion of nanoparticles or some multilayers, polycrystals and bundles
of nanotubes or nanowires, nanoballs formed out of dendric structures, nanopillars
and nanoflowers are included.

Apart from the dimension factor, nanomaterials can be formed by one or more
components leading to the formation of composite. Those counterparts exhibit
different properties but can act together in synergy to create features that are not
achieved by each single part. The matrix of nanocomposite can be similar to other
single materials composed of metal oxides, polymers, metals, ceramics or could
state as a mixture of them, e.g. polymer with embedded metal nanoparticles or
semiconductor modified with metal nanoparticles. Their dimensions could fit
nanoscale range but could also be above them, whereas the reinforcing phase fits the
nanoscale range. There, of course, exists several classifications of nanocomposites
and following that we can find composites: a) reinforced with discrete particles, b)
with interpenetrating skeletons of two or more structural components, c) reinforced
with discrete fibres or whiskers, d) reinforced with continuous fibres or e) with
layered structures (Khan et al. 2017)

1.2 Difference between nanostructures and bulk structures

As was mentioned at the beginning of this chapter, nanomaterial and the bulk one
formed by the same element exhibit totally different features that are caused by
increasing relative surface area and quantum effects. As the size decreases, many
more atoms forming the particular particle are in direct contact with an outer
environment and less and less stay in its core. Taking into account sphere shape,
when the particle has only 3 nm in diameter, half of its atoms are on the surface and
a half form the core. Therefore, regarding chemical reactions that take place at the
materials surface, much higher reactivity could be expected for those tiny structures
than for larger parts, assuming that the volume remains the same. Along with the
enlarged real surface area, quantum effects control materials properties. They
influence optical, magnetic, electrical properties, ability to adsorb certain molecules
onto the surface or to inhibit the growth of the bacteria or yeast, known as an
interaction with biological creatures. For example, in macroscale, bulk gold is
malleable and exhibits beautiful gloss typical for metals. However, when it comes
to nanoscale, few nanometres small gold particles could form pink, red or purple
colloids depending on the shape and tiny dimensions and because of the size the
term malleability loses its importance.

1.3 Fabrication methods

Some of nanomaterials can be found in the natural environment, but in the centre of
interest are those that could be designed and fabricated firstly in the laboratory and
then easily scaled up to the commercial scale. Fabrication of self-standing
nanostructures requires utilization of methods that enable controlled connection of
single molecules, ions in bigger structures or fragmentation of solid material into
much smaller species. According to those different attempts, two main approaches
were proposed: bottom-up and top-down. As indicated in Fig. 2, bottom-up route
concerns processes where small components of atomic or molecular dimensions are
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put together owing to the natural physical principle or an externally applied force,
to obtain complex system. In the case of top-down route, as a substrate, some large
piece of material is used and the application of appropriate tools leads to its
destruction into smaller components. Within those two approaches one can find
various methods that were listed in Table 2 and 3.

Other classification concerns the type of synthesis used for material fabrication,
namely physical and chemical approaches could be distinguished. The most
frequently used fabrication routes are assigned to each brand and listed in Table 4.
Unfortunately, because of high cost of precursors or equipment and the complex
preparation route, not all of mentioned techniques can be applied on the commercial
scale. Nevertheless, upon intensive research and optimization of fabrication
methods, more and more approaches used in the laboratory are moving to the large
scale industry. Owing it to the fact that the control of the scaling-up process has been
mastered and wide access to the knowledge is assured, the fabrication of
nanomaterials comes out from the laboratories and as a result we can find
nanostructures in cosmetics, drugs, bandages or household chemicals.

1.4 How to look at nanostructures?

Since nanomaterials are characterized by dimensions at least one thousand times
smaller than the diameter of human hair, our eyes or simple optical microscopes are
insufficient to observe unique features of their morphology. Thus, special equipment
has to be used to get the information about the topography and to obtain information
concerning detailed dimensions and shape of nanostructure. For this purpose,
advanced microscopes are used, i.e. scanning electron microscope (SEM),
transmission electron microscope (TEM) and atomic force microscope (AFM). The
enormous progress also in the characterization techniques, leads to the
miniaturization of those pieces of laboratory equipment and in the case of AFM and
SEM, only a simple office desk is needed for their installation. Despite much lower
size of modern microscopes comparing to older ones, the operation principle is
preserved and below some short description is given.

Scanning electron microscopy uses the focused flux of high-energy electrons that
interacts with the surface and as a result generates variety of signals at the surface
of the solid specimen (see Fig. 3a). Those signals are attributed among others to the
secondary electrons, backscattered electrons and characteristic X-rays. When
electrons meet the surface of the material, they penetrate the sample down to few
um, depending on the optimized parameters such as accelerating voltage and sample
density. Different types of generated electrons provide information about the sample
including its morphology, chemical composition and even crystalline structure that
is regarded as a basic knowledge on the investigated material. Usually, data is
collected from the specified area of the sample and converted into two-dimensional
image that looks like a black-white photo. As currently advanced optical microscope
enables 1500 magnification of the sample, SEM microscope allows even for
500 000 magnification and spatial resolution lower than 1 nm can be achieved.
Owing to the additional guns and particular energy recorded in selected place of the
investigated samples, information concerning elemental composition using energy
dispersive spectroscopy (EDS), crystalline structure or crystal orientation may be
obtained. First SEM was constructed by a German technician Max Knoll in 1935,
whilst the microscope was offered as a commercial product in 1965. Since time
when SEM had been introduced to the laboratories, its dimensions have decreased
significantly and some models require only office desk. Moreover, due to the
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simplification of the software the special operator is not required and almost
everyone after short training can operate SEM.

Despite SEM technique allows to obtain very detailed images of the surface of
nanostructures, transmission electron microscopy enables to look even deeper. In
general, the construction of both microscopes is similar. However, in the case of
TEM, transmitted electrons are analysed and thus the investigated sample has to be
semi-transparent to the focused electron flux (see Fig. 3b). For this purpose,
nanostructures are deposited onto the special copper grid that is placed in the way
of the electron beam. On the contrary to SEM, TEM inspection provides information
concerning internal composition covering crystalline or magnetic domains.
Moreover, dislocations, tiny precipitates, grain boundaries or even defects could be
illustrated. Nevertheless, transmission electron microscopy still requires a lot of
space and a highly trained operator.

Other frequently used technique for morphology investigation is atomic force
microscopy. This approach was initially used to visualise surface with atomic scale
resolution. The operation principle of AFM is based on recording the modulation of
the topographical signal originating from the interaction between materials surface
and a very sensitive position detector. The role of this detector is played by the tiny
cantilever looking as a needle with an extremely sharp tip at its end. The tip being
of tens of nanometres in its dimension scans horizontally the surface of the material.
During those scans, the position of cantilever is measured by the system composed
of laser beam that is collimated onto the arm, as indicated in Fig. 3c, and reflected
light is captured at diode detector. AFM imaging also provides information about
the materials’ topography in nm-rage, however in the investigated area, the
difference between some spots cannot be too high as that lowers image quality. AFM
was constructed in 1986 by the team of G. Binning, C.F. Quate and C. Gerner. Their
works were forced by the SEM limitations, since isolator cannot be observed under
electron microscope. Now, owing to the great improvements concerning AFM
technique, sample investigation could be performed even on living cells in their
natural liquid environment. As was in the case of SEM, AFM microscopes have
become popular and are used as a typical equipment for students laboratory lessons
whereas in industry allow for control of optical materials, semiconductors or data
storages.

Summarizing, the material imaging inseparably accompanies the fabrication of
nanostructures to confirm their size, expected morphology that affects the
physicochemical features and in consequence future application areas. Fortunately,
some new technical solutions, additional detectors or upgraded software allow to
gain information also about crystal phase, magnetic character or elemental
composition.

2 Nanoparticles

As has been already defined, nanoparticles (NPs) are a tiny pieces of matter which
are usually between 1 and 100 nanometres in size, thus they are sometimes referred
to as zero-dimensional (0-D) materials. Nanoparticles are often best described by
their material, size and morphology (see Fig. 4), but different classification criteria
are sometimes used in literature depending on the synthesis methods or their
functionalization.

Extraordinary properties of the nanoparticles origin from their high surface-to-
volume ratio. Because of high reactivity, nanoparticles could bind to each other in
their immediate vicinity. This particular feature could be regarded either as an
advantage or disadvantage, depending on their particular application. In order to
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prevent agglomeration, their surface is often modified with the surface active agents,
resulting in attenuation of chemical activity, whereas their physical properties are
preserved. Similarly, nanoparticles can be functionalized using certain functional
groups immobilized onto their surface (Gangadoo et al. 2017).

2.1 Noble metal nanoparticles

Among others, metal nanoparticles, especially noble metal NPs, are the most
broadly applied ones. They can be synthesized by variety of techniques and their
size and shape can be easily tailored by choosing an adequate synthesis method.
Owing to the free electrons present in metal nanoparticles, most of them exhibit
clear absorbance bands within the visible waverange. Thanks to their uniform
surface chemistry, they are also regarded as great candidates for functionalization,
extending the field of potential application even further.

Concerning noble NPs, gold nanoparticles (see Fig. 5 a) are extensively investigated.
They can be synthesized via bottom-up and top-down approaches, but in most cases,
the reduction of chloroauric acid (HAuCl,) is utilized for their fabrication. In a
simple reaction we can obtain gold NPs exhibiting a perfect spherical shape.
However, rapid agglomeration without the addition of surface capping agents, e.g.
cetrimonium bromide (CTAB), may result in inhibition of their beneficial
properties, namely surface enhanced Raman spectroscopy (SERS) emission (Benz
et al. 2016).

In order to develop more distinctive surface morphologies, additional weak reducing
agent along with metal ions, particularly Ag*, might be added, which can selectively
passivate surface of the nanoparticle. Following that procedure, at varying ions and
nanoparticles ratios, one can produce different NPs shapes like triangles, bipyramids
or stars (see Fig. 5 b, ¢) affecting their physicochemical features (Kuttner et al. 2018,
Jiji and Gopchandran 2015-.

Very similarly to gold NPs, platinum nanoparticles can be synthesized. By adding
sodium citrate and citric acid to boiling, aqueous solution containing chloroplatinic
acid hexahydrate, we can initiate precipitation of Pt nanostructures and finally NPs
of about 5 nm in diameter are formed (Bigall et al. 2008) . Those tiny particles can
then be used as seeds for further particle growth, opening up further possibilities to
develop their size and form.

2.2 Core-shell type nanoparticles

Apart from the monometallic NPs, particles could be built of different elements.
Within this group, one can distinguish the core-shell type NPs. According to the
naming convention, one material stays in the particle’s core, and a different one,
uniformly shields the core. Although both organic and inorganic materials can be
used, in practical applications often inorganic nanoparticles are being applied
because of their superior stability compared to organic compounds. The core-shell
NPs can take many shapes, from a simple sphere-in-sphere and “nanomatryushka”
to hexagons and single particle in an empty core (Radloff et al. 2004, Liu and Qiao
et al. 2006) -.

Among others, silica is a very common shell material in a core-shell arrangement
that provides many advantages. For example, its chemical inertness allows the
occurrence of redox reactions through its protective layer without interfering with
them, which is beneficial for catalysis or sensing purposes. However, it can also
serve as a core material and alongside with metallic shell may be used to modulate
the position of surface plasmon resonance band that can be registered by means of
UV-vis spectroscopy, see Fig. 6 (Lee et al. 2006).
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2.3 Dendrimers

Another interesting NPs examples are dendrimers whose name comes from Greek
word “dendron” meaning “tree”. Those nanoparticles are recognized as nanosized
macromolecules, with characteristic tree-like dendrons homogeneously cascading
from its centre. The core of a dendrimer contains a small molecule or linear polymer
that acts as an ovule for consecutive generations of dendrons bounded to the centre.
Generally, dendrimers are synthesized using one of two approaches: divergent or
convergent one (see Fig. 7).

Divergent method of dendrimer synthesis concerns the growth outwards from the
dendrimer core, which reacts with monomer molecules forming further offshoots.
Usage of this approach for production of more branched dendrimers requires even
hundreds of steps. Therefore, as some statistical errors may to happen during the
synthesis, finally non-perfect molecule could be obtained, e.g. the branches
distribution is not homogenous. The question about the molecular shape of the
dendrimer also arises, depending on the environmental conditions, as it is impossible
to know if the dendrons are pointing outwards from their centre or if they are
bending inside.

Convergent approach, however, relies on the synthesis of the outer molecular
network first and subsequent reactions towards the core. This method allows higher
degree of control over the synthesis because of significantly lower number of
simultaneous reactions. The resulting dendrimer created by convergent approach
can often be defect-free, although production of higher-generation dendrimers can
be troublesome (Bosman et al. 1999, Abbasi et al. 2014).

Multitude of molecules can be used to create dendrimers, providing ways to tailor
their properties with a specific task in mind. Because of the versatility of dendrimers,
they are widely used in chemistry, pharmacy, bioengineering, and physics.

2.4 Fullerenes

Fullerenes are one of the many extensively studied allotropes of carbon. Although
the most common and stable fullerene consists of 60 carbon atoms forming truncated
icosahedron, their number can range from 20 up to a couple of thousands (see Fig.
8). The stability of C60 fullerene is associated with the strong covalent sp? bonds,
where each carbon atom shares its valence electrons with exactly three neighbours
through two single and one double bond. However, the position where the double
carbon bonds appear, can be exchanged without structure destruction. Additionally,
C60 fullerene is the smallest fullerene in which two pentagonal planes do not share
an edge, as they can have a destabilizing effect on the structure (Manolopoulos et
al. 1991).

In nature, fullerenes of varying sizes can be found in soot. It is also the source of
their commercial production. One of the methods of synthesizing fullerenes is based
on electric arc discharge between two graphite electrodes in the inert atmosphere.
As the product, a fullerene-rich soot is produced and desirable fullerenes are
extracted using appropriate organic solvents.

Applications for the fullerenes are wide. They can be used as MRI contrast agents,
in drug delivery and for the inhibition of antibiotic-resistant pathogens proliferation
(Tegos et al. 2005) . Particularly, in the medical application field, fullerenes are used
as a photosensitizers for tumour removal process.

3 Nanowires
The nanowires (NWs) manifest promising properties as being the 1-D quantum
systems nanoscopic in diameter and microscopic in length. Their unique properties
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originate from phonon and electron size confinement in the direction perpendicular
to the nanowire length. However, due to the different materials properties, observed
effects of the size confinement differ enormously. For instance, metals exhibit a
significant decrement of electrical conductivity when the nanowire diameter
approaches the mean free path of electrons in the bulk material (Sofiah et al. 2018,
Sannicolo et al. 2016), semimetals - a reduction of the U(I) dependency,
semiconductors and insulators - an increment of the bandgap, and superconductors
- an increment of the critical temperature.

The current section is divided into several parts, each describing another type of
nanowire material. The first part is devoted to nanowires made of metals. Next,
unique properties of nanowires made of oxides and semiconductors are discussed.
In the fourth part, the variety of organic (including molecular) nanowires and their
characteristics are shown. Finally, we conclude with the discussion of the
superconducting nanowires.

3.1 Metallic nanowires

One of the commonly used transparent electrode materials is indium tin oxide (ITO).
Despite its good optoelectronic properties, scientists try to find its substitute. Such
an approach results from the fact that ITO is expected to become increasingly
expensive and its brittleness is not compatible with the strong demands for flexible
electronics (Sannicolo et al. 2016). One of the promising candidates is a film made
of conducting nanowires so thin that their light transparency exceeds 90%. Herein,
a few examples of metallic nanowires are presented.

Noble metals

Noble metal nanowires exhibit precious set of properties as high conductivity,
environmental inertness, and flexibility (Sanicollo et al. 2016). Additionally, owing
to the nanoscale diameter, metal nanowires are almost invisible for a human eye.
Thus, the most perspective applications of noble metals are transparent, flexible
electrodes, which should exhibit as high as possible light transparency. Yu et al.
(2018) have shown that elongation of NWs length increases the strength of light
back-scattering. As they showed, for the application as transparent electrodes of
solar cells, silver NWs should be shorter than 20 um. However, the decrement of
NWs length may reduce the conductivity of the electrode due to the weakening
junction between nanowires. The issue solution was proposed by Kim et al. (2018)
who applied intense pulsed illumination for increasing silver nanowires
temperature, and in a consequence, for welding of individual Ag NWs without
damaging the PET substrate.

Noble metal nanomaterials are also known to be efficient catalysts for
electrochemical reactions in the field of energy conversion and for chemical
reactions in the chemical industry. However, due to their high price and decreasing
resources, the elaboration of new highly effective modified noble metal based
materials including noble-transition metal alloys and transition metal wires covered
by the noble metal is required (Greely et al. 2009).

For instance, Dai et al. (2016) obtained PtCu; (Koenigsmann et al. 2013)
synthesized ruthenium nanowires as thin as 44 nm utilizing a template-based method
under ambient conditions. However in 2016, Zhao et al. (2014) obtained even
thinner Ru and Ru/Pt nanowires (with a Ru/Pt relation from 50:50 to 73:27) of an
extremely low diameter of 1.5 nm via an aqueous approach. Using the element
mapping analysis, the authors revealed that the Ru and Pt were uniformly distributed
in the nanowire networks forming a solid-solution alloy. The obtained material was
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tested for the electro-catalytic activity towards the methanol oxidation. Results have
shown that the RuPt nanowires displayed promising composition dependent
properties.

Non-noble metallic nanowires

Due to the high price of noble metals, transition metal NWs are examined as the
cheaper substitution. Kim et al. (2016) demonstrated a synthesis route to fabricate
60 um-long nickel nanowires, which displayed to be a good candidate for use in
transparent conducting electrodes. A transparent electrode made of Ni NWs showed
transparency as high as an ITO electrode for the same effective resistivity. The
authors even suggest that obtained electrodes are more suitable as a bottom OLED
layer than ITO or Ag nanowires.

Another material considered as a promising candidate for transparent conducting
electrodes is copper as nanowires. Until now, Cu NWs with a diameter of 60-80 nm
and length over 50 um were successfully synthesized by a modified self-catalytic
method (Zhai et al. 2018). Although their transparency is not as high as that of the
noble metal, it is still relevant to use in semi-transparent solar cells.

Another interesting group of materials is semimetals characterised by a narrow
bandgap. Bismuth is a semimetal frequently serving as a typical model for
investigations on semimetals. Due to its band structure, small electron concentration
and electron scattering, the effective electron mass is very small and the Fermi
wavelength (electron wavelength at Fermi level) equals 40 nm. As a consequence,
free electron path length becomes extremely large and reaches even up to 1 mm at
T =4.2 K. Additionally, in semimetal nanowires, as in other metals, decreasing the
size causes other effects like a cut off the phonon spectra, and the drop of the thermal
conductance.

3.2 Oxide nanowires

As well as metallic, metal oxides attract great attention among nanowires. They are
characterized by lower conductivity but exhibit other useful properties like tunable
bandgap, wavelength dependent transparency and catalytic properties. For instance,
ZnO NWs of ~5 pm in length and ~120 nm in diameter on a p-type GaN (Fig. 9)
find an application as a nanowire nanolasers (Huang et al. 2017). The wires play a
double role, both as an optical resonator when the wire length is divisible on the
integer number of half-waves and an active medium. A spontaneous emission arises
when current power overcomes a lasing barrier, which under irradiation of the laser
beam of 355 nm wavelength is 180 mW/cm?. Such a ZnO nanowire assisted laser
possesses a relatively small lasing threshold owing to bulk ZnO parameters and
operates in a single-mode regime due to the low length of wires.

Another unique property of NWs made of semiconductors and insulators is ultra-
low thermal conductivity. Because of the high surface-to-volume ratio of nanowire,
the surface phonons modes start to play an important role in phonon scattering. Their
interaction with the longitudinal and transverse phonons as the boundary scattering
within the nanostructures, leads to a decrease in the phonon lifetime. Thus, the
phonon transports and the thermal properties of the nanowires significantly decrease
compared to that of the bulk material.

Spinel nanowires have found an application in the field of the electrochemistry cells
and catalysts. Thanks to a high specific surface and a high defect concentration,
spinel nanowires are considered being an effective substitute for platinum catalysts.
For example, Liu et al. (2018) have found that hydrothermally synthesized NiCo0,04
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nanowires after transformation to the NiCoO; became a very active catalyst due to
a high concentration of oxygen vacancies.

3.3 Non-oxide semiconducting nanowires

Bendable electronics have attracted widespread attention because of their potential
application in many smart electronic devices and flexible displays. Therefore, high
attention is paid to the research on bendable electronic elements, like diodes,
transistors, capacitors, etc. Because of their elasticity, 1-D and 2-D nanostructures
are intensively studied. One of the study achievements are bendable NAND logic
gates with silicon nanowire channels capable of operating with a supply voltage as
low as 0.8 V (Yun et al. 2016) . The gate was based on a Si nanowires with a 40 nm
diameter prepared via low-pressure chemical vapour deposition, ion implantation
doping, and finally deposition onto a plastic substrate.

III-V semiconductors are considered as a beneficial material for optoelectronic
devices such as multi-junction solar cells due to their broadly tunable bandgaps.
Thus, I1I-V nanowires are even more interesting, since they add new benefits for
nanophotonics devices like increased optical absorption compared with the bulk
material caused by light-trapping effects. Moreover, NWs are expected to reduce
the materials consumption of these relatively expensive semiconductor materials in
the future. For example, a comparison of planar and nanophotonic geometries of
InPb (cui et al. 2016) NWs with the same material quality, indicates that the external
radiative efficiency of the nanostructured layer is 14-times enhanced compared to
those found for the planar coating. The higher efficiency arises from the enhanced
out-coupling of photons promoting radiative recombination and the lower active
material volume, which reduces bulk recombination.

Another common approach used for the preparation of I1I-V semiconductors is the
metal-seeded vapour-liquid-solid (VLS) technique. Berg et al. (2017) synthesized
InGaP nanowires as low as 30 nm in diameter (see Fig. 10). They have shown that
the uniform growth was achieved in a temperature range of 675 - 750°C, while
increasing of the synthesis temperature leads to the increasing of a nanowire
deformation degree and decreasing of the nanowires length simultaneously.

The regularly dispersed nanowires can also be obtained by the self-assembled
formation processes. One example is the self-assembled formation of GaN
nanostructures obtained by the plasma-assisted molecular beam epitaxy on the TiN
substrate van Treck et al. 2018). Using this approach, van Treck et al. (2018) were
able to obtain nanowires of the diameter less than 50 nm and of a homogeneous
length of more than 1 um. It is worth noting that the separation distance between
nanowires is caused by the diffusion-induced repulsion of neighbouring NWs,
without using a templated substrate.

It is known that the composition defects could substantially alter the properties of
semiconductors. Therefore, incorporation of foreign non-equilibrium atoms in the
host semiconductor lattice may be used for new or added functionalities in the
existing semiconductor system (Yin et al. 2008) , namely strain engineering,
controlled defect formation, band structure modulation, etc. For example, a non-
equilibrium incorporation of Sn in Ge induces the small energy band variation,
which makes them a direct bandgap semiconductor (Yin et al. 2008) . The non-
equilibrium Sn-Ge alloy was obtained by a “solute trapping” process. At the certain
solidification rate, during the vapour-liquid deposition growth of nanowire (Fig. 11)
a local chemical equilibrium at the liquid — solid interface cannot be settled due to a
large interface velocity. Therefore, Sn atoms can be trapped on the unfavourable
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energy sites of the nanowire crystal lattice leading to the formation of metastable
solids at the nanowire growth front.

Some optical properties of I11-V semiconductor nanowires may also be improved by
their surface treatment. For example, a deposition of parylene-C, a highly resistive
transparent polymer, onto the GaAs followed by an annealing, decreases the system
reflectivity below 1%, what strongly improves its absorbance and
photoluminescence intensity (Haggren et al. 2017).

3.4 Organic nanowires

Despite inorganic materials being much more popular when considering a quantity
of scientific reports, such elongated structures are also formed by organic
compounds. Organic nanowires have inherent advantages related to low-cost and
low-temperature processing, since in many cases, further thermal treatment is not
required.

The high success of carbon nanotubes led to the initiation of research devoted to
other organic elongated forms of nanomaterials. For example, Lentz et al. (2011)
developed a method which allows to obtain amorphous carbon nanowires. The
semiconducting nanowires with an average diameter of 150 nm were synthesized by
a pyrolysis of polymerized polyfurfuryl alcohol inside the pores of an anodized
alumina template. The thinner NWs were obtained from the paralyzed bacterial
cellulose. Nitrogen- and phosphorous-doped 50 nm thick carbon nanowires obtained
by Hu et al. (2016) showed promising properties for supercapacitors like
capacitance density of 258 F/g at a current density of 1 A/g and exhibited an
excellent cycling stability over 30,000 cycles.

Pyrolysis, as a synthesis method of organic NWs, limits control of the morphology,
especially, the fabrication of molecular nanowires with a diameter below 100 nm is
very hard to control. Therefore, the application of organic nanowires in
optoelectronic devices is a big challenge. However, in the work of Tan et al. (2016)
the first demonstration of the highly ordered organic single-crystalline nanowires
can be found. The nanowires are fully composed of self-assembled small organic
molecules, which next are successfully used as a Fabry-Pérot optical resonance
cavity for 720 nm NIR nanolasers.

In most cases, nanowires are obtained via chemical, electrochemical or physical
methods. However, in recent years, a new branch of nanowires fabrication methods
has been elaborated. Among them, biological synthesis is potentially attractive
because it allows the obtaining of nanowires from a fully renewable resources.
Moreover, the final product may be obtained without the need for toxic solvents or
harsh chemical processes (Tan et al. 2016). An attention is paid to Geobacter
sulfurreducens (Reguera et al. 2005) as one of the electrically conductive pili, due
to its high aspect ratio (3 nm x 15 pm). Tan et al. (2016) have shown that
manipulation within the genotype of G. sulfurreducens allows to produce
conductive nanowires of a diameter below 2 nm and over 3 pum in length. It is worth
noting that the authors measured the final conductivity of the nanowires only one
order of magnitude lower than observed for carbon nanotubes (Tans et al. 1997).

3.5 Superconducting nanowires

The last materials discussed in the current subsection are superconductors. These
specific group exhibits its unique properties below the critical temperature, therefore
a discussion about its high-temperature characteristic is neglected.

Similarly to other properties, critical temperature of superconductivity is size-
dependent as well (Mooij et al. 2015). For example, transport measurements of
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individual cylindrical single-crystal Bi NWs, 20 and 32 nm in diameter, have shown
that, in contrast to non-superconducting bulk or Bi nanoribbons, cylindrical Bi
nanostructures exhibit superconductivity at the temperature as high as 1.3 K (Tian
et al. 2015).

One of the most interesting phenomenon observed in the superconducting nanowires
is a manifestation of Majorana fermions (Mourik et al. 2015). They are specific
particles identical to their own antiparticle, hypothesized by Ettore Majorana in
1937. In 2008 Fu and Kane (Fu and Kane 2008) have shown that these specific
particles may be observed on the junction of superconductor and metal, what was
finally proven a few years later.

4 Nanowalls

The nanowalls, often named nanosheets, manifest promising properties being the 2-
D quantum systems nanoscopic in thickness but microscopic in length and width. A
great interest in two-dimensional material arose after the exploration of graphene.
Nowadays, other classes of 2-D nanomaterials are known, like single- or few-
layered transition metal dichalcogenides, metal oxides, layered double hydroxides,
hexagonal boron nitride (h-BN), graphitic carbon nitride (g-C3N4), metal carbides
and nitrides, and monoelemental compounds (Chia and Pumera, 2018) . Their
specific area is theoretically not as large as nanowires. However, this feature,
sometimes regarded as a disadvantage, is diminished by much more facile synthesis
compared to 1-D structures (Zhou et al. 2013). The outstanding properties of
selected 2-D nanomaterials are described in four sections, each devoted to one
family of nanowalls/nanosheets: semiconductors, oxides, carbon-based materials
and composites.

4.1 Semiconducting nanowalls

2-D materials are found to be chemically inert, have high mechanical strength and
thermal conductivity in a parallel to the plane direction, while their parameters may
urgently differ in the perpendicular direction. The most well-known 2-D and widely
applied nanomaterial is graphene. However, other compounds, including hexagonal
boron nitride (h-BN) can be obtained as a single- or few-walled nanomaterial.
Besides typical for 2-D materials properties, its multi-layered structure exhibits deep
UV luminescence, and, what is more interesting, vertically aligned nanowalls of h-
BN were found to be cytotoxic against E. Coli (Merenkov et al. 2019, Zhang and
Feng et al. 2017). Although several methods of h-BN preparation have been
elaborated, the most successful way to obtain nanowalls is a CVD method
(Merenkov et al. 2019). The growth mechanism of the less than 15 nm thick
nanowalls is shown in Fig. 12. At the beginning, the interfacial layer is formed. Then
the nucleation of several plane nanocrystallites takes place, which grows in the plane
until neighbouring layers contact each other. Finally, one of the layers turns upward
and the vertical growth appears.

It is known that the effectiveness of catalysts depends on their specific surface area,
therefore, 2-D semiconducting nanomaterials are expected to be highly effective.
For example, CuS nanowalls were used for the thermal decomposition of
ammonium perchlorate (Yao et al. 2017). The presence of CuS nanowalls decreases
the temperature of the ammonium perchlorate decomposition for over 150°C, from
312°C to 145°C. It is worth to note, that the synthesis of CuS nanowalls was
performed not on the solid substrate, but at the liquid-liquid interface of chloroform
and water, which leads to the formation of a 2 pm layer composed of weakly joined
CuS nanowalls.
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The bandgap of nanomaterials undergoes a widening with decreasing size due to
quantum confinement effects. This statement was a background for the study
performed by Ichikawa et al. (2017) on the 2-D Si quantum well structure. Using
anisotropic wet etching, the authors were able to fabricate high-quality Si nanowalls
as thin as 3 nm with vertical flat sidewalls at the Si/SiO> interface. However, they
were unable to record the variation of the optical bandgap because of the light
dispersion on the regular nanowalls structure.

4.2 Oxide nanowalls

Nanowalls were also formed by oxide materials which find applications as effective
gas sensors, highly capacitive electrodes, optical modulators, an active transistor
channels material, and others. For example, ZnO is a direct-bandgap n-type
semiconductor material (E, = 3.37 eV) which may find application as a hazardous
gas sensor. However, its functionality is limited by high working temperature, low
electrical conductivity, and poor thermal stability. Kim and Shim et al. (2017) tested
Nb doping of ZnO nanowalls, what increases the specific surface area of the sensor
in comparison to that of pristine ZnO nanowall by ca. 10%, improves its
conductivity and decreases possible operating temperature.

The interconnected nanowall structure can off er excellent charge transfer path and
provide large contact specific areas of electrolyte/electrode interfaces. Therefore,
highly capacitive electrodes made of transition metal oxides nanowalls, like CoO,
NiO or MnO,, are considered being good candidates for electrodes in
supercapacitors. Tang et al. (2019) examined properties of the CoO porous nanowall
structure obtained by a combination of solvothermal growing and annealing. It was
shown that the morphology of CoO nanowalls can be tuned by adjusting the
annealing temperature. In particular, nano-sized pores below 50 nm are formed on
CoO nanowalls during thermal treatment. The unique porous nanowall structure
leads to a large specific surface area (65m?g'), which increases the
electrolyte/electrode interface. Following that, enhanced electrochemical
performance of CoO was obtained.

Electrochromism is another interesting property of transition metal oxides. Zhang
and Zheng et al. (2017) synthesized Co304 nanowalls via hydrothermal method.
The product exhibited highly porous nature and large surface area. Due to that, fast
and large optical modulations are realized in the Co3O4 nanowalls.

Transition metal oxide nanowalls are considered finding applications in
nanoelectronic devices. However, due to strong electrons correlation in metal
oxides, a rich variety of electronic phases with unique properties including
superconductivity, colossal magnetoresistance or metal-insulator transition, is
observed. Therefore, control of that electric phases, especially in a field-eff ect
transistor seems to be very promising. Hattori et al. (2018) fabricated an electric
double layer transistor with a (La,Pr,Ca)MnO3 channel and investigated the gating
effect. The nanowall was fabricated by combining UV-nanoimprint lithography,
pulsed laser deposition, etching and annealing processes. The reported transistor is
the first based on the control of the insulator-metal transition.

4.3 Carbon-based nanowalls

A distinctive family of nanomaterials is a transition metal oxide nanowalls deposited
onto the carbon nanowalls. Due to the high conductivity of carbon-based materials
and high electrical capacity of transition metal structures, they found an application
as electrodes in the Li-ion batteries or supercapacitors (Dai et al. 2017) . Zhu et al.
(Zhu et al. 2011) reported on ultrathin Co oxides nanowall arrays deposited on
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reduced graphene oxide (rGO) sheets. In that nanohybrid system, the Co oxides
exhibited a porous structure and the grain size of the Co oxide was tailored by
varying the annealing temperature.

Carbon nanowalls attract attention also due to their specific electrical properties,
including a resistive switching phenomenon. Russo et al. (2017) have reported for
the first time the resistive switching behaviour of a device made of carbon nanowalls
deposited on a fluorine-doped tin oxide substrate. The carbon nanowalls were
synthesized by electrophoretic deposition from the solution of polyynes. The
obtained memory resistive switching device showed an operation voltage of 2 V and
long retention time (over 10* s). Those parameters suggest that carbon nanowalls
may be used in the future as a basis of commercially available memory devices.

5 Nanopores

Ordered self-standing porous materials offer a wide range of possible applications,
since they can be used as a ready product for certain processes, e.g. drug transport,
catalysis, investigations of adsorption or separation processes and a substrate for
further synthesis of materials that morphology can project the substrate shape.
Following that, nanopores can act as a template for nanotubes or nanowires
production as well as a patterning mask. Furthermore, elaboration of novel
manufacturing techniques that allow to control geometric parameters of internal
pore structure can develop other materials based on the template assisted synthesis.

5.1 Porous anodic aluminium oxides

Aluminium, as typical oxidizing materials, exposed to air spontancously forms a
thin barrier oxide layer. The very thin barrier oxide film, called passive layer can
also be obtained via electrochemical oxidation in much more controlled way.
Anodizing in the electrolytes of pH = 5 - 7, such as borate, oxalate or citrate with
the respect to the other conditions forms compact passive layer on aluminium plate.
However, usage of acidic solutions such as selenic, sulfuric or oxalic partially
dissolves aluminium oxide whereas simultaneous electrochemical oxidization under
the optimized conditions enables formation of porous anodic aluminium oxide
(AAO) layer (Lee and Park 2008).

Self-ordered porous AAO with a uniform pore size and distance can be achieved via
two-step anodization, so-called mild anodization (MA). The first anodization
typically takes over 24 h. In the next step photochemical etching is carried out that
concerns oxide layer removal by the immersion of as anodized alumina in sulfuric
acid and chromium oxide mixture at the elevated temperature. The process results
in the wells-like morphology formation onto the remaining aluminium substrate.
Owing to such procedure, nanopores grown during the second anodization are
uniform and parallel to each other. Moreover, pores diameter, distance between
them and thickness of barrier layer can be controlled by an applied voltage and
electrolyte composition. MA allows to reach the growth rate within 2 — 10 um/h
range. On the contrary, hard anodization (HA) performed at the voltage exceeding
breakdown potential allows for much faster growth rates up to 50 — 100 pm/h. Such
a high voltage generates very high current flow, 1 or 2 orders of magnitude higher
comparing to MA. As a consequence, large amount of heat causes spatial damages
in morphology. Since the geometric parameters of the material are out of control
and the morphology destructions are present, HA has not found applications in
nanotechnology (Lee et al. 2014).
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Sequential combination of MA and HA by applying alternately low (mild
anodization voltage) and high (hard anodization voltage) potentials allowed to
obtain modulated internal pore diameters within AAO. This concept, so called
pulsed anodization (PA) is regarded as a beginning for the further structural
modifications in AAOs by cyclic anodization (CA). The technique requires applying
oscillating current signals with different parameters such as period or amplitude to
electrodes. It allows formation of different pore geometry (Lee et al. 2008).
According to PA approach, tailor-made AAO pore structure can be prepared as
shown in Fig. 13 a whereas polymer nanopillars obtained inside such template is
shown in Fig. 13 b.

Apart from anodization of aluminum foil itself, ordered structures can be obtained
by anodization of sputtered Al films on different substrates such as insulators,
semiconductors, non-valve metals, valve metals or transparent indium thin oxide.
The most widely investigated was anodization of Al thin film deposited onto the Si
substrate resulting in interfacial voids formation at the bottom of pores (see Fig. 13
¢). This phenomenon is related to the stress accumulation and its minimizing. It is
worth noting that for longer anodization times SiO; nanodots are formed underneath
the voids due to the Si oxidation by electrolyte migrating through the small hollow
spheres located below elongated pores.

Long-range arrangement with a high degree of uniformity that is required for the
most applications can be achieved by anodizing nanoimprinted pattern on aluminum
substrate. The shape and position of that pattern define very precisely further
nanopore arrangement. However, still obtaining almost ideally ordered porous AAO
depends on appropriate adjustment of the anodization parameters. According to that
procedure, AAO diamond pattern template was fabricated by Seo et al. (2007), see
Fig. 13 d.

5.2 Porous anodic titanium oxide

As was already discussed, anodization of aluminum enables AAO formation.
Whereas, anodization of other valve transition metal, namely titanium may provide
two different morphologies: nanotubes or nanopores depending on the anodization
parameters such as: anodization time, temperature, applied voltage or fluoride ions
concentration (see Fig. 14 a) (Sulka et al. 2010). Pore formation mechanism is
directly related to the chemical etching of titanium during anodization. Suitably low
titanium etching rate causes growth of TiO» on the sides of the nanotubes entrances
(Yan and Zhou 2011). As the consequence, pores form interconnected nanotube
architecture. Schematic diagram depicting pore and tube growth is given in Fig. 14
b.

Titania structures i.e. nanotubes and nanopores obtained via anodization are in the
amorphous phase. Therefore, calcination in a furnace is usually performed to ensure
the crystalline phase. It is worth mentioning that the whole process covering the
heating up of samples and their cooling down to room temperature can take over 10
h. Since there is a competition between pore and tube formation during anodization
and as-anodized titania requires phase conversion, the number of reports on TiO,
nanopores synthesized via electrochemical oxidation is not that much as for AAO.

6 Nanotubes

As has been already underlined, nanostructures with an increasing specific-surface
area are of high importance for catalysis, sensing, or light harvesting. Nanotubes
(NTs) because of hollow-like structure and the high aspect ratio (length-to-diameter)
have an available surface on the inner and outer wall that makes surface area higher
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comparing to nanorod where only outer sphere could form interface. Moreover, the
1-D tubular geometry improves electron transport for longer distances and facilitates
light absorption (Samadipakchin et al. 2017). Due to unique properties, different
NTs have found various applications, especially in solar cells and sensors. The most
commonly known nanotubes are those made of carbon, TiO., and ZnO.

Carbon nanotubes (CNTs) have high tensile strength and Young’s module at
relatively low density of this material (Paradise and Goswami 2007). They also
exhibit extraordinary thermal conductivity (Han and Fina 2011) and unique
anisotropic electrical properties. Extremely high conductivity values of CNTs (such
as 20,000 S/cm) can be achieved. However, in this case, many purification steps are
required for this purpose (Lekawa-Raus et al. 2014). Therefore, it is important to
regard all the pre- and post-processing treatments while considering the reported
conductivity values of CNTs by different authors. Due to the unique properties they
have found many applications for: medicine including drug delivery or tissue
engineering, biosensors (Raphey et al. 2019), gas sensing (Han et al. 2019), carbon-
reinforced matrix composites (Hynes et al. 2019) and others.

Titania nanotubes are as other titania geometric forms n-type semiconducting
functional material with a large bandgap of 3.2 and 3.0 eV for anatase and rutile
polymorphic forms, respectively. Due to that, light absorption of TiO> is limited
only to the UV part of the solar spectrum. However, it can be enhanced by doping
with metals, nonmetals or semiconductors (Chen et al. 2013) . Taking into account
the facile control of geometric parameters of NTs during anodization, excellent
photocorrosion resistance of TiO.NTs and their appropriate band edge positions
they have found applications in dye-sensitized solar cells (DSSC), pollutants
degradation, water splitting, membranes, sensors and others (Lee et al. 2014).
Apart from TiO,, ZnO is also regarded as a low cost, non-toxic, n-type
semiconductor but its direct bandgap of about 3.37 eV is even larger than for titania.
Moreover, it has higher electronic mobility and synthesis of different morphologies
such as nanowires, nanosheets or hollow spheres is possible in comparison to TiO.
Since ZnO has suitable band structure for both water reduction and oxidation, ZnO
NTs are investigated as a photoanode material for hydrogen production via
photoelectrochemical water splitting process Long et al. 2019), in solar cells (Shen
etal. 2019) or for gas sensing (Choi and Chang 2018) . As it can be seen ZnO NTs
and TiO, NTs have similar properties and applications. However, the huge
advantages of the electrochemical anodization over ZnO NTs manufacturing
methods make this material only to be considered as a replacement for TiO2 NTs.

6.1 Carbon nanotubes

CNTSs were synthesized for the very first time by Sumio lijima in 1991 (lijima 1991).
They can be considered a “rolled” graphene sheets while graphene is a single layer
of carbon atoms arranged in a hexagonal network. Depending on the number of
rolled layers CNTSs can be single- (SWCNTS), double- (DWCNTS), or multi-walled
(MWCNTS). Figure 15 shows SW- and MWCNTSs structures whereas their
comparison is shown in Table 5. Taking into account the direction of how graphene
sheet is rolled different CNTs arrangements can be formed such as: zig-zag, chiral
or armchair.

Among SWCNTSs, one can find three various structures (see Fig. 16) obtained by
rolling graphene sheet in different directions in an accordance with the values of a
chiral a; and a, vector pair. Knowing that the spatial arrangement impacts the
material properties, a diversity of carbon tubular forms offers a wide range of
applications.
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In the literature there are three main approaches based on carbon precursor
decomposition allowing fabrication of CNTSs: arc discharge, laser ablation and
chemical vapour deposition. Classification of CNTs manufacturing methods with
more detailed distinction of CVVD approach is shown in Fig. 17.

Concerning arc discharge, the method involves electrical breakdown by DC current
of a gas to generate plasma. It results in temperature increase at the graphite anode
where the carbon precursor is evaporated and deposited onto the graphite cathode.
The process takes place in a vacuum chamber with a controlled supply of inert gas,
argon, or helium. Both SWCNTs and MWCNTSs can be produced via an arc
discharge approach. However, in the case of SWCNTSs anode filled with catalysts
such as Fe, Co, Ni is essential. Catalyst facilitates the decomposition of carbon from
the precursor at a lower temperature. Nevertheless, it makes the production process
more expensive (Kumar et al. 2017, Zulhairum et al. 2019, Mohamed 2019).

The laser ablation technique is a quite similar approach to arc discharge. It requires
high energy laser radiation to ablate graphite from the target under the inert gas
atmosphere which is further deposited on the substrate. As was in the case of the arc
discharge, SWCNTs and MWCNTSs can be produced. However, this method allows
to fabricate smaller quantities of CNTs compared to the arc discharge (Kumar et al.
2017, Zulhairum et al. 2019, Mohamed 2019).

Nowadays, the most widely used manufacturing technique for different CNTs is
CVD. This method involves the pyrolysis of carbon precursors such as acetylene,
ethylene, propylene, methane, polymers, or carbon monoxide. VVapors generated in
this process are transported using the inert gas to the chamber containing the
catalyst. It is worth mentioning that catalysts act here as nucleation sites for CNTs
growth. CVD enables large-scale production due to the high yield rate and relatively
simple equipment compared to machines needed for arc discharge and laser ablation
methods. It also enables control of the growth process and ensures good alignment.
The diameter of the NTs can be adjusted simply by the temperature knowing that
the CNT diameter is directly proportional to the applied temperature. Temperature
also determines whether SW- or MWCNTS are formed. Higher temperature (ca.
900°C) favors SWCNTSs formation, whereas lower temperature (630°C) supports
the synthesis of MWCNTSs (Kumar et al. 2017).

6.2 From 1t to 4" generation of TiO2 NTs

Since the first reports on self-ordered TiO, NTs obtained via electrochemical
anodization have been released, this technique has attracted more and more attention
due to its relative simplicity and ability to control the geometric parameters of the
NTs. Moreover, it can be easily scaled up and growth of TiO; on large Ti substrates
is possible. In the literature evolution of TiO, NTs has been classified into the four
generations due to the various types of electrolytes used in the process. Brief
summary of TiO2 NTs evolution is shown in Table 6.

Initially, the anodization was performed in the aqueous inorganic HF-containing
electrolytes which represents the 1% generation of TiO, NTs. Since acidic solutions
are an aggressive media accelerating chemical dissolution of the barrier layer, the
length of 1t generation NTs reaches only a maximum of ca. 500 nm. Moreover, NTs
exhibit a rippled structure due to the presence of fluoride ions originating from HF
dissolved in a water bath. The 2" generation is based on the usage of buffered
solutions with the addition of fluoride ions in the form of an inorganic salt such as
Na,SO4/NaF or (NH4)2SO4/NH4F. Reduction of acidity by excluding HF from the
solution allowed to obtain NTs even up to 5 um length. However, the morphology
of 2" gen. NTs is still rippled due to aqueous solutions. Irregularities in the 1% and
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2" generations of the NTs might be related to oxygen bubbling in water solutions,
which occurs on the anode surface during anodization. The presence of water is a
key factor in ribs formation. Contrary to previous 1% and 2" approaches, 3™
generation of TiO, NTs is based on organic electrolytes with the addition of F~ ions
and low water content. In this type, both smooth or rippled structures can be formed
depending on the water content. Below 0.5 wt.% of the water threshold the NTs are
smooth and no ripples are formed. The 3™ generation of TiO, NTs allows to
manufacturing up to 1000 um-long NTs. Morphology can be controlled by potential,
water content and time in ethylene glycol solution. It is worth noting that depending
on organic solvent type it is possible to space out NTs. Ozkan et al. (2018) obtained
spaced (SP) NTs in diethylene glycol and dimethyl sulfoxide solutions. Such a
change in the morphology affects significantly optical, electrochemical and
photoelectrochemical properties of the NTs. Close-packed (CP) NTs provide higher
surface area and may exhibit higher electrochemical activity. However, in the case
of photoelectrochemical performance, SP NTs are more efficient due to the unique
morphology in which spaces between NTs act as traps for incident light. Moreover,
SP NTs show faster charge transport compared to CP ones. Therefore, due to the
enhanced light harvesting by free-standing NTs they might be a promising material
for photoelectrochemical water splitting or solar panels.

Concerning the 4" generation of TiO, NTs, the classification is not completely clear.
In the literature some researchers classify NTs obtained in fluoride-free electrolytes
to the 4! generation (Huang et al. 2013, Wang et al. 2017), . This unique approach
is called rapid breakdown anodization (RBA) and it is performed in perchloric acid
(HCIO4). RBA allows to obtain several dozen micrometers long NTs within few
minutes. However, RBA provides irregularities in the NTs morphology and high
aspect ratio is achieved only within bundles (Hahm et al. 2007) . Therefore, RBA is
rather used to manufacture TiO, NTs powders (Ali and Hannula 2017,
Arunchandran et al. 2013). On the other hand, there are reports classifying 4™
generation of NTs to fluoride-containing organic electrolytes (similar to 3™
generation) but with a strict consideration of anodization parameters such as fluoride
concentration, anodizing potential and time (Regonini et al. 2013) . In this case
highly ordered hexagonally close-packed arrays can be achieved by a multi-step
approach, where anodization steps and etching of as-formed titania are repeated.
Summarizing, electrochemical anodization is a relatively simple technique that
allows to synthesize a wide range of TiO, NTs structures with various morphologies.
The development of the four TiO> NTs generations has allowed to manufacture
short, long, ribbed, smooth, spaced or close-packed NTs. Such a facile control over
the NTs morphology allows to elaborate almost ideal geometry for particular
applications. Due to that, TiO, NTs have been one of the most studied materials in
the last decade.

6.3 ZnO nanotubes

As has been already mentioned, ZnO NTs do not have one leading manufacturing
method as in the case of TiO, NTs. There are several approaches for ZnO NTs
formation that can be divided into three groups: physical, chemical (hydrothermal)
and electrochemical methods. A brief summary of ZnO NTs manufacturing methods
with a SEM micrographs of morphology is shown schematically in a diagram given
in Fig. 18.

Physical methods are based on deposition of the ZnO from its precursor onto the
template using a thin layer coating techniques such as atomic layer deposition
(ALD), magnetron sputtering (MS) or CVD. Within the first approach core-shell

18


http://mostwiedzy.pl

A\ MOST

structures are manufactured and the following template removal ZnO NTs remain.
Zhang et al. (2015) synthesized ZnO NTs via ALD on AAO templates. After the
material deposition, AAO template was removed by etching in a 0.1 mol/L NaOH
water solution (Zhang et al. 2015). Choi and Chang (2018) obtained porous and
nonporous ZnO NTSs by deposition of Zn via radio frequency magnetron sputtering
on the polyvinyl acetate (PVA) core nanowires obtained by the electrospinning
method. The PVA nanowire core was subsequently removed by calcination in the
furnace at 550°C for an hour at the reduced pressurgBlad* Nie zdefiniowano zakladki. ' Basing
on another approach, Zhang et al. (2019) synthesized Ag-ZnO cored NTs on Si
wafers decorated with Au particles via CVD inside a quartz tube furnace. As source
materials, they used the mixtures of Ag and ZnO powders. Once the temperature in
the furnace reached 800°C, Ag vaporizes and is deposited onto the Au particles. In
this method, Ag forms a wired structure on the Au particles. Next, the temperature
in the furnace was set to 1300°C. Zn vaporized and following deposition on Ag-core
led to Ag-ZnO NTs structures.

ZnO NTs growth can be also supported by the electrochemical deposition. Long et
al. (2019) proposed a simple three-step strategy to obtain ZnO/ZnFe,O0, NTs onto
FTO glass. In this procedure, ZnO NTs are achieved in the following steps:

(1) Synthesis of ZnO nanorods through electrochemical deposition in
Zn(NO3)2-containing electrolyte at the elevated temperature for 1.5 h,

(2) Etching of the inner part of ZnO nanorods by soaking ZnO nanorods in
0.18 M KOH warm solution for an hour, washing with ultrapure water,
drying

(3) Annealing at 400°C for 30 min.

The hydrothermal method represents a different approach in which tubular structure
is achieved by chemical reactions performed at the elevated temperature. Here,
concentration of chemical compounds, temperature, pH and synthesis duration play
an important role on nanotubes formation and their morphology. Samadipakchin et
al. (2017) elaborated solution-based method in which ZnO formation occurred in the
series of reactions of Zn(NOs); and NHs. They used Zn(NOs),x6H,O and
polyethylene glycol (PEG) as a precursor and liquid environment, respectively.
Then, NHs; was gradually added to the mixture to set the pH solution to 10. The
reaction was carried out at elevated temperature. After the reaction was finished, the
residue reactants were cleaned by distilled water and ethanol. The product was
finally dried in an oven at 60°C under air atmosphere. The morphology of ZnO NTs
obtained via hydrothermal method is a bush-like and exhibits a low degree of
ordering.

7 Mimetic nanomaterials

The word mimetic comes from Greek mimésis, which means “to imitate”, therefore
mimetic materials ought to imitate nature in some way, shape or form. In
nanotechnology, the term is used when material, molecule or particle looks like an
object or performs a function similar to one present in natural world.

Materials visually mimicking nature are usually not the goal of the research itself.
Scientists tend to pursue improved properties rather than visual appeal of new
structures, nonetheless, developed nanostructures sometimes yield shapes that look
oddly familiar. Thanks to their unique combination of morphology and properties,
these kinds of structures have been gathering interest in both the press and scientists
throughout the years.

Herein we describe selected examples of mimetic nanomaterials, their synthesis,
properties and possible applications.
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7.1 Nanotrees

Indium tin oxide is a transparent, conductive material, commonly used in
touchscreens, light-emitting and photovoltaic devices. Chemical vapour deposition
method, often used for production of ITO coatings, allows only the formation of a
thin layer on the surface. However, it is widely accepted, that in order to achieve
improved photovoltaic devices, high surface area is necessary. To reach this goal,
nanotrees were formed using modified CVD method, called vapour-liquid-solid
(VLS) combined with glancing angle physical vapour deposition (GLAD). While
VLS allows for rapid adsorption of deposited material, the angle of deposition can
be directed using GLAD. The combination of both techniques allows for growth of
tree-like branching nanostructures. Nanotrees produced with VLD-GLAD
technique can be successfully applied in photovoltaic devices. Developed surface
area improves photoactivity by an increasing number of excitons generated within
the material, compared to devices based on flat ITO. Additionally, they can be used
as a protein or gas sensing devices or UV light generators (Beaudry et al. 2012). On
the contrary to much demanding CVD, simple hydrothermal oxidation has been
proposed for tree-like ZnO arrays formation (Zhao et al. 2010) . Branched nanotrees
shown in Fig. 19 were grown onto the cheap Zn supports and detailed TEM analysis
confirmed wurtzite crystals growing mainly in [0001] direction. Usage
ethylenediamine as a co-solvent allows for the morphology control and complexing
of ZnO unique structures. What is of high importance, the proposed method is one-
step, low-cost and environmentally benign to produce large scale and densely
packed arrays exhibiting pure phase whereas their morphology could be easily
tuned. Owing to the applied synthesis conditions, at a relatively low temperature
much more complex nano- /microstructures might be obtained (see Fig. 20). The
formation of developed ZnO structures is reached by modification of three main
parts of nanotree: top, branches and stem. For example, the stem structure can be
controlled with single, coalescent and splitting growth behaviour. Such expanded
nanostructures can find application in mechanical, chemical, optical and electronic
fields.

7.2 Nanoflowers

Nanoflowers are the most diverse family of mimetic nanoparticles, owing it to the
multitude of easy ways to synthesize them and many possible applications of this
kind of materials. They are usually synthesized by reducing noble metal salts and
their entrapment with a surfactant in order to prevent their agglomeration and
degradation.

Adding dopamine hydrochloride to chloroauric acid results in the rapid precipitation
of gold nanoparticles. In this process dopamine acts both as reductant and shaping
agent, so its amount determines shape and size of the nanoflowers (Fig. 21). These
structures are particularly efficient as a platform for surface-enhanced Raman
spectroscopy (SERS) and thanks to their low c-toxicity they can be used in cellular
research and biomedical applications in particular (Hu et al. 2014).

Another way to create flowery, organic nanogarden is to incorporate rolling-circle
replication (RCR) method to create DNA-based nanoflowers, see Fig. 22 (Hu et al.
2014) . RCR, as an isothermal enzymatic reaction, can rapidly synthesize multiple
DNA or RNA molecules which are used as a building blocks for the flowers
synthesis through liquid crystallization.

Flowers-like nanomaterials obtained in such way exhibit exceptional stability in
biological and denaturing conditions, therefore could be recognized as promising
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candidates for research in biotechnology. Additionally, adsorption of molecular
dyes onto the surface of nanoflowers, allows them to be used as a traceable
fluorescent drug carriers.

There are also reported examples of organic-inorganic flower structures (see Fig.
23). Streptavidin-horseradish peroxidase-Cus(POs)> nanoflowers have been
synthesized and combined with immunosorbent assay and afterwards used for
protein detection (Liu et al. 2017).

7.3 Nanourchins

This particular type of nanoparticles is characterized by long, thin spikes coming
out of the central part of nanoparticle. Although they are sometimes called
nanoviruses, nanohedgehogs or nanoflowers, their morphology is clearly different
from those described in the previous section.

One example of the nanourchin type of structures would be coral-like Zn doped
SnO; nanoparticles (Fig. 24 a, b) synthesized using hydrothermal method and
further verified as a possible candidate for dye sensitized solar cells. As the synthesis
was performed in an elevated temperature and pressure, at first ZnSn(OH)s
bipyramids are formed. As the synthesis proceeds, bipyramids are then decomposed
through OH- etching and reformed as a crystalline wires springing from the etched
plate left from the initial shape, see Fig. 24 c (Dou et al. 2011).

Slightly different, AuAg bimetallic nanourchins could be easily synthesized from
the solution of gold tetrachloride, silver nitrate and ascorbic acid (Fig. 25). In this
case, ascorbic acid acts here as a reducing agent for the metal ions. When gold
particles precipitate, silver adsorbs on their surface selectively modifying their
further growth. As a result, nanoparticles with clearly defined pikes emerging from
gold centre are obtained (Chen et al. 2012). These kind of nanoparticles can be used
as SERS active substrates as well as in biomedical applications.

8 Heterostructures

Different nanostructures, namely nanotubes, nanowires or nanoparticles were
described so far. However, one may notice that their description was limited mostly
to the structures composed of one specific chemical compound/single element. In
here, the focus is put onto heterostructures that could be prepared from materials
characterized with different properties than their counterparts. It should be here
clarified also that by heterostructure we do not understand only “heterogeneous
semiconductor structure built from two or more semiconductors, in such a way that
the transition region or interface between the different materials plays an essential
role in any device action” as was said by Herbert Kroemer during Nobel Lecture
given on December 8™, 2000, but every structure composed of at least two various
materials of different physical/chemical nature. Hetero-, composite and hybrid
structure will be used as synonyms.

The obvious examples of composite materials are various kinds of nanoparticles,
nanowires or nanowalls. Due to the structural features they can be divided into
following categories: (i) simple hybrids (e.g. quantum dots, bimetallic
nanoparticles), (ii) core-shell structures and (iii) functionalized complex systems
(e.g. nanoflowers). As almost all groups of such structures have been already
discussed, only quantum dots will be described in this part. Nevertheless, by hybrid
nanostructure one can also understand different classes of nanomaterials combined
together: e.g. zero-dimensional and three-dimensional. The classification of
exemplary heterostructure materials is shown in Fig. 26. As only in 2018 more than
166000 scientific papers were published in the field of nanotechnology
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(https://statnano.com/news/65056), one should take into account that only few
selected examples will be referred in here.

8.1 Quantum nanodots

It is well known and accepted that quantum nanodots (QD) can be considered as the
representative example of heterostructures. They are typically not only composed of
two different materials but also QD can be regarded as semiconductors. Such
nanocrystals were first discovered in the early 1980’s by Alexey Ekimov and Louis
Brus in glass matrix and colloidal solutions, respectively (Ekimov et al. 1985, Brus
1984) . Generally, QD can be divided into six groups that corresponds to the groups
of periodic table of elements: (i) IV (e.g. GeSn), (ii) IV-VI (e.g. PbS, PbTe), (iii)
[11-V (e.g. InAs, InSb), (iv) I1-VI (e.g. HgCdTe, HgSe), (v) I-VI (e.g. AgzS, Ag.Se)
and (vi) I-111-VI (e.g. CulnS;, CulnSey) (Lu et al. 2019). There are two usually used
approaches for fabrication of QD: (i) solution synthesis, in which control over
nucleation and growth of the nanoparticle can be assured and (ii) hanoscale pattering
(mostly lithography based technologies) and epitaxial growth onto the particular
substrate (Nozik et al. 2010) . Nevertheless, it should be remembered that in the wet
chemical route the hot solvents are used and therefore such a method is limited by
the boiling temperature of the solution. While in the case of the latter approach, the
system composed of QD and supporting platform can be hardly described as self-
standing. However, for application purposes QD can be applied both in colloidal
solution and in immobilized form. Due to their unique properties such as: (i) well
defined composition, (ii) large bandgap tenability, (iii) bright emission response,
(iv) photostability and (v) high selectivity towards targeted material, QD found
applications in wide range of fields. It should be also underlined that Quantum Dots
Market was valued to be 316 million USD in 2013 and is expected to reach over
5040 million USD in 2020 (https://www.alliedmarketresearch.com/quantum-dots-
market) . The possible applications of QD are presented in Fig. 27.

8.2 Dimensional hybrid nanostructures

As mentioned before zero-, one-, two- and three-dimensional structures can be
combined with each other forming much more complex structures. Such
combination allows for overcoming limitations of single materials. From strict
economical point of view, the biggest limitation of materials is their price. For
example taking into account only noble metal NPs, like Au, Ag, or Pt one can agree
that they are quite expensive especially in terms of their practical applications.
Therefore, the effort is put to combine them with e.g. metal oxides such as TiO»,
CeO,, ZnO or WOs (Lin et al. 2009, Tanaka et al. 2014, Zhang et al. 2014, Primo et
al. 2011). Such material, i.e. 0-D/0-D material, is the simplest example of
dimensional heterostructures. Of course, omitting the economic aspect, the works
are also focusing onto the preservation of properties of individual parts of
heterostructures as well as the overall performance of prepared material. Moreover,
it should not be forgotten that synergistic effect can lead to the fabrication of
materials characterized by superior functionality and improved properties
comparing to the counterparts. Therefore, it can be understood that heterostructures
find their applications in the same areas of nanotechnology, as their single
counterparts, e.g. in photovoltaic devices, batteries, supercapacitors, sensors,
surface enhanced Raman scattering platforms or fuel cell.

One of the most represented groups seems to be 0-D/2-D structures. The obvious
examples of such materials are: nanoparticles located at the thin film. The most
common shape of nanoparticles is spherical or nearly spherical as it is the easiest
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one to obtain as free energy of such system is minimal. Nevertheless, more visually
interesting are nanoparticles of different shapes. For instance, Lewis et al. (2014)
explored triangle cobalt nanoparticles over a copper support (Fig. 28).

Even more attractive example is reported by Lai et al. (2017) The researchers
studied star-shaped Au/Ag NPs deposited onto silver film as a SERS substrate (Fig.
29) proving that such structures possess improved sensing properties.

On the other hand, less obvious configuration is the opposite one, i.e. 2-D material
located onto 0-D one. Ji et al. (2012) worked onto silica microcapsules composed
of flake-shells. Under hydrothermal synthesis conditions, silica spherical
nanoparticles slowly dissolve and those dissolved silicate species form flakes
surrounding the maintained spheres - see Fig. 30. Nevertheless, it should be noted
that prolonged fabrication process leads to the creation of completely hollow spheres
covered with flakes that can be used as capsules for drug delivery.

Another rich group of hybrid materials contains 3-D structures. For example Kim
and Jeon et al. (2017) reported on fabrication of 3-D/2-D hybrid nanostructures
composed of Au particles and cylindrical patterns onto indium tin oxide substrate
(Fig. 31). It is stated that surface-structuring processes do not impact onto initial
properties of the support and after covering with polymeric material obtained
structures could be potentially applied in photovoltaics devices.

Other interesting example of 3-D heterostructure was given by Ke et al. (2015). The
authors prepared TiO.@Ni(OH), core-shell nanostructures onto carbon fiber paper
(Fig. 32) for supercapacitors applications. The prototype device was fabricated and
the potential strategy to enhanced properties of battery type electrode was also
introduced.

Material that can be used in energy storage was also reported by Xiong et al. (2018).
Hybrid carbon nanotubes/gold nanoparticles structures were prepared (Fig. 33) and
studied as active materials for efficient supercapacitors and templates for
pseudocapacitors. It should be in here underlined that, inspired by nature authors
called their electrodes: leaves-on branched structure.

Quite interestingly, nature is not a single source of inspiration for scientists. Human-
created architecture can also influence the shape of the structures. For instance,
Flomin et al. (2014) synthesized metal-ZnO hybrid nanopyramids with possibility
to attach metallic nanoparticle to the base or the ZnO tip (Fig. 34) and obtained
material was shown to be used as a promising nanocatalyst.

Above, just a few examples of various heterostructures were given. With schematic
illustrations, SEM or TEM images, also possible applications were quoted.
Nevertheless, the authors would like to finish this chapter with one more interesting
material. Abellan et al. (2016) reported on hybrid material consisting of cadmium
coordination polymer and NiAl-layered double hydroxide (Fig. 35). It is stated in
this work that “with appropriate selection of building blocks, it is possible to
engineer the assembly of different nanomaterials while keeping their initial
functionalities intact.” This sentence is an essence of motivation behind all studies
on hybrid nanostructures. It can be said without any doubt that this field of science
has not reached its limitation. Therefore, it is expected more works to be published
in the future showing materials that will outperform the present ones.
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Tables

Table 1. Classification of nanomaterials depending on the dimensions.

0-D 1-D 2-D 3-D
nanoparticles, nanotubes,  nanofilms, nanolayers, bundles of
quantum dots nanorods, nanotubes,

(Elias and nanowires nanocoatings (Ariga et nanowires,
Saravanakumar,  (Mikklesen al. 2018)
2017) and multi-layered
Lundgre, materials (van
2013) Gough etl al. 2009)

y

Table 2. Examples of top-down fabrication methods.

Litography methods

Methods requiring inexpensive energy consumption
and expensive facilities; are based on making printed
electric circuits and computer broads.

Anodization

Electrochemical oxidation of metal substrate
performed usually in 2-electrode arrangement when
both electrodes are immersed in the etching electrolyte.
Electrodes are placed opposite to each other.
Optimization of process parameters enables formation
of porous layer composed of highly ordered aligned or
separated nanotubes.

Mechanosynthetic
method

The cheapest way to material fragmentation. Most
common technique is ball milling based on the
mechanical attrition when kinetic energy is transferred
to bigger substrate undergoing destruction.

Thermal method

In general it concerns application of thermal stress to
thin metallic films that upon elevated temperatures tend
to form nanoislands/nanoparticles on the substrate. The
thermal treatment could be realized in an electric oven
or by the interaction with the laser beam.

Laser ablation

Laser light interacts with the solid target and kicks of
ions that could then collide with each other and be
deposited on the substrate or just imprisoned in
medium when the target is immersed in liquid
environment.
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Table 3. Examples of bottom-up fabrication methods.

Chemical vapour
deposition (CVD)

Occurs in gas phase where on the substrate surface the
decomposition of precursors takes place and the
desired nanostructure is formed.

This method is usually applied for fabrication of
carbon nanotubes or carbon like diamond.

Atomic layer
deposition (ALD)

States as an industrial process that allows to coat
uniformly material of any topography. In each
deposition cycle, a monolayer or few are formed.
Unfortunately, used precursors are of high cost.

Electrochemical
deposition

Requires conductive substrate that can be polarized in
a certain mode. Usually: potentiostatic or
potentiodynamic (pulsed mode, cyclic voltammetry)
techniques are applied to deposit the material onto the
working electrode acting here as a substrate. The
conductive electrolyte with easily dissolved material
precursor is required. With the help of electrochemical
deposition, the layers of conducting polymers,
semiconductors or thin metallic films are formed.

Sol-gel

Regarded as a soft chemical process, usually applied
for fabrication of metal oxides or ceramic materials.
Depending on established conditions, spherical or tube
shape, thin coatings, membranes could be obtained.

Table 4. The classification of nanostructures fabrication methods based on their
chemical or physical character.

Physical techniques

Chemical techniques

Sputtering techniques, lithography
process, hot and cold plasma,
evaporation technique, spray
pyrolysis, pulsed laser ablation,
sonochemical reduction

Electrochemical deposition, lyotropic
liquid crystal templates, hydrothermal
and solvothermal techniques, sol-gel
technique, chemical vapour deposition,
laser pyrolysis

Table 5. Differences between SWCNTs and MWCNTs.

SWCNTs

MWCNTs

Single layer of graphene

Catalyst is required for synthesis

Bulk synthesis is difficult as it requires
proper control over growth and
atmospheric conditions

Purity is poor

High risk of defects during
functionalization

Can be twisted easily due to a single
later of graphene

Multiple layers of graphene
Can be produced without catalyst

Bulk synthesis is easier

Purity is high

Low risk of defects and if occurred, can
be improved

Cannot be twisted easily due to
multiple layers
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Table 6. Brief summary of TiO> NTs evolution.

TiO,
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tion
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r solution to 0.5 um;
ribbed structure
buffered increased length
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aqueous o
solutions with lng.. p
F-ions {m,
ribbed structure
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uniform and
smooth layer of
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spaced NTs;
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spaced NTs;
over-etched
Dimethyl walls
sulfoxide (compared to
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Fig. 1. Dimensions scale with the examples of objects from the 1 m to
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Fig. 2. The general scheme depicting the idea of bottom-up and top-down
approaches for nanostructures synthesis.
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Fig. 3. The schemes depicting the operation principle of SEM (a), TEM (b) and
AFM (c) microscopies utilized frequently to illustrate the morphology of
nanostructures.
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Fig. 4. General classification of nanoparticles.
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methods. a) spherical NPs (Reproduced from Liu et al. 2007), b) triangular NPs
(Reproduced from Bhattari et al. (2017), c) virus-shaped NPs. (Reproduced from
Jiji and Gopchandran 2015).
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Absorbance

Wavalength (nm)

Fig. 6. Absorbance spectra of gold nanoparticles (A) is heavily dependent on the
thickness of outer silica shell (B), therefore spectroscopical measurements (C) can
be a useful tool for determining shell parameters. Reproduced from Lee et al.

(2006).
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Fig. 7. Schematic representation of convergent and divergent methods of
dendrimer synthesis.

Fig. 8. Visual representation of the structure of C20 (a) and C60 fullerenes (b)
Red colour indicates pentagonal planes, while yellow shows hexagonal planes.
(created using Stella Softwar ).
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Fig. 9. SEM characterization of the structure used in laser based nanodevice: a)
SEM image of a regular hexagonal array of nanoholes on the substrate, b) top view
SEM image of n-type bare ZnO NWs (the diameter is of 120 + 10 nm), ¢) side
view SEM image of n-type vertically aligned ZnO NWs (the length is about 5.1
um) array on the p-type GaN substrate, d) top view SEM image of n-type
vertically aligned ZnO NWs, the inset is the TEM image of a single NW coated by
a hybrid SiO»/Ag film with a thickness of 50 nm. Reproduced from Huang el al.
(2017).

Fig. 10. The series of InGaP NWs for samples obtained under different thermal
conditions. SEM images were obtained for the array with a 30 nm hole diameter
and a 1 um pitch. The scale bars are 1 um. Reproduced from Berg et al. (2017).

Fig. 11. TEM image confirming the participation of VLS growth mechanism with
dark-contrast spherical seed at the tip of the nanowire with AuAg catalysts from
precursor solution containing 15 at.% Sn. Scale bar is 100 nm. Reprinted with
permission from. Reproduced from Biswas et al. (2016).

® @ __J
U )

I. Interfacial layer formation Il. Planar layers growth I1l. Growth direction change IV. Vertical growth
Fig. 12. Schematic representation of the h-BN nanowall growth mechanism.
Reprinted with permission from. Reproduced from Merenkov et al. (2019).
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Fig. 13. SEM image showing a) the cross section view of as-prepared AAO
produced by H,SO4 pulsed anodization, b) polymer nanopillars/AAO composite
microstructure, with the MA/AAOQ slabs supported by PS nanopillars (Reproduced
from Lee et al. 2008); (c) cross-sectional SEM image of the edge profile of pore
bottoms that becomes angular with void growth by further anodization
(Reproduced from Seo et al. 2007) d) FESEM image of diamond pattern obtained
after etching of alumina template nanoimprinted pattern in aluminium Reproduced
from Smith et al. (2008).
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b. Temperature
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( b) TiO,/Ti(OH),
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-
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Nanoporous NTs Free-standing NTs
Fig. 14. Schematic diagram of: a) controllable fabrication processes and b)
possible formation mechanisms of TiO; nanotubes (NTs) and nanopores.

Reproduced from Yan and Zhou (2011).

Fig. 15. (a) SWCNT, (b) MWCNT. Reproduced from Wang et al. (2014).
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Fig. 16. Schematic diagram showing different CNTs structures. Reproduced
from Zhang and Zhao (2009).

Methods of
CNT synthesis
) T 1
Chemical
. Laser
Arc discharge ablation vapor
deposition
I 1 1 I 1 | 1
Fixed bed Fluidized bed Lakerassiited Aerosol- Plasma- Floating
reactors reactors G assisted assisted catalyst
Ll 1 ! 1 1
A RF capacitive RF inductively
Microwave DC-glow
discharge Hot filament discharges coupled coupled
plasmas plasmas

Fig. 17. Classification of CNTs manufacturing methods. Reproduced from
Kumar et al. (2017).
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Fig. 18. The classification of ZnO NTs synthesis methods. Reproduced from
(Samadipakchin et al. (2017), Long et al. (2019), Choi and Chang (2018), Zhang et
al. 2015, Zhang et al. (2019).

ig. 19 (a) SEM image of typical branched ZnO nanotrees, (b) An enlargement of a
side-view single nanotree, (¢) TEM image of a single ZnO tree (middle) recorded
along the [1210] selected-area electron diffraction patterns (top left, top right and
centre) taken respectively from the branches and the trunk and lattice image (bottom
left) and high-magnification TEM image (bottom right) of the branches. The green
arrows indicate the major growth directions of the trunk and the branch, which share
the [1210] direction. (d) A simple structural model of a branched ZnO nanotree
projected along the [1210] direction. Relaxation at the interface between the trunk
and the branch to achieve minimum interface energy is ignored here. Reproduced
from Zhao et al. (2010).

45


http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

A\ MOST

2um

Fig. 20 SEM images show (a) the top-view of a complex ZnO array grown at
100°C with a concentration of 3.75 mol L and (b)-(e) several unique individual
ZnO crystalline trees. Reproduced from Zhao et al. (2010)

Fig. 21. a) SEM image of nanoflowers synthesized by reducing HAuCI, with
dopamine. b) Inset presents morphology of a single flower. Reproduced from Yi et
al. (2013).
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Fig. 22. DNA-based nanoflowers created with RCR method. Reproduced
from Hu et al. (2014)

Fig. 23. Hybrid protein-inorganic nanoflowers synthesized using one-pot protocol.
Reproduced from Liu et al. (2017).
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Fig. 24. a, b) SEM images of urchin-like nanostructures and c¢) schematic
representation of the stages of their synthesis. Reproduced from Dou et al. (2011).
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Fig. 25. AuAg nanourchin particles synthesized usiﬁg different molar ratios of
HAuCls: AgNO:s - 3, 10, 15 for a), b) and c¢) consequently. Reproduced from
Cheng et al. (2012).

Heterogeneous Nanostructured Materials with Different Morphologies

20 QY

Carbon Nanotube
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Composite Nanoparticle Composite Nanowire Array Carbon Coated Nanobelts Future 3-D Electrode

Fig. 26. Exemplary hybrid materials based on different structure configuration.
Reproduced from Liu and Duay et al. (2011).
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Fig. 27. Possible application of QD.
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Fig. 28. Heterostructure composed of Co nanotriangles over Cu coating.
Reproduced from Lewis et al. (2014).

Star-shaped Au/Ag nanoparticles
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Al,Os ***
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Fig. 29. a) Schematic of star-shaped nanoparticle based SERS substrate. b) TEM
image of a single Au/Ag nanoparticle. Reproduced from Lai et al. (2017).
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Fig. 30. a) Scheme of the formation route of flake-shell silica structures. b-d) SEM
images of silica spheres overgrown by nanosheets. Reproduced from Ji et al.
(2012).
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Fig. 31. SEM images of: a) 3-D hybrid nanostructure on ITO and b) the same
nanostructure coated with polymeric material. Reproduced from Kim et al. (2017).
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Fig. 32. a) Scheme of fabrication process of TiO,@Ni(OH) core-shell nanowire
arrays onto carbon fiber paper (CFP). SEM images of: b) TiO2 nanowire array and
c) 3-D hybrid material. Insets: magnified images. Reproduced from Ke et al.
(2015).
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g Fig. 33. a) Schematic illustration of 3-D heteromaterial. b) SEM image of carbon
= nanotubes covered with gold nanoparticles (GPs). Reproduced from Xiong et al.
o (2018).
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Fig. 34. TEM images of ZnO nanopyramid structures combined with different
metallic nanoparticles: a) base-attached Cu, b) tip-attached Cu, ¢) Ag and d) Au.
Reproduced from Flomin et al. (2014).
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Fig. 35. a) lllustration of 1-D/2-D hybrid material preparation and its TEM image
(b), ¢) Magnification of b). Reproduced from Abellan et al. (2016).

52


http://mostwiedzy.pl



