Chapter 4 m
Less-Common Carbon Nanostructures

updates

When the area of nanotechnology began to develop intensively as an independent field in the frontiers of physics, chemistry,
materials chemistry and physics, medicine, biology, and other disciplines two decades ago, terms such as “nanoparticle,”
“nanopowder,” “nanotube,” and “nanoplate,” and other terms related to shape rapidly became very common. At the same
time, during the last years, efforts of researchers have led to reports of a large number of the nanostructure types mentioned
earlier and the discovery of rarer species, such as “nanodumbbells,” “nanoflowers,” “nanorices,” “nanolines,” “nanotowers,”
“nanoshuttles,” “nanobowlings,” “nanowheels,” ‘“nanofans,” ‘“nanopencils,” ‘“nanotrees,” “nanoarrows,” ‘nanonails,”
“nanobottles,” and “nanovolcanoes,” among many others. The naming of a discovered rare nanoform is commonly left to
the imagination of researchers. Since any novel nanoform/nanostructure could, theoretically, have useful, unexpected, and
unpredictable applications (e.g., famous graphene, discovered not long ago), each new achievement, reproducible or not, is
welcome due to the importance of nanotechnology in current and future applications. Without a good understanding of the
reasons for shape formation, approaches to the synthesis of nanostructures can be hard to carry out.

According to the available literature, there is no universal generalization of rare and common nanostructures. Several
existing classifications are related to dimensionality of the nanostructure itself and its components (for instance, 0D clusters
and particles, 1D nanotubes and nanowires, 2D nanoplates and layers, 3D core—shell nanoparticles, or self-assembled
massive, intermediate dimensional nanostructures as fractals or dendrimers) or based on the triad symmetry group-shell
composition-structural formula of the shell (here nanostructures are divided into branches, classes, and subclasses determined
by the symmetry group of a shell and the sets of the quantum numbers of a structure). In our book on less-common
nanostructures [1] of 2012, we presented a nonformal classification, which is not directly related to dimensionality and
chemical composition of nanostructure-forming compounds or composites and is based mainly on the less-common
nanostructures. In this classification, in addition to classic carbon-based and non-carbon nanostructures (carbon nanotubes,
fullerenes, nanodiamonds, graphene, and graphane, simple and core—shell nanoparticles, non-carbon nanotubes, nano-metals,
nanowires, nanorings, nanobelts, nanopowders, nanocrystals, nanoclusters, nanofibers, and nanodots/quantum dots), a series
of relatively rare nanostructures have been described:
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Simple linear 1D, 2D, and 3D nanostructures
Nanolines, nanopencils, nanodumbbells, nanopins, nanoshuttles, nanopeapods, nanochains, nanobelts, nanowicks, nanobars,
and nanopillars

Various elongated 3D nanostructures
Nanobricks, nanocones, nanoarrows, nanospears, nanospikes, nanonails, nanobowlings, nanobones, nanobottles, nanotowers,
nanoarmors, and nanopins

Circle- and ball-type nanostructures
Nanowheels, nanorings, nanoballs, nanoeggs, nanograins, nanorices, and nanospheres

Nanocage-type structures
Nanocages, nanoboxes, and nanocapsules

“Nanovegetation” world

Nanotrees, nanopines, nanopalms, nanobushes, nanograsses, nanoacorns, nanokelps, nanomushrooms, nanoflowers,
nanobouquets, nanoforests, nanocorns, nanoleaves, nanobroccoli, nanomulberry, nanocactus, nanospines, nanosheaves,
nanoonions, and nanodewdrops

“Nanoanimal” world
Nano-urchins, nanoworms, nanolarvae, and nanosquamae

“Nanohome” objects
Nanobrushes, nanobrooms, nanocombs, nanocarpets, nanofans, nanowebs, nanospoons, nanoforks, nanobowls, nanotroughs,
nanocups, nanospindles, and nanofuns

“Nanotechnical” structures and devices

Nanosaws, nanosprings (nanocoils/nanospirals), nanoairplanes, nanopropellers, nanowindmills, nanoboats, nanobridges,
nanocars, nanobatteries, nanotweezers, nanomeshes, nanofoams, nanobalances, nanojunctions, nanopaper, nanorobots,
nanothermometers, E-nose, E-tongue, E-eye, and NEMS

Nanostructures classified as polyhedra
Nanotriangles, nanotetrahedra, nanosquares, nanorectangles, nanocubes, nanopyramids, nanooctahedra, nanoicosahedra,
nanododecahedra, nanocubes, nanoprisms, and nanocuboctahedra

Other rare nanostructures
Nano-New York, nanopaper, nanovolcanoes, nanosponges, nanostars, nanoglasses, and nanodrugs

A certain part of these rare nanostructures (not all) correspond to carbon-based ones. In this section, we examine carbon
less-common nanostructures (i.e., published mainly in the range of 1 < 100 reports each one) that correspond to the shapes
mentioned earlier. Such structures, as will be shown later, possess unusual shapes and high surface area, which make them
very useful for catalytic, medical, electronic, and many other applications.
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4.1 Atomic, Dotted, and Chain Molecular Carbon Forms'

4.1.1 Atomic and Diatomic Carbon®

C,

The data on these two carbon allotropes are scarce [2, 3]. Atomic [C] and diatomic [C=C] carbons are unstable molecules
existing in gaseous phase only above 3642 °C and forming fullerene or graphite at lower temperatures. They were observed in
carbon vapor (electric arcs), blue hydrocarbon flames, comets, stellar atmospheres, and the interstellar medium [4]. Their
some features are as follows:

C]Z

* Atomic carbon is created by passing a large current through two adjacent carbon rods, generating an electric arc.
* Atomic carbon is highly reactive; its most reactions are highly exothermic (carried out in the gas phase at 77 K).
* Atomic carbon is generated in the thermolysis of 5-diazotetrazole (CNg =:C: + 3N,) [5].

e Atomic carbon can also be fabricated by decomposition of tantalum carbide [6].

¢ Bond order of 2 (a double bond between the two carbons in a C, molecule should exist).

 Bond length 1.24 A.

A quadruple bond could exist in C; [7, 8] (Fig. 4.1) and its isoelectronic molecules CN*, BN, and CB~ (each having eight
valence electrons). In contrast, the analogues of C, that contain higher-row elements, such as Si, and Ge,, exhibit only
double bonding.

» Carbon vapor is around 28% diatomic, but theoretically this depends on the temperature and pressure [9].

]Reproduced with permission of the Royal Society of Chemistry (Nanoscale, 2016, 8, 4414-4435).
*Reproduced with permission of Nature (Nature Chemistry, 2012, 4, 195-200).
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Fig. 4.1 (a) Molecular orbital diagram. The shapes of the 26, and 36, molecular orbitals, as determined from FCI calculations, are also represented
together with their respective energy levels; (b) three simplified bonding cartoons. (Reproduced with permission of Nature)

4.1.2 Carbon Nanodots™® * and Graphene Quantum Dots

Passivated surface

3Reproduced with permission of the Royal Society of Chemistry (J. Mater. Chem., 2012, 22, 24230-24253).
“Reproduced with permission of the American Chemical Society (J. Phys. Chem. C, 2010, 114, 12062-12068).
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Carbon nanodots (CDs), a class of carbon nanomaterials with sizes below 10 nm, were first discovered in 2004 during
purification of SWCNTSs. Graphene quantum dots (GQDs) consist of a single or a few layers of small graphene fragments.
CDs have a much more comprehensive definition compared to GQDs. Carbon nanodots (CDs) (or carbon quantum dots,
CQDs), graphene quantum dots (GQDs), doped C-dots/GQDs, carbon nitride dots, and C-dots/GQDs nanocomposites are
members of the same family [10]. Main features of CDs and GQDs are as follows:

* CDs are conjugated systems: C atoms are sp> hybridized with no saturated sp> carbon atoms.

e C-dots hold a discrete and quasispherical structure, usually containing oxygen/nitrogen organic functional groups [11, 12].

* CDs are quasispherical carbon nanoparticles with amorphous to nanocrystalline cores with a diameter of less than 10 nm.

* Due to their strong luminescence, in contrast to macroscopic carbon, CDs are also referred to as nanolights or fluorescent
carbon [13, 14].

e The electrochemical, microwave, and hydrothermal methods are common for CD and GQD synthesis, among others.

* CNDs possess high stability, good conductivity, low toxicity, and environmental friendliness.

* CNDs can be synthesized physically, chemically, or electrochemically, by “top-down” (from other carbons) or “bottom-
up” (from organic precursors) methods, as well as by “greener” techniques.

* CDs prepared from organic matter such as used tea and ginger possess a great inhibitory effect on the growth of cancer
cells [15].

* CNDs can be functionalized and this way dispersed in water and solvents.

* CNDs can be surface-passivated getting new properties.

e Compared to traditional semiconductor quantum dots (QDs), the photoluminescent CDs are superior in terms of high
aqueous solubility, robust chemical inertness, easy functionalization, and good biocompatibility.

* CDs with unique properties have great potential applications in bioimaging, biomedicine, optoelectronics, solar cells,
supercapacitors, sensors, detection of metal ions, SERS, drug delivery, and photocatalysis, among other uses.

Synthesis A variety of methods for CD synthesis have been offered. In whole, CDs can be prepared (Fig. 4.2) by (1) top-down
methods from carbon structures (amorphous carbon (candle soot and carbon black) and regular sp* carbon layers (graphite
(Fig. 4.3) and carbon nanotubes) by arc discharge, laser ablation, electrochemical oxidation, and nitric acid/sulfuric acid
oxidation or (2) bottom-up methods from small molecules (citric acid, glycerol, amino acid, ascorbic acid, carbohydrates, and
other molecules with abundant hydroxyl, carboxyl, and amine groups) by dehydration and carbonization/calcination (pyrol-
ysis), in particular by hydrothermal and microwave treatment. Thus, highly luminescent carbon nanodots were fabricated
by employing a hydrothermal method with citric acid as the carbon source and ethylenediamine as the nitrogen source,
together with adding moderate ammonia water to achieve both appropriate inner structure and excellent N passivation [18].
The photoluminescence quantum yield of the resultant C-dots reached as high as 84.8%, which is of 10.56% higher than that
of the C-dots synthesized in the absence of ammonia in the reaction precursors. Hydrothermal method was used also for
preparation of the 3D GQDs/rGO composites with different ratios of GQDs versus GO (Figs. 4.4 and 4.5) [19]. These GQDs/
rGO composites showed improved catalytic activities for the reduction of nitroarene compared with GQDs, 3D rGO, and
some metal catalysts; the high catalytic activity of the 3D GQDs/rGO was found to be directly related to the GQDs-to-rGO
ratio.

Natural precursors for CDs are chitosan [20], grape and orange juice, pepper, strawberry, banana juice, watermelon and
pomelo peel, soy milk, grass, tea, coffee, and various leaves, among others. For instance, sweet potatoes as carbon source,
used for hydrothermal green synthesis, led to fluorescent carbon nanodots ranging from 1 to 3 nm [21]. Such CDs were found
to be a very effective fluorescent probe for label-free, sensitive, and selective detection of Hg** with a detection limit as low as
1 nM. Green microwave-assisted rapid green synthesis of photoluminescent carbon nanodots (C-dots) with diameters in the
range of 1-4 nm using flour as the carbon source was decribed in [22]. These C-dots exhibited high sensitivity and selectivity
toward Hg”* with detection limit as low as 0.5 nM and a linear range of 0.0005-0.01 M. Also, highly luminescent ultrasmall
CDs were prepared by one-step microwave-assisted pyrolysis and functionalized with fluorescein photosensitizer by a diazo-
bond [23]. Thus obtained water-soluble yellow-emitting [ﬂuorescein—N=N—CDs]Ru2+ showed absorbance maximum the
same as CDs but do not contain a mixture of blue- and blue—green-emitting nanoparticles; it was considered as a powerful
alternative to cadmium-based toxic quantum dots. A microwave reactor for CDs preparation was also offered [24].

Electrochemical methods are also available for synthesis of CDs (Fig. 4.6) and their study [26]. Among other techniques,
fluorescent CDs (5-20 nm in size) were obtained by the laser ablation (laser pulses of 1064, 532, and 355 nm under different
irradiation times) of a carbon solid target in liquid environment (acetone) [27]. It was observed that the use of a short-
wavelength UV laser source can yield carbon quantum dot-like structure whereas changing the laser ablation to the longer
wavelength especially at 1064 nm results in agglomeration. MOFs are rarely used for CDs fabrication. Thus, highly
photoluminescent CNDs were synthesized (Fig. 4.7) from metal-organic framework (MOF, ZIF-8) nanoparticles at a mild
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Fig. 4.2 Scheme of CDs of different species [16]. (Reproduced with permission of the Royal Society of Chemistry)
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Fig. 4.3 Preparation strategy of CDs by proper intercalation of compounds [17]. (Reproduced with permission of Wiley)
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Fig. 4.4 Illustration of the formation process of the 3D GQDs/rGO composites. (Reproduced with permission of the American Chemical Society)

Fig. 4.5 SEM (a), TEM (b, ¢), and HRTEM (d) images of the 3D GQDs/rGO composite. (Reproduced with permission of the American Chemical
Society)

Fig. 4.6 The schematic
diagram of electrochemical
fabrication of CDs

[25]. (Reproduced with per-
mission of the Royal Society
of Chemistry)
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Fig. 4.7 Schematic illustration for the formation of carbon nanodots (CNDs) derived from ZIF-8 NPs and their aqueous dispersion under visible and
UV lights. (Reproduced with permission of Wiley)
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Fig. 4.8 Production of bGQDs through the seamless arc discharge in water. (a) Schematic illustration of the seamless arc discharge in water to
produce bGQDs shows the vertical movement of the anode, the fixed cathode, and water used as a dielectric medium. (a-i) Graphene sheet-based
films on the water surface formed by self-assembly of the graphene produced from the exfoliation of graphite electrodes. (a-ii) A digital photo image
of the plasma zone during the arc-discharge process produced by applying 25 V with either 1 or 4 A. (b) A representative TEM image of bGQDs1A
after purification by centrifugation at 6000 rpm for 30 min (¢) An AFM image of bGQDs1A on a silicon wafer for determination of height profiles
with the inset of a representative height profile of A-B (scale bar: 500 nm). (d) STS results show the presence of a ~ 1.8 eV bandgap (represented by
arrows) of bGQDs1A (red) compared to HOPG (0 eV); inset: STM image of bGQDs1A. (Reproduced with permission of the Elsevier Science)

temperature (500 °C). Possessing stable fluorescence (maximum emission wavelength is independent on the excitation
wavelength in the range of 300-400 nm) and non-toxic characteristics, these carbon nanodots could potentially be used in
biosafe color patterning [28].

Aqueous arc-discharge process [29] (Fig. 4.8) was also developed to produce the blue-luminescent graphene quantum dots
(bGQDs). The resulting bGQDs were found to be ~15 nm in diameter, and the amount of oxygen-including functional groups
can be controlled to 27.4% and 30.8% at 1 and 4 A of a current level, respectively.
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Fig. 4.9 Diagrams for the large-scale synthesis of CDs by adopting (a) Chinese ink, (b) orange juice, (c¢) bee pollens, and (d) sucrose as the carbon
source. (Reproduced with permission of the Elsevier Science)

The production of CDs can be scaled-up; the synthetic methods for CDs in a macroscale manner are described (Fig. 4.9)
[30]. As an example, a scalable synthesis of water-dispersible fluorescent carbon nanodots based on the hydrothermal method
(180 °C for 6 h) of kitchen wastes (grape peel) is known [31]. The as-prepared nanodots have high selectivity for Fe** ions
based on fluorescence quenching.

Functionalization, Grafting, and Doping As an example of chemical functionalization of CDs, the functionalization of CDs
with a bis-amino-modified silicone reagent enhanced their fluorescence properties [32]. Further treatment with a poly(ethylene
glycol)—phospholipid surfactant increased the water dispersibility and promoted the nanoassembly of the silicone-modified
CNDs. The synthesized nanocomposites were found to be biologically compatible and useful for cellular fluorescence
imaging. Gd(II)-doped carbon dots (3—4 nm in size) can be used as dual fluorescence-MRI probes for biomedical applications
[33]. The derived Gd(III)-doped carbon dots showed uniform particle size (3—4 nm) and gadolinium distribution and form
stable dispersions in water. Exhibiting bright fluorescence, strong T1-weighted MRI contrast, and low cytotoxicity, they can
be used in biomedical research for multimodal imaging. In addition, CDs, grafted onto the surface of TiO, nanotubes, can
enhance the photocatalytic properties degrading organic pollutants [34], increasing light absorption, trap and shuttle photo-
generated electrons, and enhance the pollutant adsorptivity. Under xenon lamp illumination, irradiation not only induces
electrons and holes but also can heat the CDs-TiO, at local spots because of the photothermal effect.

Applications CDs have great potential applications mentioned above; we present here some selected examples. For instance,
a sensitive and selective detection approach for tetracycline in complex water samples was developed by preparing blue
photoluminescent europium-doped carbon quantum dots (Eu-CQDs) through a rapid carbonization method operating at
200 °C for 5 min [35]. The fluorescence of the Eu-CQDs can be quenched efficiently by tetracycline, based on the strong inner
filter effect mechanism between Eu-CQDs and tetracycline. Also, CD functional composites with MOFs, combining the
advantages of both MOFs and nanoparticles, may exhibit unprecedented properties, for instance, for H, storage. Due to the
interactions between polar functional groups at the surface of the CDs and H, molecules, such systems efficiently enhanced H,
storage capacity and allowed the sensitive fluorescent sensing for nitroaromatic explosives [36]. In addition, dual-emission
CDs can serve as dual-mode nanosensors with both fluorometric and colorimetric output for the selective detection of H,O,
[37]. For the case of GQDs, luminescent graphene quantum dots or graphene quantum disks have their future and potential
development in bioimaging, in electrochemical biosensors and catalysis, and specifically in photovoltaic devices that can
solve increasingly serious energy problems [38, 39].
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4.1.3 Carbyne> %’

Carbyne [40, 41], an infinite carbon chain with pure sp' hybridization, has attracted much interest and significant controversy
since the 1960s, after the first claims of detection. It was first proposed in 1885 by Adolf von Baeyer, who described the
existence of linear acetylenic carbon. In 1995, the several reports on the preparation of carbyne chains with over 300 carbons
or indeterminate length were published, until great success in 2016, when its linear chains of up to 6000 sp-hybridized carbon
atoms were prepared (see below). These chains were grown inside DWCNTs and are highly stable protected by their hosts.
Main features of carbyne are as follows:

» Carbyne, similar to graphene, is just one atom thick, having an extremely large surface area (a single gram of graphene has
a surface area of roughly five tennis courts).

* Carbyne is not a novel substance (carbyne was earlier detected in shock-compressed graphite, interstellar dust, and
meteorites).

* The carbyne, made up of a chain of carbon atoms linked by alternate triple and single bonds (—C = C—),, is actually twice
as strong as graphene.

* 1D chain of the cumulene is known to undergo a Peierls transition into the polyyne form. This instability shows an energy
difference of 2 meV per atom in favor of the polyyne structure over cumulene.

* Carbyne has beat out graphene as the world’s strongest material.

e Carbyne Young’s modulus is 32.7 TPa — 40 times that of diamond.

o Stretching it by as little as 10% significantly alters its bandgap.

SReproduced with permission of Nature (upper image: Nature Mater., 2016, 15, 634-640).
SReproduced with permission of the American Chemical Society (image below: ACS Nano, 2013, 7(11), 10075-10082).

"The name carbyne has been adopted to indicate an infinite sp-carbon wire as a model system; meanwhile carbynoid structures have been used
to indicate finite systems or moieties comprising sp-carbon in amorphous systems.
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* A 90-degree end-to-end rotation transforms it into a magnetic semiconductor.

* Chains of carbyne can take on side molecules making energy storage possible.

» Carbyne may be stable at high temperatures (3000 K).

* In several articles, the carbynes are determined as “1D chain-like structures [(-C=C-),/(=C=C=),] with spl carbon-
carbon hybridization,” but it is accepted nowadays that the (—C = C—),, formula corresponds to carbyne and the
(=C=C=),, — to cumulene. Formation of m-electron delocalization in carbyne is shown in Fig. 4.10.

+ Carbyne exhibited a large nonlinear absorption coefficient # and a refractive index n, of 3.53 x 107> m W' and
—1.40 x 10~ '3 esu at 800 nm excitation, respectively [42].

The following report is currently considered as most important in the area of carbyne synthesis. Thus, a method for the bulk
production of carbyne protected by thin double-walled CNTs by very high temperature and high vacuum (HTHV) was
offered, establishing a route for the bulk production of exceptionally long and stable chains composed of more than 6000
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Fig. 4.10 Formation of n-electron delocalization in carbyne. (a) Process of atomic orbital sp hybridization. (b) Existence of extensive m-electron
delocalization in carbyne. (Reproduced with permission of the Royal Society of Chemistry. J. Mater. Chem. C, 2016, 4, 4692—4698.)
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Fig. 4.11 Direct observation of LLCCs@DWCNTs. (a) HRTEM image of an LLCC@DWCNT with bending. The LLCC inside a DWCNT is
longer than 26 nm, which means that it consists of more than 200 contiguous carbon atoms. Inset: an enlarged part of the HRTEM image (top), a
simulated HRTEM of an LLCC@DWCNT (middle), and a molecular model of an LLCC@DWCNT (bottom). The corresponding line profiles of the
experimental and a simulated LLCC@DWCNT are shown, respectively. (b) A DWCNT with partial LLCC filling. (c) The line profiles at positions
along the blue and red lines shown in b represent the empty DWCNT and LLCC@DWCNT, respectively. (d) STEM image of an LLCC@DWCNT.
Inset: a simulated STEM image of an LLCC@DWCNT. (e) The line profiles at positions along the blue, red, and green lines shown in d represent an
empty DWCNT, an LLCC@DWCNT, and a thin most-inner tube @DWCNT, respectively. Scale bars, 2 nm. (Reproduced with permission of
Nature)

carbon atoms [43]. Direct observations of the long linear carbon chains (LLCCs) by aberration-corrected HRTEM and STEM
are summarized in Fig. 4.11. The HRTEM micrograph in Fig. 4.11a shows a long, bent DWCNT encapsulating a carbon
chain.

Other techniques also can lead to carbynes with different lengths and capping groups. Thus, the synthesis of carbyne
(Figs. 4.12, 4.13, and 4.14) with finite length, which is clearly composed of alternating single bonds and triple bonds capped
by hydrogen, using a process involving laser ablation in liquid, was reported [44]. The combination of gold and alcohol was
found to be crucial to carbyne formation. Structure information and binding energy of formed carbyne is shown in Table 4.1.
In addition to the hexagonal crystal structure data in this table, we note for comparison that the crystal structure of a perfect
carbyne was also calculated by the molecular mechanics methods showing a difference with the above [45]. It was established
that the carbyne crystals should consist of polycumulene chains arranged in hexagonal bundles. The unit cell of the perfect
carbyne crystal is here trigonal and contains one carbon atom. The unit cell parameters are as follows: a = b = ¢ = 0.3580 nm,
a = =y =118.5°, and space group P3m1. Another synthesis approach was based on the fact that the removal of Ti atoms
from the TiC surface surpasses that of C atoms, leading to enrichment of the TiC surface with carbon [46] (see also the section
on carbide-derived carbons for more details). Formed carbon-based films contain carbynes (50-100 nm thick) in the form of
nanorod-like clusters (lengths 5-100 nm). Also, metalated carbyne chains were recently synthesized by dehydrogenative
coupling of ethyne molecules and copper atoms on a Cu(110) surface under ultrahigh-vacuum conditions (Figs. 4.15 and
4.16) [47]. The length of the fabricated metalated carbyne chains was found to extend to the submicron scale (with the longest
ones up to ~120 nm).

The mechanical properties of carbyne were calculated obtained by first-principles-based ReaxFF molecular simulation
[48]. The intrinsic thermal transport was determined in two abovementioned carbon sp' allotropes, carbyne (polyyne,
(-C = C-),, Fig. 4.17a) and cumulene ((=C = C=),,, Fig. 4.17b), using equilibrium MD simulations and the Green—
Kubo approach and knowing that cumulene is less stable than carbyne [49]. Their thermal conductivities at the quantum-
corrected room temperature can exceed 54 and 148 kW/m/K, respectively, much higher than that for graphene, being
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Fig. 4.12 Morphology and structural characterization of carbyne crystals. (a) XRD pattern of the sample. The peaks are shaped and strong, showing
the good crystallinity of carbyne. There is an obviously preferred orientation along the ¢ axis. Inset: white carbyne powder coating on the glass
substrate. Rectangular glass substrate with white crystal powder (left) compared with bare glass (right). (b) SEM image of carbyne crystals. They are
in the shape of flakes stacked together. EDS showing that the sample contains C, O, and Au. O and Au originate from the surface adsorption of
oxygen molecules and gold nanocrystals. (¢) TEM image of carbyne crystals. Carbyne exhibits a rod shape (10-30 nm in width and 50 to >100 nm in
length). The tiny spherical particles on the surface of nanorods are gold nanocrystals. (d—i) SAED patterns and HRTEM images are divided into three
categories based on the direction of the incident electron beam ([001, 012, 120], respectively). The former two are rectangular lattices, whereas the
last one is a hexagonal lattice. Scale bars, 5 nm (e), 3 nm (g), and 3 nm (h). (j) EDS shows that the sample is almost completely composed of carbon
and that the Cu signal originated from the Cu grid. (Reproduced with permission of Science Advances)

attributed to high phonon energies and group velocities, as well as reduced scattering from non-overlapped acoustic and
optical phonon modes. The strength of carbyne equals 251 GPa at T = 77 K [50]. This value is close to the strength 7.85 nN
(250 GPa) of contact atomic bond between carbyne and graphene sheet, from which the monatomic chain is pulled. Carbyne
exhibited a large nonlinear absorption coefficient 4 and a refractive index n, of 3.53 x 10"> m W' and — 1.40 x 10" esu
at 800 nm excitation, respectively [42].

Although potential applications of carbyne are still under discussion, several uses of carbyne are already clear. Several
researchers speculate that the unusual mechanical and electronic properties of carbyne may have great potential for
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Fig. 4.13 Carbyne crystal structure. (a) The proposed hexagonal structure frame (a = 5.78 A, b =5.78 A, c =9.92 A, a = 90°, # = 90°, y = 120°);
the distance between neighboring carbon atoms is 3.34 A. The corner at the kinks is conjugated by two carbon atoms forming a C—C single bond, and
the kinked angle (the angle between the vertical direction and the kinked bond) is 30°. (b) The equilibrium configuration of the constructed carbyne
crystal based on first-principles calculations. (Left) The unit cell observed from the top (top panel) and side (bottom panel). (Right) The 4 x 4 x 2

supercell observed from the cross-profile perpendicular to the ¢ axis (top panel) and side (bottom panel). (Reproduced with permission of Science
Advances)

applications in nanomechanics, nanoelectronic/spintronic devices, and MEMS. Decorating a carbyne chain with calcium
atoms, which suck up hydrogen molecules, creates a high-density, reversible hydrogen storage device. Carbyne polysulfide
(having a sp” hybrid carbon skeleton with polysulfide attached on it) was found to serve as a cathode material for rechargeable
magnesium batteries [51]. Carbyne can be a precursor of fullerenes; thus, laser ablation of targets of carbonaceous matter
containing carbyne nanodomains (the sp-hybridized carbon chains) or targets of Cg, photopolymer produced carbon clusters
C74-Cyp4 or larger cages with odd number up to Cy¢, [52]. Also, carbyne-based nanodevices, consisting of two graphene

sheets connected by ten-atom carbyne chain, in the unloaded state has a level of thermal stability, sufficient for application up
to the temperatures of order 1200-1400 K [53].
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Fig. 4.14 Mechanism of carbyne formation. (a) Schematic illustration of four chemical reactions involved in LAL. Carbyne formation is probably
involved in the second kind of chemical reaction occurring inside laser-induced plasma (T* + L*) and in the chemical reactions occurring at the
interface between the laser-induced plasma and liquid (T* + L). T*, laser-induced target plasma; L*, excited liquid molecules. (b) The pathway from
alcohol molecules to the carbon—carbon triple bond, in which alcohol dehydrogenated by Au ions plays a key role. [Au], Au ion; Nu, nucleophile. (c)
The emission spectra of different solvents during LAL; the peak of alcohol (558.1 and 563.3 nm) in the emission spectrum corresponding to the C;,
swan band for Av = —1. The spectra of nonalcohol solvent greatly differ from those of alcohol, and no C, signal can be detected. (d) Similar
fluorescence peaks using nanosecond (ns) and femtosecond (fs) lasers. (e) The thermodynamic phase diagram of carbyne. Green region, the
preferred thermodynamic region for carbyne formation. (f) Individual carbyne nanorod with gold nanocrystals adheres to its surface; the cartoon
depicts how this structure forms. Scale bar, 10 nm. (Reproduced with permission of Science Advances)
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Table 4.1 Structure information and binding energy: carbyne crystal versus graphite and diamond

Crystal Binding energy
Structure | system Hybridization | Lattice parameters dcc (A) (eV/atom)
Carbyne | Hexagonal |sp a=578A,b=578A,c=992A a=90°,=90°,y=120° [1.30,127 |—6.347
crystal
Graphite | Hexagonal | sp” a=246Ab=246A,c=680A, a=90°, f=90°,y = 120° |1.42 —7.844 [—7.41]
Diamond | Cubic sp° a=356Ab=356A,c=356A a=90°=90°y=90° |1.54 —7.730 [-7.37]

Reproduced with permission of Science Advances
For comparison, the experimental value of binding energy for graphite is given in brackets

Fig. 4.15 Tllustration of the
bottom-up synthesis of
metalated carbyne on

[ Precursor: ethyne I

Cu(110) through [ | fs ‘l
dehydrogenative coupling vl ' '%

of ethyne precursors and # g ‘; 19
copper adatoms on Cu(110) . =

under UHV conditions. & -

Gray, carbon; white,
hydrogen; brown, copper
substrate atom; red, copper
adatom. (Reproduced with
permission of the American
Chemical Society)

4.1.4 Carbon-Atom Wires®

Carbon-atom wires (CAWs) and carbynes are indeed “two sides of the same medal.” Linear strings of sp-hybridized carbon
atoms are considered as a possible phase of carbon since decades [54]. Nowadays, the occurrence of sp-hybridized carbon has
been suggested in many carbon-based materials and structures; in carbon—metal moieties, embedded in matrices, after laser
irradiation of polymers; in free carbon clusters; in pure sp—sp> systems; and in liquids, inside CNTs and connecting graphene
sheets. Long, stable, and freestanding linear atomic carbon wires, CAWSs, can be considered as extremely narrow graphene
nanoribbons or extremely thin carbon nanotubes [55]. Carbon-atom wires can represent a novel nanostructure with tunable
functionality. Their peculiarities are as follows:

* The nature of the sp bonding along the chain is nontrivial, since in most cases C—C bonds cannot be classified as either
purely double or a pure sequence of single—triple bonds.

» Calculations on carbon chains are facilitated by the fact that chains consist of typically ten atoms only and constitute very
small systems as compared to 2- or 3D nanomaterials.

e CAWs can be produced in different forms (isolated structures, in liquids, in solid matrices, and in thin films).

8Reproduced with permission of Wiley (Phys. Status Solidi, 2010, 247(8), 2017-2021).
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Fig. 4.16 (a) Large-scale and (b) close-up STM images showing the formation of metalated carbyne chains. (¢) High-resolution STM image
resolving the metalated carbyne and the substrate lattice simultaneously. The underlying copper rows along the [11E0] direction are indicated by blue
dashed lines. The corresponding DFT-optimized structure model of metalated carbyne is presented aside for comparison. (d) C 1s core-level XP
spectrum showing the major peak C2 located at a binding energy of 283.2 eV (cyan curve). (Reproduced with permission of the American Chemical
Society)

* CAWs can be fabricated by a bottom-up approach (production of a carbon vapor followed by a rapid quenching in gas or
liquid phase), including the submerged arc discharge or the pulsed laser ablation in liquids, as well as low-energy cluster
beam deposition in the gas phase.

* Nanowires with odd number of atoms present a distinct behavior than the ones with even numbers [56].

» The high instability of bulk carbine, due to cross-linking between chains of carbon atoms, makes the availability of this
material in bulk quantities and under ambient conditions very unlikely. The research concentrates therefore on isolated
chains.

* The nature of the contacts at the ends of the chains is of high importance.

There are essentially two ways to terminate a linear chain on a sp> graphitic fragment: [57] either the chain connects
perpendicularly to the surface of the fragment (or the surface of a fullerenic cage), by means of an “interface” atom having the
sp> hybridization, like in the examples shown in Fig. 4.18ef, or the chain can be attached to an edge, like in Fig. 4.18a—d. In
the latter case the “interface” atom is also sp”. Carbon linear chains, being highly reactive alone, can be substantially stabilized
by this way.

Many methods can be applied for the synthesis of sp-carbon systems (Fig. 4.19): [58] arc discharge or laser ablation, and
quenching can be accomplished by the use of inert gas molecules or liquids, supersonic cluster beam deposition (such as the
pulsed microplasma cluster source), laser vaporization methods, and femtosecond laser ablation of graphite. Solid samples in
the form of thin films on substrates are normally fabricated, containing sp—sp”® moieties where sp wires are mixed in a mainly
sp? amorphous carbon matrix (sp content up to 40% has been estimated in some cases). Chemical methods are also available,
for instance, dehydropolycondensation of acetylene, polycondensation reactions of halides, and dehydrohalogenation of
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Fig. 4.17 Atomic and chemical structures (top), phonon dispersion (middle left), phonon DOS (middle right), and absolute group velocity (bottom
left) of a single (a) carbyne chain and (b) cumulene chain. (Reproduced with permission of Nature)
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Fig. 418 A few representative structures involving an eight-atom sp-bonded carbon chain terminated on sp® carbon fragments [(a—e): NRs; (f):
Cy). Either edge termination [(a—d), sp*-like] or termination on an internal atom of the fragment [(e, f), sp>-like] is possible. Binding energies (with
respect to the uncapped straight chain plus fully relaxed sp® fragments) and BLA are reported. (Reproduced with permission of Wiley)

polymers, e.g., chemical carbonization of poly(vinylidene halides). Another approach targets molecules with a defined length
and endgroup constitution, typically via the dimerization reaction of ethynyl groups. Polyynes are typically easier to produce
than cumulenes probably due to higher stability, and nowadays polyynes up to 20 carbon atoms and more can be produced in

solution even as size-selected samples.
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Fig. 4.19 Sketches representing several known physical methods adapted to synthesize linear sp-carbon wires. (Reproduced with permission of the
Royal Society of Chemistry)

As an example of CAW preparation, the synthesis of CAWs was carried out by nanosecond pulsed laser deposition
exploiting the strong out-of-equilibrium conditions occurring when the ablation plasma is confined in a background gas
[59]. It was revealed that CAWs are mixed with a mainly sp* amorphous carbon in a sp—sp” hybrid material, i.e., sp-carbon-
atom wires embedded in a mainly sp> amorphous network. CAWs form in the gas phase where high-pressure and high-
temperature gradients produce strong out-of-equilibrium conditions (i.e., at the plume shock front). Once formed, sp-carbon
wires must be deposited on the substrate preventing fragmentation and reorganization. Under optimal conditions the
as-produced material is a sp—sp” moiety in which CAWs appear to be embedded in an amorphous mainly sp* carbon network.
CAWs are terminated by sp> carbon in many different ways, including both double bond and triple bond terminations which
are able to induce both polyyne-like and cumulene-like wires.

The data on conductivity of CAWs are contradictory. Although it is noted in several reports that preliminary experiments
do not confirm the predicted electrical conductivity, the electrical-transport measurements of monatomic carbon chains were
reported [60] for the chains, obtained by unraveling carbon atoms from graphene ribbons, while an electrical current flowed
through the ribbon and, successively, through the chain (Fig. 4.20). It was shown that atomic carbon chains exhibit electrical
conductivity, albeit lower than predicted for ideal unstrained chains.
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Fig. 4.20 In situ synthesis of a monatomic carbon chain. (a) A few-layer graphene (FLG) nanoribbon breaks and forms a carbon chain (arrowed)
which is stable for a few seconds (b—e). The chain eventually breaks and disconnects the two FLG regions (f). The time scale and the measured
length of the chain (in the projection onto the image plane) are indicated. (Reproduced with permission of the American Chemical Society)

4.2 Elongated Carbon Nanostructures’

The following closely related nanostructures can be attributed to this type: nanolines, nanopencils, nanodumbbells, nanopins,
nanoshuttles, nanopeapods, nanobricks, nanochains, nanowicks, nanobars, and nanopillars. Some of them have not yet been
reported for carbon, such as, for instance, nanolines or nanoshuttles.

9Reproduced with permission of the American Chemical Society (Chem. Mater., 2003, 15(7), 1470-1473).
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Fig. 4.21 TEM images of the nanopencil. (a) Nanopencil before SWCNT electrode exposure initial length: 980 nm. (b) Nanopencil after electrode
exposure length: 870 nm. The inset shows the clean SWCNT electrode protruding from the SiO, coating. (Reproduced with permission of the
American Institute of Physics)

4.2.1 Nanopencils'

Reports on carbon nanopencils are practically absent. Thus, a nanopencil of silicon oxide on a carbon nanotube (Fig. 4.21)
was fabricated [61] by conformal deposition of silicon oxide on a carbon nanotube and subsequent “sharpening” to expose its
tip. Its application as a wear-tolerant probe for ultrahigh-density data storage was proposed.

4.2.2 Nanobuds

'The nanopencil image above in the subtitle is reproduced with permission of the John Wiley and Sons (Adv. Funct. Mater., 2006, 16, 410-416).
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Fig. 4.22 Varieties of nanobuds. (Reproduced with permission from http://www.nanodic.com)

Such carbon allotropes as carbon nanotubes (CNTs) and fullerenes (Fs) are known from the last decades of the twentieth
century, but their combinations,'' called “nanobuds” (NBs) and possessing unique properties superior to CNTs and Fs alone,
were discovered relatively recently by Nasibulin and Kauppinen [62]. This structure seems like fusion of a cylinder with a
sphere (Fig. 4.22); there is a covalent bond between outer sidewalls of the nanotube and the fullerene. In this material,
fullerenes are covalently bonded to the outer sidewalls of the underlying nanotube [63]. Consequently, NBs exhibit properties
of both carbon nanotubes and fullerenes. For example, their electrical conductivity and the mechanical properties are similar
to those of CNTs. The attached fullerene molecules possess a higher reactivity, and so they can be functionalized by classic
methods of fullerene chemistry [64]. In addition, fullerenes can prevent slipping of CNTs in hybrid materials; resulting
mechanical and other properties of final composites could be thus changed.

We could still consider NBs as “less-common nanostructures” [65], despite that almost 10 years have passed after their
discovery, due to a relatively low number of reports. In this section, we present main achievements on their synthesis,
properties, and applications, with the objective to attract more attention to this unusual combination of carbon allotropes.

Synthesis of Carbon Nanobuds, Their Formation Mechanism, and In Situ Engineering

In the first reports on carbon NBs, the carbon monoxide—ferrocene system, in the presence of H,O and CO, as etching agents,
was used for fabrication of a hybrid material (Fig. 4.23) on the basis of single-walled carbon nanotubes (SWCNTSs) in the
reactor at 885-945 °C [66]. Both NBs precursors (CNTs and fullerenes) appeared as a result of a one-step continuous process
of a disproportionation of CO on the surface of iron nanoparticles, formed from ferrocene vapor. For this process, the optimal
concentrations of CO, and H,O were found to be between 2000 and 6000 ppm for CO, and between 45 and 245 ppm for
H,0. Two main reactions take place: CO disproportionation (4.1)

CO(g) + CO(g) « C(s) + COy(g) (4.1)
and CO hydrogenation (4.2)

Hy(g) + CO(g) < C(s) + H20(g) (4.2)

Studying the mechanism of carbon nanobud formation [67], the authors assumed that the SWCNTSs could appear in the
reactor apart of fullerenes. The fullerenes are further deposited on the SWCNT surface. However, due to the detection of a
F-SWCNT mixture in all samples, it was tentatively concluded that they are formed at the same time from graphitic carbon on
the iron nanoparticle surface (Fig. 4.24). Certain carbon atoms can be attacked by etching molecules, for example, H,0,
releasing H, and CO, contributing to the formation of pentagons and hexagons.

" Other combinations between carbon allotropes are known, for instance, carbon nanodots immobilized on single-walled carbon nanotubes (Chem.
Sci., 2015, 6, 6878—6885).
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Fig. 4.23 High-resolution
TEM images showing
fullerenes of different
shapes and sizes.
(Reproduced with
permission of the Elsevier
Science)
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Fig. 4.24 Schematic representations of (a) nanobud growth by continuous transportation of a carbon layer from a particle to a SWCNT, (b)
pentagon formation at the edge of the dynamic layer of a growing SWCNT, and (c) the growth mechanism of nanobuds. (Reproduced with
permission of the Elsevier Science)

As it will be shown below, carbon nanobuds can exist in various types of structures, all being stable. One NB geometry can
be transformed to another kind, and this process can be monitored and visualized by transmission electron microscopy (TEM)
[68]. The fullerenes can be converted into tubular branches via treatment of the electron-beam irradiation. SWCNT samples
with NBs were fabricated by an aerosol-assisted CVD (carbon source, an aerosol of toluene with 5 wt.%; synthesis conditions,
800 °C, 15 min), collected on a substrate, placed at the end of the reactor, dispersed in acetone, sonicated, and transferred onto
TEM grids. Resulting products (NBs, Fig. 4.25) contained fullerenes of various sizes on the SWCNTSs. The electron beam
provides enough energy to allow the fullerene to be transformed into a tube-like structure (Fig. 4.25f) before collapsing
entirely (Fig. 4.25h).
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Fig. 4.25 Schematics showing a fullerene attached to a diagram (a) and a transient structure of a short, capped nanotube attached to a larger
nanotube (b). TEM images (c—h) showing the evolution of a carbon NB under the electron beam. (Reproduced with permission of the Royal Society
of Chemistry)

DFT and MD Calculations for Carbon NBs

A relatively high number of reports are dedicated to DFT calculations of carbon NBs to investigate their stability, formation
mode, and mechanical, electronic, structural, and other properties. Thus, for the fullerene Cg, attached on the surface of (10,0)
and (6,6) SWCNTSs, five types of configurations for the armchair (6,6) and zigzag (10,0) carbon NBs were considered
(Fig. 4.26) [69]. All these NBs possess semiconductor properties nondependent on whether the original SWCNT base is
semiconducting or metallic (semiconducting or metallic behavior depends on the nanotube size and the combination mode
[70]). Young’s modulus of the carbon NBs was found to be decreased when attaching a fullerene C¢y molecule on the surface
of zigzag and armchair SWCNTs. In addition, (a) the bandgap can be opened by Cg attachment to single-walled CNTs,
(b) impurity states can be introduced within the bandgap, and (c) changing the density of attached Cgg, the bandgap can be
modified [71]. Indeed, carbon NBs (i.e., the junction between Cgn and CNTs) are very stable at room temperature; their
relative stabilities depend on the type of carbon—carbon bond dissociated in the cycloaddition reaction. The formation of a Cg,
carbon nanobud on CNT caps is energetically more favorable than that on CNT sidewalls (Figs. 4.27 and 4.28) [72]. The
dominant carbon NB formation mode for CNT caps in the conventional CNT sidewall case was found to be the [2 + 2]
cycloaddition reaction.

In comparison with “classic” carbon nanobuds above, other different kinds of carbon NBs (in particular, shown in
Fig. 4.29) can exist in case of being produced by Cgy bombardment on the CNTs, according to the molecular dynamic
(MD) simulation data [73]. It was emphasized that thus formed fullerene—nanotube hybrid nanostructures generally decrease
Young’s modulus and the maximum tensile strength of carbon nanotubes. Another intriguing type of carbon NBs is also
known. Thus, MD simulations were applied to study the effects and mechanical properties of NBs and heat welded nanobud
chains (Cgg chains embedded or attached on a SWCNT surface) [74]. It was noted that, despite both these hybrid structures
lower the ultimate tensile strength of a defect-free SWCNT, heat welded nanobuds chains significantly enhance (by more than
20%) the mean post-peak strength of the CNT (after necking) due to the consolidation of the SWCNT bundles with vacancy
defects. While Cg, chains are being attached, the maximum tensile strength of CNTs bundles with vacancy defects.
Figure 4.30a—c illustrates the tensile process of a perfect SWCNT (10,10) containing two Cgq chains attached on the surface,
and Fig. 4.30d-f gives information on the tensile process of a SWCNT (10,10) having a single vacancy defect and two heat
welded Cg chains connected with the CNT surface. So, the fullerenes definitively take part in the tensile deformation process
of carbon nanotube.

In addition to mechanical peculiarities, other carbon NB properties, in particular their magnetism and optical properties,
have been predicted by DFT, in particular the robust magnetic state of nanobuds (Fig. 4.31) [75]. Carbon radicals can be
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Fig. 4.26 Attachment of fullerene on carbon nanotubes at five different positions: (a) first, (b) second, (c¢) third, (d) fourth, and (e) fifth
configurations. (Reproduced with permission of the Elsevier Science)

generated by substantial emergent amounts of unpaired spins; these radicals are mainly located on the CNT surface within the
connecting region with Cgy. Among other studies [76], optical properties of carbon NBs were studied using by means of
optical spectroscopy, electron microscopy, and Raman spectroscopy for validation of results [77-80]. Quantitative informa-
tion of the bond length, bond energy, mode cohesive energy, binding energy density, Debye temperature, and the compress-
ibility of the C—C bond in carbon NBs and other carbon allotropes is also tabulated [81].

A few reports are devoted to the calculations of properties of carbon NBs, functionalized with inorganic adatoms or organic
molecules. Electronic structure, transport, and other properties could be modified this way, so one of these attempts implied
the attachment of tetrathiafulvalene molecules, as well as Li and F atoms [82]. Li (electron donor) and F (electron acceptor)
adatoms were selected, knowing that they can be easily attached to the CNTs. According to the DFT simulations, these
adatoms affect the electronic structure of the carbon NBs. However, the effect works mainly in the fullerene part of the NB and
is not expanded to the related nanotube, so the CNT part of a NB is almost the same. In case of Li adsorption (Fig. 4.32) on a
graphene—Cgo nanobud system [83], it was found to be enhanced in comparison with pure graphene and Cg, being in the
range of 1.784-2.346 eV (adsorption of a single Li atom) and 1.905-2.229 eV (two Li atoms). It was supposed that Li atoms
are preferably adsorbed (a) between Cgo and Cgp, (b) between graphene and Cg, (c) on graphene, or (d) on Cg, rather than
form Li clusters. An increase of number of metal atoms obviously leads to an enhancement of metallic character of the hybrid;
in addition, a charge transfer from graphene to C¢, was detected.



136 4 Less-Common Carbon Nanostructures

dp [102 e/A3]
|
-1.0 0 1.0

" spin up
spin down

Fig. 4.27 Charge-density difference plots of the CNBs based on the (a) sidewall and (b) cap (cap4) attachment to the (10,0) CNT. Electron
accumulation (bond formation) and depletion are shown in red and blue colors, respectively. Spin densities developing at the transition states toward
the formation of CNBs in the (10,0) CNT (c) sidewall and (d) cap4 attachment cases. In (c¢) and (d), the magnitude of isosurface values is
0.0025 ¢ A~3. (Reproduced with permission of the Royal Society of Chemistry)

A special case is a carbon nanobud containing small fullerenes (<60 carbon atoms). These carbon allotropes
were intensively studied by Nobel laureate Harold Kroto et al. [84—86] and other researchers [87]. Among these fullerenes,
C,0 (a dodecahedron with 12 pentagons, Fig. 4.33a) is considered to be the smallest. Thermal conduction of carbon NBs with
C,o was studied by MD simulations [88]. Figure 4.33b shows a schematic diagram of a C,q fullerene-chained carbon NB,
in which a linear row of closely located fullerenes is connected to a CNT and located close to one another. It was
demonstrated that (a) nanobuds conduct thermal energy relatively well, within an order compared to CNTs, and (b) the
main conduction path is along the CNTs. The Cg( nanobud was found to be more conductive than other forms of nanobuds
with Cyg, Cs4, and Cy, because the long-wavelength, low-frequency acoustic modes are scattered to a greater degree at the
interfaces.

Several reports are devoted to graphene nanobuds (e.g., composites [(Cgo)e+(5,5)] [89]), which are closely related
analogues of CNT NBs. Their mechanical properties were studied by MD simulations using Large-Scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) code [90], selecting seven configurations with distinct junction lengths and
graphene sheet sizes (Fig. 4.34). Resulting failure stress changes were found to be calculated in the range of 100-200 GPa
(decreasing with neck’s length and temperature increment) and Young’s modulus 440-760 GPa. All mechanical properties
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Fig. 4.28 Minimum-energy path for the formation of the Cgo-cap4 configuration. The R, TS, and P symbols denote the reactant, transition states,
and product, respectively. The energy of the reactant was set to zero. (Reproduced with permission of the Royal Society of Chemistry)

above increase with increment of the graphene sheet. We note that this hybrid could be better called as a triple carbon allotrope
system “graphene-nanotube-nanobud,” since this is a real growth (Fig. 4.34a—d) of a SWCNT between fullerene molecule
and graphene surface.

Related Noble Metal Nanobuds Similar to carbon nanobuds above, gold nanobud-like structures are also known [91].
They were grown by CVD thermal decomposition of the two gas-phase precursors, [Au(HMDS)(NHC)] (HMDS =
hexamethyldisilazide, NHC = 1,3-diisopropylimidazolidin-2-ylidene) and [Au(HMDS)(PMes)], at a variety of temperatures.
At longer deposition times, more free sites for nanobudding became available; their formation was attributed by authors to a
decline in surface concentration of surfactant. Distinct method (solid-state ionic method) [92] was applied for fabrication of a
silver nanobud (AgNB) substrate with superior SERS activity. This product can be used for the analysis of trace
biomacromolecules. Finally, a nanoscale neural probing device for in vitro sensing of neural activity, on the basis of single
vertical platinum (Pt) nanowires-nanobuds, is known [93]. We note that these nanostructures cannot be strictly called as
“nanobuds,” since the metallic “fullerene”-like particle on the surface of metal 1D prolonged nanostructure is not hollow, i.e.,
these hybrids are not similar to their carbon analogues.

Applications of Nanobuds

The carbon nanobuds, consisting of 1 nm diameter CNTs with attached buds, can substitute indium tin oxide (ITO)
[94]. These nanobud thin films can bend, flex, and stretch without any adverse effects, instead of being brittle like ITO.
The necessity of creation of such material appeared because of chemical neutrality of CNTs, which can be difficult to combine
with other materials due to their low coupling and fractures upon compaction. On the contrary, Cgq is chemically active and
creates conditions for good binding. For instance, carbon NBs are easily coupled with plastics, leading to the possibility to
collocate sensor surface onto the material with any shape or curvature, enabling the flexible electronics. The stretchability
(up to 120%) and bendability (as small as 1 mm) free the designer from flat-surface controllers. In addition, the NB is
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Fig. 429 MD simulation data on carbon NBs, formed by Cgo bombardment on the CNTs. (Reproduced with permission of the Royal Society of
Chemistry)
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Fig. 4.30 Initial configuration and a typical tensile state of CNT (10,10) with or without a single vacancy defect with two nanobuds chains.
(Reproduced with permission of the Elsevier Science)
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Fig. 4.31 Geometric structures of one class of nanobuds. (a) The blue-colored carbon atoms of CNT host major unpaired spins. The yellow-colored
carbon atoms of CNT connect the fullerene covalently. The topology is illustrated in detail in the text by atoms labeled as r, s, and t for CNT and u
and v for fullerene. Two topological structures of armchair CNT-based nanobuds: the yellow-colored bonds exhibit (b) nine- and six-membered
rings in 9-6 case and (c) eight- and seven-membered rings in 8-7 case. The top views of (d) armchair- and (e) zigzag-based nanobuds display the
locations of the mirror planes, which can be visually observed by different orientations of three green-colored bonds as well. (Reproduced with
permission of APS Physics)
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Fig. 4.32 Adsorption of one Li atom at various positions around the graphene—Cgo nanobud system: (a) side and (b) top views of initial structure;
(c) side and (d) top views of optimized structure. Region 1, red; region 2, yellow; region 3, blue; and region 4, orange. (Reproduced with permission
of the Royal Society of Chemistry)

transparent (like ITO), but not fragile. Among other applications, carbon nanobud molecule with attached chromophore
molecules is used to saturably absorb electromagnetic radiation [95, 96]. In addition, SWCNTs with and without defects and
carbon NBs were tested for ethanol vapor sensing [97]. It was found that the pristine high-quality SWNTSs do not exhibit any
ethanol sensitivity, while the introduction of defects in the tubes results in the appearance of the ethanol sensitivity.
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C, Fullerene-Chained CNB
<> Covalently-bonded

Fig. 4.33 Schematic diagram of (a) C, fullerene and (b) C,, fullerene-chained carbon nanobud: side view and axial view. (Reproduced with
permission of the AIP Publishing)
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Fig. 4.34 Different neck length and sheet size: (a) Neck-0, (b) Neck-1, (¢) Neck-5, (d) Neck-10, (e) 23 x 23, (f) 28 x 28, and (g) 36 x 36.
(Reproduced with permission of the Elsevier Science)
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4.2.3 Nanopeapods

“Peapod”'? is the descriptive term applied to a supramolecular hybrid assembly in which nanotubes are filled with a 1D chain
of molecules [98]. The archetypal peapod is that in which Cgy molecules [99] are contained within carbon nanotubes
(Fig. 4.35) [100]. Nanopeapods are mainly examined for carbon nanotubes and fullerenes (or their endohedral metal
complexes), although several examples of other inorganic compounds have been reported. For CNTs and fullerenes
incapsulated in them, a comprehensive investigations have been carried out, including, for example, synthesis [101], studies
of charge transfer [102], binding fullerene—nanotube [103], atomic structure [104] and electronic properties [105], influence of
electromechanical effects [106], fundamental mechanical principles and conventional applied mathematical modeling [107],
structural evolutions [108], electrical transport [109], and density-functional study [110], among many others [111]. Thus, the
dynamics of Cg, fullerene molecules inside single-walled carbon nanotubes was studied using inelastic neutron scattering
[112]. Cg vibrations and their sensitivity to temperature were identified. Additionally, a clear signature of rotational diffusion
of the C¢y was evidenced, which persisted at lower temperature than in 3D bulk Cg.

A fascinating structural transformation occurring inside SWCNTSs was found to be the fullerene coalescence, which is
responsible for forming stable zeppelinlike carbon molecules [113]. Sequences of fullerene coalescence induced by electron
irradiation on pristine nanotube peapods were revealed. It was indicated that the merging of fullerenes resulted in stable but
corrugated tubules (5-7 A in diameter) confined within SWCNTs. The process occurred via the polymerization of Ceq
molecules followed by surface reconstruction, which can be triggered either by the formation of vacancies (created under
electron irradiation) or by surface-energy minimization activated by thermal annealing. The rotation of fullerene chains in
SWCNT peapods was studied using low-voltage high-resolution TEM [114]. Anisotropic fullerene chain structures (i.e.,
C500) were formed in situ in carbon nanopeapods via electron-beam-induced coalescence of individual fullerenes (i.e., Cgp). It
was established that the large asymmetric Csq fullerene structure exhibited translational motion inside the SWCNT and

'2The nanopeapod image above in the subtitle is reproduced with permission of the Elsevier Science (Carbon, 2015, 95, 302-308.).
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Fig. 4.36 A HRTEM image of (Gd@Cg,) @SWCNT. The scale bar is approximately 2 nm. (Copyright. Reproduced with permission of the
American Physical Society)

unique corkscrew like rotation motion. The axial stability of single-walled carbon nanopeapods was studied based on an
elastic continuum shell model [115]. Dependence of thermal conductivity of carbon nanopeapods on filling ratios of fullerene
molecules was recently investigated [116].

In case of metal endofullerenes, after heating nanopeapods of the SWCNTSs encapsulating the La, @Cg, the atomic wires
of La atoms inside CNTs were obtained [117]. The La atoms formed dimers and linearly arranged inside the CNTs. The
valence state of the La in atomic wires was the same as that in the pristine La, @Cg, peapods. Also, a direct evidence of the
dynamic behavior of the confined atoms in metallofullerenes was given [118] by observing individual atoms using the high-
resolution TEM. Rapid movement of Gd atoms in Gd,@Cy, peapod was identified. By comparison with simulation, the
amplitude of the motion is roughly quantified as 0.2 nm at r.t. and was reduced to almost half at 100 K. In a related work [119],
M@Cg, (M = Gd, Dy) and their composites with SWCNTs (Fig. 4.36) were studied. Cesium-doped Cg, nanopeapods were
prepared from SWCNTs and characterized by electron energy loss spectroscopy [120]. The ordered Cs,Cgq structure was
observed inside the carbon nanotubes as well as cesium ions on the exterior of the carbon nanotubes. Single-atom migration of
Tb, Gd, or Ce metal from cage to cage through an intentionally induced atomic path within a carbon nanopeapod was
demonstrated [121]. Additionally, carbon nanotube peapods can be applied to a nano-electro-emitter when encapsulated
endofullerenes are electro-emitted from the carbon nanotube under applied external electric fields.

Fullerenes can be encapsulated by not only CNTs but also in other nanotubes. Thus, ab initio simulations of the electronic
properties of a chain of Cg, molecules encapsulated in a boron nitride nanotube [122] — so-called BN nanopeapod — were
carried out [123, 124]. It was demonstrated that this structure can be effectively doped by depositing potassium atoms on the
external wall of the BN nanotube. The resulting material became a true metallic 1D crystal. Other reported nanopeapods on
carbon basis are AuCl; @DWCNT [125].

4.2.4 Nanochains

Chain-like nanostructures on carbon basis are quite distinct: connected carbon nanocapsules, carbon nanotubes containing
Ceo, Or other species inside like nanoonions.'* Thus, aligned array of chain-like carbon nanocapsules was prepared by a

13See sections above on carbynes and carbon-atom wires, which are also carbon chains of lesser size.
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Fig. 4.37 TEM images of activated CNCs (RKOH/CNC = 4) at 900 °C for 5 (a), 10 (b), 15 (c), 20 (d), 25 (e), and 30 h (f). (Reproduced with
permission of the American Chemical Society)

simple CVD process [126]. It was revealed that the carbon nanochains were filled with Fe;C particles other than Fe; also, the
nanochain was formed by the converging of conjoint multi-nanocapsules. Also, the adsorption of Cg, on a bilayer film of
pentacene on Ag(111) was studied with scanning tunneling microscopy and spectroscopy [127]. At low coverage, Cgo
molecules form extended linear structures due to the templating effect of the pentacene bilayer. The Cgy molecules in the
chains adsorbed at bridge sites between two neighboring pentacene molecules. In addition, carbon nanochains (CNCs),
consisting of a 1D chain of interconnected carbon nanoonions (CNOs; see the section above), were produced by CVD method
and can be used as supercapacitors (Fig. 4.37) [128]. The CNCs were further chemically activated using KOH (Fig. 4.38) to
obtain micro-meso pore structures.
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Fig. 4.38 Tllustration of KOH activation of CNCs. (Reproduced with permission of the American Chemical Society)

4.2.5 Nanobars and Nanobricks




146 4 Less-Common Carbon Nanostructures

In a difference with metals and their oxides, carbon nanobars are very rare.'* Thus, the effect of magnetism and perpendicular
external electric field strengths on the energy gap of length confined bilayer graphene nanoribbons (or nanobars) was studied
[129] as a function of ribbon width and length using a first-principles density-functional electronic structure method and a
semi-local exchange-correlation approximation. It was found that the gaps decreased with the applied electric fields due to
large intrinsic gap of the nanobar. Magnetism between the layers played a major role in enhancing the gap values resulting
from the geometrical confinement, hinting at an interplay of magnetism and geometrical confinement in finite size bilayer
graphene. Brick-like objects'” are relatively rare nanostructures in the nanoworld. These and other nanoforms useful in the
nanolandscaping were examined in [130]. Carbon nanocubes and nanobricks were prepared by pyrolyzing rice powder at
600 °C under N, atmosphere [131]. Solid-state electronic spectrum showed several bands in the UV and visible region and
excitation at 336 and 474 nm generated photoluminescence response in the UV and visible region.

4.2.6 Nanobelts'®

Carbon nanobelts (CNBs) are not widespread for carbon and are usually prepared [132] by pyrolysis/CVD techniques or
reduction of carbonous materials (either organic or inorganic) with elemental metals, as well as applying several strategies
below (Fig. 4.39). In one of the first reports on carbon nanobelts [134], the method of medial reduction at 500 °C was
developed for their synthesis, using Mg as reductant and Na,COj3 and CCly as carbon sources (reaction 4.3). It was shown that
as-synthesized products were composed of a large number of carbon nanotubes with diameters of 60—200 nm and carbon
nanobelts (Fig. 4.40) as coexistent material in the as-prepared products. CNBs were also synthesized on a large scale via
pyrolysis of a 1,8-diaminonaphthalene (DAN)-NiCl,-6H,O mixture in Ar followed by acid leaching (Fig. 4.41) [135]. The
product can be used as an effective fluorescent sensing platform for DNA with a detection limit of 5 nM.

6Mg + 2Na,CO; + CCly = 4NaCl + 6MgO + 3C (4.3)

CNBs (Iength, tens of micrometers; width, 470 nm; thickness, 5 nm, i.e., the aspect ratio of nanobelts is extremely high to be
1000:100:1 (length/width/thickness)), having long-term emission efficiency, were synthesized (Fig. 4.42) by APCVD at
550 °C using nanoporous anodic alumina as template and ethanol as precursor [136]. The crystallinity of formed nanobelts
can be improved by thermal treatment. The formation mechanism of these nanobelts was offered as a radial deformation of
large thin nanotubes. Another elevated-temperature approach, “stripping and cutting” strategy (Fig. 4.43) using biomass, was
applied to produce N-doped 1D CNBs from tofu with irregular structures through a molten salt (ZnCl,)-assisted technique
[137]. ZnCl, performed several functional roles, including the intercalation of zinc ions into the lamination of tofu, acting as a
hard template to generate mesopores during the carbonization process, and being a dehydration reagent to generate
considerable micropores. These eco-friendly biomass-derived carbon materials can be applied for high-performance
supercapacitor electrodes.

'“The nanobar image above in the subtitle is reproduced with permission of the American Chemical Society (Nano Lett., 2007, 7(4), 1032-1036).

'5The nanobrick image above in the subtitle is reproduced with permission of the American Chemical Society (Abstracts of Papers, 237th ACS
National Meeting, Salt Lake City, UT, United States, March 22-26, 2009, POLY-333.). Nanobricks are closely related to nanoblocks (Chinese
Journal of Catalysis, 2016, 37(8), 1275-1282).

16The images of nanobelts are reproduced with permission of the Elsevier Science (Carbon, 2008, 46, 741-746).
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Fig. 4.39 Representative synthetic approaches for carbon nanobelts in the past 60 years [133]. (Reproduced with permission of the Elsevier
Science)

Fig. 4.40 TEM and
HRTEM images of carbon
nanobelts: (a) a
representative nanobelt; (b)
enlarged region of the
nanobelt; (¢c) HRTEM image
of the nanobelt.
(Reproduced with
permission of the American
Chemical Society)
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Fig. 4.41 (a) SEM image
and (b) TEM image of the
carbonized product after
acid leaching. (Reproduced
with permission of the Royal
Society of Chemistry)

Fig. 4.42 Formation of
carbon nanobelts.
(Reproduced with permis-
sion of the Elsevier Science)
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Fig. 4.43 (a) A schematic depicting the formation mechanism of the 1D CNB. SEM images of CNB-600-0.5 (b), CNB-600-1 (c), CNB-600-2
(d and f), and CNB-600-4 (e). TEM (g-i) and HRTEM (j) images of CNB-600-2. (Reproduced with permission of the Royal Society of Chemistry)
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Fig. 4.44 Schematic illustration of the formation process of MoOs/C nanobelts. (Reproduced with permission of the Elsevier Science)

Composite and doped CNBs are rare. As an example, a MoO3/C nanobelts (Fig. 4.44) anode material for lithium-ion
batteries were obtained by a hydrothermal route from (NH4)¢Mo0,0,4-4H,O and activated carbon as starting materials
[138]. The activated carbon possesses a polyporous structure, so molybdenum trioxide is formed in the pores and then
grows along the preferential orientation to build nanobelts. These MoOj3/carbon nanobelts with the designed microstructure
exhibited a high specific capacity (up to 1000 mAh-g~ ' after 50 cycles at a current density of 0.1 Ag™'), superior rate
capability (retaining a discharge capacity of 675 mAh-g~" at a current density of 5 A-g~"), and long-term cycle stability
(to 550 cycles). Also, metastable vanadium dioxide/carbon (VO,(B)/C) nanobelts (Fig. 4.45, carbon content of 0.96 wt.%,
average width of 120-200 nm, thickness of 40—-60 nm, and length of 1-3 pm) were synthesized via a facile surfactant-free
hydrothermal method using V,0s5 and sucrose as reactants and showed preferable electrochemical performances [139]. In
addition, nitrogen-doped and nitrogen- and oxygen-co-doped carbon nanobelts (CNBs) (denoted as N-CNBs and N-O—
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Fig. 4.45 Typical (a) SEM, (b) TEM, and (c) HRTEM images of VO,(B)/C nanobelts. (Reproduced with permission of the Elsevier Science)

a Carbon nanorings Carbon nanobelts

Cleavage of one bond Cleavage of two or more bonds
to open the cyclic structure to open the cyclic structure

Cyclophenacenes Cyclacenes Chiral CNBs

Fig. 4.46 (a) Definitions of carbon nanorings (left) and carbon nanobelts (right) used in [143]. (b) Representative examples for CNBs. (Reproduced
with permission of the American Chemical Society)

CNBs, respectively) were, respectively, obtained by pyrolyzing the self-aligned polypyrrole (PPy) NBs and Se@poly
(2-methoxy-5-nitroaniline) core@shell nanowires [140]. Among other useful properties, the N-CNBs obtained at the
pyrolysis temperature of 800 °C in symmetric electrochemical cells delivered a specific capacitance of 458 F-g~' and
ultrahigh volumetric capacitance of 645 F-cm ™ in aqueous solution, which the authors consider among the best performance
ever reported for carbon-based supercapacitive materials.

Similar to nanorings, the carbon nanobelts [141, 142], as the term, were also used for hydrocarbon aromatic molecules
(Fig. 4.46), which are out of the scope of this book.
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4.2.7 Nanobottles

A few examples of elemental nanobottles,'” having very useful possible applications, have been discovered. Thus, carbon
nanobottle with guest molecules and Cg( was fabricated [144]. It was revealed that Cg filled at the extremities of CNTs can act
as caps to seal them. Releasing the incorporated molecules, CNT nanobottles could be applied in compound synthesis, in drug
delivery, and even in material storage. In addition, a nanocapsule, which combines the advantages of a high-pressure vessel
and adsorbents, was developed for storage of a large methane mass content and safekeeping [145]. It was a system of
combined nanotubes forming bottle-like pores, the entrance to which was closed by a positively charged endohedral complex
(K@Cyg) with the help of an electric field. In r.t., the nanocapsule can retain the amount of methane adsorbed under charging
conditions. These nanocapsules can retain ~17.5 wt.% of methane at an internal pressure of 10 MPa and a temperature of
300 K. In a related report [146], the mechanics for methane storage in a nanobottle was studied, comprising a metallofullerene
located inside a carbon nanobottle (constructed from a half-fullerene as the base and two nanotubes joined by a nanocone). For
methane storage, the metallofullerene serves the dual purposes of opening and closing the nanobottle, as well as an attractor
for the methane gas. In addition, the concept of “gold-carbon nanobottles” (Fig. 4.47) was proposed [147] to develop CNTs as
smart material for controlled release of cargo molecules. After encapsulating cis-diammineplatinum(II) dichloride (cisplatin)
in CNTs, gold nanoparticles were covalently attached at the open-tips of CNTs via different cleavable linkages, namely,
hydrazine, ester, and disulfide-containing linkages (Fig. 4.48), to be used as treating agent for human colon adenocarcinoma
cells HCT116.

“Locked™ nanobottle “Unlocked™ nanobottle
7 Triggering

% conditions [ e

Fig. 4.47 Design of AuNP-capped carbon nanobottle through cleavable linkers. Release of encapsulated content is regulated by the cleavage of the
linkers upon specific environmental trigger. Yellow particles are AuNPs (gold nanoparticles). Red particles are the encapsulated CDDP (cisplatin)
drug. (Reproduced with permission of Dove Press)

"The nanobottle image above in the subtitle is reproduced with permission of the American Chemical Society (J. Am. Chem. Soc., 2006, 128,
2520-2521).



152 4 Less-Common Carbon Nanostructures

HCI

DCC, NHS, DIPEA
Stirring for 2 days

DCC, NHS, DIPEA

Stirring for 5 days

f-MWCNT-2 Carboxyl AuNP CDDP@f-MWCNT-3

Fig. 4.48 Preparation of AuNP-capped CDDP@MWCNT nanobottles. (a) CDDP@{f-MWCNT-1 containing hydrazone linkage; (b) CDDP@f-
MWCNT-2 containing ester linkage; and (¢) CDDP@{-MWCNT-3 containing disulfide linkage. Abbreviations: AuNPs, gold nanoparticles; CDDP,
cis-diammineplatinum(II) dichloride; DCC, N, N’-dicyclohexylcarbodiimide; DIPEA, N,N-diisopropylethylamine; MWCNT, multiwalled carbon
nanotube; NHS, N-hydroxysuccinimide. (Reproduced with permission of Dove Press)
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18, 19

4.2.8 Nanocones

LUMO

Nowadays, cone-like species on carbon basis are relatively not rare nanostructures, although 10 years ago they indeed
belonged to less-common nanostructures. Some of their representative recent examples are discussed in this section. Carbon
conical structures are made predominantly from carbon and which have at least one dimension of the order one micrometer or
smaller and are promising practical phononic devices. Nanocones have height and base diameter of the same order of
magnitude; this distinguishes them from tipped nanowires which are much longer than their diameter. Carbon nanocone
(CNC) has a high asymmetric geometry and is characterized by the cone angle [148] {the largest cone angle observed
experimentally and theoretically was 113° (Fig. 4.49)}. Also, the pentagonal carbon nanocones were found to be constructed
from a graphene sheet by removing a 60° wedge, and joining the edges produces a cone with a single pentagonal defect at the
apex [149]. In case of double-walled carbon nanocones, according to DFT calculations, the most favorable double-walled
nanocone was found to be that of angles of 60°60°, with rotation angle of 36° and distance between apexes of 4.22 A [150].

The growth of carbon nanocone arrays on metal catalyst particles by deposition from a low-temperature plasma was
studied by multiscale Monte Carlo/surface diffusion numerical simulation [151]. It was revealed that the variation in the
degree of ionization of the carbon flux provides an effective control of the growth kinetics of the carbon nanocones. The
vibrational behavior of single-walled carbon nanocones was studied using molecular structural method and molecular
dynamics simulations [152]. It was found that decreasing apex angle and the length of carbon nanocone results in an increase
in the natural frequency and the effect of end condition on the natural frequency is more prominent for nanocones with smaller
apex angles. Similar investigations were carried out with double-walled carbon nanocones [153].

A certain attention has been paid to the grade of sharpeness in nanocones and methods of its control. Thus, an approach to
sharpen the CNC tip structure to make the material more appropriate for AFM applications was offered [154]. Such tapered
nanocone tips can be obtained by heating oxidization in air under optimized conditions, without generation of defects or

Fig. 4.49 Schematic pic-
ture of the carbon nanocone.
d is the distance from the
atom to the center point in
cone sheet. (Copyright.
Reproduced with permis-
sion of the American Insti-
tute of Physics)

Cone Sheet Top View

18Sometimes referred as nanohorns.

The nanocone images above in the subtitle are reproduced with permission of the Elsevier Science (Vacuum, 2016, 134, 40-47.) (right) and from
the Web site https://www.forskningsradet.no (left).
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Fig. 4.50 (a) 3D models and (b) graphic illustration for structural transformation of one CNC during dynamically oxidation processing. (A), (B),
and (C) in (a) are the side view and (A”), (B”), and (C") for top view. (Reproduced with permission of the Royal Society of Chemistry)

amorphous carbon impurities during the oxidation process. It was proposed that the oxidization initially occurs at the apex of
CNCs and proceeds along the sidewall step by step and layer by layer (Fig. 4.50). In addition, a sharp carbon nanocone probe
that possesses desirable thermal stability and mechanical toughness was fabricated using resist-free patterning of catalyst
nanodots and electric field-guided CVD growth [155]. The catalyst particle on the nanocone tip can be completely eliminated,
thus leading to an extremely sharp tip, which can be used for deep profile analysis and AFM imaging.

Large-scale production of conical carbon nanostructures is possible through pyrolysis of hydrocarbons in a plasma torch
process [156]. The resulting carbon cones occurred in five distinctly different forms, and disk-shaped particles are produced as
well. The carbon nanocones were found to exhibit several interesting structural features; instead of having a uniform cross
section, the walls consist of a relatively thin inner graphite-like layer with a noncrystalline envelope, where the amount of the
latter can be modified significantly by annealing. In addition to applications of carbon nanocone phononic devices, mentioned
above, the carbon nanomaterial (BET surface area of 15-40 mz/g), containing 70 wt.% nanodisks and 30 wt.% nanocones,
was used as a filter material for a gas mixture containing NO, and ozone which was permeable to NO, and impermeable to
ozone [157]. Carbon nanocones can also be potentially applied for adsorption of ternary mixture of noble gases [158], gas
storage (on the example of a hydrogen (see also additional data on hydrogen [159] and deuterium [160]) or methane molecule,
or neon atom) [161], as nanosensors and nanoscale composites (due to more excellent mechanical properties than the
equivalent CNTs) [162], electronic sensor for HCI gas [163] and ammonia [164].

4.2.9 Nanospikes
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Fig. 4.51 Carbon nanospike (CNS) surfaces (7.5 min growth time). (a) SEM of a bare tantalum wire shows distinct grooves and ridges of rough
metal surface. (b) CNS-coated Ta wire (CNS-Ta) shows no noticeable increase in diameter. (¢) High magnification of carbon nanospikes grown on
Ta wire. There is uniform coverage of aligned carbon spikes over the entire metal wire. (d) High magnification of CNSs on Pd wire shows similar
features. (e) Nb wire also has aligned growth of small carbon spikes. (f) Carbon grown on Ni wire has much larger surface features than the other
metals. The ends of these features are rounded. (Reproduced with permission of the Royal Society of Chemistry)

Carbon-based nanospikes®" are very rare [165]. Thus, plasma-enhanced chemical vapor deposition (PECVD) was used to
directly grow a thin layer of carbon nanospikes (CNS, Fig. 4.51) on cylindrical metal (Ta, Nb, Pd, Ni wires) substrates with no
catalyst required [166]. The formation of these growing carbon nanospikes on metal wires was found to be a promising
method to produce uniformly coated, carbon nanostructured cylindrical microelectrodes for sensitive dopamine detection. In
addition, CNS-Ta microelectrodes exhibited promising selectivity to dopamine, uric acid, and ascorbic acid. Electrochemical
sensing applications of several carbon nanostructures, including nanospikes, are reviewed [167]. Also, the catalyst, comprised
of Cu nanoparticles on a highly textured, N-doped carbon nanospike film, was offered for the purpose of direct electrochem-
ical conversion of CO, to ethanol [168].
In addition to the elongated carbon nanostructures above, the following related shapes are known.

Nanowicks Nanowick can be defined as a strip full of dense arrays of nanotubes for liquid delivery [169]. In case of carbon
nanotubes, a miniature wicking element is capable for liquid delivery and potential microfluidic chemical analysis devices.
The delivery function of nanowicks enables novel fluid transport devices to run without any power input, moving parts or
external pump. The intrinsically nanofibrous structure of nanowicks provides a sieving matrix for molecular separations and a
high surface-to-volume ratio porous bed to carry catalysts or reactive agents.

20The nanospike image above in the subtitle is reproduced with permission of the Wiley (ChemistrySelect, 2016, 1, 6055-6061).
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Nanopillars The study of tubulization process of amorphous carbon nanopillars, observed in situ by TEM, revealed that

amorphous carbon nanopillars were transformed into graphitic tubules by annealing at 650-900 °C in the presence of iron
nanoparticles [170].

4.3 Circle and Ball-Type Nanostructures

4.3.1 Nanorings*

In a difference with nanosize rings of other compounds, the carbon nanorings are scarce. They can be classic (see image
above) and of Mobius type (one-turn; see below). The nanorings are mainly studied by MD simulations and are rarely
obtained in real experimental conditions. Thus, amorphous carbon micro- and nanorings (diameters between 2 and 10 pm and
arim thickness of ~50 nm, Fig. 4.52) were synthesized from carbon nanostructures derived from the carbonization of Pluronic
P123 polymer inside mesoporous SBA-15 rods grown in a porous alumina membrane [171]. The presence of the alumina and
the silica walls was found to efficiently restrict the diffusion of oxygen during calcination and to facilitate the carbonization
process. The resulting carbonized nanostructures self-assembled around the water droplets in the presence of CCl, and formed
ring structures (Fig. 4.53).

The structure of nanorings at equilibrium was computed by minimizing the total ring Brenner—Tersoff potential using a
robust minimization method, resulting a beautiful family of untwisted nanorings with zigzag, armchair, and other chiralities
(Fig. 4.54) [172]. Rings with large diameters have nearly circular cross-sectional shapes, whereas rings with small diameters
have elliptical, wedding-band, and dog-bone cross-sectional shapes. The electronic structures of nanorings of Cyg to Cs,,
among other carbon nanostructures, were investigated based on time-of-flight (TOF) mass spectroscopy, laser spectroscopy,
and first-principles ab initio calculations [173]. The ring structure with bond length alternation (Peierls’ dimerization) was
found to be unstable at size up to Cy; ring.

The axial sliding of carbon-based normal nanorings (NCNs, Fig. 4.55a, b) and one-turn Mébius nanorings (MCNss,
Fig. 4.55¢) along inner coaxial carbon nanotubes with hydrogen-terminated edges was investigated [174] by classical MD
simulations. Among other results, the NCN:CNT system exhibited an oscillatory movement with an initial frequency of about

2I'The nanoring image is reproduced with permission of the Elsevier Science (left: Computational Materials Science, 2008, 43, 943-950; right:
Chemical Physics Letters, 2007, 433, 327-330).
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Fig. 4.52 (a) FESEM image of carbon nanorings obtained after 2 h HCI treatment. (b) High-magnification image of a single carbon nanoring tilted
at 60° showing 3D ring structure. (Reproduced with permission of the Elsevier Science)
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Fig. 4.53 Schematic of carbon nanoring formation. (Reproduced with permission of the Elsevier Science)

10 gigahertz decaying slowly with time as the vibrational energy is transferred to radial and torsional modes of the nanoring. It
was concluded that the sliding of carbon nanorings and Mobius carbon nanorings along a set of armchair nanotubes is strongly
dependent on the nanoring topology. The response of a quasi-1D ballistic carbon ring to the field of an electromagnetic wave
propagating along the normal to the ring plane was evaluated in the presence of a constant electric field collinear to the field of
the wave [175]. In these conditions, the carbon nanoring may serve as a source of terahertz radiation. In addition, by varying
the parameters of radiation incident on the ring, one can effectively control the dynamics of the electron in the ring. Also,
thermal transport across a hybrid structure formed by two graphene nanoribbons and carbon nanorings (CNRs, Fig. 4.56) was
investigated by MD simulations [176]. It was found that the thermal conductivity of overlapped graphene sheets increases
significantly with two covalent-bonded CNRs and tops at 68.8 Wm ™' K ™', 28% of that of single-layer graphene sheet and
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Fig. 4.54 Selected examples of predicted types of nanorings. (Reproduced with permission of the Elsevier Science)

0 ps 33 ps

L2 0 L/2

Fig. 4.55 Lateral view of a (a) NCN and (c) one-turn MCN sliding outside (20, 20) carbon nanotubes at = 0 ps and ¢ = 33 ps; (b) front views at
t=0ps and t = 33 ps of the NCN (left) and MCN (right) sliding coaxially along the inner carbon nanotube. Initial geometries of the NCN and MCN
structures (gray color) and ¢ = 33 ps geometries (green color) are shown. (Reproduced with permission of the American Institute of Physics)
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Fig. 4.56 Schematic diagram of a CNR—graphene hybrid structure. (a) Top view; (b) front view; (c) side view; (d) schematic diagram of a CNR
junction. (Reproduced with permission of the JOP Science)

11 times higher than that of overlapped graphene sheets without CNRs. The diameter of CNR and density of CNR are found to
be the two most important parameters which govern the thermal transport in the CNR—graphene hybrid structures.
In addition to pure carbon nanorings, we note well-studied hydrocarbon nanorings of sp® carbon made of

syn-tetrabenzoheptafulvalene [177], related cycloparaphenylenes (Fig. 4.57) [179, 180], and their adducts with fullerenes
[181-183].
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Fig. 4.57 [N]-cyclopara- N
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4.3.2 Nanotori*

The nanotori are practically the same structural form as nanorings (“two sides of the same medal”), are closely related to
graphene, edges in graphene, nanocones, nanochains, and nanotubes, and can be constructed from nanotubes [184]
(V-phenylenic nanotori are also known [185, 186]). Theoretically, such rings, stable under large tensile deformation, could
be used to fabricate networks that are extremely flexible and offer a high strength-to-density ratio. Nanotori, just like
graphene, have no boundary and no defects, i.e., no rings of any sizes other than six, so that such nanotori can be viewed
as elemental benzenoids (in having no H atoms) or as graphene with cyclic boundary conditions (in two dimensions) [187]. It
was found [188] that SWCNTs with a diameter /1.4 nm can be induced to coil and form tori (nanotube rings or “crop circles”;
single continuous toroidal nanotubes with no beginning or end, effectively a SWCNT closed around onto itself so that the two

22The nanotorus image is reproduced with permission of the American Chemical Society (left: J. Phys. Chem. C, 2009, 113, 19123-19133) and APS
Physics (right: Phys. Rev. B, 2015, 91, 165433.).
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open ends fuse together, stabilized by van der Waals forces alone, to form a perfect “nanotorus” (toroidal SWCNT) [189] with
much larger overall diameters of 600-800 nm on treatment with acids plus hydrogen peroxide under sonication.

On the basis of ab initio DFT calculations combined with a continuum elasticity theory approach, CNT-formed nanotori
were classified in accordance with their length, height, and rotational symmetry (Fig. 4.58) [190]. Thus, nanotori with
changing side length L are shown in Fig. 4.59. The contribution to the excess energy from the elbow joints is negligible in the
L — oo limit. The elastic energy is accounted for simply by the summation of the energy of the six constituent CNTs in this
limit. Figure 4.60 shows the series of polygonal nanotori resembling a segment of height H of a DWCNT. The inner and outer
tubes are connected at the top and the bottom by lip-lip interactions consisting of hexagonal and nonhexagonal rings. In the
H — oo limit, the elastic energy contribution from the two ends is a constant. Figure 4.61 describes polygonal nanotori with
changing rotational symmetry number n, being focused on two families of nanotori, where the relative positions of the
nonhexagonal rings remain the same, while the rotational symmetry number n changes from n = 4 to 13. The dependence of
the strain energy on 7 is very different for the two families of nanotori.

Fig. 4.58 A schematic model of a polygonal nanotorus with n-fold symmetry (n = 6 is shown here), consisting of n nanotube segments that are
connected by n nanotube elbow joints. The nanotube segments are characterized by the width W, length L, and height H. (Reproduced with
permission of APS Physics.)
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Fig. 4.60 (a) Structural models, (b) local Gaussian curvature G, and (c¢) local curvature energy E/A across the surface of torus isomers with
different heights H. The nonhexagonal rings in (a) are shaded. The values of G and E./A have been interpolated from their values at the atomic sites.
(Reproduced with permission of APS Physics)

In addition, it is possible to construct a large number of toroidal caged carbon molecules, constructed from elbows
(Figs. 4.62 and 4.63) formed from armchair and zigzag nanotubes connected through a pentagonal and heptagonal defect at
each bend site [191]. For elbows constructed from two nanotubes, it was assumed that the atoms remain in their preferred
position on the nanotube sections and join them in such a way that the bond lengths between adjacent atoms on the two
sections are as close as possible to the carbon—carbon bond length in a least-squares sense. The geometric parameters of
20 possible nanotori were determined. These parameters are useful in incorporating such nanotori in nanomechanical systems
(NEMS).

The properties of nanotori, as an example of exotic carbon nanomatter [192], were substantially investigated mainly
1015 years ago by DFT calculations and other methods [193]. In particular, studying their electronic structure (the roles of
curvature, hybridization, and disorder) in terms of rotational symmetry [194], it was shown that the curvature-induced ¢ *—mu*
hybridization effects play an important role in determining their electronic structure. The energy gap exhibits different
oscillatory characteristics depending on their structure. With increasing torus size, the electronic structures evolve from one
characteristic of the 0D system to that of the quasi-1D system, and a semiconductor—metal phase transition is observed.
Among other relevant studies, the Zeeman effect on electronic structure of carbon nanotori in the presence of magnetic field
perpendicular to the tori’s plane was investigated [195]. It was shown that the Zeeman effect has distinct influence on
electronic structure of carbon nanotori, e.g., the Zeeman effect may lead to the destruction of periodical AB oscillation. When
magnetic flux varies, the armchair tori could change from narrow-gap semiconductors into gapless metals, or vice versa, while
the non-armchair (including types of zigzag and chiral) tori show the semiconducting behavior. Also, a series of calculations,
using the Landauer—Biittiker formula, on the electric conductance of carbon nanotori contacted by SWCNTSs, led to the
conclusion that the conductance of the contacted carbon nanotorus is very sensitive to the transparency (chemistry) of the
contacts [196].

Studies of magnetism in corrugated carbon nanotori revealed the existence of ferromagnetic nanocarbons and showed the
importance of symmetry, defects, and negative curvature [197]. In particular, the carbon nanotori constructed by either
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Fig. 4.61 [(a)and (d)] Structural models, [(b) and (e)] local Gaussian curvature G, and [(c) and (f)] local curvature energy E./A across the surface of
torus isomers with different rotational symmetry numbers n. Structures in [(a) and (c)] and [(d) and (f)] represent two distinct torus families. The
nonhexagonal rings in (a) and (d) are shaded. The values of G and E./A have been interpolated from their values at the atomic sites. (Reproduced
with permission of APS Physics.)
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Fig. 4.62 Elbows formed from two nanotube sections. (Reproduced with permission of the American Chemical Society)

coalescing Cgo molecules along the fivefold axis (incorporating pentagons and octagons) or by joining the ends of Haeckelite
tubes (containing heptagons, hexagons, and pentagons) exhibit large magnetic moments when an external magnetic field is
applied. It was found that the combination of negative and the positive Gaussian curvature (caused by the presence of
pentagonal, heptagonal, or octagonal carbon rings) plays a crucial role in their magnetic behavior. Figure 4.64 shows three tori
generated by coalescing Cgo molecules along the two-, three-, and fivefold symmetry axes, respectively. A paramagnetic
response of corrugated nanotori containing hexagons, heptagons, pentagons, and octagons which could be obtained for perfect
arrangements of nonmagnetic atoms such as carbon can be possible at low temperatures, if the structure does not contain
defects. However, ferromagnetism and paramagnetism in carbon nanostructures are very sensitive to the introduction of
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Fig. 4.64 Models of corrugated carbon nanotori constructed by coalescing, covalently, Cgo molecules along the different axes of symmetry: (a)
twofold, (b) threefold, and (c) fivefold. In (b) the necks possess heptagonal rings, whereas the structures shown in (a) and (c) contain octagonal rings
within the necks. (Reproduced with permission of the American Chemical Society)

Fig. 4.65 C;;: (a) Relaxed structure at 1 K, (b) at 3600 K, (c¢) 3700 K where the structure considered deforms. (Reproduced with permission of
Taylor and Francis Group)

defects and the rupture of symmetry. Carbon nanotori with unusually large (giant) paramagnetic moments were also
theoretically discovered [198]. In them, the large paramagnetic moment is due to the interplay between the toroidal geometry
and the ballistic motion of the © electrons in the metallic nanotube.

The structural stability of carbon nanotori (Cy7o (Fig. 4.65), Cys0, Cz60, Cs20, and Cys¢ tori) under heat treatment,
investigated by performing molecular dynamics simulations [199], revealed their stability at high temperatures: C,7¢
nanotorus (almost circular appearance, deformed significantly at about 3700 K), C,5¢ (pentagon-like geometry, not distorted
much up to deformation temperature at about 3000 K, deformed again at a knee region), Cs¢ (also pentagon-like geometry,
but more rounded compared to C,s0, the strongest: it persists up to 4500 K), Csy, (circular geometry, deformed at about
4200 K, nanotorus also deformed at a knee region), and C55, (biggest in that work, pentagon-like inner geometry, deformed at
about 4100 K at a knee region). The thermal stability of these nanotori was found to have a complex dependence on
geometrical parameters; their deformation temperatures are comparable with carbon nanotubes and nanorods of similar cross-
sectional radius.
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4.3.3 Nanoballs

Nanoballs are closely related to nanospheres, but this first term is considerably lesser used in comparison with the last.
Elemental nanoballs are represented by carbon (and metals too) [200]. Thus, a swirled fluidized bed chemical vapor
deposition (SFCVD) reactor was manufactured and optimized to produce carbon nanostructures (in the absence of a catalyst
at temperatures higher than 1000 °C) on a continuous basis using in situ formation of floating catalyst particles by thermal
decomposition of ferrocene [201]. The fabrication of graphene-encapsulated nanoballs with copper nanoparticle cores (size
range from 40 nm to 1 pm, Figs. 4.66 and 4.67) was reported using a solid carbon source of poly(methyl methacrylate)
(PMMA) [202]. The PMMA was first converted to amorphous carbon layers through a pyrolysis process at 400 °C, which
prevented the Cu nanoparticles from agglomeration, and they were converted to few-layer graphene at higher temperatures
(800-900 °C). Graphene nanoballs were also produced [203] via flame synthesis method. Their studies revealed the
crystalline nature and phase purity of the graphene. The samples annealed at higher temperature were shown to have more
defects in comparison to unannealed samples. 3D graphene nanoballs were also prepared by flame combustion of edible
sunflower oil using cotton wick coated with iron acetylacetonate [204]. Carbon nanoballs can also be synthesized from
coal [205].

Fig. 4.66 SEM images of samples Cu500 and Cu70 for (a, d) as-prepared NPs on SiO, substrates, (b, e) after graphene growth using solid carbon
source, and (¢, f) after same growth conditions using CH,. (Reproduced with permission of the American Chemical Society)



166 4 Less-Common Carbon Nanostructures

Cu nanoparticle PMMA Graphene on copper

Thermal
annealing
—_

e
Si0,/Si substrate

Fig. 4.67 Fabrication process of graphene nanoballs using a solid carbon source (PMMA). (Reproduced with permission of the American Chemical
Society)

4.3.4 Nanospheres

The “nanosphere” term is closely related to nanoball, and it is not really rare; about 10,000 reports on nanotechnology using
sphere-like nanoparticles are known, including organic, bioorganic, and polymeric nanospheres having a series of various
applications, from drug delivery to hydrogen storage; here we will present only the most recent and representative examples
for carbon. In case of carbon, its nanospheres were synthesized with 4% yield through the chemical reactions of calcium
carbide and oxalic acid at 65-250 °C without using catalysts [206]. In a series of reports, the pyrolysis was shown to be the
principal method. Thus, similar to nanoballs above, carbon nanospheres (diameter of 35-65 nm) with a high BET specific
surface area (612.8 m?/g) were fabricated via the pyrolysis of polyacrylonitrile—poly(methyl methacrylate) (PAN-PMMA)
core—shell nanoparticles [207]. These carbon nanospheres exhibited a large adsorption capacity of 190.0 mg/g for methylene
blue, thus making them excellent adsorbents for the removal of organic pollutants from water. A general synthetic
methodology, based on colloidal amphiphile-templated oxidative self-polymerization of dopamine (Fig. 4.68), was reported
to grow ultrafine cobalt-based nanoparticles (2-7 nm in size, Fig. 4.69) within high-surface-area mesoporous carbon
frameworks [208]. Polydopamine nanospheres containing Co”* ions can be converted into hierarchical porous carbon
frameworks containing ultrafine metallic Co nanoparticles using high-temperature pyrolysis. These porous Co-based hybrids
were used as electrode materials for supercapacitors, which exhibit excellent supercapacitive performance with outstanding
long-term cycling stability. Similarly, Ni/NiO encapsulated in carbon nanospheres was CVD-prepared using Ni(NO,),-6H,O
and acetylene (C,H,) as the catalyst source and carbon source, respectively [209].

On the contrary, Pd nanoparticles (3 nm) supported and uniformly dispersed onfo N-doped carbon nanospheres (Fig. 4.70)
were prepared by the direct pyrolysis of the metal precursor impregnated on polybenzoxazine-based polymer nanospheres at
500 °C [210]. This hybrid composite was evaluated as catalyst for aerobic benzyl alcohol oxidation under mild conditions
without using a base additive, showing good recyclability, and it can be easily regenerated by calcination at 200 °C. We note
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Fig. 4.68 Synthesis and characterizations of MC nanospheres. (a) Schematic illustration for the CAM (colloidal amphiphile)-templated synthetic
route of MC (mesoporous carbon) nanospheres. TEM images of (b) CAM templates, (c¢) as-made CAM@PDA (polydopamine), (d) calcined
SiO,@MC, and (e) MC nanospheres after the removal of silica residuals. The inset in e is the mesopore size distribution of MC nanospheres
measured from TEM images. (f) Nitrogen sorption isotherms and (g) corresponding pore size distribution of MC nanospheres. (Reproduced with
permission of the American Chemical Society)

that N-doped hollow carbon nanospheres can be used as an anode material for sodium-ion batteries, since N-doping can form
a disordered carbon structure and induce a large number of topological defects on carbon outer wall [211]. Silver-decorated
carbon nanospheres (obtained by microwave deposition of Ag onto amorphous carbon templates) serve as effective visible
light photocatalyst [212] suitable for the removal of methylene blue molecules from aqueous solutions. Core—shell carbon—
TiO, composites (as well as hollow TiO, nanospheres) were prepared using carbon nanospheres as hard templates, coating
them with TiO, using atomic layer deposition, and subsequent burning out of the carbon cores [213]. Both types of
nanospheres can have great potential in the field of photocatalysis using solar energy. Other examples include graphene/
carbon nanospheres/graphene sandwich supported Pt;Ni nanoparticles possessing enhanced electrocatalytic activity in
methanol oxidation [214].

Carbon nanospheres can be also prepared hydrothermally [215]. Their precursors are not only polymers but also various
carbon-containing natural materials as hydrocarbon soot [216], deoil asphalt [217], and cooking palm oil [218], among others.
In addition to applications above, we note other selected uses of carbon nanospheres. Thus, highly uniform flower-like
hierarchical carbon nanospheres (FCNS, 200 nm, Figs. 4.71 and 4.72; see also the section on nanoflowers below) and their



168 4 Less-Common Carbon Nanostructures

- Adsorption
of Co?

Pyroly5|s

Etchlng

Co-Si0,@MC

Co

N

0 2 4 6 0 2 4 8 10
Energy (KeV) Diameter of Co NP (nm)

Fig. 4.69 Synthesis and characterizations of Co@MC nanospheres. (a) Schematic illustration for the synthetic route of Co@MC nanospheres. (b)
SEM, (c) TEM, (d) HAADF-STEM images, (¢) STEM mappings, and (f) corresponding STEM-EDX spectra of Co@MC nanospheres. The sample
for SEM in (b) was coated by Au. (g) Size distribution of Co NPs within Co@MC nanospheres measured from TEM images. (Reproduced with
permission of the American Chemical Society)

N-doped analogues (NFCNS) are suitable for sulfur accommodation for lithium/sulfur battery cathodes [219]. Medical
applications include targeted delivery of chemotherapeutics in breast cancer therapy [220]. Antimicrobial quaternized
carbon nanospheres (QCNSs, 110 nm), with superior antibacterial activity, were prepared via a one-pot hydrothermal
treatment of chitosan and hexadecylbetaine [221]. These QCNSs could effectively kill (Fig. 4.73) Gram-positive bacteria
with a minimum inhibitory concentration (MIC) of 2.0-5.0 pg mL ™", at the same time being cytocompatible with normal
human liver and lung cells and good hemocompatibility toward red blood cells. Carbon nanospheres (50-300 nm),
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Fig. 470 TEM images
of the catalysts. (a, b)
Pd@PBFS-500; (c, d)
Pd@CBFS-500.
(Reproduced with permis-
sion of Elsevier)
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Fig. 4.71 Schematic illustration of the procedure for preparing FCNS. (Reproduced with permission of the Royal Society of Chemistry)

synthesized by the pyrolysis of resorcinol formaldehyde copolymer, were applied for the development of inkjet-printed
resistive layers and sensors [222].

We also note apart the possibility to carry out a scalable synthesis of sub-100 nm hollow carbon nanospheres for energy
storage applications. Thus, hollow carbon nanospheres of unprecedentedly small sizes (~ 32.5-62.5 nm) and thickness of
~ 3.9 nm were produced on a large scale (Figs. 4.74 and 4.75) by a templating process [223].
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Fig. 4.72 SEM images of flower-like nanospheres. (Reproduced with permission of the Royal Society of Chemistry)
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Fig. 4.73 Schematic illustration of the one-step preparation of quaternized carbon nanospheres (QCNSs) and their antibacterial activity toward
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Fig. 4.74 The synthesis route to the hollow carbon nanospheres. (Reproduced with permission of Springer)

Fig. 4.75 A large-scale
synthesis of the hollow car-
bon nanospheres (carbon-
ized at 600 °C), which
yields ~ 5 g of the final
product from one pot. (a)
Typical TEM image of the
hollow carbon nanospheres
obtained from the large-
scale synthesis. (b) Digital
photograph of the product in
a form of powder.
(Reproduced with permis-
sion of Springer.)
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4.3.5 Nanoonions

Carbon nanoonions (CNOs,** multilayer fullerenes, with the distance between the shells close to 0.34 nm) represent important
carbon nanomaterials, which are not yet well-studied. They possess a unique OD structure, small (<10 nm) diameter, high
electrical conductivity, and relatively easy dispersion. The recent reviews [224, 225] describe its complete discovery history,
starting from first pioneering experiments of S. lijima in 1980, Ugarte in 1992, followed by L. Echegoyen [226-233] and Yu.
Gogotsi [234-236] in this century and other developers. As it will be seen below, CNOs can be fabricated using electron-beam
irradiation, vacuum annealing of nanodiamond (large-scale production in gram quantities, 1994), arc discharge between two
graphite electrodes in water, laser ablation, plasma method, and chemical vapor deposition (CVD), among other techniques.
The nanoonions contain concentric graphene shells, which are rarely ideal spherical; nanoonion structure could be different
depending on the synthesis method, including appearance of hollow structures. As it will be seen below, nanoonions can be
activated, decorated, and functionalized with a variety of organic molecules, in particular with biomolecules, so, having
minimal toxicological effects, they represent a high potential interest for biomedicine. In this section, we will mainly discuss
recent achievements in nanoonion area.

Synthesis of Carbon Nanoonions Frequently used classic methods for obtaining carbon nanoonions are as follows, among
others (Fig. 4.76):

e Chemical vapor deposition (CVD) allows decomposing hydrocarbon gas and getting large quantities of the products.
Particles of transition metals, as well as bimetallic alloys (Fe/Co, Fe/Ni, M/Cu, etc.), are used as catalysts.

* Use of high-energy laser in the transformation of “hydrocarbon—carbon onion.”

e Catalytic decomposition of CH4 (850 °C, Ni/Fe catalyst).

* Arc-discharge evaporation of carbon and metal, resulting encapsulated metal inside graphitic layers, and its further
exposition to the electron beam in TEM, when the metal particle leaves its initial position and migrates away, yielding
hollow carbon onions.

Apart we mention traditional (and most important) methods for massive synthesis of CNOs:

e Arc discharge in water
* Chemical vapor deposition (CVD)
* ND annealing in a vacuum or in inert gases

Additional methods for fabricating CNOs in a large quantity:

* Synthesis of CNOs using counterflow diffusion flames

e Thermolysis route using a sodium azide (NaN3)—divinyl acetylene (C4Clg) mixture as a precursor for fabricating gram-
scale CNOs (30-100 nm in diameter) [237]

e The reaction between calcium carbide (CaC,) and copper(Il) chloride dehydrate (CuCl,-2H,0) at 600 °C

2Image above is reproduced with permission of the American Chemical Society (ACS Nano, 2010, 4(8), 4396-4402).
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Fig. 4.76 Main synthesis methods for CNOs

e Combustion of naphthalene leading to 50 nm CNOs
* Burning common carbon-rich sources such as camphor and polystyrene foam (5-20 nm CNOs)

Figure 4.77 shows HRTEM images of CNOs synthesized by these methods [238].

In the last decade, these and other methods have been developed and optimized. Thus, the carbon onion can be obtained by
pyrolysis of propane (propane/oxygen flame) [239], yielding two different types of CNOs with diameters in the ranges of
18-25 and 9—12 nm. Some carbon onions were found to be almost spherical and have slight faceting profiles, and other CNOs
have a polyhedral structure. This technique produces multi-shell fullerenes in large quantities and carbon tubular structures on
the metal surface. The authors assumed that the substrate nature is a determinant factor in the carbon onion formation. In a
related work [240], CNOs (diameters of 70-100 nm) were produced by CVD method at 800 °C starting from methane as
carbon source and isolated from the substrate by HNOj refluxing, calcination in air at 500 °C, and magnetic separation for
removal of catalyst particles and amorphous carbon.

As it was mentioned above, the CNOs (Fig. 4.78) were prepared in a stainless steel autoclave at 600 °C by a simple reaction
between CuCl,-2H,O and CaC224 according to the reactions 4.4—4.9 [241]. It was shown that the crystal water in CuCl,-2H,0
plays an important role in the formation of CNOs. The product can be used as anode materials for lithium-ion batteries, which
can deliver a reversible capacity of 391 mA-g~' up to 60 cycles. Also, the Fe-Ni alloy nanosheet serves as a catalyst for
growing metal-encapsulated CNOs and as a support for anchoring these preformed nanoparticles, resulting in monodispersed
catalyst nanoparticles (Figs. 4.79 and 4.80) [242]. As an application, the ferromagnetic Fe( ¢4Nip36@CNOs particles
demonstrate their application in both water purification and magnetic storage.

CuCl, + CaC, = Cu + 2C + CaCl, (4.4)
CuCl, - 2H,0 = CuCl, + 2H,0 (4.5)
CaC, + 2H,0 = Ca(OH)2 + C,H, (4.6)

2*More detailed information on the carbide-derived carbons see in the chapter below.
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Fig. 4.77 HRTEM images of CNOs synthesized using some new methods. (a—d) CNOs fabricated by counterflow diffusion flames with methane
(CH,4) concentrations of 15%, 25%, 35%, and 45%, respectively. (e and f) CNOs prepared by thermolysis using a NaN3;—-CgClg mixture as precursor.
(g and h) CNOs obtained from the reaction between CaC, and CuCl,-2H,0. (i-k) HRTEM images of CNOs prepared using the combustion of
naphthalene. (I and m) CNOs synthesized by burning polystyrene foam. (n and 0) CNOs synthesized by burning camphor. (Reproduced with
permission of the Royal Society of Chemistry)
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Fig. 4.78 FESEM image (a), EDX spectrum (b), and HRTEM images (c—e) of the as-obtained CNOs. The insert in (d) is the corresponding SAED
pattern. (Reproduced with permission of the American Chemical Society)

CuCl, + C,H, = Cu + 2C + 2HCI (47)
Ca(OH), + 2HCI = CaCl, + 2H,0 (4.8)
Overall reaction CuCl, - 2H,0 + CaC, = CaCl, + Cu + 2C + 2H,0 (4.9)

Arc-discharge fabrication (Fig. 4.81) of high-quality nanoparticles in the form of floating powder on the water surface
including spherical CNOs and elongated fullerene-like nanoparticles similar to nanotubes in large quantities without the use of
vacuum equipment was reported [243]. Their large specific surface area (984.3 m?/g, promising for gas storage) was attributed
to the “surface roughness” induced by the defective nature of the carbon onion shells. A model of arc discharge in water with
two quenching zones was proposed (Fig. 4.82). This arc discharge in water represents an alternative to conventional vacuum
processes to produce carbon nanoonions in large quantities.
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Fig. 4.79 (a, b) TEM images of CNOs grown by CVD over the self-anchored catalysts on the alloy nanosheet; inset in (b) is an HRTEM image of
an individual CNO particle. (c¢) Particle size distribution statistics with the corresponding fitting curves for the self-anchored catalysts and CNOs
after CVD growth. (d) XRD patterns of CNOs grown at different temperatures. (Reproduced with permission of Springer.)
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Fig.4.80 FFT analysis of CNOs grown at (a) low (550 °C) and (f) high temperatures (850 °C). (b, ¢) The diffraction patterns of the areas outlined in

black and white from (a), respectively. (d, e) The diffraction patterns of the areas outlined in black and white from (f). (Reproduced with permission
of Springer)
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Fig. 4.82 Formation mechanism of CNOs prepared by arc discharge in water. (a) Relative electric field strength, shown by arrows, between a rod
anode (17 V) and a flat cathode (ground) in a gas bubble surrounded by water. (b) Direction of thermal expansion from plasma to the water interface.
(c) Qualitative ion density distribution. (d) Temperature gradient — the formation of elongated nanoparticles in zone (I) and onions in zone (II) is also
shown schematically. (Reproduced with permission of AIP Publishing)

An unexpected formation of CNO-like honeycomb nanostructures (Figs. 4.83 and 4.84), among other products, was
observed as a result of dispersion and unfolding of MWCNTs using a water-soluble cobalt octacarboxyphthalocyanine
derivative “theraphthal” in ultrasonic treatment conditions [244]. Commercially fabricated theraphthal (TP) [245, 246] 4.3.5.1
is a water-soluble cobalt phthalocyanine salt and sonosensitizer, used in ultrasound therapy of cancers [247-251] due to
insolubility of its calcium salt making a labile solid phase in a tumor [252], as well as a series of metal 2,3,9,10,16,17,23,24-
octacarboxyphthalocyanines, their water-soluble sodium salts, and their functional derivatives can generate reactive oxygen
species (ROS). Unfolding of MWCNTs in the conditions of TP addition was explained by the in situ formation of reactive
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Fig. 4.83 HRTEM images of (a, b) honeycomb structures of the products formed in diluted TP-MWCNTs dispersions and (c¢) covering of partially
destroyed CNTs with TP aggregates. (Reproduced with permission of the Royal Society of Chemistry)
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Fig. 4.84 HRTEM images of the evolution process in diluted (top) and concentrated (bottom) TP-CNT dispersions. (Reproduced with permission
of the Royal Society of Chemistry)

oxygen species in TP solutions under ultrasonic treatment and their further attack on MWCNTs surface. It is well-known that
cavitation triggers free radical processes, shock waves, cumulative streams, and a number of other phenomena in a system that
are localized at collapsing cavitation bubbles. In these conditions, even at low-intensity ultrasound in cleaners (2040 kHz),
partial destruction of TP slowly takes place, and it is known to be accompanied by the formation of ROS. As a phthalocyanine
derivative, TP can be coordinated to CNT surface via z—z-stacking through aromatic supramolecular ring or covalently
through COO™ group(s) both those of the TP molecule and in the functionalized CNTs-COOH. Highly water-soluble TP, as
ionic salt, transfers MWCNTs to solution and, due to action of appearing free radicals in ultrasound conditions, destroys and
unfolds them forming graphene sheets. These sheets can then form co-grown single-walled carbon nanotubes (SWCNTs,
diameter 1.7 nm). In some cases (in dilute dispersions), at lower TP concentrations, incomplete unfolding of MWCNTs takes
place leading to the appearance of circular nanostructures (nanoonions), which are united to honeycomb nanostructures due to
defects in MWCNTSs caused by action of free radicals. Graphite is subject to similar transformations [253].
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Main features of CNOs are as follows:

* CNOs are composed of multilayered concentric graphitic shells.

* Size of CNOs is in the range of 3—100 nm, depending on the synthesis method.

¢ CNOs are of two types: hollow CNOs and core—shell-structured CNOs.

* Hollow CNOs are spherical or polyhedral in shape.

* The innermost layer of the spherical hollow CNO is a Cg cage.

* The inner space of the polyhedral CNO is usually much larger than a C¢ cage in volume.

¢ Onion-like fullerenes (OLFs) are known; they can be generated by arc discharge in water between pure graphite electrodes
[254]. It was revealed that the OLFs with diameter about 25 nm were of high degree graphitization. The structural stability
of carbon nanoonion C,(,@Cgy@C,y4 was investigated by performing molecular dynamics computer simulations [255].

* A core-shell structured CNO (with transition metals and their oxides, alloy nanoparticles, or nanodiamonds) is usually
quasispherical in shape.

» Large specific surface area.

* High electrical conductivity.

* Typically, two broad Raman bands can be readily observed in the area between 1300 and 1600 cm ™.

* Analogous to carbon nanotubes, CNOs display poor solubility in both aqueous and organic solvents because of
aggregation, promoted by strong intermolecular interactions such as van der Waals forces. Similar to CNTs, this solubility
can be considerably improved by ozonolysis [256] or other types of functionalization.

Chemical Activation of CNOs The CNOs, being a promising candidate for high-power supercapacitors due to the nonporous
outer shell, easily accessible to electrolyte ions, suffer a difficulty, since the nonporous ion-accessible outer shells also limit
the energy density of the CNOs, requiring large specific surface area. So, their electrochemical performance needs an
improvement, which can be reached by chemical activation, for instance, using KOH, introducing porosity on the outer
shells of CNOs [257]. This treatment (Fig. 4.85) dispersion of CNOs in KOH solutions under ultrasonication induced changes
in structure, specific surface area (SSA), and pore size distribution of CNOs. In particular, the pristine CNOs (5-50 nm,
concentric structures containing long-range ordered graphitic striations on each shell) changed to the CNOs with defects in the
outer shell, creation of micropores and mesoporoses, and destruction of concentric structures. This porosity allowed
improving the energy density and preserving the power density in CNO high-rate supercapacitor electrodes.
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(a) ca'b‘"zé‘sg‘)"o"'o" Activated CNO
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Fig. 4.85 (a) A schematic showing the chemical activation of CNOs in KOH. TEM images of pristine CNO (b), ACNO-4M (c¢), ACNO-6M (d),
and ACNO-7M (e). “ACNO-nM” denotes the activated CNO prepared using n mol/L KOH solution. (Reproduced with permission of Elsevier
Science)
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Decoration, Dopation, and Functionalization of CNOs Decoration of CNOs with platinum nanoparticles was carried out
using ascorbic acid as the reducing agent within a vortex fluidic device (VFD),? leading to PINP@CNO nanocomposites
(Fig. 4.86) [258]. Pristine- or plasma-modified CNOs were dispersed in Milli-Q water, mixed with H,PtClg solution, and
placed in the VFD for subsequent reduction with ascorbic acid solution. Resulting agglomerations of Pt nanoparticles on
CNOs are shown in Fig. 4.87, revealing promising electrocatalytic activity of the Pt@CNOs, which may be applicable to other
forms of carbon for a wide range of applications.

2The VFD is a microfluidic device that has been used for disassembling self-organized systems, exfoliation of graphite and hexagonal boron nitride,
wrapping multilayer graphene sheets around algal cells, and controlling the particle size and distribution of decorated metal nanoparticles on various
carbon nanomaterials.
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(a)

Fig. 4.87 TEM images of (a) pristine CNOs and (b) decorated CNOs with platinum clusters in batch reaction. (¢) A zoomed-in image of a platinum
cluster on a CNO. (d) HRTEM image of the area indicated in (c¢), showing the lattice distances and fast Fourier transform analysis of the areas
indicated on CNO and a single Pt-NP. (Reproduced with permission of the Royal Society of Chemistry)
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Fig. 4.88 Schematic routes for the fabrication of NO, ONO, and NNO. (Reproduced with permission of Nature)

Dopation of CNOs CNOs doped with boron (B-CNOs; 0.76-3.21 at.% of boron substitution) were prepared by annealing
commercial nanodiamond particles (NDs) at 1650 °C under an inert He atmosphere in the presence of boron [259]. It was
revealed that the increased amount of boron doping resulted in decreased interlayer spacing and polygonization of the
structures, leading to enhanced properties as electrodes for electrochemical capacitors. Authors noted that these active sites
could also play a vital role in enhancing the catalytic activity of oxygen reduction. Nitrogen-doped nanoonions (NNOs) were
prepared [260] from CNOs (in turn, obtained from NDs with size of 4-6 nm) by a modified Hummers’ method, using urea in
the last step (Fig. 4.88). Nitrogen content and molar ratio of nitrogen-containing groups in the NNOs were varied by
controlling the oxygen content of ONO (oxygen-doped nanoonions). Studying ORR activities of the NNOs using a rotating
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disk electrode, the NNOs showed a higher onset potential than that of CNOs, and the ORR activity of the NNO could be
improved by increasing the number of active sites (N-containing groups) in the NNO.

Functionalization of CNOs The reactions of CNOs (50-100 nm in diameter) with fluorine in the presence of H, in a Monel
reactor at three different temperatures, 350, 410, and 480 °C, yield fluorinated nanoonions (F-CNOs, Fig. 4.89) of
approximately C,oF, C;3F, and C,3F stoichiometry, respectively [261]. The purpose of using hydrogen in the process
was in situ generation of HF, which is known to catalyze the fluorination of the other sp*-bonded carbon materials (e.g.,
graphite and CNTs). It was shown that even after breaking of the graphene layers in CNOs by F, action, the F-CNO products
maintained the spherical morphology. The F-CNOs were found to be soluble in DMF and alcohols. Even after 1 year the
suspension solutions of the most fluorinated F-NO-410 and F-NO-480 samples do not show any visible precipitation
(Fig. 4.90). Due to this enhanced solubility, they could be useful for biomedical applications, paints, lubricating composites,
etc. Further defluorination of F-CNOs using hydrazine resulted in remarkable “healing” of broken graphene layers which
rejoin within the sphere to substantially restore the CNO microstructure. CNOs can also be functionalized with biomolecules.
Thus, soluble small non-cytotoxic CNOs (with 68 shells) were prepared with high yield and functionalized with carboxylic
groups and biomolecules biotin—avidin interactions on a gold surface by layer-by-layer assembly (Fig. 4.91) [262]. The film

Fig. 4.89 TEM images of
carbon nanoonion speci-
mens: (a) pristine CNO, (b)
F-NO-350, (¢) F-NO-410,
and (d) F-NO-480;
hydrazine-treated F-NO-410
(e) and F-NO-480 (f).
(Reproduced with permis-
sion of the American Chem-
ical Society)

Fig. 4.90 Photographs of
the CNO materials dispersed
in ethanol: (a) pristine
CNOs, (b) F-CNO-350,

(¢) F-CNO-410, and (d)
F-CNO-480. (Reproduced
with permission of the
American Chemical Society)




4.3 Circle and Ball-Type Nanostructures 183

o]
a) Q
HN™ NH NHNH;
H—  =H
NH
s
o]
<o . . . Avidin < >
Biotinamidohexanoic U \\ ” /
acid hydrazide ¥

—

PBS, EDC,
NHS
NH, lilH,
S S
1

A PP

el 5 H H NH
HABA, 'f P8BS, EDC, | i
PBS S NHS S S
= - s

>+ d
1 PBS, EDC, ti
s

e
“®

LX)

Ny [

0
0 -
g ~ 0 “"4“, HABA, PBS
0 s '

kﬁulfo-NHS-Bialin U _/ d) <> <H»
—-— p q HABA, PBS é {-“,
PBS, EDC, — —
NHS
NH, NH, I‘ilH rim
S S s S e) p
A A L v
1 2 _— NH  NH
PBS, EDC, i !
NHS S S

Fig. 491 Schematic illustration of the preparation of (a) Au/thiol/ox-CNOs/biotin/avidin (avidin PDB ID: 2avi), (b) Au/thiol/biotin/avidin/ox-
CNO, (c) Au/thiol/biotin/avidin+ox-CNOs, (d) Au/thiol/biotin/avidin, and (e) Au/thiol/biotin/ox-CNOs layers (PBS, phosphate-buffered saline;
EDC, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride; NHS, N-hydroxysuccinimide; HABA, 4'-hydroxyazobenzene-2-carboxylic
acid). (Reproduced with permission of Wiley)
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structure of formed self-assembled monolayers on the gold surface was found to be depended on the sequence of film
component deposition. Biomolecules attached to the CNOs retained their biological activity.

Some Properties of CNOs Diamagnetism of carbon onions was probed by NMR of adsorbed water. Thus, the 'H chemical
shift of water molecules adsorbed on defect sites of CNOs was compared with the shifts of bulk water and water adsorbed by
chemically derived graphene (G), graphene oxide (GO), and nanodiamond (ND) [263, 264]. Authors revealed that the
positions of "H resonances for insulator ND and GO are close to that of bulk water, while water molecules adsorbed by G and
CNOs possessed a significant deviation in chemical shift from that of bulk water, attributing this to the diamagnetic screening
effect of the conducting graphene layers. Highly fluorescent CNOs (2.5 nm height and size distribution from 10 to 65 nm,
average 40 nm; 0.34 nm interlayer distance) were produced by thermal annealing at 400 °C of perylenetetracarboxylic
anhydride in low molecular mass PEG (Fig. 4.92) [265]. These CNOs can be purified by silica gel chromatography to obtain
fractions with a very homogeneous particle size of about 35 nm. These CNOs are highly biocompatible with Hep3B cells and
can cross the cell membrane.

It is known that CNOs have a hydrophobic character, nonporous texture, moderate specific surface area (200-600 m*.g "),
high electrical conductivity, short time charging, and high power density. Taking into account the purpose to be used in
supercapacitors, CNOs were chosen as model material in order to understand the influence of the surface chemistry (nature
and amount of oxygen groups) and structural defects (active surface area, ASA) on the capacitance [266]. The CNOs were
prepared from high pure nanodiamonds at 1300 and 1700 °C and further modifications (Fig. 4.93). As a result, a predominant
influence of the carbon defects on the capacitance in organic and aqueous electrolytes which counterbalance the functional
group effect was highlighted.

Molecular Dynamics Simulations CNOs provide exceptional friction and wear reduction through a rolling and sliding
mechanism of the CNOs at the interface, so, the mechanisms of these processes were studied by performing atomistic MD
simulations of their sliding between diamond-like carbon substrates (Fig. 4.94) [267]. It was revealed that the ability of the
CNGO:s to roll is inhibited both by increased contact pressure and the presence of a diamond core within the nanoparticles that

e ~ |Raw C-NOR with| ‘
& N8 |——| broadparticle |———s @

<) size distribution.

Fig. 4.92 Preparation procedure for C-NOR. (i) Treatment in an oven preheated at 400 °C and slow cool down to room temperature by exposure to
the air (20 h) and (ii) purification of the black viscous mixture by silica gel chromatography. (Reproduced with permission of the Royal Society of
Chemistry)
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Fig. 4.93 Flowchart that regroups the different synthesis of CNOs under different thermal treatments. (Reproduced with permission of Elsevier
Science)
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Fig. 4.94 Image of CO
simulation with four
nanoonions indicating
strong interfacial bonding
during sliding at 5 GPa
contact pressure.
(Reproduced with permis-
sion of the Elsevier Science)
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Fig. 4.95 Scheme of synthetic procedures for the surface functionalization of pristine CNOs. (a) 4-Aminobenzoic acid, NaNO,, HCI,
dimethylformamide/water; (b) 4-Aminopyridine, NaNO,, 4N HCl/dimethylformamide. (¢) lodomethane, acetonitrile. All CNOs contain multiple
functionalities on the surface; this scheme is simplified. (Reproduced with permission of MDPI)

enhances the formation of interfacial bonds during friction. The transition from rolling to sliding behavior was accompanied
by an order of magnitude increase in the coefficient of friction, from y = 0.024 to 0.151, respectively.

The foxicological effects of pristine and CNOs, chemically modified with benzoicacid, pyridine, and pyridinium moieties
(Fig. 4.95), on the development of the freshwater polyp Hydra vulgaris were studied in order to elucidate the ecotoxicological
effects of CNOs [268]. Hydra specimens were exposed to the functionalized CNOs by prolonged incubation within their
medium. On the basis of biodistribution of CNO nanoparticles in Hydra (Fig. 4.96), it was revealed the absence of adverse
effects of CNOs (in the range 0.05-0.1 mg/L) in vivo at the whole animal level, testifying about their biosafety and suitability
as materials for biomedical applications. There are indeed no much data on CNO toxicity; in case of closely related fullerenes,
several toxic effects have been observed, depending on their properties (size, surface chemistry, solubility, aggregation/
agglomeration, experimental setups such as exposure time, biological models, etc.). So, any data on toxicity of carbon
allotropes are useful as a part of complex issue for prediction of potential harmful effects in the designing of new nanoparticle-
based products.
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Fig. 4.96 In vivo uptake and biodistribution of CNO nanoparticles in Hydra. (a—c) Bright field images of a living untreated polyp. Scale bar:
200 pm. (d-m) All different types of CNOs were internalized into Hydra tissues, and images show small differences in the uptake efficiency.
Internalized CNOs appear as black granular structures and are present in the tentacles, heads, and body columns. Scale bars: 500 pm in (f); 50 pm in
(g); 200 pm in (e, h-k). Single-cell suspensions obtained from treated animals show a granular structure within the cytoplasm of epithelial cells,
suggesting a macropinocitosis mechanism mediating the entrance of large amounts of CNOs into the cells. Representative single cells obtained by
animals treated with py-CNO are shown. Scale bar: 20 pm in (I, m). (Reproduced with permission of MDPI)

Applications of CNOs Current applications of carbon nanoonions are in/as:

¢ Biosensors (for CNOs functionalized with biomolecules)

* Environmental remediation, in particular for sorption of heavy metal ions

¢ Lithium-ion batteries (anodes on the basis of highly graphitized and doped hollow CNOs with porous structure)
* FElectrode materials in supercapacitors

* Fuel cells (CNOs as catalysts)

» Catalysis (i.e., oxidative dehydrogenation of ethyl benzene to styrene)

* Lubricants

e Optical industry

e Terahertz-based communication systems

* Drug delivery, infection therapy, and neurodegenerative diseases

Potential applications of CNOs include also magnetic storage materials, single-electron devices, point source field emitters,
biological marking, encapsulation of foreign materials, etc. These current and potential applications above of CNOs are
related with the facts that/due to:
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* Their capacity to pass through cell membranes, carrying drugs, genes, biomolecules, and vaccines.

* Biocompatibility.

» Possibility to create collagen CNO materials as scaffolds in tissue generation and artificial implants, as well as smart drugs.

* CNOs resist biodegradation.

¢ CNOs are powerful engineering candidate over other existing materials used to repair defective organs.

* CNOs are excellent implements for the therapeutic monitoring and the diagnosis of diseases.

e CNOs are suitable for the analysis of drugs in different areas.

e CNOs are applicable in a lot of electronic products, i.e., nanotransistors, nanocapacitors, supercapacitors, quantum
computers, etc.

* CNOs can be effectively used in the energy sector (energy-producing, energy-absorbing, and energy storage products), i.e.,
in batteries or fuel cells.

* CNOs are frequently more durable, stronger, and lighter compared with non-nanotechnologically created materials.

* Physical/chemical activation could increase the SSA of CNOs, improve the degree of graphitization, and introduce a
porous structure, which would contribute to an enhanced electrochemical performance of the CNO anodes.

Limits for CNO uses are as follows, among others:

* Relatively high cost compared with traditional technologies
» Toxicity problems
* Possible disappearance of certain markets and loss of jobs, if alternative energy sources on their bases will be developed

Among recent reports on CNO applications, we selected some representative and intriguing reports having good
expectative and future progress. Thus, a fluorescent probe based on surface carboxyl-functionalized ND-derived CNOs
(Fig. 4.97) for biological imaging was developed [269]. These water-soluble low-cytotoxic CNOs with high emission
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Fig. 4.97 Procedure for the preparation of carboxy-functionalized ox-CNO and fluorescently labeled fluo-CNO. (Reproduced with permission of
the IOP Publishing)
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Fig.4.98 (a) TEM image showing the field emission measurement on a standard W tip. This tip was then moved to contact a C onion attached to the
counter gold wire (b); the tip and onion were then fused together at a high current (c). (d) The newly formed C-onion/W-tip structure was retracted to
the original position as in image a for a comparative FE measurement. (e) EELS C map showing the spatially resolved carbon distribution within the
emitter end in image d. (f) The measured FE I-V curves and F—N plot corresponding to the I—V curve recorded from the C-onion emitter (inset).
(Reproduced with permission of the American Chemical Society)

properties were prepared by a reaction involving the amide bond formation between fluoresceinamine and the carboxylic acids
groups on their surface. Thus obtained CNOs were tested as probe for in vitro imaging of HeLa cells, showing their potential
as multifunctional nanomaterial for theranostic applications. More details on CNOs as promising theranostic agents are
shown in the recent article [270].

Also, a single carbon onion was welded (Fig. 4.98) onto the end of a tungsten tip through an intermediate carbide layer
inside a HRTEM, representing a novel type of an electron field emitter [271]. Such individual C-onion emitters, similar to
CNTs, can sustain large emission currents (>100 pA) and exhibited good long-term emission stability. Authors proposed that
these CNO-based emitters can effectively be used as the point electron sources in, for example, high-resolution electron-
beam-driven apparatuses in the future.
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4.3.6 Nanorice

A few reports have been dedicated to a low-temperature hydrothermal synthesis of carbon nanorice. Thus, anisotropic
fluorescent carbon nanorice (Fig. 4.99) was hydrothermally prepared, without using any template, from a commercially
available beef extract bio-precursor (broth constituent) at a temperature of 150 °C [272]. Authors proposed that these nanorice
structures are formed due to the coalescence of initially formed small spherical carbon nanocrystals during hydrothermal
treatment. Potential future applications correspond to photonic devices. Carbon nanorice (a diameter in the range of 100 nm
and a length of approximately 500 nm) was also prepared by the hydrothermal carbonization of heparin in a Nafion solution at
a mild temperature of approximately 100 °C [273]. The mechanism of formation (Fig. 4.100) for this nanoscale rice-like
structure was suggested to be a self-assembling process, in which the charring of the heparin caused desulfation followed by
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Fig. 4.99 (a) Growth model of hydrothermally synthesized CNR structures from commercially available BE precursor. TEM images presented in
its inset shows the formation of spherical carbon nanocrystals (i), and via coalescence mechanism (ii), the CNR structures (iii) are formed. (b) UV—
vis absorption spectra of BE precursor used for the synthesis (solid line) and the as-synthesized CNR sample (dotted line). (¢) The digital image
indicates the color of the BE precursor (i) and as-synthesized CNR sample (ii). (Reproduced with permission of the Royal Society of Chemistry)
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Fig. 4.100 The formation of NCNR by the hydrothermal method from heparin using Nafion membrane as a template. (Reproduced with permission
of the Elsevier Science)

carbonization, ultimately forming 5-hydroxylmethyl furfural in the presence of a Nafion membrane. Carbon nanorice
exhibited fluorescence and so can be useful for biomedical or optoelectronic applications.

4.4 Nanocage-Type Structures

Iron

-

26The nanocage image is reproduced with permission of Nature (Sci. Rep., 2014, 4, 4437).
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Fig. 4.101 Illustration of the synthetic procedures of carbon nanocages. (Reproduced with permission of the American Chemical Society)

Nanocage-type structures include closely related nanocages [274], nanocubes,”’ nanoboxes, and nanocapsules. Carbon
cages/boxes have been intensively developed in last 15 years and have various applications (carbon nanocages consisting
solely of benzene rings (“all-benzene carbon nanocages’) [275] do not fit to the theme of our book). They can be produced by
a variety of methods from distinct precursors. Thus, a simple approach for spontaneous, catalyst-free formation of highly
graphitic nitrogen-containing carbon nanocages (well-ordered graphitic shells with more compact graphite layer structure than
that of conventional bulk graphite) was demonstrated by using commercial available graphite rods as the initial materials
[276]. The incorporation of nitrogen into the graphitic backbone of carbon nanocages opens the potential for metal-free
catalysis of oxygen reduction reaction in fuel cells. Template synthesis of ultrathin nitrogen-doped graphitic carbon nanocages
(CNCs) derived from polyaniline (PANI) and their excellent capacitive properties involved one-pot hydrothermal synthesis of
Mn;0,@PANI core—shell nanoparticles, carbonization at 800 °C to produce carbon-coated MnO nanoparticles, and then
removal of the MnO cores by acidic treatment (Fig. 4.101) [277]. The product showed a great application potential in
supercapacitors.

Several methods involve metal addition and/or elimination in reaction steps. Thus, hollow carbon spheres (nanocage sizes
of 7.1, 14, and 20 nm in diameter) were prepared [278] using the core—shell (i.e., Cu@C) nanoparticles (obtained by
carbonization of the Cu”*—cyclodextrin complexes) at 573 K for 2 h, etching them with HCI (Fig. 4.102). The presence of
micropores with an opening of 0.45 nm allowed small molecules to diffuse in and out through the carbon shell, so these
nanocages can be filled and used as nanoreactors for catalytic decomposition of methanol. Au nanoparticles were deposited on
CNTs, and the nanocages were grown on these gold particles by electrical Joule heating of the CNTs, with further evaporation
of metal, leaving the cages intact (Figs. 4.103 and 4.104) [279]. The CNTs were used as a carbon source, and the growth was

2"Nanocubes will be discussed in the section below, dedicated to polyhedral-like carbon nanostructures.
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Fig. 4.102 Etching and refilling processes for the preparation of Cu—ZnO@C yolk—shell nanoparticles. (Reproduced with permission of Springer)

Fig. 4.103 Schematic
drawing of the growth
process of carbon cages. The
arrows labeled with an “e”
indicate current passing
through the carbon
nanotube. (1) A composite
of carbon nanotube and gold
nanoparticle was contacted
by two gold electrodes. An
electrical current heated the
composite to a temperature
when the gold nanoparticles
template the deposition of
carbon atoms, (2) increasing
the current and thus the
temperature, lead to the
evaporation of the gold
nanoparticles, and

(3) leaving the empty carbon
cages intact. (Reproduced
with permission of Elsevier
Science)

Fig. 4104 TEM images of
the composites of carbon
nanotube and gold
nanoparticles before (a) and
after (A, B, and C) gold
melting. A, B, and C indi-
cated the three parts on the
carbon nanotube in (a)
where carbon cages were
grown. (Reproduced with
permission of Elsevier
Science)
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templated by the gold particles, so this gold template technique could provide a general way for fabricating carbon
nanostructures of predetermined shape.

Dodecahedral carbon nanocages (NCs, Fig. 4.105) modified with homogenously distributed Fe;0,4 nanoparticles (Fe304/C
NCs) and possessing a large surface area and inner cavity were obtained (Fig. 4.106) by utilizing a zeolitic imidazolate
framework (ZIF-8) as the template and polydopamine (PDA) as the carbon source [280]. Their recommended use is as anode
materials in lithium-ion batteries: they display stable capacity retention and cycling performance even at high rates of
3000 mA-g~" in comparison with C NCs.

Fig. 4.105 TEM images of
Fe;04/ZIF-8 nanostructure
with different sizes (97 nm
a, 350 nm ¢, and 574 nm e)
and the corresponding
Fe;0,4/C NCs (90 nm b,
332 nm d, and 561 nm f).
(Reproduced with permis-
sion of the Royal Society of
Chemistry)

Fig. 4.106 Schematic illus-

tration of the synthesis of %* Y
Fe30,/C NCs. (Reproduced . o Zn** 8.2
.3 . e,.% QQ L " %
with permission of the Royal Sqa® _— @ v

. . 0,0 —N S 98
Society of Chemistry) %%g @ P ‘%‘5 A% \
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(a) Iron oxide nanoparticles
dispersed in amorphous carbon matrix

300 °C

Development of Fe/Fe,C nanoparticles - [l
deposition of carbon layers on the top of g 228"
the nanoparticles

Fig. 4.107 (a) Proposed model of formation of magnetic carbon nanocages (Mag@CNCs). (b—d) Representative HRTEM images of the
Mag@CNCs sample with energy-dispersive X-ray spectroscopy (EDS) elemental mapping (panels b and c¢) of selected areas showing Fe, O, and
C. (Reproduced with permission of the American Chemical Society)

In addition to Fe;O4-containing carbon nanocages above, other magnetic iron-containing carbon nanocages with signif-
icant surface area (177 m?*g~'), microporosity, and mesoporosity (Fig. 4.107) were synthesized via a green one-step
carbonization process in inert atmosphere using pine resin and iron nitrate salt as a carbon and iron source, respectively
[281]. A homogeneous distribution of core—shell-type magnetic nanoparticles within the carbon matrix, formed by iron
carbide (Fe;C) and metallic iron (a-Fe), with sizes of 20—-100 nm, surrounded by a few graphitic layers-walls, was observed.
The material can be effectively used for As(IIl) removal from aqueous solutions. Other magnetic carbon nanocages with
multiform pore structure (Fig. 4.108), synthesized [282] by a low-temperature carbonization process from biorenewable
lignin, possessed a high degree of graphitization crystallinity and can be used as efficient and recycled adsorbents in the
removal of dye staff from textile wastewater. Nanocages can be functionalized, as many other nanocarbons such as grapheme
or CNTs. Thus, functionalization of ordered cage-type mesoporous carbons through oxidation using ammonium perchlorate
led to carboxy carbon nanocage [283]. The degree of functionalization can be easily controlled by the adjustment of the
oxidation parameters such as oxidation time, AP concentration, and oxidation temperature.

In addition to applications above, carbon nanocages are frequently used as electrocatalysts for oxygen reduction and
evolution. Thus, double-shelled hybrid nanocages with outer shells of Co—N-doped graphitic carbon (Co-NGC) and inner
shells of N-doped microporous carbon (NC) were elaborated (Fig. 4.109) by templating against core—shell metal-organic
frameworks [284] exhibiting superior electrocatalytic properties to Pt and RuO, as a bifunctional electrocatalyst for ORR and
OER. First-principles calculations revealed that the high catalytic activities of Co-NGC shells are due to the synergistic
electron transfer and redistribution between the Co nanoparticles, the graphitic carbon, and the doped N species. The high
ORR activity of the defective carbon nanocages (better than that of the B-doped carbon nanotubes and comparable to that of
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(c)

Fig. 4.108 (a) TEM and (¢) HRTEM image of magnetic carbon nanocages before acid treatment; (b) TEM and (d) HRTEM image of magnetic
carbon nanocages after acid treatment. (Reproduced with permission of Hindawi)
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Fig. 4.109 Schematic illustration of the synthesis of NC@Co-NGC DSNCs. (a) The growth of core—shell-structured ZIF-8 @ZIF-67 crystals by
epitaxial growth of ZIF-67 on preformed ZIF-8 polyhedral nanoparticles. (b) The formation of NC@Co-NGC DSNCs by annealing the core—shell
ZIF-8@ZIF-67 crystals in flowing N, at 800 °C, followed by acid washing. (Reproduced with permission of the Wiley)

the N-doped carbon nanostructures) was attributed, using DFT calculations, to pentagon and zigzag edge defects (Fig. 4.110)
[285]. The carbon nanocages prepared at 700 °C presented a quite good ORR performance with a high onset potential of
~0.11 V versus the normal hydrogen electrode in a 0.1 mol/L KOH solution. Significant contribution of the intrinsic carbon
defects to ORR activity was demonstrated.

Other uses are related with such properties of nanocages as adsorbents, sensors, and materials for supercapacitors. Thus,
the hierarchical carbon nanocages (hCNC) were proposed as high-rate anodes for Li- and Na-ion batteries [286]. For the same
purpose (Li-ion batteries), carbon nanocage-supported synthesis of V,0s nanorods and V,0s5/TiO, nanocomposites was
carried out by a carbon nanocage (CNC)-assisted growth process, using vanadium triisopropoxide oxide and titanium
isopropoxide precursors in air at 500 °C [287].

Large-pore cage-type mesoporous carbon nanocages, abbreviated by authors as CKT (carbon from KIT-5) using 3D large
cage-type face-centered cubic Fm3m mesoporous silica materials (KIT-5) as inorganic templates prepared at different
temperature [288], showed high adsorption capacity for amino acid (histidine), flavonoid (catechin), vitamin (vitamin E,
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Fig. 4.110 Defect models
used for theoretical calcula-
tions. (a) Pentagon (high-
light). (b) Hole. (c) Zigzag
edge. (d) Armchair edge.
The gray and white spheres
represent C and H atoms,
respectively. (e) Schematic
structural characters of the
carbon nanocages.
(Reproduced with permis-
sion of the American Chem-
ical Society)

4 Less-Common Carbon Nanostructures

a-tocopherol), endocrine disrupter (nonylphenol), and enzyme (lysozyme) and other biomolecules (Fig. 4.111). Carbon
nanocage can also be useful for entrapment of harmful aromatic molecules [289]. Also, a thin-walled graphitic nanocage
material with well-developed graphitic structure, large specific surface area, and pronounced mesoporosity was synthesized
and used to construct a sensing interface for an amperometric glucose biosensor, showing a high and reproducible

sensitivity [290].

4.4.2 Nanoboxes
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Fig. 4.111 (a) Schematic
illustration of preparation of
the carbon nanocage and (b)
schematic illustration of
adsorption experiment.
(Reproduced with permis-
sion of Springer)
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Among several other carbon nanostructures, the nanoboxes were recently reviewed [291]. Main applications correspond to the
catalytic and electrochemical areas too, as well as for other nanocage-like structures above. They are normally prepared from
organic carbon-rich compounds and metal-containing frameworks, although a direct conversion of carbon dioxide can also
lead to shape-controlled formation of nanocarbons [292]. As an example, N-doped porous and highly graphitic carbon
nanobox-supported Fe-based nanoparticles (Fe-N-CNBs) were prepared from fructose, NH3, and FeCl; by a self-propagating
high-temperature synthesis process (Fig. 4.112) followed by a heat treatment process and used as ORR catalysts, showing to
have a similar efficiency than expensive Pt/C catalyst in Zn—air batteries [293].

Multicomponent MoS,/CoeSg/C hollow nanocubes, solvothermally produced (Fig. 4.113) and subjected to a subsequent
calcination process [294], showed high capacity, rate capability as the anode of sodium-ion batteries, and further potential
usage for energy storage devices. Hybrid core—shell nanoboxes CoSe @CNBs (CoSe-enriched inner shell is located within a
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Fig. 4.112 The synthesis
process of the Fe-N-CNBs
electrocatalysts.
(Reproduced with permis-

sion of the Royal Society Alr
of Chemistry) Graphiti¢
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Fig. 4.113 Illustration of the formation of the MoS,/CogSs/C nanobox by a solvothermal method and a subsequent calcination process.
(Reproduced with permission of the Royal Society of Chemistry)

Fig. 4.114 Schematic illus-
tration of the formation pro-
cess of CoSe@carbon
nanoboxes: (I) formation of
CoSe,/carbon nanoboxes by
annealing ZIF-67 nanocubes
and Se powder at 350 °C
for 2 h in a nitrogen atmo-
sphere and (II) the growth
of CoSe@carbon nanoboxes
by further annealing CoSe,/
carbon nanoboxes at 600 °C
for another 2 h in a nitrogen
atmosphere. (Reproduced

Trrrpressetesesesesese

&
i

S -nudd.....-._.....
with permission of Wile et e et % et e
p ! ZIF-67 b CoSe,/carbon CoSe@carbon
nanocubes nanoboxes nanoboxes

carbon-enriched outer shell) were synthesized through manipulation of the template-engaged reaction between Co-based
zeolitic imidazolate framework (ZIF-67) nanocubes and Se powder at 350 °C (Fig. 4.114) [295]. These nanoboxes showed
excellent lithium-storage performance in terms of high specific capacity, excellent cycling stability, exceptional rate
capability, and high initial Coulombic efficiency.
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4.4.3 Nanocapsules

Capsule-like nanostructures™® for carbon have become widespread during last decade. They can be hollow or metal-filled
(main attention is paid nowadays to the last type), possessing simple or core—shell structures. Despite their similarity with
nanocubes and nanoboxes, there are several differences in their synthesis, for example, more frequent use of arc-discharge
methods. However, classic thermal methods as pyrolysis are also common. Thus, controlled synthesis of uniformly shaped
carbon hollow structures was carried out by an ethanol-assisted thermolysis of zinc acetate [296]. It was revealed that the
generated zinc oxide nanostructures acted as in situ templates to form (reactions 4.10—4.12) the carbon hollow structures
{nanospheres, nanocapsules (Figs. 4.115, 4.116, and 4.117), nanorods, and microtubes}. These as-synthesized carbon hollow

Fig. 4.115 TEM images of carbon nanocapsules prepared by ethanol-assisted thermolysis of Zn(Ac), at 600 °C for different times: (a) 3 h, (b) 6 h,
(c) 24 h, and (d) 48 h. (Reproduced with permission of the American Chemical Society)

28The nanocapsule images above are reproduced with permission of Elsevier Science (left, Materials Chemistry and Physics, 2010, 122, 164—168)
and Hindawi (right, Journal of Nanotechnology, Volume 2012, Article ID 613746, 6 pp.).
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Fig.4.116 SEM and TEM images of the samples obtained by ethanol-assisted thermolysis of Zn(Ac),, which was first heated at 400 °C for different
times and then heated to 600 °C for 12 h. (a, b) 1 h, (¢, d) 3 h, and (e, f) 6 h. (Reproduced with permission of the American Chemical Society)
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Fig. 4.117 Schematic representation of the possible formation mechanism of the carbon hollow structures by ethanol-assisted thermolysis of
Zn(Ac),. (Reproduced with permission of the American Chemical Society)
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structures exhibited excellent thermal and structural stability to temperatures as high as 1200 °C. Another example of hollow
capsules is monodisperse hollow core—shell carbon nanocapsules (<200 nm) with mesoporous shells, prepared by coating
their outer shells with silica to prevent aggregation during their high-temperature annealing [297] (starting material,
monodispersed silica nanoparticles; carbon source, octadecyltrimethoxysilane). The drug-loading and drug-release properties
of these hollow carbon nanocapsules were also investigated.

CH;CO0ZnOOCCH; — ZnCO3 + CH3COCHj; (4.10)
ZnCO; — ZnO + CO, (4.11)
In presence of ZnO: mCH3;COCH; + nCH;CH,OH — ZnOQC structures + (2m + n)H, + (m — n)H,0 (4.12)

Magnetic metals, their oxides, and carbides are the center of attention in developing core—shell carbon nanocapsules, due to
many catalytic and electrochemical applications. Thus, decomposition of hydrocarbons (methane, ethane, and ethylene) on
the nickel catalyst led to the formation of many disordered carbon structures and Ni nanocapsules coated with a graphite layer
[298]. Electromagnetic wave absorption properties of FeNiMo/C nanocapsules with FeNiMo nanoparticles as cores and
carbon as shells were studied [299]. These nanocapsules, synthesized by arc-discharging Fe;;Ni;oMo, (at.%) alloy in
ethanol, exhibited outstanding reflection loss (RL < —20 dB) in the range of 13—17.8 GHz with an absorber thickness of
1.7 mm, and an optimal RL of —64.0 dB was obtained at 13.2 GHz with an absorber thickness of 1.9 mm. The excellent
electromagnetic properties were ascribed to the good match between high permeability from the core of FeNiMo nanoparticles
and low permittivity from the special core—shell microstructure in the FeNiMo/C nanocapsules.

Fe-filled core—shell carbon nanocapsules (<40 nm; shells, deformed graphite layers; core, a-Fe and y-Fe in the form of
single crystals, Fe;C) with a narrow size distribution and high magnetization were synthesized by a discharge in ethanol
[300]. A MgO-filled rectangular carbon nanocapsules (40-60 nm) were fabricated by pyrolyzing acetonitrile with the
assistance of MgO and a small quantity of Fe** [301]. A small quantity of Fe catalysts plays an important role in their
growth. Carbon-encapsulated Fe;O,4, y-Fe;Os, and Fe nanostructures were prepared using FEOOH as a precursor and
carbon nanocapsules as nanoreactors via controllable thermal transformation processes [302]. The magnetic property
investigation revealed that all these nanostructures exhibited ferromagnetic behavior with quite high saturation magnetiza-
tions. Nanoparticles of iron carbides wrapped in multilayered graphitic sheets (carbon nanocapsules, 100-200 nm) were
made by electric plasma discharge in an ultrasonic cavitation field in liquid ethanol, purified by selective oxidation and
magnetic separation, and covered with PEG [303]. Also, Fe;C-encapsulated carbon nanocapsules and carbon nanotubes
were synthesized from Cgg-saturated toluene solution and a solution of 2-propanol containing ferric nitrate nonahydrate
(Fe(NO3)3-9H,0) yielding iron-(Fe-)doped Cgy nanowhiskers, which were converted to the final product by heating at 1173 K
[304]. In addition, core—shell-structured nanocapsules consisting of a nickel ferrite (NiFe,O,4) nanoparticle core encapsulated
in an onion-like carbon (C) shell were prepared by a modified arc-discharge method followed by an air annealing process and
used in lithium-ion batteries retaining the NiFe,O4/onion-like C morphology after 500 cycles [305].

For the case of nonferrous metals, carbon-coated Cu nanocapsules were synthesized by an arc-discharge method, and the
paraffin-Cu/C nanocapsule composite showed excellent electromagnetic absorption properties [306]. Starting with graphitic
carbon nitride g-C3N, and Co(CH3;COO),-4H,0 as precursors and as the only reactants (Fig. 4.118), Co nanoparticle-
encapsulated N-doped carbon nanocapsules with a tetragonal microstructure (Fig. 4.119) were prepared without any template

Co-N-C
Tetragonal Microstructures

g-CaN,
Co(CH,C00),- 4H,0

Fig. 4.118 Schematic illustration of the preparation of Co—-N—C tetragonal microstructures. (Reproduced with permission of the Royal Society of
Chemistry)
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Fig. 4.119 (a) SEM image of the as-prepared sample Co-N—C-0.4. The inset in (a) shows a single tetragonal microstructure. (b—d) TEM images,
(e) HRTEM image, and (f) STEM image of the sample Co—N—C-0.4. (g—i) Elemental mapping images of carbon, nitrogen, and cobalt, respectively.
(Reproduced with permission of the Royal Society of Chemistry)

[307]. This stable catalyst showed excellent catalytic performance for both the ORR and OER. We also note that in situ
oxidation of similar carbon-encapsulated cobalt nanocapsules (prepared from metallic cobalt and ethanol by modified
arc-discharge technique) allowed to create highly active cobalt oxide catalysts (Fig. 4.120) for hydrocarbon combustion [308].

Possibility of solubilization and dispersion of nanocarbons, together with their toxicity [309], is an important aspect related
with biomedical applications, among others. In case of nanocapsules, the solubility of nanospherical carbon nanocapsules was
improved (Fig. 4.121) by using platelet-like clays (fluorinated mica, sodium montmorillonite, and synthetic smectite)
[310]. We note that the second effective dispersing agent was also used for solubilization of CNTs [311]. This is a
representative example on how 2D nanomaterials revealed powerful ability to redistribute or block the aggregated OD or
1D nanomaterials improving their “solubility.” Water-dispersible carbon nanocapsules were also produced from a glycine
solution by generating a pulsed arc discharge on the surface of the glycine solution under pressurized argon (Fig. 4.122) [312].

In addition to the applications above, carbon nanocapsules are used for chemotherapeutic delivery (cisplatin@US-tube
carbon nanocapsules) [313], for imaging (radiometal-filled nanocapsules (**Cu)) [314], for multifunctional superhydrophobic
coatings (on the basis of mesoporous carbon nanocapsules with polyvinylidene fluoride) [315], and even for such
nontraditional purposes (for the case of nanocarbons) as production of poly(D,L-lactic acid) nonwoven nanofiber mat [316].
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Fig. 4.120 Scheme for the transformation process of the Co30, catalyst. (Reproduced with permission of the Nature)
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Fig. 4.121 (a) Conceptual diagram of dispersing carbon nanocapsules by nanoshaped exclusion. (b—e) FESEM of CNC-Mica mixture after
pulverized. (Reproduced with permission of the American Institute of Physics)



204 4 Less-Common Carbon Nanostructures

Cylinder copper
®1.00 mm > /\1 J ﬁ,

DC pulse supply unit
argon gas
—
<—insulator

[ polyether ether -

e% Anode | ketone |
Cathode spot \
]3mm

100 g/L glycine solution

7.0 mL Ill
|

Fig. 4.122 Schematic of experimental apparatus to obtain water-dispersible carbon nanocapsules. (Reproduced with permission of Springer)

4.5 “Nanovegetation” World

4.5.1 Nanotrees in General
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Fig. 4.123 Carbon tree-like
nanostructures, obtained in
porous silicon sample
[318]. (Reproduced with
permission of the Elsevier
Science. Borrowed from
Micron, 2009, 40, 80-84.)

Tree-like is a relatively frequent nano- and microstructural type, obtained for a series of inorganic compounds, mostly for
silicon, silica, and carbon. Generally, nanotrees”® are closely related to nanowires, which are modified with branches,
sometimes they are produced from them [317], and can appear together with other nanostructures. Beautiful porous carbon
tree-like nanostructures (Fig. 4.123) were obtained [319] (as well as SiC above) by electron-beam-induced deposition method
using a TEM in poor vacuum conditions where hydrocarbons (being attracted to the substrates by the local electric fields) were
present in the chamber. The authors found that the adequate ion dose to create well-defined sawtooth nano-patterns was
between 8 and 10 nC/mm?. A high concentration of sp? sites in nanostructures was revealed suggesting that they were made of
graphite-like hydrogenated amorphous carbon. Y-junction hollow carbon nanotrees (with close-ended branches but open-
ended roots, length ~5 pm, an average external trunk diameter of ~500 nm, branch diameters ranging from 70 to 100 nm, and
wall thickness ranging from 24 to 30 nm) were obtained in a 90% yield by the reaction of ferrocene with 1,2-dichlorobenzene
at 180 °C [320]. A simple and effective method based on Coulomb effect for separating SWCNTs from their bundles was
developed [321]. The separated SWCNTSs were radially distributed at the end of the original bundle and finally formed a
nanotree (Fig. 4.124). The formation mechanism was proposed to be Coulomb explosion. As an important application of
carbon nanotrees, the fuel cell, equipped with an anode and/or a cathode containing carbon-metal nanotree catalysts
consisting of CNT trunks having a plurality of highly oriented carbon nanotube branches, where a metal is attached on
inner and/or outer surfaces of the tubes [322], provided high-power generation efficiency by accelerating catalytic functions.

Y- (two-branched carbon nanofibers are connected to a short graphite nanorod supporting them) and comb-type (a second
generation of carbon nanofibers nucleate on the inclined carbon nanorods to form a comb-like nanotree, where several parallel
carbon nanofibers are lined up) crystallized carbon nanotrees (Fig. 4.125) with continuous connections of the branches were
formed from branched carbon nanofibers grown by plasma-enhanced CVD [323]. It was revealed that the splitting of large
catalyst particles is required for both kinds of nanotrees, whatever the involved growth mechanism. Stepwise formation of
branched carbon nanotrees is shown in Fig. 4.126.

2The nanotree image above is reproduced with permission of the American Chemical Society (Nano Lett., 2009, 9(1), 239-244).
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Fig. 4.124 Typical
nanotree image of SWCNTs
formed at the breaking
points of SWCNTSs bundle.
(Reproduced with
permission of the American
Chemical Society)

Fig. 4.125 First row: bright field TEM images of branched carbon nanotrees taken at low magnifications. (a) A Y-type nanotree with parallel CNF
branches; (b) a carbon nanotree with three branches; (¢) a Y-type nanotree with one inclined CNF branch; (d) a comb-type nanotree with eight
parallel CNF branches. Second row (e-h): enlarged TEM images of the branching regions of the carbon nanotrees from the first row. The triangle
particle at the lower part in (g) is tilted to the [110]y; direction, as seen in the inserted EDP. (Reproduced with permission of the Royal Society of
Chemistry)
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(@)

Fig. 4.126 A schematic diagram of the process of generating branched carbon nanotrees. First row (a—f): the different steps of the formation of a
Y-type connection with parallel CNF branches. Second row (g-K): the different steps of the formation of a comb-type connection. The splitting of
the large particles is found to be the primary reason for the formation of branched CNFs. (Reproduced with permission of the Royal Society of
Chemistry)

4.5.2 Nanopalms

Nanopalm-like carbon-containing trees are practically unknown. Silica nanowires (diameters in the range of 15-49 nm and
lengths up to 500 nm), obtained by electron-beam irradiation on porous silicon films, were exposed to poor vacuum conditions
in which carbon aggregation from the surrounding gas was promoted by the local electric fields enhanced at the tip of the silica
wires, leading to heterostructures showing a nanopalm-like shape (see figure above) [324, 325].
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4.5.3 Nanoleaves

Leaf-like nanostructures are known mainly for metal oxides, although some metals, intermetallic compounds, and metal salts
have been also reported, as well as carbon. On the basis of the facts that . . .nature always gives us inspiration. . .. It is well
known that a ‘leaf’ can be simply considered as a hierarchical structure of leaf-blades and leaf-veins coupled with many
branches. This exquisite structure ensures that moisture and nutrients are very quickly and adequately delivered to the whole
blade through the veins” [326], L. Chen et al. asked the question of whether CNTs can be simulated into leaf-like structures
with structural controllability through simple processing. As a result, carbon nanoleaf framework, possessing low density,
large surface area, and good conductivity, was fabricated (Fig. 4.127) using MWCNTs as a single precursor useful for ORR
catalysis. The carbon nanoleaves consisted of two building blocks (Fig. 4.128) in which 1D CNTs were bridged with 1D
graphene nanoribbons (GNRs). Various applications, such as supercapacitors, batteries, and oxygen sensors, were offered for
these nanostructures.

Highly integrated carbon nanofiber@nitrogen-doped graphene (CNF@NG) “vein-leaf” 3D complexes connected by
carbon—carbon bonds were prepared [327] (Fig. 4.129) from biomass (urea and bacterial cellulose) by thermal condensation
(calcination) and applied in the ORR exhibiting high activity, excellent tolerance to methanol, and superior stability in alkaline
solutions. Carbon nanofibers played the role of the skeleton and nitrogen-doped graphene as the leaf (Fig. 4.130).
The conductivity of the monolith of CNF@NG was a little bit higher than that of the bare CNF monolith, demonstrating
the advantage of such a “leaf vein” structure for electron transfer by following the principle of water transfer inside real leaves
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Fig. 4.127 Illustration of the synthetic route for two kinds of carbon nanoleaf aerogels (N-CNT@GNRs25-A and N-CNT@GNRs85-A) and the
reference sample (N-GNRs-A). The last image in each row shows the corresponding aerogel. (Reproduced with permission of the Royal Society of
Chemistry)
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Fig. 4.128 (a) HRTEM
image of as-prepared carbon
nanoleaf aerogels, in which
GNRs (graphene
nanoribbons) and CNT are
labeled. Scheme of (b) the
carbon nanoleaf bridged
structure (CNT@GNRs) for
enhancing electron transfer
and of (c) the interpenetrated
3D porous network for
facilitating mass transfer
(here exemplified with
molecular oxygen). (d) Nat-
ural pattern for facilitating
mass transfer in an actual
cluster of leaves.
(Reproduced with permis-
sion of the Royal Society

of Chemistry)

Fig. 4.129 The synthesis of
CNF@NG 3D complexes.
(a) The freeze-dried bacte-
rial cellulose (BC) monolith
(white rods) with an
interpenetrating 3D network
structure. (b) The carbon-
ized BC (CNF, black rods)
wrapped by the g-C5N, sac-
rifice template (yellow) after
thermal condensation of the
mixture of BC and urea at
600 °C resulting in the
CNF@g-C;N, hybrid. (c)
The CNF@NG was released
after removal of g-C3Ny4 by
heating at 900 °C. (d) The
amplified view of
CNF@NG. Carbon atoms
are black or gray, and nitro-
gen atoms are green.
(Reproduced with permis-
sion of Wiley)

209

(Fig. 4.130c). In addition, carbon 2D and 3D nanoflowers, prepared on silicon (111) substrates by plasma-enhanced CVD,
using CH,, H, and Ar as reactive gases in the presence of Fe catalyst, were formed by various nanoleaves (2D, related closely
to the flux ratio of gas and the reaction pressure) or hundreds of nanofibers (3D, depended mainly on the growth

temperature) [328].
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Fig. 4.130 Structural and morphological characterization of the catalyst. (a) HRTEM images of CNF@NG, CNF, and NG are labeled. (b)
Compositional line profile across the CNF@NG. (¢) Scheme of CNF@NG “vein-leaf” complex structure for enhancing the electron transfer.
(Carbon atoms are black or gray, and nitrogen atoms are green.) (d) EIS spectra of CNF@NG, NG, and CNF in O,-saturated KOH solution
(0.1 mol L™"). At a low frequency, the steeper slope indicated favorable transport. (€) Scheme of the complex interpenetrated 3D network structure
of CNF@NG, which facilitates the mass transfer (here exemplified with molecular oxygen). (Reproduced with permission of Wiley)

4.5.4 Nanoforests
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The nanoforests on the basis of carbon nanotubes belong indubitably to the most studied forest-like structures among other
compounds, whose number is certainly limited, and have got useful applications. The CNTFs’ peculiarity, in comparison with
other carbon and non-carbon species, is that the forests of carbon nanotubes are currently known as the darkest artificially
produced materials [329], being able to adsorb the entire visible range of electromagnetic wave much more efficiently than
any other black material. They exhibit near-perfect optical absorption (reflectance~0.045%) due to low reflectance and
nanoscale surface roughness. At the same time, carbon nanotubes are able to reflect light like a mirror when the CNTs in the
forests are mechanically bent and flattened with proper control [330]. Under a controlled mechanical processing of the CNTs,
the mirror-like reflection from the processed area with 10%—15% reflectivity was observed, having possible applications for
fabrication of monolithically integrated reflector-absorber arrays.

Carbon nanotube forests may include “regular” [331], bamboo-like [332], helical [333], and branched structures, as well as
a CNT forest-on-forest, where the number of layers in such a system can vary from 1 [334] to 2 [335], 4 [336], 8 [337], and
even 40 [338], and second- and third-order CNT forest structures [339, 340]. Integrated simulation of active carbon nanotube
forest growth, the diverse CNT forest morphologies, and mechanical compression is discussed in a recent report [341]. In
particular, CNT forest morphologies may be generally aligned to the growth axis or highly tortuous, with persistently wavy
CNTs intermixed with aligned and straight carbon nanotubes. This depends on the height of CNT forest, the CNT diameter,
surface density, and growth conditions. The length of some CNTs may exceed the height of the carbon nanotube forest;
different CNTs in the same nanotube forest can be different in tortuosity and length. Comprehensive information on CNT
forests is present in a highly recommended excellent comprehensive recent review [342], citing 679 references. This shows an
increasing interest to this type of nanostructure having a variety of applications, from catalysis to biosensors.

Synthesis In general, CNT forests can be synthesized by catalytic pyrolysis on supported catalysts as described below, using
various versions of the CVD method [343-345], by the template method with Al,O3; membranes, by graphite sputtering (this
technique is used much more rarely), by electrophoresis or dielectrophoresis of CNTs from dispersions [346, 347], and by
chemical grafting of CNTs onto substrates [348]. Particular aspects of methods for the synthesis of CNTFs are mentioned in
several reviews [349, 350]. Among them, we note a wide use of mono- and polymetallic catalysts and supports for their
preparation, mainly at high temperatures and using acetylene (reactions 4.13-4.17) as carbon source {although ethylene
mixtures with H, [351] (the equipment is shown in Fig. 4.131) or C,H4/H,/H,O/Ar [352] were used}. Thus, the growth of
dense CNT forests on some metallic layers (Mo, Ta, W, and Ir) by thermal decomposition of C,H, diluted in NH; was studied
[353]. The growth process and resulting structure of CNT forests were shown to depend on metal substrates, process duration,
temperature, and thickness of the stabilizer (Al). In a related report [354], dense CNT forests (height of ~300 nm and a mass
density of 1.2 g-cm>) were prepared on copper support at 450 °C, using Co/Al/Mo multilayer catalyst. The nanotubes
exhibited very narrow inner spacing. Main characteristics of the formed material are high thermal effusivity and a thermal
conductivity, suitable for possible uses in heat dissipation devices.

Another classic example consists of vertically aligned SWCNT forest, grown using FePt alloy particles on a MgO substrate
[355]. Sometimes, metal-based catalyst should be additionally activated prior to use. Thus, an oxidative pretreatment of Fe,
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Fig. 4.131 Obtaining CNT forest by CVD method. (Reproduced with permission of the American Chemical Society)
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Co, or Ni growth catalyst on SiO, support can be used to switch the growth mode of CNTs from tip growth to root growth
[356]. Dense vertically aligned nanotube forests can be grown this way. The oxidative treatment effect was explained by
appeared strong interaction “catalyst-support (SiO,),” limiting the surface diffusion, sinterization of catalyst NPs, and their
binding to the surface of SiO,. In addition, vertically aligned small diameter (single- and few-walled) carbon nanotube forests
were also grown by thermal CVD over the temperature range 560-800 °C and 10 to 14 mbar partial pressure range, using
acetylene as the feedstock and Al,O;-supported Fe nanoparticles as the catalyst [357]. The following mechanism of their
formation (Fig. 4.132) is described by reactions (4.13—4.17); alternative mechanism is shown in Fig. 4.133 [358]. Curiously

Fig. 4.132 Schematic of o = Yo
CNT growth process.

(Copyright. Reproduced
with permission of the ; dissociation
American Chemical Society) adsorptlon

surface
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Self-organization Steady growth Density decay Termination

Fig. 4.133 Collective growth mechanism of a CNT forest: (a) growth stages and SEM images of (b) tangled crust at the top of forest, (c) aligned and
dense morphology near the top of a self-terminated forest, (d) less aligned and less dense morphology in the lower region of a self-terminated forest, and
(e, f) randomly oriented morphology at the bottom, induced by the loss of the self-supporting forest structure. (Reproduced with permission of the
American Chemical Society) (g) View of a coexistence of sinuous-like and almost straight carbon nanotubes in the same image. (Authors’ own data.)



4.5 “Nanovegetation” World 213

(Fig. 4.133g), nanoforest zones consisting of sinuous (Fig. 4.133g, left section, up) and almost straight (Fig. 4.133g, right
section, down) carbon nanotubes can be sometimes formed at the same bulk growth conditions.

CoHy gos & CoHy s (4.13)
CoHy ags < 2CHaqs (4.14)
CHags < Cads + Hads (4.15)
2Hags — Hogas (4.16)
Cats — Conr (4.17)

In addition to metals above as supports, CVD-assisted formation of a dense CNTs (length 13-14 mm and diameter of
10-100 nm) forest is known using spin-coated iron oxide (Fe,O3) thin film on Si substrate starting from a mixture of
acetylene, hydrogen, and nitrogen for 45 min at 700 °C [359]. Also, vertically aligned ohmic-conductive carbon nanotube
forests were grown on TiSiN refractory conductive films and reached area densities of (5.1 = 0.1) x 10 [12] tubes cm % and
mass densities of approximately 0.3 g-cm > [360]. The above support had a function as a diffusion barrier; the resulting
nanoforest grew according to the root growth mechanism. An additional discontinuous AlO, layer, inhibiting catalyst
nanoparticle sintering, allowed maximizing the CNT area density. Highly porous and conductive ZnO/C core—shell hexagonal
nanosheets (HNS) nanoforests (Fig. 4.134) were fabricated through the direct decomposition of zinc acetate dihydrate in a
sealed thermolysis stainless steel vessel at 400 °C without using a catalyst, solvent, or template [361] according to the
reactions 4.18—4.21 at heating conditions. The final ZnO/C core—shell structure was then formed by the deposition of carbon
onto the ZnO surfaces. The formed nanomaterial could possess practical utility of the materials in dye-sensitized solar cells,
nanocrystal photovoltaic devices, white light emitters, and white light photocatalyst applications.

Zn(CH3COO0), - 2H,0 — Zn(CH3COO0), + 2H,0 (4.18)
4 Zn(CH5COO0), + 2H,0 — Zn;O(CH;COO0), + 2CH;COOH (4.19)
Zn4O(CH;COO), + 3H,0 — 4ZnO + 6CH;COOH (4.20)
Zn4O(CH;CO0), — 4ZnO + 3CH3;0CH; + 3CO, (4.21)

To optimize high-temperature growth of CNTFs, several studies have been carried out, since an important obstacle of CNT
fabrication in industrial mass production is the growth efficiency. Thus, for the case of C,H, as precursor in water-assisted
CVD, it was established [362] that, for 10 min. optimum growth conditions, SWCNT forests with ~350 pm/min initial growth
rates, ~2500 pm height, and extended catalyst lifetimes could be reached by increasing the dwell time to ~5 s. It demonstrated
the generality of dwell time control to highly reactive gases. In another research, in order to tune the CVD growth of CNT
forests (DWCNTSs or SWCNTs) on wafers, introduction of CO, is a simple and controlled way [363]. When its concentration
grows, the CNT forests are transformed as follows: CNT forests — radial blocks — bowl-shaped forests. It is possible to
control the diameter distribution and wall number of the CNTs this way. At 36.8 mol% of CO,, the content of SWCNTSs in the
forest was found to be 70%. Also, under increased CO, concentration, a smaller diameter and decreased wall number for
CNTs were revealed. It was suggested that CO, could be as a weak oxidant and generates water. Among other synthesis
methods [364] for CNTFs, we note high-voltage electrophoretic deposition (HVEPD), used to obtain forests of aligned
MWCNTs on long strips of conductive substrates [365].

Special Studies of CNTF Internal Structure and Other Properties XPS analysis of a CVD-grown forest of MWCNTs using
monochromatic Al Ka radiation showed essentially only carbon presence (1 s peak at 284.5 eV) [366]. In order to evaluate
properties of the “internal content” of CNTFs, the precise and continuous control method for the average diameter of
SWCNTs in a forest ranging from 1.3 to 3.0 nm with 1 A resolution was offered [367]. This control was reached through
tuning of the catalyst state (composition, size, and density) applying arc plasma deposition of nanoparticles. These results
showed a direct relationship between the achievable height and the diameter of SWCNTSs. On their basis, the fundamental
difficulty in fabrication of tall and small diameter SWCNT forests was suggested. In addition, the internal nanostructure of the
CNT forest, consisting of mostly empty space between the nanotubes, allows to capture photons effectively yet allows electrons
to escape easily (Fig. 4.135) [368]. This makes possible to use CNT forests in ranging from photocathodes to solar cells.

Vertically aligned CNTs possess a peculiarity of waviness, regardless of the control of their fabrication process. Study of
this phenomena showed [369] that the inherent waviness is the main mechanism by which the effective modulus of CNTs is



Fig. 4.134 SEM images
obtained during the growth
of the ZnO/C core—shell
HNS nanoforests at 400 °C
as a function of time. (a)
Tower-like rods formed
upon heating over 10 h.

(b) Sheets grew from the
rod-like towers over 12 h.
(¢) The number of sheets
that formed increased after
14 h. (d) The rods split into
nanosheets at 15 h. (e, )
Nanosheets that resembled
a forest formed after 17 h.
(e) shows a magnified image
obtained from f. (g) The
sizes and shapes of the
nanosheets developed fur-
ther up to 18 h. (h) Com-
plete growth of the HNS
nanoforest was achieved
after 20 h. (Reproduced with
permission of Springer)

Fig. 4.135 (Left) A photo of a carbon nanotube forest over 2 mm tall and 5 mm on each side (note the silicon substrate with a thickness of 0.5 mm),
effectively forming a macroscopic object. Inset is a scanning electron micrograph of the sidewall of the forest, showing the overall alignment of the
nanotubes and the significant internanotube distance. (Right) A schematic of the experiment, showing the electrons exiting from the sidewall of the
forest, as well as those emerging from the top surface of the forest. (Reproduced with permission of the American Chemical Society)
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Fig. 4.136 Schematic of synthesizing SWCNT forests by tailoring Fe thin film thickness and formation temperature. (Reproduced with permission
of the American Chemical Society)

reduced by several orders of magnitude. The high compliance of forests of carbon nanotubes was found to be because of the
inherent waviness of individual CNTs and not necessarily due to bending and buckling of CNTs. The mechanical compression
effect on the thermal conductivity of the closely aligned parallel SWCNT forest was investigated by molecular dynamics
simulations [370]. Among other findings, the thermal conductivity was shown to be linearly enhanced by increasing compression
before the buckling of SWCNT forests. At the same time, the thermal conductivity decreases quickly with further increasing
compression after the forest is buckled. The intertube van der Waals interaction is strengthened by the compression, and the
smoothness of the intertube interface is maintained during compression. In addition, buckling-driven delamination of CNT forests
from their growth substrates when subjected to compression was revealed [371]. It was postulated that the post-buckling tensile
stresses, being developed at the base of the CNT forests, serve as the driving force for delamination. Also, the fundamental
dependence electrical conductance and thermal diffusivity on the diameter and defect level for aligned SWCNT forests
(fabrication scheme see Fig. 4.136) was evaluated [372]. It was definitively concluded that high thermal diffusivity and electrical
conductance would be extremely difficult to simultaneously reach by a single SWCNT forest structure using CVD technique.

Liquid flow slippage over superhydrophobic surfaces made of CNT forests, incorporated in microchannels, was also
studied [373]. We need to note that CNTF composites with highly hydrophobic properties can be created by special methods.
Thus, a stable superhydrophobic surface was created using the nanoscale roughness inherent in a vertically aligned CNT forest
[374]. This became possible due to the use of a thin conformal hydrophobic polytetrafluoroethylene (PTFE), which coated the
surface of the CNTs. In this material, essentially spherical, micrometer-sized water droplets can be suspended on top of the
CNT forest. This effect could be explained on the basis that that the appearing difluorocarbene radicals may attach covalently
to the nanotube surface and subsequently polymerize from these sites. The product could get several applications, in particular
as fillers for nanocomposites and single-strand conductors in molecular electronics. Among other important studies, we
mention the linearized Gouy—Chapman—Stern theory of an electric double layer, generalized for morphologically complex
and disordered electrodes [375]; in particular its significance was illustrated for a forest of nanopillars. The theory allows
analyzing the effect of compact layer thickness, concentration, shapes, and their fluctuations, developing a general under-
standing of capacitance in complex interfacial systems.

Applications of CNTFs and their composites belong to a variety of areas, from academic to technical and medicinal. Thus,
CNT nanoforests, each with a thin conformal coating of dielectric, can provide an economic fabrication of sensitive and
uniform SERS templates [376]. CNTFs are also considered as particularly promising templates for the formation of porous
metal oxides (Al,O3, TiO,, V,0s, and ZnO) [377]. A bilayer Au—carbon nanotube composite (a vertically aligned MWCNT
forest, sputtered with an Au layer) was fabricated as a potential low-force electrical contact surface for possible applications in
MEM switching devices [378]. The penetration of Au atoms into the forest directly influences the electrical characteristics of
the composite, depending on loading conditions (the effective resistivities are in the range from 303 nQ2 m down to 54 nQ2 m).

Sensing uses are also common. Thus, a unique combination process of a sharp Si microneedle array and MWCNT forest was
developed and applied as a reference electrode for a nonenzymatic glucose sensing [379]. The registered sensitivity was found to
be 17.73 + 3 pA/mM-cm?. This electrode can be used for painless diabetes testing applications. Also, carbon nanofiber forests
(CNFFs) grown on glass microballoons are able to detect directly Plasmodium falciparum histidine-rich protein-2 (PfHRP-2)
antigen as low as 0.025 ng/mL concentration in phosphate-buffered saline [380]. This effect can be applied for early diagnosis of
malaria and other infectious diseases. Among technical applications, CNT forests have been revealed to reduce the access of
abrasive particles to compressible sealing elements of joints [381]. In addition, a spray-based coating technique was applied for
deposition of nanoscale coatings of polystyrene and poly-3-hexylthiophene onto carbon nanotube forests, being as a bonding
medium that produces thermal resistance by expanding the area available for heat transfer at CNT contacts [382].

Diamond-based nanoforests are known, in addition to CNTFs and CNFFs above. Thus, an electrode with 3D structure on
the basis of boron-doped diamond nanorod forest (BDDNF) was fabricated by hot-filament CVD method (HFCVD) method
(Fig. 4.137) [383]. In its preparation, the electroless metal deposition (EMD) method and HFCVD technique were combined
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Fig. 4.137 Plots of fabrication of the BDDNF. (Reproduced with permission of the American Chemical Society)
for growing the BDDNF on Si nanowires; as a result, a 2D B-doped diamond electrode was transformed to 3D analogue. This

electrode was found to exhibit a better selectivity and sensitivity for biomolecule detection (e.g., for glucose oxidation in basic
conditions) in comparison with conventional planar B-doped diamond electrodes.

4.5.5 Nanobushes

Nanobush®® structures are still rare for carbon. The CNTs were grown with bush-like nanostructures covered around the
micron-fibers or web-like nanostructures crossing between the fibers at different synthetic conditions [384, 385]. The
developed CNT-metal-filter had higher filtration efficiency without significant difference in pressure drop compared with
the conventional metal filter, which is because the CNTs function as the trap of pollutant nanoparticles.

4.5.6 Nanomushrooms

30The nanobush image above was reproduced with permission of the American Institute of Physics (Appl. Phys. Lett., 2006, 89, 223102).
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Mushroom-like nanostructures are known for a series of elemental substances, their oxides, nitrides, salts, polymers, as well as
their combinations. Carbon, traditionally obtained in a grand variety of nanostructures, can sometimes exist also as
nanomushrooms.”! Thus, two types of nanocarbons with a mushroom shape (of a conical tip, made from helically stacked
graphitic cones, and pyramidal tip, made from graphitic cups stacking to each other), having ~2 pm length and 0.5 ~pm
diameter, were found in common glassy carbon powder [386]. It was established that their diamagnetic behavior strongly
depends on both the temperature and the magnetic field. A facile thermal CVD method for fabricating dense and vertically
well-aligned bamboo-like CNT arrays on a Cu substrate from acetone was developed [387] resulting mushroom-like carbon
nanostructures, formed at 800 °C, and well-aligned CNTs, produced at 850 °C.

4.5.7 Nanoflowers

3 400nm
kL l

Nanoflowers™® (flower-like nanoparticles) [388, 389] are not currently reported so frequently, as, for example, nanowires
[390] or one of the hottest nanotechnology area — well-known carbon nanotubes. However, last decade the number of related
literature is being increased. Last years, a series of various nanoflower and nanoflower-like structures have been obtained,
frequently together or in equilibrium with other nanoforms, depending on reaction conditions. Nanoflower structure may
consist of such simpler nanostructures, as nanorods, nanowalls, or nanowires. Current and possible applications of
nanoflowers as optoelectronics devices or sensors, in catalysis, and solar cells caused a definite interest to them. Nanoflowers
obviously are at the initial stage of their research, and it is expected further intensive development of this area.

In respect of carbon itself, in addition to thousands of patents, books, and experimental and review articles, dedicated to
intensively studied carbon nanotubes and fullerenes, this element was obtained also in the nanoflower form. Thus, carbon
nanoflowers with graphitic feature were prepared at 650 °C with high yields using a reduction—pyrolysis—catalysis route using
glycerin as carbon source and magnesium and ferrocene as reductants and catalysts [391]. The obtained nanoflowers with a
hollow core had diameters ranging from 200 to 600 nm. In another report [392], iron was used as a catalyst for CNTs flowers
formation from a gas mixture of Ar and C,H, at a temperature range of 700-900 K for 300 s (5 min). Iron wire was sparked for
1, 2, 10, and 100 times to form iron dots/islands on the glass slides, where CNTs, composed of carbon with hexagonal
structure, were further grown. Also, carbon nanoflowers, among other nanostructures (fullerene, carbon nanopowders,
nanofibers, and nanotubes), were produced by carrying out a gas membrane microarc discharge on a cathode in an aqueous
solution (basic electrolyte, 0.01-2 mol/L solutions of mineral acids, bases, or chlorides) [393].

Flower-like carbon dots/manganese dioxide (CQDs/MnO,) nanocomposites with specific surface area of 168.8 m* g
were investigated as electrode materials for supercapacitors [394]. CQDs were found to be uniformly distributed on the
transparent petal of 8-MnO,. In addition, nitrogen-doped mesoporous hollow 3D carbon nanoflowers (N-HCNF, Fig. 4.138)
with high specific surface area (507.5 m* g~ ') were prepared (Fig. 4.139) by a facile hard-template route via a hydrothermal
process, subsequent carbonization, and etching [395] and recommended to be used as a potential anode material for lithium-
ion batteries. Their outstanding electrochemical performances were attributed to the N-doped carbon shell, large BET surface

—1

3IThe nanomushroom image above was reproduced with permission of the Royal Society of Chemistry (Chem. Commun., 2009, (24), 3615-3617.).
32The nanoflower image above was reproduced with permission of the American Chemical Society (J. Phys. Chem. B, 2005, 109, 10779-10785).
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Fig. 4.138 TEM images of (a—c) nitrogen-doped hollow carbon nanoflowers (N-HCNF). (d) HAADF-STEM image of N-HCNF and element
mappings of (e) C Kal, (f) N Kal. (Reproduced with permission of the Royal Society of Chemistry)
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Fig. 4.139 Schematic illustration of the synthesis process of nitrogen-doped hollow carbon nanoflowers (N-HCNF). (Reproduced with permission
of the Royal Society of Chemistry)
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area, and unique hollow flower-like nanostructure. For similar uses, Na-ion battery anodes and flower-like MoS,/C
nanospheres were fabricated [396].

4.5.8 Nanobougquets

The term “nanobouquets™> is a blurred (diffuse) one: corresponding nanostructures may be called quite differently.

Nanobouquets, which may be formed together with other nanostructures in varying synthesis conditions, can consist usually
not only of nanoflowers but also of nanowires, nanorods, nanotrees, and nanoplates. Carbon-based nanobouquets are little
known up to date. Thus, the nitrogen-doped carbon nanotube bouquets (Fig. 4.140) were synthesized by the pyrolysis of
nitrogen-containing ion-exchange resin [397]. The material shows excellent ORR performance after being supported by the Pt
nanoparticles, confirming the hypothesis that carbon supports doped with nitrogen improve catalyst support interactions by
improving dispersion, electrical conductivity, durability, and catalytic activity of the overlying Pt nanoparticles.

4.5.9 Broccoli-Like Architectures

A few reports have been dedicated to clearly expressed broccoli-like nano- and microparticles on carbon basis. Thus,
superhydrophobic polyvinylidene fluoride (PVDF/DMF/candle soot particle and PVDF/DMF/camphor soot particle com-
posite) porous materials were fabricated by combustion of precursors (Fig. 4.141) [398], yielding, in particular, broccoli-like
particles (Fig. 4.142c, d). Such hierarchical architecture combined with micro- and nano-scaled roughness of both formation
of nanocauliflower and nanobroccoli structure is schematically illustrated in Fig. 4.143. As-measured wettability property of
the obtained PVDF-based composite coatings revealed superhydrophobicity with water contact angle nearly touches 170°;
thus it was considered by authors as water-repellent materials.

3The nanobouquet image above was reproduced with permission of the http://radio-weblogs.com/0105910/2004/06/22.html
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Fig. 4.140 (a) A typical SEM image NCNT bouquets, (b) high-magnification SEM image of an individual NCNT bouquet in (a), (¢) TEM image of
NCNTs with open-end tip, (d) a close-up TEM image of the red square in c, (e) XPS spectrum, (f) high-resolution N1s XPS spectrum, and (g) the
schematic view of the approach for the synthesis of NCNT bouquets. (Reproduced with permission of the Elsevier Science)
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Fig. 4.141 Schematics for collection of soot particles of combustion of camphor and candle. (Reproduced with permission of the Elsevier Science)

Fig. 4.142 FESEM images of (a) nanocauliflower-like structure of PVDF/candle soot particles and (¢) FESEM images of nanobroccoli-like
structure of PVDF/DMF/camphor soot particle composite coating, (b and d) magnified surface morphology of nanocauliflower- and nanobroccoli-

like structure obtained from PVDF/candle soot and PVDF/camphor soot particles, respectively. (Reproduced with permission of the Elsevier
Science)
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Fig. 4.143 Schematic for the formation of (I) caulifiower-like hierarchical microstructure of PVDF/DMF/candle soot particle composite for
different quenching time (a) 48, (b) 96, and (c¢) 144 h, (II) broccoli-like hierarchical microstructure of PVDF/DMF/candle soot particle composite for
different quenching time (d) 48, (e) 96, and (f) 144 h. (Reproduced with permission of the Elsevier Science)

4.5.10 Nanograsses

Nanograss®* (as well as nanofur) is an example of dynamically tunable nanostructured surfaces, whose behavior can be
reversibly switched between superhydrophobic and hydrophilic states either actively, by the application of electric voltage, or
passively, in response to the change in environmental conditions such as humidity [399]. Such “superlyophobic” surfaces that
repel virtually any liquid even if the surface material by itself is highly wettable have potential applications in an exceptionally

3*The nanograss image above was reproduced with permission of the American Chemical Society (J. Phys. Chem.C, 2010, 114(7), 2936-2940.).
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broad range, including areas as diverse as self-cleaning coatings, controllable permeability membranes for portable power
generation, substrates for directed biological cell migration and differentiation, and hydrodynamic drag reduction surfaces.

Carbon nanoforms in nanograss forms are little known. Thus, boron-doped diamond (BDD) nanograss array was prepared
[400] simply on a heavily doped BDD film by reactive ion etching for use as an electrochemical sensor, which improved the
reactive site, promoted the electrocatalytic activity, accelerated the electron transfer, and enhanced the selectivity. In
particular, detection of catechol was performed on the as-grown BDD electrodes and the nanograss array BDD [401]. The
nanograss array BDD showed higher electrocatalytic activity toward the catechol detection than did the as-grown BDD. Good
linearity was observed for a concentration range from 5 to 100 pM with a sensitivity of 719.71 mAM ™' cm ™2 and a detection
limit of 1.3 pM on the nanograss array BDD. Various morphologies of CNTs such as individuals, random networks parallel to
the surface of the substrate (“grasses”), and vertically aligned forests of single- and multiwalled carbon nanotubes were
CVD-grown by varying the nominal thickness of cobalt catalyst under the same reaction condition [402]. Longer growth time
increased the CNT length, which caused further change in CNT morphologies from individuals to grasses and grasses to
forests. Additionally, CNT nanograss is applied as gamma detector [403].

4.6 “Nanoanimal” World

4.6.1 Nanoworms

Several carbon nanostructures are known in worm-like*> forms, which are frequently formed together with various other
structures at the same time depending on reaction conditions. Thus, high-purity (99.21 wt.%) helical carbon nanotubes
(HCNTs) were prepared in large quantity over Fe nanoparticles (fabricated using a coprecipitation/H, reduction method) by
acetylene decomposition at 450 °C, together with worm-like carbon nanotubes (CNTs) as well as carbon nanocoils (CNCs,
produced in large quantities), if H, was present throughout acetylene decomposition [404]. Since the HCNTs and worm-like
CNTs were attached to Fe nanoparticles, the nanomaterials were found to be high in magnetization. Pyrolysis of ruthenocene
carried out in an atmosphere of argon or hydrogen was found to give rise to spherical carbon nanostructures, in particular
worm-like carbon structures (Fig. 4.144) [405]. Worm-like expanded structures (graphite flakes) (Fig. 4.145) are commonly
observed in expanded graphite intercalated compounds. Also, properties of graphene wormholes in which a short nanotube
acts as a bridge between two graphene sheets, where the honeycomb carbon lattice is curved from the presence of
12 heptagonal defects, were studied [407].

35The nanoworm image above was reproduced with permission of the American Chemical Society (J. Phys. Chem. C, 2008, 112(1), 106-111).
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Fig. 4.144 (a) SEM image of carbon structures prepared by pyrolysis of ruthenocene with a mixture of argon (150 sccm) and ethylene (50 sccm)
bubbled through thiophene at 950 °C and (b) shows the TEM image of these structures. (Reproduced with permission of Springer)

Fig. 4.145 Worm-like
expanded structures (graph-
ite flakes) commonly
observed in expanded
graphite intercalated com-
pounds [406]. (Reproduced
with permission of Taylor &
Francis)

An interesting worm-like nanostructure was reported for cubic Pd crystals inside giant carbon clusters, forming worm-like
carbon nanoworms [408]. The head of the worm, typically 20-50 nm, consisted of Pd encapsulated in carbon, and the body of
the worm, several hundred nanometers in length, consisted of many sections of carbon tubes with cone-shaped voids. Graphite
was found to be a superior support for Pd (worm-like small Pd nanostructures) catalyst for the direct synthesis of H,O, from
H; and O, [409]. Worm-like nanostructures have been used in other catalytic processes; in particular, the catalytic carbon
“nanoworm” model (Fig. 4.146) was used to understand the role of the phases prevailing in the catalyst particles and the
causes of the synergistic effects observed in gasification rates of activated carbon by CO,, NO, and N,O [410, 411].

4.6.2 Nano-urchins>®

3Image reproduced with permission of the Royal Society of Chemistry (J. Mater. Chem., 2006, 16(29), 2984-2989).
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Fig. 4.146 Catalyst nanoparticles. (a) Porous carbon cut showing catalyst nanoparticles (moving under reaction conditions); (b) analogy with a
woodworm and detail of a single “carbon-worm” particle. It shows the diffusion of carbon atoms through the particle in one direction and the particle
itself moving in the opposite direction and keeping tight contact with carbon (into a step, corresponding to a crystallographic a direction).
(Reproduced with permission of Elsevier Science)

Hollow Carbon Sphere

Carbon Nano-urchin

Fig. 4.147 Schematic diagram of the procedure for preparing carbon nano-urchins: (a) adsorption of iron oxide nanoparticles onto hollow carbon
spheres, (b) growth of carbon nanotubes on hollow carbon spheres by CVD. (Reproduced with permission of the Royal Society of Chemistry)

Nano-urchins which belong to a similar structural type as nanoflowers (indeed, nano-urchins are frequently confused with
flower-like nanostructures) are known for a variety of inorganic compounds and a few organics and have a lot of applications,
first of all in catalysis due to high surface area of this nanostructures. In case of carbon, sea urchin-shaped nanostructured
hollow carbon microspheres (e.g., hollow carbon microspheres containing carbon nanotubes extending outward from the
central microsphere) were fabricated by formation of the carbon microsphere followed by incorporation of iron nanospheres
(as growth catalysts) and then CVD of carbon (as nanotubes) from ethylene as the carbon source (Fig. 4.147) [412]. After
incorporation of platinum on such carbon support, the formed nanocomposite could be used for methanol electrochemical
oxidation in fuel cells. Hollow, urchin-like ferromagnetic carbon spheres with electromagnetic function and high conductivity
at room temperature could be used as a reversible dye adsorbent. These nanostructures were prepared from template-free-
synthesized, urchin-like, hollow spheres of polyaniline (PANI) containing FeCl; as the precursors by a carbonization process
at 1200 °C under an argon atmosphere [413]. The high conductivity at room temperature resulted from the graphite-like
structure, whereas a-Fe or y-Fe,Os; nanoparticles produced by FeCl; during the carbonization were attributed to the
ferromagnetic properties.

An urchin-structured multiwalled carbon nanotubes-hard carbon spherule (MWNTs/HCS) composite, where HCS was
thoroughly coated by intercrossed MWNTs, was synthesized through acetylene pyrolysis [414] and showed an outstanding
lithium uptake/release property: reversible charge capacity of 445 mAh-g ' can be delivered by this composite after 40 cycles.
The hybrid sphere/CNT nanostructures were grown in the aerosol phase by an on-the-fly process by spray pyrolysis, followed
by CNT catalytic growth (Fig. 4.148) at the surface of the spherical nanoparticles yielding urchin-like nanostructures
consisting of numerous CNTs attached to an alumina/iron oxide sphere [415]. These hybrid nanoparticles were dispersed
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Fig. 4.148 Schematic of gas phase growth pathways of CNTs grown on metal oxide nanoparticles. The precursor solution was prepared with 3 wt.

% Fe(NO); + AI(NO;); solution with the Fe(NO);:AlI(NO;); ratio of = 1:1 for hybrid sphere/CNT particles. (Reproduced with permission of /OP
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Fig. 4.149 Schematic diagrams of (a) pre-lithiation process and device configuration and (b) MoS, layered structure with the intercalated lithium
ions during the pre-lithiation process. (Reproduced with permission of the Royal Society of Chemistry)

to poly-alpha-olefin with sonication and a small amount of surfactants to form stable nanofluids, whose effective thermal
conductivity of the fluids was increased by about 21% at room temperature for particle volume fractions of 0.2%. The role of
sulfur in the synthesis of novel carbon morphologies was studied [416]. For the materials, obtained by sulfur-assisted CVD, it
was demonstrated that S not only acted on the catalyst, but also can be detected in the carbon lattice of the nanostructures.
Sulfur is responsible for inducing curvature and therefore influencing the final carbon nanostructure morphology, in particular
sea urchin-like nanostructures. Carbon nano-urchins are reviewed, among other nanostructures, as nanostructured materials
for batteries [417].

Among most recent reports, we note that hydro-/solvothermal techniques are predominant for preparation of nano-urchin
hybrid composites. Thus, hybrid urchin-like nanostructures composed of a spherical onion-like carbon (OLC) core and MoS,
nanoleaves were synthesized by a solvothermal method followed by thermal annealing treatment [418] and offered to be used
for lithium-ion batteries. A pre-lithiation method (Fig. 4.149) based on placing the nano-urchins in direct contact with the
lithium foil was then employed to increase the initial CE to 97.6%. Similarly, a hybrid nano-urchin structure consisting of
spherical onion-like carbon and MnO, nanosheets (Fig. 4.150) was synthesized by hydrothermal method [419]. Using the
formed material for rechargeable lithium batteries, the improved performance arose from the unique nanostructure which
facilitated fast ion and electron transport and stabilized the MnO, nanoparticles during charge storage.
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Fig. 4.150 (a) Schematic diagram of the synthesis procedure of the core-leaf OLC/MnO, hybrid nano-urchins. Scanning electron micrographs of
(b) pure OLC, (c) intermediate product, and (d) final hybrid nano-urchins. Inset in (d) is the magnified image of a single urchin-like nano-
architecture. (Reproduced with permission of the Elsevier Science)
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4.7 “Home”-Like Nanostructures
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Nanobowl-like structures®’ are rare for carbon. Thus, vertically aligned CNT film was grown on a metal-coated polystyrene
(PS) submicron sphere array and then transferred onto a polycarbonate (PC) substrate by microwave heating leading a new
architecture of 2D metallic nanobowl array on a thermoplastic substrate [420]. In case of CNT nanobowls theirselves, the
introduction of CO, was found to be a facile way to tune the growth of vertically aligned double- or single-walled carbon

3"The nanobowl image is reproduced with permission of the American Chemical Society (Langmuir, 2009, 25(3), 1822-1827).
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Fig. 4.151 Schematic diagram of the evolution of the forest morphology (middle panel) and the approximate resulting wall number distribution of
CNTs in the forest (bottom panel) with increasing CO, concentration. (Reproduced with permission of Springer)

nanotube forests on wafers in the CVD fabrication of CNTs from ethylene as a precursor [421]. In the absence of CO,, a
double-walled CNT convexity was obtained; meanwhile with increasing concentration of CO,, the morphologies of the
forests transformed first into radial blocks and finally into bowl-shaped forests (Fig. 4.151). The addition of CO, was
speculated to generate water and serve as a weak oxidant for high-quality CNT growth.

4.7.2 Nanocups

Nanocups are closely related to nanobowls and nanocaps. In case of carbon, the electrochemical activity of stacked N-doped
carbon nanotube cups (NCNCs, Fig. 4.152) was explored in comparison to commercial Pt-decorated carbon nanotubes [422],
demonstrating for the nanocup catalyst comparable performance to that of Pt catalyst in oxygen reduction reaction. The
NCNC electrodes were used for H,O, oxidation and consequently for glucose detection. Also, highly engineered hollow CNT
nanocup arrays were fabricated (Fig. 4.153) using precisely controlled short nanopores inside anodic aluminum oxide
templates [423]. The nanocups were effectively used to hold and contain metal nanoparticles, leading to the formation of
multicomponent hybrid nanostructures with unusual morphologies. Also, cup-shaped nanocarbons generated by the electron-
transfer reduction of cup-stacked carbon nanotubes were functionalized with porphyrins (H,P) as light-capturing chromo-
phores [424]. In addition, high-power electric double-layer capacitors (EDLCs) were fabricated (Fig. 4.154) using carbon-
based 3D hybrid nanostructured electrodes, consisting of vertically aligned CNTs on highly porous carbon nanocups (CNCs),
by a combination of anodization and CVD techniques [425, 426]. A 3D electrode-based supercapacitor showed enhanced
areal capacitance by accommodating more charges in a given footprint area than that of a conventional CNC-based device.
The increase in this capacitance was attributed to the larger surface area of the hybrid 3D CNT-CNC structure.
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Fig. 4.152 TEM image of
stacked nitrogen-doped
carbon nanotube cups
(NCNCs). Inset: cartoon
illustrating orientation of the
nanocups in stacked NCNC.
(Reproduced with
permission of the American
Chemical Society)

Fig. 4.153 Schematic illus-
trating the fabrication pro-
cess and resulting
architectures of a connected
arrays of CNT nanocup film,
individually separated
nanocups, nanorings, and
metal nanoparticle—nanocup
heterostructures.
(Reproduced with permis-
sion of the American Chem-
ical Society)

Fig. 4.154 Schematic illus-
trating the fabrication pro-
cess. First, the CVD process
synthesizes the highly
porous carbon nanocups
(CNC) structure, and the
vertically aligned CNTs are
synthesized on CNC by
second CVD process. The
supercapacitor consisted of
two CNT-CNC hybrid
structures on Au current
collectors. (Reproduced
with permission of the
American Chemical Society)
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4.7.3 Nanoplates

100 nm

The plate-like®® nanostructures are relatively widespread and represented practically by inorganic compounds, mainly by
noble metals (gold, silver, palladium, rhodium, sometimes as composites with polymers), metal oxides, and oxygen-
containing metal salts. In case of carbon, we have observed only a few examples of carbon nanoplates (despite the fact that
graphene nanoplates are the thinnest material discovered in the universe [427]), in particular those fabricated starting from
natural precursors. Thus, carbon-based microporous nanoplates containing numerous heteroatoms (H-CMNs) were fabricated
(Fig. 4.155) from regenerated silk fibroin by the carbonization and activation of KOH,® exhibiting superior electrochemical

H-CNs

Carbonization '.

Regenerated silk
fibtoin-KOH film

Fig. 4.155 Schematic images and morphologies of the H-CMNs. (a) Fabrication process of the H-CMNs. Silk fibroin fibers degummed from
natural cocoons were dissolved in LiBr (9.3 M), and then as-casted regenerated silk fibroin film and regenerated silk fibroin-KOH film were
carbonized. (b) FE-TEM image of the H-CMNs on a holey carbon grid. (c) FESEM image of the H-CMNs on alumina template membranes.
(Reproduced with permission of Wiley)

*The nanoplate image is reproduced with permission of the American Chemical Society (ACS Appl. Mater. Interfaces, 2016, 8(43), 29628-29636).
3We note that KOH activation was also used for other nanocarbons (see previous sections).
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Fig. 4.156 Schematic synthesis route to prepare hollow carbon nanoplates (HCPs). (Reproduced with permission of the American Chemical
Society)

performance suitable for usage as supercapacitors [428]. Similar conditions (pyrolysis and KOH activation) were also used for
obtaining carbon nanoplated from cellulose [429]. Dispersible mesoporous N-doped hollow carbon nanoplates were synthe-
sized by pyrolysis using gibbsite nanoplates as templates and dopamine as carbon precursor (Fig. 4.156) [430]. The product
possessed uniform hexagonal morphology with specific surface area of 460 m*.g ™' and fairly accessible small mesopores
(~3.8 nm); excellent colloidal stability in water was applied as electrode materials for symmetric supercapacitors. Some data
on the toxicity of graphite nanoplates are also available [431].

4.7.4 Nanobrooms and Nanotepees

Several reports on relatively rare broomlike nanostructures belonging to distinct types of mainly inorganic compounds are
known. Carbon nanotubes were also obtained in the said form. Thus, a dual-porosity CNT material of seamlessly connected
highly porous aligned nanotubes and lowly porous closely packed nanotubes was created [432] by using capillary action of
liquids. Millimeter-tall SWCNT forests synthesized by water-assisted chemical vapor deposition were used as model system.
As aresult, diverse structures using toothpicks, broomlike objects (Fig. 4.157b, c), tepees (Fig. 4.157f), as well as liquid thin
films, bubbles, vapors, and superink jet printing were obtained.
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before

Fig. 4.157 Hybrid dual-porosity SWCNT material. (a, b) Before and after images of a high porosity SWCNT forest material (a) and hybrid dual-
porosity material (b) made by partial collapse of the forest material. White lines indicate the tube alignment direction. (¢) Model of the partial
collapse process. (d) Mushroom brush structure created by bottom contact using thin liquid layer. Scale bar: 250 pm. Inset, array of mushrooms. (e)
Photograph of bubble process. (f) Tepee structures created from top contact using bubble process. Scale bar: 500 pm. (g) Hard-coated SWCNT
structure created by complete liquid bubble envelopment. Inset, diagram of the hard-coated sparse SWNTs. Scale bar: 250 pm. (Reproduced with
permission of the American Chemical Society)
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4.7.5 Nanobrushes

This nanostructural type, as well as some others reported above and below, are mainly represented by zinc oxide, prepared by
distinct routes. Carbon-based nanobrushes are generally formed by CNT arrays. Thus, a multifunctional nanobrush®’
(attributed to nanodevices) using carbon nanotubes was described [433]. In a related report, superlong (7 mm) aligned,
mainly double-walled, high-density CNTs (Fig. 4.158) were synthesized from ethylene, used as the source gas of carbon, with
high reproducibility using CVD technique (typical CVD growth was carried out at 750 °C for 30 min as the standard growth
time) [434]. Thin layers of Fe were used as the catalyst, and an Al,O5 buffer layer was used between the Si/SiO, substrate and
the Fe catalyst. The relative levels of ethylene and water, as well as ethylene and H, during the CVD, were found to be the
most important factor for the growth of such superlong aligned CNTs. Also, amorphous carbon nanotube brushes (Fig. 4.159)
were prepared using glucose as the carbon precursor [435]. The functional surfaces of these nanotubes were covered with
gallium ions and then calcined to get gallium oxide nanotube brushes, which were further converted to crystalline GaN
nanotube brushes by treatment of ammonia at 800 °C.

Fig. 4.158 Images of a
superlong aligned brush-like
CNTs: (a) digital photo-
graphic image of 7-mm-long
aligned CNTs, (b) a SEM
image of the top surface

of the 7-mm-long

aligned CNTs, (c¢) a
low-magnification SEM
image of the upper part of
the aligned nanotubes, (d)
a high-magnification SEM
image of the upper part, (e)
a low-magnification SEM
image of the lower part of
the aligned nanotubes, and
(f) a high-magnification
SEM image of the
nanotubes. (Reproduced
with permission of the Jap-
anese Journal of Applied
Physics)

40The nanobrush image above is reproduced with permission of Springer (J. Mater. Sci. Mater. Med. 2015, 26(1), 5356).
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Fig. 4.159 (a) SEM image of amorphous carbon nanotube brushes. Inset shows penings of the nanotubes. (b) SEM image showing a coverage of
the nanotube brushes by a thin carbon film. (Reproduced with permission of the American Chemical Society)
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Fig. 4.160 Top portion and bottom portion are the SEM (scale ~0.5 mm) and optical micrograph photo images of the MWTs in different states,
respectively. (a) Carbon nanotube block, as-prepared (b) carbon nanotubes which underwent cyclic compression loading at 35% strain for
105 cycles. The nanotubes are seen exfoliated at the upper portion of the block, where the density of the nanotubes is lower. (¢) The nanotube
block is immersed in the acetone for 10 min and removed. (d) Once the nanotube block is dried, it recovers to its nearly original state. (Reproduced
with permission of the Elsevier Science)

CNT arrays, as nanobrush formers, being used in switches and other devices, can undergo to damage, exfoliation, and
deformations at high strains [436]. These damages (Fig. 4.160) can be nearly recovered by capillary evaporation of solvents
from the freestanding aligned nanotube brushes.

Nanobrushes on carbon basis have found a few applications. Thus, the composites of carbon nanobrushes embedded in a
biocompatible poloxamer gel have relevance for tissue and cellular engineering and tissue regeneration in clinical medicine
[437, 438]. Another example is a bioactive microelectrode for glucose biosensing, suitable especially for potential use in
implantable devices, which was designed on the basis of CNT fiber directly spun from an aerogel, showing a unique, well-
aligned nanostructure (nano-pore and nanobrush, Fig. 4.161) [439].
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Fig. 4.161 Schematic dia-
gram of CNT fiber micro-
electrode assembly with two
designs. Design I, the CNT
fiber was insulated in a
silastic tubing to fit in the
test unit. Design II, Cu wire
and a gold coating were
introduced to improve the
connection. The sensor
working parts in both
designs are demonstrated
here: a GOx enzyme is
immobilized at the brush-
like end of the CNT fiber,
and the enzyme layer is
encapsulated by the epoxy-
polyurethane (EPU) semi-
permeable membrane.
(Reproduced with permis-
sion of Wiley)

4.7.6 Nanocarpets
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Fig. 4.163 Carpet-like
CNT films. (Reproduced
with permission of /OP
Publishing)
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Relatively rare carpet-like nanostructures,41 related to nanobrushes, are formed mainly by nanotubes, nanowires, or nanorods,
belong to different type of compounds, and possess especial properties (in particular, superhigh hydrophobicity) in compar-
ison with major part of other less-common nanostructures. For slender nanostructures, the nanostructure may change after
coming into contact with liquid (this phenomenon is known as the “nanocarpet effect” [440—442]). The newly formed
nanostructures may have a great impact on the hydrophobicity of a surface. The nanocarpet effect is a simple and effective
way to apply to a variety of nanowire, nanotube, or nanorod structures to generate a hierarchical structure with both microscale
domains and nanoscale feature (nanorod tips) for superhydrophobicity and other surface property studies.

Carbon nanotube carpet-like nanostructures have been obtained mainly by CVD. Thus, massive carpets of well-packed,
vertically aligned, and very long MWCNTs were synthesized by this classic technique [443]. Ferrocene was frequently used
as a precursor in such syntheses, for instance, in a CVD-assisted growth of MWCNTs (Fig. 4.162) in 60:40 toluene/1,2-
diazine at 760 °C in argon [444] or in the pyrolysis of aerosols obtained from CsH¢/NiCp,/FeCp, mixtures generating aligned
Invar (Fe—Ni alloy, FegsNiss)-filled carbon nanotube carpet-like samples of high purity [445]. Radio-frequency hot-filament
CVD (RFHFCVD), where the reactant gases (methane and hydrogen gas used as the carbon source and diluted gas,
respectively) were first dissociated by the MW field before entering the chamber, thus, ensuring that there was a dense
growth of CNTs from a large Ni catalyst particle, was proposed for CNT films and carpet-like nanostructure (Fig. 4.163)
fabrication [446]. The growth mechanisms were found to be either “tip growth” or “base growth” depending on the size of the
catalyst metal particles involved. It was concluded that the oxide iron group alloys like Ni/NiO,, CuNi/CuNiO,, and AgNi/
AgNiO, were essential to yield successful growth of CNTs.

In similar reports, CVD method was used for anchoring densely packed, vertically aligned arrays of CNTs (Fig. 4.164) into
silicone layers using spin-coating, CNT insertion, curing, and growth substrate removal [447]. CNT arrays of 51 and 120 pm
in height were anchored into silicone layers of thickness 26 and 36 pm, respectively. Alternatively to CVD techniques, the
pulse electrodeposition technique was utilized to deposit nanosized (<10 nm) Ni catalysts on carbon fabric (CF) [448]

“!The nanocarpet image above is reproduced with permission of the American Chemical Society (Nano Lett., 2005, 5(12), 2394-2398).
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Fig. 4.164 Double-
anchored CNTs nanocarpet.
(Reproduced with
permission of /OP
Publishing)

allowing the growth of carbon nanofibers (CNFs) on CF. The preparation of CNF-coated CF (carpet-like CF) was carried out
in a thermal CVD system with an optimum loading of Ni catalysts deposited in the PED pulse range from 20 to 320 cycles.
CNFs that grew at 813 K had a hydrophobic surface, like lotus leaves. Among other potential applications for carbon-based
nanocarpets, an effective technique for large-scale integration of oriented CNTs inside functional devices, based on capillary
assembly and buried dielectrophoresis electrodes allowing aligning and assembling with high accuracy dense CNT carpets,
was offered [449].

4.7.7 Nanospindles

Spindle-like nanostructures have been found for a series of elements and inorganic compounds; we note that a certain number
of reports are devoted to oxides and salts of rare-earth elements. Frequently, this nanostructural type was formed together with
a variety of other structures, such as, for example, nanorods or nanoflowers. For carbon, nanospindles are almost unknown.
Thus, the pyrolysis strategy was applied for obtaining robust yolk—shell nanospindles with very sufficient internal void space
for high-rate and long-term lithium-ion batteries, in which an Fe;0,@Fe;C core @shell nanoparticle is well confined in the
compartment of a hollow carbon nanospindle (Fig. 4.165) [450]. These nanospindles were fabricated in situ thermally
annealing the as-made Fe,O;@RF core@shell nanospindles at 550 °C. In this structure, a heterogeneous Fe;0,@Fe;C
core @shell nanoparticle (15-25 nm) was found to be sandwiched in the compartment of a hollow carbon nanospindle (30 nm
in width and 100 nm in length).



238 4 Less-Common Carbon Nanostructures

RF Resin Coating Carbonization
Polymerization Confined
Themolysis
Ot-Ff-.‘203 G-Fezoa@RF FE‘.‘;O,;@FQ;;C-C
Nanospindle Core@Shell Nanospindle Yolk-Shell nanospindle

R

Fig. 4.165 (a) Schematic illustration of the synthesis of the Fe;0,@Fe;C—C yolk—shell nanospindles. (b, ¢) TEM image, (d) STEM image, and (e)
TEM-EDS mapping. (Reproduced with permission of the American Chemical Society)

4.7.8 Nanowebs
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Nanowebs [451] ** are of great technological interest since they contain nanowire densities on the order of 10°/cm?.
Nanowebs are beautiful objects, reported for some nonrelative to each other compounds. First of all, we note that a series
of porous polymers [452], frequently obtained by electrospinning technique, have been reported in web-like nanoform; here
we note only some of them. Nanoweb porous structures are currently applied in filters [453—455], fibers [456], and composites
[457, 458], in particular those containing carbon nanotubes, for example, MWCNT/poly(ethylene terephthalate) (PET)
nanowebs, obtained by electrospinning [459]. It was established that tensile strength, tensile modulus, thermal stability,
and the degree of crystallinity increased with increasing MWCNT concentration. Another example of CNTs—polymer
composite nanowebs is polyurethane (PU) and PUMWCNT nanocomposite nanofibers and nanowebs, both with diameters
of 350 nm, which were prepared by an electrospinning process from PU DMF solutions [460]. Multifunctional nanowebs
were prepared using cyclodextrin-based inclusion complex (CD-IC) to disperse MWCNTs within electrospun polyvinylidene
fluoride nanofibrous membranes (PVdF-NFM) [461]. Subsequently, MWCNT(CD-IC)/PVdF-NFM was loaded with gold
particles. The AuMWCNT(CD-IC)/PVdF-NFM was found to be electroactive and showed excellent electrocatalytic activity
toward oxidation of ascorbic acid. As an example of non-CNT-containing web-like polymers, we note the octaphenyl-POSS
(polyhedral oligomeric silsesquioxane OPPOSS), which was blended with PMMA to prepare inorganic—organic hybrid
nanofibers/nanowebs using electrospinning method [462].

Web-like carbon nanotubes (Fig. 4.166) were formed by laser ablation (Nd:YAG laser with 532 nm wavelength, 10.54 W
power, 30 min) using a graphite target containing Ni and Co catalysts, each with weight percentage of 10% [463]. It was
shown that the diameter of the carbon nanotubes formed using Ni and Co catalysts was between 50 and 150 nm in size.
Carbon nanostructures may be precursors of other nanoweb structures. Thus, when carbon nanofilms were deposited on the Si
(100) wafers at substrate temperatures from r.t. to 700 °C by ultrahigh-vacuum ion-beam sputtering [464], a nanoweb-like
morphology of the crystalline SiC formation was also observed on the surface of film. The much enhanced hardness and
Young’s modulus at 700 °C were attributed to the SiC formation as well as nanoweb-like morphology. Additionally, web-like
SWCNT structures on the surface of zeolite template (Fig. 4.167) were reported. Carbon-based nanowebs are also readily

Fig. 4.166 SEM image of
CNTs collected from the
PLAD process by using
graphite-Ni pellet.
(Reproduced with
permission of Solid State
Science and Technology)

Fig. 4.167 Web-like
SWCNT structures on the
surface of zeolite template
[465]. (Reproduced with
permission of The Royal
Society of Chemistry)

“>The nanoweb image above is reproduced with permission of the Elsevier Science (Energy, 2013, 55, 925-932).
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prepared from natural precursors. Thus, cellulose nanowhisker (CNW), prepared by acid hydrolysis of microcrystalline
cellulose, was carbonized at different temperatures in the range of at 800—1200 °C, yielding carbon nanoweb [466]. The better
carbon structure was observed when the carbonization temperature was higher.

A considerable part of carbon nanoweb applications is related with their uses in supercapacitors and lithium batteries. Thus,
air-electrode architecture based on 3D open macroporous carbon nanowebs was found to be particularly advantageous for
Li-O, batteries utilizing the redox mediators in the electrolyte by facilitating the efficient transport [467]. Oxygen- and
nitrogen-doped carbon nanowebs were applied as an efficient, metal-free ORR catalyst for hybrid Li-air batteries [468]. The
oxygen- and nitrogen-doping led to highly active pyridone species on the carbon nanoweb surface for ORR. Also, uniform
Li4TisO,,/carbon composite nanowebs with high surface area and porosity consisting of ultrasmall crystals in carbon core—
shell architecture were prepared by thermal pyrolysis and oxidation of a composite of electrospun lithium—titanium/polyac-
rylonitrile nanowebs in argon atmosphere [469]. This composite was found to be a promising anode candidate for lithium-ion
batteries. In addition, high-performance wearable supercapacitor (area capacitance of 2.5 mA cm™2) fabrics based on flexible
metallic fabrics (Ni—cotton), on which nanofiber webs containing MWCNTs are directly electrospun without the need for any
post-treatment, was fabricated (Fig. 4.168) [470]. Such supercapacitor fabrics can be integrated into commercial textiles with
any desirable forms.

Catalytic applications are also common. Thus, studying Co;O04,/CNW bifunctional catalysts (Fig. 4.169), individual
functionality of Co30, and the N-doped carbon nanoweb (CNW) in ORR and OER was investigated [471] by rotating disk
electrode measurements. It was found that Co;0, alone exhibited poor ORR catalytic activity, but, in the presence of CNW, it
assisted the selective four-electron oxygen reduction over the two-electron pathway. CNW underwent serious degradation at
the high potential of the OER, but its stability improved greatly upon the deposition of Co30y,.

I} NOnnnonn. || | LR
IIZ;’II!I:J_.‘HIE: .‘ | IL-. .
i "E—E"‘l:jm; Electroless b i Electrospinning |
TR Deposition i {: of Carbon
.~ of Ni by PAMD ¥ $ Nanofiber Web
I |...._I||IZ-: z
Pristine Cotton Fabric Nickel-Coated Cotton Fabric Carbon Nanoweb
(Ni-Cotton) on Metallic Fabric
(C-Web@Ni-Cotton)
DMF Solution containing Ni-Cotton Device
MWCNTs and PAN Assembly

on Rotating Collector

Syringe Pump

‘.. _ .~ TaylorCone Symmetrical Supercapacitor
Fabric Device

Fig. 4.168 Schematic illustration of the fabrication procedures of supercapacitor fabrics. The inset shows the details of the one-step electrospinning
setup. (Reproduced with permission of the Royal Society of Chemistry)
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Fig. 4.169 (a) Schematic
pathway for the ultrasonic
synthesis of Co30,/CNW.
(b) X-ray diffraction pattern
of Co30,/CNW-C. (¢) SEM
image of Coz04/CNW-C.
(d) HRTEM image of
Co30,/CNW-C.
(Reproduced with permis-
sion of the Royal Society
of Chemistry)

4.7.9 Nanosponges*
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Carbon-based nanosponges are normally prepared by CVD, although they can be also obtained by laser ablation (see below)
or by a pulsed microplasma cluster source [472] in the presence of a metal-organic catalyst (Fig. 4.170), and are of the
permanent interest for the purposes of oil adsorption. Thus, carbon nanostructures (nanotubes, nanofibers, and nanosponges,
identified as a mixture of sp” and sp° hybridizations) were synthesized onto Si (001) substrates using a microwave-assisted
plasma-enhanced CVD (PECVD) from C,H,—Ar mixtures at low substrate temperatures (120 °C) [473]. For the higher C,H,
partial pressures, dense sponge-like (nanosponge) structures, consisting of a large number of bundles, were formed, in a
difference with less C,H, partial pressures, when other nanostructures were observed. Boron-infused carbon nanosponge can

“3The nanosponge images above are reproduced with permission of Nature (Sci. Rep., 2012, 2, Article number: 363).
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Fig. 4170 Schematic a
representation of a PMCS

source with the two methods

for metal cluster doping. (a) —
A bubbler is inserted in the
gas line prior to the source in
order to entrain metal—

organic species in the gas -
flux. (b) Photograph of a

composite carbon—metal

rod. A metal disk is inserted

in the ablation region in

order to provide metallic )
atoms and clusters during Bubbler W't_h
the erosion and metallorganic
condensation process. compound
(Reproduced with

permission of the Elsevier
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be applied for oil absorption,** reaching nearly 100% of the oil [474]. It was revealed that sponges with higher amounts of
boron infused into them are able to achieve the special properties of boron that helped increased the surface area and the
extremely oleophilic nature of the sponge.

Similar ultra-lightweight 3D architectures consisting of boron-doped MWCNTs (CBxMWNTSs, macroscale (cm3 in size),
entirely made up of randomly orientated and entangled CNTs with little to no amorphous carbon, Fig. 4.171), were grown
directly onto the walls of a quartz tube furnace via an aerosol-assisted catalytic CVD method using triethylborane as the boron
source [475]. Boron was found to be responsible for the creation of “elbow-like” junctions and covalent nanojunctions.
CBxMWNTs can be used as sorbent materials (in particular, for oil), hydrogen storage, and flexible conductive scaffolds as
porous 3D electrodes. Also, CVD synthesis of carbon nanotubes and nanofibers on the surface of expanded vermiculite was
used to produce a highly hydrophobic floatable absorbent to remove oil spilled on water [476]. It was shown that the carbon
nanotubes and nanofibers grew on FeMo catalyst impregnated on the vermiculite surface to form a “sponge structure.” As a
result of these carbonaceous nanosponges, the absorption of different oils remarkably increased ca. 600% with a concomitant
strong decrease of the undesirable water absorption.

SWCNT bundles dispersed in a highly polar fluid were found to agglomerate into a porous structure (Fig. 4.172) being
exposed to low levels of laser radiation (514.5 nm) in DMF [477]. An interesting effect was observed: under laser
illumination, the bundles agglomerate, leading to a substantial decrease in the measured sound velocity (significantly lower
than that of pure DMF, though the SWCNT bundles have a much higher sound speed than the DMF) with increasing SWCNT
concentration.

4 Applications of nanomaterials for oil remediation were recently reviewed. (a) Journal of Petroleum Science and Engineering, 2014, 122, 705-718;
(b) Nanomaterial-based methods for cleaning contaminated water in oil spill sites. In: Nanotechnology for Energy Sustainability. B. Raj, M. Van de
Voorde, Y. Mahajan (Eds.), Wiley-VCH, 2016, 1139-1160.).
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Fig. 4.171 (a) Photograph of 3D macroscopic CB,MWNT solid sponge material as-produced; (b) shows photograph of the flexibility and
mechanical stability upon bending the sample (a) by hand; (¢) SEM image after ion-beam “slice and view” feature showing the interior porous
structure of the entangled nanotube network; (d) closer look at the “elbow” defects found in CByMWNT solids; (¢) STEM image showing two, four-
way covalent nanojunctions in series; (f) TEM image showing two overlapping CBxMWNTs welded together assisted by boron doping.
(Reproduced with permission of Nature)

500nm

Fig. 4.172 (a) TEM image of SWCNTSs. The images were from specimens obtained by drying a sonicated DMR-SWCNT bundle suspended on a
grid. (b) TEM image of light-induced agglomerated bundles. The clear regions are pores, while the dark regions are the SWCNT bundles.
(Reproduced with permission of the American Physical Society)
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4.7.10 Nanofoams

Currently, nanofoams*’ are known for a series of elements and compounds, mainly for carbon [478], and are applied, in
particular, as materials for supercapacitors [479—481] and cathode catalysts for Li—O, batteries [482, 483]. Fundamental
properties of high-quality uniform carbon nanofoams, comprised of predominantly sp*-type carbon, were recently studied,
hydrothermally producing them with different densities by changing the process temperature in the autoclave reactor
[484]. The low-density foams were found to consist of micropearls with ~2-3 pm average diameter, and higher-density
foams contained larger-sized micropearls (=6-9 pm diameter), frequently coalesced to form nonspherical pm-sized units.
With higher autoclave temperature, the carbonization process became more effective, leading to an increase in sphere size and
a thickening of the internal wall structure. Among other conclusions, the nanofoam materials exhibit physical properties
originating from a mixture of carbon atoms with sp* and sp® hybridization. This was also confirmed by DFT calculations
[485]. The foam may accommodate the same type of defects as graphene (Fig. 4.173). In addition, a fundamental theoretical
finding of the re-emergence of superconductivity in heavily compressed CaCq and formation of carbon nanofoam in these
conditions was reported [486].

Laser ablation is one of techniques leading to carbonization and foam formation [487]. The corresponding equipment is
shown in Fig. 4.174 [488]. Thus, high-repetition-rate laser ablation and deposition of carbon vapors resulted in the formation
of quite different carbonaceous structures depending on the pressure of the ambient Ar gas in the chamber [489]. Diamond-
like carbon films formed at a pressure below ~ 0.1 Torr, whereas a diamond-like carbon nanofoam (Fig. 4.175) was created
above 0.1 Torr. The bulk density of various foam samples was found to be in the range (2-10) x 10~ g/em®, and the specific
surface area was 300-400 m*/g. Carbon nanofoams (CNFs) were also prepared [490] by air cooling the pyrolysate of high
purified acetylene gas. Each particle of the nanofoam was constructed by 2 to 4 mutually nested carbon balls with ~300 nm in
diameter. Undoubted room-temperature ferromagnetism with saturation magnetization of 0.11 emu/g at 300 K in CNFs can be

Fig. 4.173 Defects in the foam. (a) Folding of the perfect foam, induced by applying hydrostatic pressure or by electron doping. Foam structures
containing (b) 5775 and (c) 558 defects, familiar from defective graphene. (Reproduced with permission of APS Physics)

“The nanofoam image above is reproduced with permission of the Springer (Nanoscale Res. Lett., 2013, 8, 233).
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Fig. 4.174 Schematic dia-
gram of the experimental
setup used for the laser

ablation production of car-
bon nanofoamss. A galva-
nometer mirror box (a)
distributes the laser radiation
(b) through a flat-field focal
lens and a silica window (c¢)
onto layers of the employed
organometallic compounds B
(d) deposited onto a ceramic
tile substrate (e) placed
inside a portable evapora-
tion chamber (f). The syn-
thesized soot is mainly
collected on an entangled
metal wire system (g). The
produced vapors are evacu-
ated through a nozzle (h).
(Reproduced with permis-
sion of Springer)

Fig. 4.175 Scanning (a) and transmission (b) electron microscope images showing the freestanding carbon foam. The bars in the images are 1 mm
(Fig. 4.175a) and 100 nm (Fig. 4.175b). (Reproduced with permission of the Springer)

attributed to the carbon balls themselves instead of impurities. Additionally, within foam-like carbon, onion concentric
fullerene-like structures (see details below) can be formed [491]. It was shown that an optimal annealing temperature of
4000 K is required to form well-ordered onions concentric fullerene-like spheres. The onions formed from the outer layer first,
and a model was offered in which the background pressure must be sufficient to allow atoms to cluster, yet low enough to
allow annealing into well-ordered onions.
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4.7.11 Nanoladders

A series of reports are devoted to carbon nanotube ladder-like structures. Thus, various single-walled CNTs (SWCNTs) and
double-walled CNTs (DWCNTs) having different diameters were used as containers for cubic octameric HgSigO1, molecules
(Fig. 4.176) [492]. Depending on the diameter of the CNTs, two types of structures were formed inside the CNTs: in the case
of those CNTs having inner diameters ranging from 1.2 to 1.4 nm, an ordered self-assembled structure composed of
HgSi4,0s,,.4 molecules was formed through the transformation of HgSigO,; in the case of CNTs having inner diameters
larger than 1.7 nm, a disordered structure was formed, indicating strong interactions between the CNTs and the encapsulated
HgSiy,,Og,,_4 molecules. Also, multiwalled carbon nanotubes (MWCNTSs) were uniformly grown directly on metal-catalyzed
carbon fibers by catalytic decomposition of acetylene at ~700 °C using thermal CVD process, accompanying by formation of

Fig.4.176 HRTEM images
of HgSigO;, encapsulated
inside the various CNTs.
(a—d) HRTEM images

of Hgslgolz@HlPCO
SWCNTs, (e) HRTEM
image of Hgsigolz@FH-P
SWCNT, (f) HRTEM
image of HgSigO, @FH-P
DWCNT. (Reproduced with
permission of the American
Chemical Society)
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Fig. 4.177 Carbon
nanoladder. (Reproduced
with permission of the
Elsevier Science)

various carbon nanostructures such as nanofilaments, nanofibers, nanoladders (Fig. 4.177), nanospirals, nanojunctions,
nanocones, nanoonions, etc. accompanying nanotubes [493]. The authors noted that precise control of the process parameters
was extremely important to grow a desired morphology; otherwise it could result in a wide variety of undesired carbon
nanospecies too.

4.8 “Nanotechnical’” Structures and Devices

N |

4.8.1 Nanosprings/Nanocoils/Nanospirals
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Fig. 4.178 A schematic for
MWCNT processing and
mechanical manipulations.
(Reproduced with
permission of the American
Institute of Physics)

Fig. 4.179 A fully
telescoped MWCNT.
(Reproduced with
permission of the American
Institute of Physics)

Helix-shaped nanostructures are described in available literature as nanosprings, nanocoils,*® and nanospirals. These
structures are generally reviewed among other related nanoforms (such as nanowires, nanorods, or nanoneedles)
[494, 495]. Computational quantum chemistry design of nanospirals was also reported [496]. As well as majority of other
related nanostructures, helix nanostructures are represented mainly by inorganic compounds, in particular carbon nanotubes
[497, 498] and other carbon nanoforms. Thus, a constant-force nanospring might be formed from a configuration of concentric
carbon nanotubes (Fig. 4.178), where the van der Waals force provided the extension-independent restoring force [499]. A
telescoped nanotube with only one active (sliding) surface pair was expected to act as a constant-force spring. A fully
telescoped MWCNT (Fig. 4.179) originally had nine walls, with an outer diameter of 8 nm and an inner diameter of 1.3 nm.

Carbon microcoils can be prepared by catalytic CVD of acetylene, using Ni as the catalyst and thiophene as the promoter
[500]. A catalyst (ball-milled nickel sulfide) was developed on purpose to avoid the introduction of noxious and unpleasant
thiophene during the reaction process. Additionally, coil-in-coil [501] carbon nanocoils (CNCs, Fig. 4.180) were similarly
synthesized by means of acetylene decomposition using nickel nanoparticles as catalysts. It was revealed that there were often
several CNCs self-assembled in one nanospring. The yield of coil-in-coil CNCs was high up to 11 g in each run at the
decomposition temperature of 450 °C. Among metal-carbon composite helices, tungsten-containing carbon
(WC) nanosprings fabricated by focused-ion-beam CVD (FIB-CVD) using a source gas mixture of phenanthrene and W
(CO)g showed unique characteristics they could expand and contract as flexibly as macroscale springs [502]. It was found that
the spring constants of the springs rose as the tungsten content increased.

Diamond-like carbon (DLC) nanowires were used to compose nanosprings fabricated by focused-ion-beam CVD
(FIB-CVD) [503]. The DLC nanowires of the as-grown nanosprings had elastic double structures, in which a 50-nm-diameter
core containing 3-at.% gallium in addition to carbon was enclosed in an outer 25-nm-wide DLC shell. It was revealed that the

4The nanocoil images above are reproduced with permission of AIP Publishing Co. (up, AIP Adv., 2015, 5, 117114.) and Elsevier Science (down,
Comput. Mater. Sci., 2012, 55, 344-349).
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Fig. 4.180 Microstructure of the CNCs. (a) FESEM image. (b—d) TEM images: (c) CNC which was ruptured after being agitated in an ultrasonic
bath; (d) magnified image of the corresponding position marked in panel ¢. (Copyright. Reproduced with permission of the American Chemical
Society)

carbon densities of the core and the shell were similar, indicating that the density of the core was higher than that of the shell
owing to the incorporation of Ga into the core. However, the core density was approximately halved by 800 °C annealing.
This was attributed to the vaporization of Ga and the movement of C from the core to the shell.

An individual carbon nanocoil was clamped between two AFM cantilevers and loaded in tension to a maximum relative
elongation of ~42% [504]. The nanocoil behad like an elastic spring with a spring constant K of 0.12 N/m in the low strain
region. No plastic deformation was detected. In several reports, nanocoil-like structures have been investigated by MD
simulations, for instance, their elastic behavior [505]. Also, the instability of a freestanding one-sided hydrogenated/
fluorinated graphene nanoribbon, i.e., graphone/fluorographene, was studied using ab initio, semiempirical, and large-scale
MD simulations (Fig. 4.181) [506]. Freestanding semi-infinite armchair-like hydrogenated/fluorinated graphene (AC-GH/
AC-GF) and boatlike hydrogenated/fluorinated graphene (B-GH/B-GF) (nanoribbons which are periodic along the
zigzag direction) are unstable and spontaneously transform into spiral structures. The spiral structures exhibited strong
mechanical rigidity that prevents them from unrolling. Possible applications of carbon nanosprings and related structures can
be related with adjustment of the viscoelasticity and reduction of the resulting hysteresis loss of elastomeric polymer
materials [507].
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Fig. 4.181 (a) The spiral B-GH using DFT calculations for 504 atoms. (b) The spiral B-GH using semiempirical calculations (PM6) for 1320
atoms. (Reproduced with permission of the American Physical Society)

4.8.2 Nanothermometers

Several reviews on nanothermometers have been published [508, 509], in particular those describing nanothermometers using
liquid metals and nanotubes of oxides (e.g., In,03, MgO, SiO,) [510-512]. But the first and the most important example of
these nanodevices consisted on carbon nanotubes. Thus, a nanothermometer on the basis of carbon nanotubes was synthesized
in a vertical radio-frequency furnace (which differs from a one-step arc-discharge method) [513]. In a related work [514], an
interesting concept was proposed for an electromechanical nanothermometer. The temperature measurements were performed
by measuring the conductivity of the nanosystem on the CNT basis (shuttle nanothermometer with a movable outer wall and
the telescopic nanothermometer with a movable inner wall, Fig. 4.182), which depends substantially on the temperature due to
the relative thermal vibrations of nanoobjects forming the nanosystem. It was shown that this nanothermometer can be used
for measuring the temperature in localized regions with sizes of the order of several hundred nanometers. Also, the systems of
the shuttle nanothermometer with a movable inner wall and the telescopic nanothermometer with a movable outer wall are
also possible. In addition, the mechanics of CNTs constituting two well-known configurations for nanothermometer, namely,
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Fig. 4.182 Schematic (a)
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Fig. 4.183 TEM images of a carbon nanotube confined with Ga at different temperatures. (a) was taken at room temperature; (b) was taken at
—40 °C; (¢) was taken at —80 °C, and the confined Ga was solidified at this temperature; (d) was taken —20 °C, and the solid Ga was melted at this
temperature; (f) was taken at room temperature. Scale bar = 100 nm. (Source: Zongwen Liu, University of Sydney). http://www.atip.org/atip-
publications/atip-news/2006/4226-060721an_carbon_nanotubes_as_nano-thermometers.html. (Reproduced with permission of the ATIP)

shuttle configuration and telescope configuration, were fully investigated [515]. It was found that these geometrical
parameters have a considerable effect on the potential energy.

A homogeneous mixture of Ga,O5 and pure, amorphous, active carbon (weight ratio, 7.8:1) was reacted in an open carbon
crucible under a flow of pure N, gas: at 1360 °C, the reaction 4.22 occurred. However, on the inner surface of a pure graphite
outlet pipe at the top of the furnace, the temperature was lower (around 800 °C), causing the reaction 4.23 to occur, during
which the “nanothermometers” (Fig. 4.183) were created. As an improvement of this technique, the following oxidation-
assisted approach was proposed [516]. When a Ga-filled carbon nanotube was heated in air for an appropriate length of time,
an oxide marker was formed on the inner wall of the carbon nanotube due to partial oxidation of the gallium. Thus, the
temperature to which the nanotube was exposed can be retrieved by progressively heating the carbon nanotube until the liquid
gallium reached the oxide marker. Additionally, it was found that Ga-filled carbon nanotubes possess a unique combination of
two types of conductivity: low-resistive Ga-filled nanotube segments and relatively high-resistive empty nanotube regions
[517]. It was possible to produce gaps in the Ga filling of any required length by AFM indentation, thus affecting the nanotube
electrical properties.

Gay03(solid) + 2C(solid) — Ga,O(vapor) + 2CO(vapor) (4.22)
Ga,O(vapor) + 3CO(vapor) — 2Ga(liquid) + C(solid) + 2CO,(vapor) (4.23)


http://www.atip.org/atip-publications/atip-news/2006/4226-060721an_carbon_nanotubes_as_nano-thermometers.html
http://www.atip.org/atip-publications/atip-news/2006/4226-060721an_carbon_nanotubes_as_nano-thermometers.html
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Fig. 4.184 TEM images of (a) cobalt-, (b) iron-, (¢) Cul- and (d) AgCl-filled CNT. (Reproduced with permission of the John Wiley and Sons)

In addition to gallium-filled CNTs, described above, indium-filled carbon nanotubes (diameters of 100-200 nm and length
of ~10 pm) were synthesized via a CVD technique [518]. It was shown that the melting and expansion behavior of indium
were different from that in a macroscopic state allowing to clarify the problems of indium filling usage in carbon nanotube-
based nanothermometer. Fabrication of non-filled CNTs nanothermometers is also possible; thus, an interesting concept was
proposed for an electromechanical nanothermometer [519, 520]. In this device, the temperature measurements were
performed by measuring the condition of the nanosystem (CNTs), which depends substantially on the temperature due to
the relative thermal vibrations of nanoobjects forming the nanosystem. It was shown that this nanothermometer can be used
for measuring the temperature in localized regions with sizes of the order of several hundred nanometers.

Nanothermometers, on the basis of CNTs or other inorganics, have been applied also for biological systems. Thus, filled
carbon nanotubes (Fig. 4.184) have potential to act as sensors that might provide noninvasive temperature control in
biological systems on a cellular level; in this case the temperature can be detected by measuring NMR parameters on the
filling materials [521]. The most temperature-sensitive parameter was found to be the [126] spinlattice relaxation rate in
Cul-CNT which can provide the temperature detection with an accuracy of 2 K. The beneficial feature of a carbon nanotube
was to provide protection of both (i) a human body against toxic adverse effects from the filling material and (ii) a filling
material against chemical and biochemical exposure.

Another approach, without use of CNTs, was applied for creation of another type of nanothermometers on carbon nanodots
basis. Thus, temperature measurements in biology and medical diagnostics are of great importance; however, it still
faces significant challenges. To develop this area, a “turn-on” carbon-dot-based fluorescent nanothermometry device for
spatially resolved temperature measurements in living cells was presented [522]. p-Phenylenediamine was carbonized by
microwave irradiation in an ethanol/H,O solution to form CNDs (Fig. 4.185). Red-emitting CNDs can be utilized for “turn-
on” fluorescent nanothermometry through the fluorescence quenching and recovery processes, respectively (Fig. 4.186).
In a related report [523], the nanothermometer was based on biocompatible fluorescent carbon nanodots (CDs) obtained
via one-step microwave-assisted synthesis too and two kinds of polymers, including thermosensitive poly
(N-isopropylacrylamide) (PNIPAM) and non-thermosensitive polyethylene glycol (PEG) (Fig. 4.187). When heating up
above the lower critical solution temperature (LCST) of PNIPAM, hydrophobic phase transition occurred to PNIPAM, and
the nanothermometer evolved into the core—shell-corona structure, with a freshly formed and collapsed PNIPAM shell. The
fluorescence response to temperature of the MSCD can be followed through gradual heating up from 20 to 50 °C (Fig. 4.188).
In addition to microwave-assisted synthesis, carbon nanodots, to be used as nanothermometers, can be prepared
solvothermally [524] or by simple heating of C3N, and ethanediamine at 80 °C for 12 h yielding N-doped carbon dots [525].
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Fig. 4.185 Schematic diagram for preparing red-emitting CNDs for the fluorescence “on—off—on” sensing of GSH and temperature. (Reproduced
with permission of Wiley)

Fig. 4.186 Confocal fluo-
rescence images of MC3T3-
E1 cells upon 8 h incubation
with red-emitting CNDs in
various conditions: (a)

20 °C, (b) GSH solution
(0.1 mm) at 20 °C, (¢) 30 °C,
and (d) 40 °C. (Reproduced
with permission of Wiley)

A\ PEG -~~~ PNIPAM O 0 Carbon nanodots

Fig. 4.187 Schematic representation of the structure and the functioning mechanism of the fluorescent nanothermometer based on mixed shell
carbon nanodots (MSCDs). (Reproduced with permission of the Royal Society of Chemistry)
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4.8.3 Nanotweezers®

CNT nanotweezers are well-known objects in the nanoworld [526, 527]. Thus, both bent-type and straight-type nanotweezers
based on two carbon nanowires by means of localized CVD using a focused ion beam (FIB-CVD) were demonstrated
[528]. The location, dimension, and gap between the two nanowires were precisely controlled such that the tweezing motion
and the operation voltage can be easily adjusted. Potential applications of these nanotweezers include manipulation of
nanoparticles and nanoscale objects. Also, a method to make a nanotweezer composed of two CNT arms was offered
[529]. The CNT arm was fabricated by attaching a multiwalled carbon nanotube on a tungsten tip via manual assembly. Since
each CNT arm has a macro-actuator, namely, a separated tweezer arm, it was possible to close and open the nanotweezer
repeatedly. Electrochemical etching was used to cut the carbon nanotube in the CNT arm, and the cutting resolution was
~ a few hundred nanometers.

“The nanotweezer image is reproduced with permission of the American Chemical Society (J. Am. Chem. Soc., 2012, 134, 9183-9192).
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In addition to CNTs-based nanotweezers, carbon nanotubes themselves can be objects for manipulations by organic/
organometallic spacers on porphyrin and pyrene basis acting as nanotweezers. Thus, host—guest chemistry for separation of
CNTs according to diameter, metallicity, and even handedness was developed using host molecules named “nanotweezers”
consisting of a rigid core and two receptors and suitable for CNT separation (Figs. 4.189 and 4.190) [530]. These
nanotweezers are much deeper and wider cavities to accept CNTs and much more interactions of n—t and C—H-= to make
CNT complexes much more stable.

Fig. 4.189 STEM (a) and
SEM images (b, ¢) for
SWNTs (a, ¢) and DWNTs
(b) extracted with different
nanotweezers. (Reproduced
with permission of the Royal
Society of Chemistry)
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Fig. 4.190 Computer-
generated molecular
modeling of the complex
structures of SWCNTs and
nanotweezers. (Reproduced
with permission of the Royal
Society of Chemistry)
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4.8.4 Nanocars and Nanotrucks

Nanocars, being developed by research group of James M. Tour [S31-537], are “molecular machines consisting of molecular-
scale chassis, axles and wheels that can directionally roll across solid surfaces.” Two complementary approaches can be
considered in fabrication of miniaturized devices: [538] (a) the top-down approach, which reduces the size of macroscopic
objects to reach an equivalent microscopic entity using photolithography and related techniques and (b) the bottom-up
approach, which builds functional microscopic or nanoscopic entities from molecular building blocks. These nanocars are
mainly based on carborane and fullerene wheels; additionally, a class of molecular wheels was developed based on a trans-
alkynyl(dppe),ruthenium complex [539, 540]. The low rotation barrier around the alkyne bond in this complex allows a free
rotation of the wheel, while the bulky phosphine ligands offer good interactions with metallic surfaces.

A motorized nanocar (Fig. 4.191) was synthesized which bears a light-activated unidirectional molecular motor and an
oligo(phenylene ethynylene) chassis and axle system with four carboranes to serve as the wheels [541]. His proposed
propulsion scheme is shown in Fig. 4.192.

Design, syntheses (Fig. 4.193) by in situ ethynylation of fullerenes, and testing of fullerene-wheeled single molecular
nanomachines (Fig. 4.194), namely, nanocars and nanotrucks, composed of three basic components that include spherical
fullerene wheels, freely rotating alkynyl axles, and a molecular chassis, were also presented [542, 543]. The use of spherical
wheels based on C¢q and freely rotating axles based on alkynes permitted directed nanoscale rolling of the molecular structure
on gold surfaces. The obtained nanocars were stable and stationary on the gold surface at room temperature for a wide range of
tunneling parameters. The authors attributed their stability to a relatively strong adhesion force between the fullerene wheels
and the underlying gold.

Fig. 4.191 (a) Structure of
motorized nanocar on
p-carborane basis. The
p-carborane wheels have
BH at every intersection
except at the top and bottom
vertexes which represent C
and CH positions, ipso and
para, respectively, relative to
the alkynes. (b) The space-
filling model of this nanocar.
(Reproduced with permis-
sion of the American Chem-
ical Society)
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Fig. 4.192 Proposed propulsion scheme for the motorized nanocar where (a) 365 nm light would impinge upon the motor which in conjunction
with a heated substrate (at least 65 °C) (b) affording motor rotation and (c) sweeping across the surface to (d) propel the nanocar forward.
(Reproduced with permission of the American Chemical Society)
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Fig. 4.193 Synthesis of nanocars. (Reproduced with permission of the American Chemical Society)
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Fig. 4.194 A summary of
the two methods of motion
for the different nanocar
structures. (Reproduced
with permission of the
American Chemical Society)

4.8.5 Nanobalances

The nanobalance for applying a voltage across the nanotube and its count electrode was constructed on the basis of carbon
nanotubes (have diameters of 5-50 nm and lengths of 1-20 pm), produced by an arc-discharge technique and agglomerated
into a fiber-like rod [544]. The specimen holder required the translation of the nanotube via either mechanical movement by a
micrometer or axial directional piezo. The carbon nanotube can be charged by an externally applied voltage. The induced
charge is distributed mostly at the tip of the carbon nanotube and the electrostatic force results in the deflection of the nanotube
(Fig. 4.195). The nanotube is a very flexible structure, and it can be bent to 90° and still recovers its original shape.
Additionally, the mass of a particle attached at the end of the spring (Fig. 4.196) can be determined if the vibration frequency
is measured, provided the spring constant is calibrated. This “nanobalance” (the most sensitive and smallest balance in the
world) was shown to be able to measure the mass of a particle as small as 22 + 6 fg (1 f = 10~'%). Other nanobalances have
been described in [545-547].
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Fig. 4.195 Electrostatic
deflection of a carbon :
nanotube induced by a AR
constant field across the l
electrodes. Quantification of -

the deflection gives the ! ."i/ [ d\ K,
electrical charge on the ; 24 / /\’\\ \? h", i i
carbon nanotube and the /"@R\Qﬂ it 2
mechanical strain on the ; 7 ‘\Q i
fiber. (Reproduced with - .7 ﬁ?r \ 5
permission of the Elsevier . O lSpum. e st R
Science)

Fig. 4.196 A small particle
attached at the end of a
carbon nanotube at (a)
stationary and (b) first
harmonic resonance

(v = 0.968 MHz). The
effective mass of the particle
was measured to be ~22 fg
(1f=10"""). (Reproduced
with permission of the
Elsevier Science)
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4.8.6 Nanomesh

10 n m

Several carbon-based mesh*®-like nanostructures are known, in particular those of Cqo and graphene [548]. A variety of
precursors and physical, chemical, and biological methods to create channels have been used. Thus, a new graphene
nanostructure, called by authors [549] as a graphene nanomesh, can open up a bandgap in a large sheet of graphene to create
a semiconducting thin film. These nanomeshes were prepared using block copolymer lithography and can have variable
periodicities and neck widths as low as 5 nm. Graphene nanomesh field-effect transistors can support currents nearly
100 times greater than individual graphene nanoribbon devices, and the on—off ratio, which is comparable with the values
achieved in individual nanoribbon devices, can be tuned by varying the neck width. Among other related publications,
hexagonal graphene nanomeshes with sub-10 nm ribbon width were fabricated [550].

Local photodegradation of graphene oxide sheets at the tip of ZnO nanorods was used to achieve semiconducting graphene
nanomeshes (Fig. 4.197) [551]. These graphene nanomeshes contained smaller O-containing carbonaceous bonds and higher
defects as compared to the as-prepared graphene oxide sheets. An extended 2D Cgo nanomesh was fabricated by controlling
the binary molecular phases of Cgy and pentacene on Ag(111) [552]. The skeleton of the C¢g nanomesh was found to be
stabilized by the strong molecule—metal interfacial interactions [Cgy-Ag(111) and pentacene-Ag(111)] and was further
modified by the pentacene-Cgo donor—acceptor intermolecular interactions. This Cgy nanomesh can serve as an effective
template to selectively accommodate guest Cgo molecules at the nanocavities.

Fig. 4.197 Schematic
illustration of the
mechanism describing
formation of graphene
nanomeshes by using the
photocatalytic property of
the ZnO nanorods.
(Copyright. Reproduced
with permission of the
American Chemical Society)

Graphene oxide sheet

Global reductio
of the sheet

Local oxidation
& degradation

“3The nanomesh images above are reproduced with permission of the Royal Society of Chemistry (J. Mater. Chem. A, 2017, 5, 9709-9716).
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Fig. 4.198 Schematic illustration of the fabrication steps for CNM. (Reproduced with permission of Wiley)

Fig. 4.199 TEM images of CNM. (Reproduced with permission of Wiley)

CVD method was applied to prepare carbon nanomesh (CNM, Figs. 4.198 and 4.199) with MgAl-layered double oxides
(LDO) as sacrificial template and ferrocene as carbon precursor [553]. This hexagonal thin-sheet CNM featured a hierarchical
pore system consisting of micropores and small mesopores with a size range of 1-6 nm and a great number of random large
mesopores with a pore size of 10-50 nm and was found to be suitable as supercapacitor electrode. The in-plane large
mesopores serve as fast ion channels across the carbon thin sheets, which helps to greatly accelerate the ion kinetic in the interior
of the electrode, resulting in an improved capacitive performance. A graphene nanomesh was also prepared through
UV-mediated oxidation of a graphene oxide film in air (Fig. 4.200) [554]. It was observed that a nanoporous network structure
was progressively produced in the basal plane, which can be attributed to the fact that highly ROS (UV-generated O3)
preferentially attack sp® carbon-rich regions of the GO. The field-effect transistors were fabricated using graphene nanomesh
as the active channel. Finally, in order to produce nanostructured channels of SWCNTs for localized active devices such as
local bottom-gated field-effect transistors (FETs), a biologically templated approach in combination of microfabrication
processes was offered, assembling in solution a large-scale nanostructured network, nanomesh, of SWCNTs using an M13
phage [555].

In addition to classic chemicals, carbon-rich natural wastes have been also used as carbon nanomesh precursors, for
instance, biowaste-poplar catkins [556]. Their in situ calcination (at 600 °C) etching with Ni(NO3),-6H,O and KOH in N,
flow combined with an acid dissolution technique led to the formation of hollow activated carbon nanomesh (PCACM) with a
hierarchical porous structure (Fig. 4.201, reactions 4.24—4.31). PCACM kept the natural tubular morphology of poplar catkins
with a fascinating nanomesh structure on the walls, large specific surface area (Sgpr = 1893.0 m* g '), and high pore volume
(Vo = 1.495 cm® g ). The formed nanomesh has potential uses as electrode materials for supercapacitors. Together with
applications as transistors [557], this use of nanomesh is typical for various nanocarbons.
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Singlet oxygen attack

' 50nm

Fig. 4.200 (a) Schematic illustration of the UV exposure process of GO to form a perforated GNM. First, GO solution was deposited onto the
freshly prepared mica sheet surface (1.0 x 1.0 cm?) and dried in the vacuum oven. Then, the dried substrates were put into a sealed box with UV
irradiation. Note: the dark gray areas represent sp> carbon clusters, and the remaining regions are sp” carbon domains. (b—d) AFM images of GO
sheets on the mica substrate: (b) the starting GO sheets, (c¢) the UV-irradiated GO, and (d) zoom-in of a square region; see (c¢) showing the perforated
structure of an individual sheet. (Reproduced with permission of the American Chemical Society)
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Fig. 4.201 Schematic illustration for the preparation of PCACM. KOH activation has been also used for other nanocarbons above described.
(Reproduced with permission of the Elsevier Science)

2Ni(NO3), = 2NiO + 2NO,

C 4 6KOH = 2K,CO3 + 2K + 3H,

(4.24)

(4.25)

K,CO; = K,0 + CO, (4.26)
K,CO; + 2C = 2K + 3CO (4.27)
(4.28)

K0+ C =2K +3CO
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2K + 2H,0 = 2KOH + H, (4.29)
KOH + HCI = KC1 + H,0 (4.30)
NiO + 2HCI = NiCl, + H,0 (4.31)

4.8.7 Nanojunctions®

Nanojunctions are known mainly for metals, although some oxides and other compounds have also been reported. For carbon
allotropes, the available data are highly limited [558]. Thus, Fe;W;C/WC/graphitic carbon (GC) ternary nanojunction hybrids
were synthesized through a solid-state pyrolysis process to be used for dye-sensitized solar cells (DSSCs) [559]. Using hybrid
counter electrodes on their basis, a photoelectrical conversion efficiency of 7.1% was achieved (for comparison: pure GC —
5.02%, WC/GC hybrids — 6.11%). DFT calculations were used to study electronic properties and doping and structural defects
in carbon nanojunctions, for instance, to investigate charge transport in pentacene—graphene nanojunctions employing DFT
calculations and the Landauer transport formalism [560]. It was revealed that the unique electronic properties of graphene
strongly influence the transport in the nanojunctions. The charge transport was found to be strongly influenced by the edge
structure of the graphene electrodes. The behavior of B-doped defects in nanodevice carbon heterojunctions was investigated
by DFT for 36 different heterojunction CNTs [561]. Among other discoveries, the highest surface reactivity was found for the
B-doped zigzag—armchair heterojunctions, followed by B-doped armchair—armchair heterojunctions, and the smallest surface
reactivity is for B-doped zigzag—zigzag heterojunction CNTs. Similarly, quantum conductance of silicon-doped carbon wire
nanojunctions was evaluated [562].

“*The nanojunction image above is reproduced with permission of the American Chemical Society (J. Phys. Chem. Lett., 2013, 4(5), 809-814).
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4.8.8 Nanopaper

N

Nanopapers” are known, in particular, for various carbon-containing [563] compounds and are being intensively developed
during the last decade. An excellent comprehensive review [564] describes nanopapers on the basis of cellulose; carbon
(highly recommended state-of-the-art section on carbon nanopapers); inorganic compounds; electrospun nanopaper; water-
repellent nanopaper; fire-retardant nanopapers; electrically and thermally conductive nanopapers; magnetic, photocatalytic,
and bioactive nanopapers; and their multiple applications. Carbon nanopapers (“on-woven fibrous entangled assemblies of
carbon nanomaterials with a 2D paper-like morphology, held together by van der Waals forces between carbon nanomaterial
junctions, similar to ordinary paper made from wood pulp fiber”) are made of carbon-based nanomaterials (e.g., carbon
nanofibers, graphene, and CNTs) [565] and nonionic surfactants (e.g., Triton X-100 and sodium lauryl sulfate), which aid
their dispersion into aqueous or organic solvents (Fig. 4.202). Another route to the carbon nanopaper is mechanical pressing/
rolling. A representative example of a composite nanopaper (binder-free), made of graphite oxide and Si nanoparticles as an
anode material for Li-ion batteries, is shown in Fig. 4.203.

Among various types of carbon nanopapers (e.g., those with flame-retardant efficiency [568]), considerable efforts have been
recently made, mainly by the research group of H. Lu, in the development of the area of shape-memory materials on their basis,

Fig. 4.202 Fabrication of conductive, flexible nanopaper aerogels. (a) Aqueous dispersion of CNTs and CNFs. (b) A web film made of slurry in (a).
(c) A freeze-dried conductive nanopaper (200 pm thick). (d—f) SEM of conductive nanopaper with different magnifications [566]. (Reproduced with
permission of Elsevier Science)

0The nanopaper image above is reproduced with permission of the Elsevier Science (Composites: Part B, 2012, 43, 3293-3305).
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Fig. 4.203 Schematic diagram of the process used to convert rice husk into Si nanoparticles and the subsequent fabrication of the composite paper
with GO solution and battery fabrication. Thermal annealing at 700 °C under an argon atmosphere is used to convert the GO into more conductive
reduced GO, which improved the conductivity of the composite paper. (Reproduced with permission of the Royal Society of Chemistry [567])
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Fig. 4.204 The morphology and structure of multilayered nanopaper and the SMP nanocomposite at an accelerating voltage of 10.00 keV. (a)
Morphology of multilayered nanopaper. (b) Structure of multilayered nanopaper-enabled SMP nanocomposite. (¢, d) Morphology and structure of
the interface between the multilayered nanopaper and the SMP matrix. (Reproduced with permission of the Elsevier Science)

including their manufacturing, characterization, improvement, and development [569]. Thus, the electrical and shape-memory
behavior of self-assembled carbon nanofiber (CNF) nanopaper incorporated with shape-memory polymer (SMP) was studied
[570, 571]. The CNF nanopaper could have highly conductive properties. Being aligned into the nanopaper upon a magnetic
field, CNTs made significantly lower the electrical resistivity of SMP nanocomposites [572]. CNFs were self-assembled to form
multilayered nanopaper (Fig. 4.204) to enhance the bonding and shape recovery behavior of SMP, respectively [573]. It was
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Fig. 4.205 (a, b) Morphology and network structure of CNF and BN nanopaper revealed by SEM, in which the scare bars are 1 pm and 4 pm,
respectively. (¢) Optical microscope at a magnification of 1000x. (Reproduced with permission of the Elsevier Science)

revealed that both glass transition temperature (7,) and electrical properties of the SMP nanocomposites can be improved by
incorporating multilayers of self-assembled nanopapers. In addition, the synergistic effect of self-assembled CNF and boron
nitride (BN) nanopaper (Fig. 4.205) on the electrical and thermal properties, and electro-activated shape-memory effect (SME) of
polymeric shape-memory nanocomposites, was studied [574]. BN was introduced to improve the thermal conductivity and large
dissimilarity of the nanocomposite for enhanced heat transfer and electric-activated shape recovery.

Multifunctional nanocomposites were fabricated using carbon nanopaper sheets [575]. Vapor-grown carbon nanofibers
were preformed as carbon nanopaper sheet, resulting in a porous structure with highly entangled carbon nanofibers, which was
integrated into the laminates through vacuum-assisted resin transfer molding process. It was revealed that carbon nanopaper
sheet was fully integrated to the laminates. Metal-coated carbon nanopapers have been reported too. For instance, after
synthesizing a nanopaper (10-20-pm-thick, freestanding sheets of self-assembled SWCNTs), it was decorated with Pt
nanoparticles by electroless deposition [576]. Also, the carbon nanopaper sheet, consisting of randomly oriented single-
walled nanotubes and vapor-grown carbon nanofibers, was coated with nickel by laser pulse deposition [577].

4.8.9 Nanobatteries®"

(a) Fe-S NP-filled CNTs

>IThe nanobattery image above is reproduced with permission of Wiley (Adv. Sci., 2016, 3, 1600113).
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Fig. 4.206 Schematic illustration of (a) organic modification process of carbon nanotubes and (b) cell configuration of lithium—sulfur (Li-S)
batteries. (Reproduced with permission of MDPI)

Nanobatteries are fabricated batteries employing nanoscale technology, which can be nano in size or may use nanotechnology
in a macroscale battery. In the first case, for example, carbon nanotubes, encapsulating metallic lithium, can potentially act as a
miniaturized nanobattery [578]. Such a battery would be potentially useful in the next generation of communication and
remote sensing devices, where a pulse of current is required for their operation. Both anode and cathode in nanobatteries can
be nanostructured. Talking about carbon materials in Li- and Na-ion batteries, the electrodes can be made or coated with
mainly carbon nanotubes, as well as graphite, graphene, and various carbon-based composites to improve their rate capability.
High number of reports is observed during the last decade in the field of nanocarbons to be used in batteries [579-582], so here
we present only selected representative recent examples on CNTs composites.

An effective method was offered for the modification of separators in lithium—sulfur batteries [583]. Grafted long-chain
molecules and tube-like CNTs were shown to enable the formation of micropores in CNTs, which could accommodate
polysulfides. The hydrophilic groups (Fig. 4.206) help trapping polysulfides to suppress shuttle effect. Also, the conductive
nature of CNTs also contributes to a decrease in internal resistance. In case of CNTs filled with iron sulfide nanoparticles,
prepared [584] by inserting sulfur and ferrocene into the hollow core of CNTs followed by heat treatment, it was found that
FeS nanoparticles (15 nm in size) are encapsulated in the tubular cavity of the CNTs (Fe-S@CNTs, Fig. 4.207). The CNTs not
only play an essential role in accommodating the volume expansion of the Fe—S nanoparticles but also provide a fast transport
path for Li ions. Being used as the anode material of lithium-ion batteries, this material exhibited excellent electrochemical
lithium-storage performance in terms of high reversible capacity, good cyclic stability, and desirable rate capability. Also,
electrodes on the basis of mesoporous Si-coated CNT composite powders, prepared by combining a sol-gel method and the
magnesiothermic reduction process, exhibited excellent cycle and rate performances as anodes in Li-ion batteries, which can
be attributed to the efficient accommodation of volume change from mesoporous Si structure and the enhanced electrical
conductivity from CNT core [585].

Among other nanocarbons, 3D macroporous CNT foam (see also the section above on nanofoams) was tested as a sulfur
cathode for lithium sulfur batteries, revealing stable electrochemical performance with high initial capacity and decent
cycleability [586]. A seamless graphene—carbon nanotube (GCNT, Fig. 4.208) electrode contributed to reversibly store Li
metal with complete dendrite formation suppression [587]. A full battery based on GCNT-Li/sulfurized carbon (SC) showed
high-energy density (752 Wh kg~ total electrodes, where total electrodes = GCNT-Li + SC + binder), high areal capacity
(2 mAh cm™?), and cyclability (80% retention at >500 cycles), at the same time being free of Li polysulfides and dendrites that
would cause severe capacity fade.
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Fig. 4.207 (a) Schematic showing the preparation of the Fe-S@CNT material and corresponding TEM images of (b) pristine CNTs, (c)

intermediate sulfur-/ferrocene-filled CNTs, and (d) Fe-S@CNTs. (Reproduced with permission of Wiley)
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Fig. 4.208 Growth schematic and structural characterization of GCNT. (a) Schematic of GCNT growth. E-beam-deposited 1 nm iron nanoparticles
are noncontinuous, and they serve as the catalysts for the CNT growth, while a 3 nm layer of aluminum oxide provides the support for a vertical tip
growth. (b—d) Scanning electron micrograph (SEM) images of GCNT showing a CNT carpet grown vertically from a graphene-covered Cu
substrate. (e) Raman spectrum of graphene as-grown on Cu. The graphene is conformally connected to its native Cu substrate upon which it is
grown. The G band appears at 1589 cm™', 2D band at 2705 cm ™", IG/I2D ratio > 1, and a trace D band at ~1360 cm™'. The Raman scattering
signatures signify a high-quality multilayer graphene. The skewed baseline occurred because the spectrum is obtained atop Cu. (f) Raman spectrum
of CNTs grown on the Cu-graphene substrate with the G band at 1587 cm ™', 2D band at 2652 cm ™', and D band at 1336 cm ™. (g) Raman RBMs of
the CNTs in expanded format. (Reproduced with permission of the American Chemical Society)
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4.8.10 E-Nose®* and E-Tongue
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Electronic instruments mimicking the mammalian olfactory system are often referred to as “electronic noses” (E-noses,
Fig. 4.209) [589, 590]. The human nose is widely used as an analytical sensing tool to assess the quality of drinks, foodstuffs,
perfumes, and many other household products in our daytime activities and of many products in the food, cosmetic, and
chemical industries [591]. However, practical use of the human nose is severely limited by the fact that the human senses of
smell is subjective, often affected by physical and mental conditions, and tires easily. Consequently, there is considerable need
for a device that could mimic the human sense of smell and could provide an objective, quantitative estimation of smell or
odor. Thanks to recent nanotechnology breakthroughs the fabrication of mesoscopic and even nanoscopic E-noses is now
feasible in the size domain where miniaturization of the microanalytical systems encounters principal limitations. Electronic
noses have provided a plethora of benefits to a variety of commercial industries, including the agricultural, biomedical,
cosmetics, environmental, food, manufacturing, military, pharmaceutical, regulatory, and various scientific research fields
[592]. Advances have improved product attributes, uniformity, and consistency as a result of increases in quality control
capabilities afforded by electronic-nose monitoring of all phases of industrial manufacturing processes.

Among a series of reported E-noses and E-tongues on carbon basis, a portable E-nose based on hybrid carbon nanotube-
SnO, gas sensors were fabricated using electron-beam (E-beam) evaporation by powder mixing [593]. Doping of carbon
nanotube (CNT) improved the sensitivity of hybrid gas sensors, while quantity of CNT had a direct effect on the selectivity to
volatile organic compounds, i.e., MeOH and EtOH. Based on the proposed methods, this instrument can monitor and classify
1 vol.% of MeOH contamination in whiskeys. Similar SnO,—glycine-functionalized carbon nanotube-based electronic nose
was used for detection of explosive materials [594]. Wearable electronic nose (CNTs/polymer sensor array) can respond to a

>2The E-nose image above is reproduced with permission from Springer (Anal. Bioanal. Chem., 2014, 406(16), 3985-3994).
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Fig. 4.209 Function of an E-nose [588]. (Reproduced with permission of the http://www.nanowerk.com/)
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Fig. 4.210 Working principle of E-tongues and E-noses. (Reproduced with permission of NCBI)

variety of complex odors [595]. Detection of cotton damaged by Nezara viridula is useful in agriculture [596]. Other uses of
E-noses and E-tongues include determination of the quality of foods and beverages, consisting of several hundred components
in different ranges of concentrations (the working principle is shown in Fig. 4.210) [597].


http://www.nanowerk.com/spotlight/spotid=3331.php
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Fig. 4.211 The two fixed pole carbon atoms are shown as the golden balls. The rotation of nano-turbine is driven by the water flow along the
z-direction. The 2-A slab above the turbine blade is shown as the green region. (Reproduced with permission of Nature)

Another rapidly developing area, which could be attributed to this ‘“nanotechnical” section, corresponds to
nanoelectromechanical systems (NEMs). We here only note this field of nanotechnology mentioning three new types of
nanoelectromechanical systems based on carbon nanotubes, reported in [598]: an electromechanical nanothermometer (see
also section above), a nanorelay, and a nanomotor. The nanorelay was a prototype of a memory cell, and the nanoactuator can
be used for transformation of the forward force into the relative rotation of the walls. Relative motion of the walls in these
nanosystems was defined by the shape of the interwall interaction energy surface. In addition, such rare “technical” carbon
nanostructures are nanoturbins (Fig. 4.211) [599], nanogrids [600], and those based on hybrids of fullerenes and carbon
nanotubes A*@C, @tubeC,,, called nano-autoclaves [601]. This autoclave was used to dimerize Cyq. It was shown that (Cyq)»
dimer can be really synthesized this way. The advantage of such nano-autoclave is garantized absence of any impurities inside
the capsule tube@C,,, so the final dimerization product (C,), does not contain atoms of other chemical elements.

4.9 Nanostructures Classified as Polyhedral

Despite a variety of polyhedron-like nanostructures for other compounds (elemental metals, their oxides or salts), similar data
for nanocarbons are relatively rare. In this respect, for geometrical structures with high coordination numbers, important
observations on icosahedron and related structures were generalized in a review [602]. The authors emphasized that classical
theory of nanoparticle stability predicts that for sizes <1.5-2 nm the icosahedral structure should be the most stable and then
between around 2-5 nm, the decahedral shape should be the most stable. Beyond that, face-centered-cubic (FCC) structures
will be the predominant phase. However, in the experimental side, icosahedral (I;,) and decahedral (Dy,) particles can be
observed (Fig. 4.212) much beyond the 5 nm limit. In fact, it is possible to find I}, and Dy, particles even in the mesoscopic
range. Conversely, it is possible to find FCC particles with a size <1.5 nm. Mechanisms to stabilize fivefold nanoparticles are
as follows, among others: internal strain, introduction of planar defects (twins, stacking faults), the introduction of steps, and



4.9 Nanostructures Classified as Polyhedral 273
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Fig. 4.212 Electron microscopy images of an (a) icosahedron of ~80 nm, (b) an icosahedron of about 7 nm, (¢) a decahedron of ~300 nm, and (d) a
decahedron of few micrometers. (Copyright. Reproduced with permission of the Royal Society of Chemistry)

kinks on the surface, external modification of shape by facet truncation, displacement of the five-fold axis which reduces the
elastic energy, and splitting of the fivefold axis.

4.9.1 Nanotriangles

Nanotriangles are very common for gold, but very scarce for nanocarbons [603]. Graphene, nanofiber, nanoonion triangles
have been obtained, as well as some their composites. Thus, the electronic shell structure of triangular, hexagonal, and round
graphene quantum dots (flakes) near the Fermi level was studied using a tight-binding method [604]. Armchair triangles can
be used as building blocks for other types of flakes. The interaction between calf-thymus dsDNA and water-soluble carbon
nanoonion (wsCNO) in water followed denaturation of ds (double-stranded) DNA to ss (single-stranded) DNA [605]. The
ssDNA concomitantly wrapped the spiky surface of wsCNO to create triangular aggregate (Fig. 4.213) as the building block
as observed by time-dependent SEM images. These triangles further aggregate leading to six-petal flower arrangement
(Fig. 4.214) via hexagon and finally reach a dead-end network.

Vertically aligned carbon nanofibers were grown by catalytically controlled glow discharge CVD [606] from C,H,/NHj;
gas mixture using Ni catalyst, yielding flattened carbon nanostructures (carbon nanotriangles, Fig. 4.215). The morphology
and chemical composition of isolated product were found to have a strong dependence upon the growth conditions. In
addition, an unusual sp” hybridization-assembled metallic 3D conductive carbon allotrope, named Tri-carbon (Fig. 4.216),
constructed by helical triangle chains and mechanically and dynamically stable at ambient pressure, was computationally
reported [607]. High ring strain in the carbon triangle blocks forces the C—C bond in Tri-carbon to be a “bent bond” rather than
the common single bond in diamond or the & bond in graphite. The electron density difference for Tri-carbon in comparison
with graphite and diamond to gain more insight into the chemical bonding is shown in Fig. 4.217. Tri-carbon is expected to be
synthesized by chemical methods, such as the synthesis of cyclopropane derivatives (e.g., triangulane and tetrahedrane).
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280 nm

Fig. 4.213 Images of DNA composite: (a) 1 h, DNAwsCNO; (b) 4 h, growth; (¢) 8 h, aggregation; (d) 16 h, triangle formation; (e) hexagon; (f)
flower; (g) assorted flowers; (h) selected six-petal flower. (Reproduced with permission of Springer)
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Fig. 4.214 The formation of flower shape composite of wsCNOs and CT-DNA with triangle and hexagon as intermediates finally to dead-end
network structure. (Reproduced with permission of Springer)

Fig. 4.215 SEM images of
carbon nanotriangles taken
at (a) 45° and (b) 30° tilt
angle. A schematic repre-
sentation of nanotriangle
formation is shown at (c¢) the
beginning and (d) near the
end of growth. (Reproduced
with permission of AIP)




Fig. 4.216 (a) A linear
triangulane containing five
carbon triangle units. (b) A
branched triangulane
containing ten carbon trian-
gle units. (c¢) Tri-carbon
described by helical carbon
triangle chains, where the
yellow and blue triangles
represent a branched
triangulane and a cyclopro-
pane, respectively. (d)
Tri-carbon described by K4
carbon model. The light
green spheres are the center
of the corresponding trian-
gles, which comprise the
exact K4 carbon form. (e)
Phonon dispersion curves of
Tri-carbon under ambient
pressure. (Reproduced with
permission of /IOP
Publishing)
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Fig. 4.217 Simulated isosurfaces of electron density difference for (a) diamond, (b) graphite, and (c¢) Tri-carbon. (d) ELF plots in <111> plane
crossing the center triangle layer in (¢). (Reproduced with permission of IOP Publishing)
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4.9.2 Nanotetrahedra

Collapse of a carbon nanotube can result in the formation of a nanoribbon, and a switching of the collapse direction yields a
nanotetrahedron in the middle of a nanoribbon (Fig. 4.218) [608, 609]. These nanotetrahedron/nanoribbon structures were
found to be thermally stable and did not transform into a tubular form up to a temperature at which they were broken off.
Studying these processes in detail, it was revealed that chains of carbon nanotetrahedra/nanoribbons (Fig. 4.219) can be
formed via sequential switching of the flattening direction of MWCNTSs, in which neighboring two nanotetrahedra are

Fig. 4.218 A series of TEM
images of a
nanotetrahedron/ribbon
structure during the first
Joule heating. The position
of the nanotetrahedron is
indicated by the star. The tip
of the W probe was attached
to the right of the
nanoribbon. The nanoribbon
was broken off at the
moment between (d) and (e)
at the position indicated by
the arrow. (Reproduced with
permission of AIP
Publishing.)
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Fig. 4.219 (a) SEM image
of chains of carbon
nanotetrahedra/
nanoribbons. (b) Enlarged
SEM image of a carbon
nanotetrahedron. (¢) Three-
dimensional schematic
model of a chain of carbon
nanotetrahedra/
nanoribbons. (Reproduced
with permission of Nature)

Fig. 4.220 (a) TEM image
of a nanoribbon with two
adjoining nanotetrahedra.
(b—d) Enlarged images
viewed along different
directions. (e) Schematic 3D
model of the nanoribbon
with adjoining
nanotetrahedra.
(Reproduced with
permission of Nature)

connected by a short nanoribbon [610]. It was proposed that the formation of nanotetrahedra chains is caused by a
quasiperiodic instability of catalyst iron nanoparticles during the CVD growth. In addition, two adjoining carbon
nanotetrahedra were found (Fig. 4.220). The splitting-and-joining process involving only one metal catalyst nanoparticle
and a self-folding mechanism (called by authors as the origami mechanism) was offered to explain the process and the
formation of these nanoribbons and nanotetrahedra (Fig. 4.221) [611].
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Fig. 4.221 (a—c) Schematic
illustration of the proposed
formation mechanism. The
gray and white areas
represent catalyst metal
nanoparticles and the CNTs,
respectively. (a) One of two
flattening directions is
superior when a nanotube is
expelled from a metal
catalyst nanoparticle, which
results in the formation of a
simple nanoribbon
(flattened nanotube). (b)
Flattening occurs equally in
both directions, which
results in X-shaped folding
and splitting. Viewed along
the growth direction in (a)
and (b). (¢) A nanotube
grown from a metal
nanoparticle splits into two
nanoribbons due to the
process shown in (b) and
then joins together via the
reverse process. As a result,
an O-shaped carbon
nanotube is formed. (d, e)
TEM images of CNTs with
X-shaped cross section.
(Reproduced with
permission of the Royal
Society of Chemistry)

4.9.3 Nanocubes

279
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Fig. 4.222 Schematic illustrations of the electrode morphology changes before and after discharge. (a) The deposition process of plate-shape Li,O,

on the carbon black (CB) electrodes. (b) The deposition process of toroidal-shape Li,O, on the mesoporous carbon nanocube (MCC) electrodes.
(Reproduced with permission of Wiley.)
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Fig. 4.223 Schematic illustration for the construction of glucose biosensor based on PtNPs/CNCs composites. (Reproduced with permission of the
Elsevier Science)

Nanocubes™ on carbon basis are not so frequently reported as nanocages (see one of sections above). They are mainly
prepared by pyrolysis (in particular, pyrolysis of such natural products as rice [612]) and generally have electrochemical
(batteries) and electrocatalytic applications [613] (in particular, due to certain advantages being compared with carbon black
electrodes,>® Fig. 4.222) (although other uses, as, e.g., bioimaging [614], have been reported). Thus, high-surface nitrogen-
doped porous CNCs with a high surface area, prepared by carbonization from Prussian blue (PB) nanocubes coated with poly
(furfuryl alcohol), were used as a support for Pt nanoparticles to be applied as an electrocatalyst for the oxidation of methanol
[615]. Similarly, nanocomposites of Pt nanoparticles (3—5 nm) anchored on carbon nanocubes (PtNPs/CNCs, Fig. 4.223)
efficiently catalyzed the electrochemical oxidation of glucose [616]. The proposed biosensor displayed relatively wider linear
range and lower detection limit for glucose detection; the current response of the electrode retained 93.7% of the initial signal
after 20 days storage, demonstrating acceptable long-term stability of the system.

Other carbon nanostructures can also take part as supports for nanocubes of the same PB, like in the case of graphene oxide
sheets (GOs)-PB nanocomposites, which were fabricated via a spontaneous redox reaction in a aqueous solution containing
FeCl;, K5[Fe(CN)g], and graphene oxide sheets [617]. The products represented PB nanocubes formed on the surface of GOs
retaining their excellent electrochemical activity; moreover, the obtained nanocomposites even showed a higher sensitivity
toward the electrocatalytical reduction of H,O, than that of MWCNT/PB nanocomposites. Main applications for these

33The nanocube image above is reproduced with permission of Elsevier Science (Nano Energy, 2015, 16, 268-280).

54«For the CB electrode, the nanopores are formed between CB nanoparticles. During the discharge process, the nanopores are easily to be blocked
by the discharge products in the initial discharge process. The MCC electrode consists of carbon nanocubes. Each carbon nanocube contains
numerous mesopores, which can facilitate the electrolyte impregnation and oxygen diffusion. Furthermore, large amount of macropores is also
formed between carbon nanocubes.” (adapted from Adv. Funct. Mater. 2015, 25, 4436-4444).
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Fig. 4.224 (a) Schematic graph of the formation process of the (M, M’)@nitrogen-doped graphitic carbon (NGC) NCs. (b) SEM image of the
Fe3[Co(CN)g]> NCs. (¢, d) SEM and TEM images of the (Fe,Co) NCs (inset: high-magnification SEM image). (e-g) SEM and TEM images of the
(Fe,Co)@NGC NCs. (Reproduced with permission of the Royal Society of Chemistry)
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Fig. 4.225 Schematic illustration of the GCNC synthesis. (Reproduced with permission of the American Chemical Society)

nanocomposites could be electrochemical sensor and biofuel cell. Also, (Fe,Co)@nitrogen-doped graphitic carbon (NGC)
nanocubes (NCs), obtained via the pyrolysis of polydopamine-encapsulated Fe;[Co(CN)g], NCs at 700 °C (Fig. 4.224),
showed comparable catalytic activity for oxygen reduction reaction (ORR) to the Pt/C catalyst [618]. It was recommended as a
component of highly efficient nonprecious electrocatalysts in order to replace precious metal catalysts for energy conversion
application.

Other nanocubes can serve as templates for CNCs. Thus, graphitic carbon nanocubes (GCNCs), prepared by pyrolysis of
ZIF-8 nanocubes (Fig. 4.225) [619], resembled the structure of N-doped graphite and exhibited a high photothermal
conversion efficiency of 40.4%. They are highly biocompatible and induced an effective photothermal therapy effect under
808 nm irradiation. As the first work on the simultaneous generation of FeN, and CoN, active species from crystalline
precursors, hollow FeCo-N-doped porous carbon (Fig. 4.226) was obtained by pyrolysis at 900 °C of metalloporphyrinic
MOFs, PCN-224-FeCo, with adjustable molar ratio of Fe'/Co™ alternatively residing inside the porphyrin center and was
shown to be suitable for efficient electrocatalysis for ORR reactions [620].
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Fig. 4.226 Illustration of the stepwise fabrication of hollow porous FeCo,-NPC-T nanocubes with varying Co/Fe molar ratios at different pyrolysis
temperatures. (Reproduced with permission of Wiley)

An example of carbon nanocube use as containers is homogenous poly(3,4-ethylenedioxythio-phene) (PEDOT)-coated
multi-chambered micro-/mesoporous carbon nanocube encapsulated sulfur (P@CNC-S) composites (Fig. 4.227), which can
serve as polysulfide reservoirs for lithium—sulfur batteries (Fig. 4.228) [621].

4.9.4 Nanoprisms™

Nanocarbons in nanoprism form are rare. Thus, large-area vertically aligned uniform-shape carbon hexagonal nanoprism
(30 nm in diameter, 30° internal angles, Fig. 4.229) arrays were grown (Figs. 4.230 and 4.231) on molybdenum substrates by
the catalyst-assisted pulsed laser deposition techniques [622]. The sample of these nanoprism arrays showed better field
emission behavior than that with aligned carbon nanorod arrays.

>The nanoprism image above is reproduced with permission of Elsevier Science (Appl. Surf. Sci., 2009, 255, 5939-5942).
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Fig. 4.227 A schematic illustration for preparing PEDOT coated multi-chambered micro-/mesoporous carbon nanocube-sulfur composites.
(Reproduced with permission of the Elsevier Science)
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Fig. 4.228 (a) SEM images of CNC-S composites. (b) TEM image of CNC-S composites. (¢) Elemental mapping image of CNC-S composites. (d)
SEM image of P@CNC-S composites within set HRTEM image of the details of P@CNC-S composites. (Reproduced with permission of the
Elsevier Science)

Fig. 4.229 (a) Low-
magnification side-view
SEM image of the aligned
carbon hexagonal
nanoprisms at an angle 30°.
(b) TEM image of the car-
bon hexagonal nanoprisms.
(¢) Simulated model of the
carbon hexagonal
nanoprism. The inset in (a)
shows the high-
magnification top-view
SEM image of the hexago-
nally patterned carbon
nanoprisms. (Reproduced
with permission of the
Elsevier Science)
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Fig. 4.230 Schematic illustration of the growth mechanism of the carbon hexagonal nanoprisms: (a) the formation of ZnO nuclei on the surface Zn
nanoparticles deposited on Mo substrate, (b) formation of quasi prism-shaped carbon nanostructures on the surface of Zn particles, and (c¢) growth of
the carbon hexagonal nanoprisms. (Reproduced with permission of the Elsevier Science)
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Fig. 4.231 SEM images showing the growth process of carbon hexagonal nanoprisms obtained by the PLD techniques in the presence of catalyst.
(a) 7 min, (b) 15 min, and (c) 30 min. (Reproduced with permission of the Elsevier Science)
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