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Abstract

Single-walled carbon nanotubes (SWCNTS) are unique material with outstanding
physical properties, which make them a great candidate for electronic applications. The
majority of electronic applications involve SWCNTs in the form of a random network
while the performance of the SWCNT networks is determined by structural features of both
nanotubes and their ensembles. In particular, high nanotube length (or, aspect ratio) and
homogeneity of nanotube spatial distribution result in an increase in SWCNT network
conductivity required for their high performance in specific electronic devices. Meanwhile,
in the macroscale, SWCNT networks can be realized in (quasi-) two-dimensional (2D)
from — thin SWCNT films — and three-dimensional (3D) one assembled within host
polymer — SWCNT/polymer nanocomposites. The current thesis is devoted to the
controllable fabrication of SWCNT networks with tunable properties for their high
performance in electronic and optical applications.

The first direction of the work is devoted to CO-based aerosol chemical vapor
deposition (CVD) synthesis of thin SWCNT films (“2D” networks) utilized as transparent
conductive films (TCFs). The goal of the research is to improve the performance of
SWCNT films as a key component of TCFs (equivalent sheet resistance, Rq,) and the
synthesis productivity (yield). New reactor chemical engineering approaches were
developed. The first one is based on controllable adjustment of residence time (z, by flow
rate control) which allows maintaining the catalyst activation stage and varying nanotube
growth, this way optimizing Ry, (51 Q/o was achieved for doped films). The second one
is related to the introduction of rarely employed H. as a reducing agent, which was
demonstrated to increase synthesis yield by 15 times. Furthermore, the inversed approach
to residence time tuning of Rq, was used to develop a new methodology for fast evaluation
of nanotube growth kinetics based on analysis of Ry,-vs-t trends. As a result, the CO (used
as a growth promoter) effect on catalyst deactivation rate was first studied.

The second part of the thesis concerns the problems of the 3D organization of
SWCNT networks within a polymer. SWCNT/polymer nanocomposites were fabricated

using commercial SWCNTs with moderate (~ 3000 aspect ratio). Appropriate
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manufacturing techniques allowed for reaching ultralow percolation threshold values:
unprecedented 0.006 wt% for elastic SWCNT/polyurethane nanocomposites and 0.001 —
0.003 wt% for SWCNT/epoxy ones. Elastic nanocomposites had state-of-the-art
performance in electronic applications (strain sensing and electromagnetic interference
shielding) at very low concentrations, which provides strong economic benefits for
nanocomposite production, while for thermoset nanocomposites, a new approach to use
densely packed briquette-shaped SWCNT powders was proposed, which significantly

simplify the nanocomposite manufacturing process.
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Chapter 1. Introduction

Raising the quality of life is an everlasting and growing human demand, which is
impossible without scientific and technological progress. This tendency in combination
with the growing human population and limited planet resources pushes researchers
worldwide for the development of new materials, which might allow this rapid
technological advancement. Meanwhile, nanotechnologies and nanomaterials are highly
promising for this purpose. Together with innovations in energy and biomedical fields,
nanomaterials are capable to begin a new chapter in technologies for modern electronic
and optical devices, including those accompanying a person daily. Meanwhile, carbon
nanotubes (CNTs) may be regarded as one of the most encouraging representatives of
nanomaterials for electronic and optical applications.

Carbon nanotubes were re-discovered soon after the fullerene appearance and
resonated in the broad scientific community immediately. Although the first mentions of
rod-shaped hollow carbon structures in the nanometer range date back to the 50s-70s (first
observations of such structures were reported by Radushkevich and Lukyanovich in 1952)
[1,2], it was Sumio lijima who first attracted much attention to this nanoobject [3]. After
his famous publication, carbon nanotubes became an extremely popular investigation
object for researchers from different fields of physics and chemistry. The nineties and early
two-thousands are deservedly considered a golden age in the development of carbon
nanotubes. Especial attention was paid to single-walled CNTs (SWCNTSs), mainly, because
of their unique physical properties, such as exceptionally high electrical and thermal

conductivity, outstanding mechanical properties implying very high Young’s modulus and
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tensile strength, extremely high specific surface area and aspect ratio (up to 10%), and some
other properties. Moreover, depending on the chirality angle, they can behave either as a
semiconductor or as a metal, which is absolutely unique for essentially the same material.

As soon as the enormous potential of SWCNTSs in future technologies was realized,
researchers switched focus to the practical sides of nanotubes, first and foremost, in
electronics. There are plenty of works emphasizing the high applicability of nanotubes in
different forms: nanotube forests, for example, as close-to-absolute blackbody absorbers
(based on vertically aligned nanotube arrays) [4,5], densely packed fibers as electrodes or
reinforcing agents [6,7], or even isolated SWCNTs for biomedical applications [8]. Yet,
the majority of electronic applications involve SWCNTSs in the form of randomly oriented
isotropic networks. This is the way to transfer the unique conductivity and optical
properties of SWCNTs to the macroscale. Among the SWCNT network-based
macromaterials, thin films and polymer nanocomposites are of great interest.

Because of the combination of conductivity and transparency, thin SWCNT films
are great candidates for utilization as transparent conductive films (TCFs), which can be
used in liquid-crystal displays, organic light-emitting diodes (OLEDSs), touchscreens, solar
panels, and some others. Typically, such devices are based on metal-oxide semiconductors,
primarily, indium tin oxide (ITO). Nevertheless, its brittleness and depleting resources of
indium push researchers to investigate alternative materials, such as the abovementioned
SWCNT-based thin films. The most appropriate production method for SWCNT films is
the aerosol (a particular case of floating catalyst) chemical vapor deposition (CVVD) process

since it is a one-stage liquid-free and scalable technique. However, SWCNT films still do

16



not meet industrial requirements despite their flexibility and potentially high scalability of
their production. The moderate performance of SWCNT-based thin films is mainly due to
limited control of SWCNT network structural properties during the synthesis process.
SWCNT network conductivity was repeatedly shown to be determined by both intra- and
inter-nanotube structural features, such as length and diameter distribution, defectiveness,
dispersion, and bundling degrees. Thus, tuning the processes of SWCNT synthesis and/or
SWCNT-based film fabrication for yielding controllable structural properties is key to the
development of SWCNT-based TCFs and their employment in the industry.

A similar problem concerns 3D networks — CNT/polymer nanocomposites.
Although nanocomposites are one of the most developed industry fields of nanotubes, their
performance in electronic applications, such as mechanical and chemical sensors, antistatic
coatings, electromagnetic interference (EMI) shielding devices, etc., is strongly dependent
on nanotube dispersibility within a polymer, that is, features of CNT network morphology
in a polymer matrix. Adjustment of nanotube networks in a polymer is a complex task
related to the nanocomposite fabrication process and depends on many factors, including
initial nanotube state and entanglement degree, aspect ratio and defectiveness, and
nanotube-polymer interaction. Moreover, a significantly higher share of studies was
devoted to polymer nanocomposites based on multi-walled CNTs (MWCNTS), which is
mostly explained by their higher availability and believed higher dispersibility.
Nonetheless, recent industrial growth of SWCNT production in combination with their
fundamentally greater prospects for utilization in polymer associated with their light weight

and higher aspect ratio might change this balance and enhance the nanocomposite industry
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as a whole. Yet, the problem of SWCNT dispersibility in polymer for effective assembling
of SWCNT networks is still a challenging task.

Thus, on the one hand, SWCNTSs possess a uniquely broad spectrum of properties
that could be applied in various electronic and optical applications. Nevertheless, on the
other hand, their remarkable potential has not been reached yet, which is attributed to still
insufficiently developed approaches to the synthesis of SWCNTs and assembling their
networks. This thesis has an ambitious goal to improve the situation.

The current work is focused on assembling SWCNT networks in (quasi-) 2D
and 3D forms. The first half of the work is devoted to the aerosol CVD synthesis of
SWCNTs and the development of SWCNT network-based thin films utilized as TCFs.
The second half is aimed at the improvement of SWCNT/polymer nanocomposite
fabrication methods, where the main attention is paid to the interrelation between
SWCNT network morphology, the conductivity of nanocomposites, and their

performance in strain sensing and electromagnetic interference (EMI) shielding.
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Chapter 2. Networks of single-walled carbon nanotubes

2.1.  Single-walled carbon nanotubes
2.1.1. SWCNT structure and electronic nature

Carbon nanomaterials as materials based on carbon where a single unit at least in
one dimension is sized between 1 and 100 nm traditionally include fullerenes as a zero-
dimensional (OD) nanoobject, carbon nanotubes as a one-dimensional (1D) nanoobject, and
graphene as a two-dimensional (2D) nanoobject. These nanomaterials are based on a
hexagonal honeycomb crystal lattice constructed from sp?-hybridized carbon atoms. sp-
hybridization results in w-electron conjugation determining the unique conductivity nature
of carbon nanomaterials. This m-conjugated structure is responsible for graphite

conductivity.
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Figure 1. llustration of the structure of (a) graphene honeycomb crystal lattice with specified chirality vector
C, primitive lattice translation vectors a; and a5, and carbon-carbon distance a._.; the inset in upper right

corner represents rolling a graphene sheet along a vector C; (b) nanotubes with different chirality: zig-zag,
armchair, and chiral; typical high-resolution (c) TEM and (d) STM images of SWCNTs. Reused with
permission from [9]. Copyright (2015) by the American Physical Society.
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Description of carbon nanomaterial structure is logical to start with graphene - 2D
allotrope modification of carbon representing single-layer hexagonal lattice (although it
was discovered last [10]) (Figure 1a). This structure leads to its unique electronic structure:
graphene is a zero-gap semiconductor with linear energy dispersion relation in which
valence and conduction bands meet at the Dirac point. Nevertheless, the electronic
properties of carbon nanotubes are even more exotic.

SWCNT is traditionally represented as a graphene sheet that is rolled in a hollow
cylinder along one of the Bravais lattice vectors (Figure 1). Definitely, nanotubes cannot
be obtained by rolling graphene, which will be discussed below, however, graphene crystal
lattice is useful for nanotube structure characterization. The direction of this vector CTl
determines chiral angle, or, chirality (Figure 1) of nanotubes:

Cp = nay + may, (1)
where a; and a; are primitive lattice translation vectors, and the pair of integer coordinates
(n, m) are nanotube chiral indices or chirality. Chiral indices determine nanotube diameter

and chiral angle:

L a
d=S==n2+nm+m? (2)
T T
V3m
6 =tan?! ) 3
an 2Zn+m 3)

where L, is a nanotube circumference and a = |a,| = V3ac_¢c = 2.46 A (ac_c = 1.421 A
is the carbon-carbon distance in graphene hexagonal lattice). Traditionally, nanotubes with
6 = 0° (or, when m = 0) are called “zig-zag” nanotubes, nanotubes with 8 = 30° (or,

when m = n) — “armchair” nanotubes, and intermediate case with 0° < 8 < 30° refers to
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“chiral” nanotubes (Figure 1b) [11]. Figure lc-d represents typical high-resolution
transmission electron microscopy (TEM) and scanning tunneling microscopy (STM)
images of individual SWCNTSs, respectively.

The cylindrical shape of SWCNTSs imposes periodic boundary conditions resulting
in quantization (a discrete set of possible values) of the circumferentially directed
wavevector (perpendicularly to the nanotube axis), which leads to a general 1D energy gap
structure and introduces a band gap, the width of which is dependent on the nanotube
chirality: if (n —m) : 3, bandgap is zero, the dispersion relation is analogous to graphene
and SWCNT is nominally metallic; otherwise, (if n — m is not multiple of 3), SWCNT is
semiconductive with a bandgap of a few hundreds of meV [12]. In fact, only nanotubes
with armchair chirality are truly metallic while the other “metallic”” nanotubes possess a
narrow bandgap of ~ 10 meV, which can be neglected at room temperature [9]. Thus, one-
third of SWCNTs have metallic conductivity, while the other two-thirds are
semiconductors. For more information about the relationship between the geometry of
nanotubes and their conductivity, see the reviews by Dresselhaus et al. [11] and Laird et
al. [9].

One-dimensionality of SWCNT band structure results in the appearance of
singularities in electron density of states (DOS) known as van Hove singularities peculiar
to both semiconducting and metallic nanotubes [13,14]. Spike-like DOS leads to features
in optical absorbance spectra caused by interband transitions between van Hove
singularities in valence and conduction bands and reflected in pronounced peaks called Sii

for semiconducting SWCNTSs and Mj; for metallic ones, where i refers to the number of
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singularities from Fermi energy (discussed in the Methods section). Since, as discussed
above, SWCNT band structure is determined by chirality, each nanotube chirality has its
specific energy gap values (transition energies) and, hence, positions of S; and Mj; peaks
in optical absorbance spectra. Moreover, energy gap values reflected in the transition peak
positions were shown to be inversely proportional to SWCNT diameter and can be a useful
tool for the characterization of nanotube diameter distribution. The dependency of
transition energy Sii and Mii on SWCNT diameter now is known as the Kataura plot [15].
Thus, from the fundamental viewpoint of quantum physics, single-walled carbon
nanotubes possess unique electronic and optical properties and, as a result, great prospects
for utilization in electronic and optical applications, in the majority of which, SWCNTSs are
used as a macromaterial often representing a SWCNT random network. Below, features of
SWCNT network construction and macro-properties (primarily, electrical conductivity) of

SWCNT network arising from inter-tube interaction will be discussed.
2.1.2. SWCNT networks. Structure-dependent conductivity

Usually, a nanotube network is randomly oriented SWCNTs or their bundles
(several nanotubes stacked together due to high van der Waals interactions between high-
surface-area nanotubes) forming multiple inter-tube junctions. In a simplified form, a
SWCNT network can be represented as series-connected resistors, two main types of which

are a resistance of SWCNTs themselves Rcyr and junction resistance R;. Thus, overall

network resistance R,,.; is determined by these two contributions:

Rpet = Rent +R;. (4)
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Junctions between nanotubes may be classified according to inter-tube distance:
with direct physical contact between two nanotubes — contact junction with resistance R,
— and with a small inter-tube gap commensurate with nanotube bundle diameter - tunnel
junction with resistance R; [16]. On average, junction resistance can be interpreted as a

parallel connection of these two resistors:

1_1,1 )
R, R. R,

The contribution of the latter may be neglected when the SWCNT network is quite densely
packed (nanotubes are mainly in physical contact with each other), since R, exponentially
increases with inter-tube distance:

Ry = Rye®, (6)
where s is inter-tube distance, and parameters R, and a depends on the height of the
potential barrier above nanotube Fermi level K (assuming its rectangular shape; details can
be found in [17]):

1 s

Ry=——; a=C,VK, 7
0 Cl\/? 2 ( )
A 1 . . .
— . 10 —
where constants C; = 3.16 - 10 Y C, = 1.025 EOE for potential barrier K ineV

and inter-tube distance s in A [18]. Yet, tunneling resistance impact can be crucial when
nanotube concentration is low (discussed in the following sections). Thus, for a well-
developed (highly interconnected) SWCNT network, the overall resistance R,.;
approaches to:

Rnet ~ RCNT + Rc- (8)
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Depending on the use purposes (for instance, for polarizers), nanotubes can be
aligned, and their electric transport properties become highly anisotropic [19]. Yet, here
isotropic structure is out of consideration. Figure 2 schematically illustrates a random

nanotube network with highlighted contributions in overall network resistance.

B s-SWCNT
m-SWCNT

Figure 2. Schematic representation of SWCNT network with emphasized contributions in overall network

resistance.

As mentioned above, SWCNTSs can be different in diameter and chirality. To date,
chirality-pure production of SWCNTs is being actively studied, nonetheless, this
development is in its onset [20]. Therefore, typically, a SWCNT sample includes nanotubes
with a finite set of diameters and chiralities, that is, in other words, SWCNTSs with a certain
diameter distribution and, in turn, chirality distribution are considered. As was discussed

above, at random distribution, that is, any possible pair of chirality coordinates n and m,
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one third of nanotubes are metallic (m-SWCNTSs), and two thirds are semiconductors (s-
SWCNTSs). For the usual moderate-broad chirality distribution, statistics are similar
[21,22]. This leads to features in SWCNT network conductivity.

Resistance of SWCNTSs themselves (or, intra-tube resistance R y7) mainly depends
on nanotube chirality (evidently, semiconducting or metallic nature), diameter, and
crystallinity. Obviously, m-SWCNT conductivity is higher, while thicker s-SWCNT
conducts better as well because of higher charge carrier density caused by smaller bandgap
[23]. Defectiveness of SWCNTSs (concentration of lattice mismatches, defects in graphitic
structure), as well as amorphous carbon impurities, may significantly lower conductivity
as such sp3-hybridized carbon inclusions interrupt m-conjugated electron structure and
scatter charge carriers [24].

Different types of conductors (s- or m-SWCNTSs) result in different types of
contacts in the SWCNT network with the proportions determined by
metallic/semiconducting ratio of nanotubes: m-m (~ 1/9 of contacts) (i), m-s (~ 4/9 of
contacts) (ii), and s-s (~ 4/9 of contacts) (iii) (highlighted in Figure 2). While m-m and s-
s contacts provide sufficiently good tunneling from one nanotube to another one due to
comparable Fermi energy levels and work functions [25], the contribution of m-s contacts
(in broad chirality distribution, almost half of the contacts) is the most crucial since, in
addition to tunneling between nanotubes, it is governed by Schottky barriers [26].
Therefore, for optimization of SWCNT network conductivity, either assembling purely
metallic or semiconductive networks or doping is required [27,28]. The latter can

significantly decrease the Schottky barrier and saturate SWCNT with charge carriers, this
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way, by these two processes, leading to remarkable improvement in SWCNT network
conductivity [29]. An increase in nanotube/bundle diameter was shown to positively affect
junction resistance [30]. Nevertheless, overall contact resistance (experimental
observations demonstrate more than one order of magnitude domination of junction
resistance over intra-tube one [30]) is the most considerable factor in nanotube network
conductivity.

Since the SWCNT network is mainly determined by contact resistance (as well as
semiconducting/metallic ratio, which, however, requires additional efforts to be tuned),
nanotube length becomes a considerable factor affecting SWCNT network conductivity.
Indeed, with an increase in average SWCNT length, the number of charge carrier pathways
with a minimum fraction of junctions grows. Hecht et al. demonstrated an empirical power
law describing the nanotube length effect on the network conductivity:

og ~ L1'46, (9)
where g is a sheet (in this case, network) conductivity and L is a mean SWCNT length
[31]. In their work, the authors considered the bundling degree effect. Minimizing their
surface energy, nanotubes form strong bundles this way statistically lowering the number
of pathways for charge carriers. Thus, despite a nanotube or bundle diameter increase
positively affects contact resistance, excessive bundling is to be avoided to provide
uniformly distributed SWCNTSs as wires in the network and, in turn, higher nanotube
conductivity.

Thus, SWCNT network conductivity is highly dependent on nanotube structural

features. Semiconducting/metallic ratio, distributions of nanotube length and diameter,
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defectiveness, and bundling degree are the main factors. Generally, increases in nanotube
length, diameter, quality, and spatial distribution uniformity are key directions for the
optimization of SWCNT network conductivity [32]. Next, SWCNT thin films as a 2D
extension of the SWCNT network are considered, where film conductivity/transparency

interplay is significant.
2.2. 2D SWCNT networks — thin films
2.2.1. SWCNT-based transparent conductive films

Macroscale implementation of a 2D network of SWCNTSs is a thin film. Definitely,
it is a certain simplification since SWCNT-based thin films vary in thickness from 10 nm
to 1 - 2 um [33]. Nevertheless, usually, the in-plane sheet conductivity of such films is of
interest which is measured in Q/o. Moreover, SWCNT-based films with low thicknesses
(in the range of 5 — 100 nm) appear to be transparent in the visible light range (usually 550
nm wavelength used for characterization of thin film transparency as it is in the middle of
the visible light range). Recently, Ermolaev et al. have found SWCNT film thickness in
linear proportionality with film absorbance at 550 nm (4s<() [34]:

thickness [nm] = 239 - Axc,,. (10)

Thus, SWCNT thin films with tens to hundreds of nm thickness possess both
conductivity and transparency which opens up a route for applying them in the high-
demanding electronic field of transparent conductive films (TCFs).

TCFs are a prominent part of modern electronics utilized in such areas as

touchscreens, liquid-crystal displays, OLEDs, touchscreens, solar cells, and some others.
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Nowadays, matured industrial technology for TCF production is based on the employment
of transparent conductive oxides, primarily, indium tin oxide (ITO). Despite its high
performance (about 10 Q/o at 90% transparency), the use of quite expensive and depleting
indium as well as the brittleness of ITO (which limits the development of flexible
transparent electronics) pushes researchers to develop alternative materials. Among the
prospective ones, TCFs based on metals, such as sputtered metallic microgrids [35] or
silver nanowire networks [36]. Nonetheless, the problem of bending and aging resistance
still exists, as well as the high price of noble metals. Another group of materials
investigated for ITO substitution is conductive conjugated polymers, such as PEDOT:PSS
(poly(3,4-ethylenedioxythiophene) polystyrene sulfonate), polypyrrole, and others [37-
39]. Yet, in spite of high flexibility and simple processing, the disadvantages of conjugated
polymers are related to their relatively low tolerance toward humidity and high
temperatures, and generally degradable conductivity [40,41]. Graphene-based TCFs have
also attracted the interest of researchers, however, limited charge transfer through graphene
grain boundaries limits its development [42,43]. Among all the abovementioned materials,
CNT-based thin films stand out for their flexibility, close-to-industrial optoelectronic
performance level, and high prospects for scalable production [23,44]. Yet, certain
drawbacks and challenges in their development take place as well, which will be discussed
below.

The performance of a TCF can be characterized by several figures of merits,

however, equivalent sheet resistance Ry, (/0) — film sheet resistance Rg at 90%
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transmittance at 550 nm — have turned out to be the most widely used as it is quite simple

for determination and illustrative [44]:

A550 A550
Rgg =R =R , 11
P Ass0(90%) T, 10 -
9

where As5,(90%) = log%O is the absorbance at 90% transmittance at 550 nm.

Sheet conductivity linearly grows with film thickness, yet, at the same time,
according to equation (10), its absorbance increases too (i.e., transparency declines), which

leads to a tradeoff between conductivity and transmittance:

10
_Q _Rgo'lOgT
T=e R =10 & (12)

where T, a, and p are film transmittance, absorption coefficient, and resistivity,
respectively; the second equation is derived from equation (11).

Ry, of SWCNT pristine films strongly depends on SWCNT structural properties
(as discussed above on SWCNT network conductivity): it may range within the hundreds
of Q/o to hundreds of kQ/o [32]. Nevertheless, even the lowest values are quite far from
industrial requirements, therefore, often additional procedures are applied for the
enhancement of film optoelectronic properties: tuning semiconducting/metallic ratio,
doping, rational design, and some others [44]. Post-treatment doping of SWCNT films with
such p-dopants as HNO3 [45], AuCls [29], HAUCI,4 [46-48], or electrochemical doping by
ionic liquids [49] was shown to be quite effective in eliminating Schottky barrier and
increasing charge carrier density, this way dropping Rq, by up to one order of magnitude

leading to values of 50 Q/o and below [46-50].
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Rational design, or, patterning, of continuous SWCNT films is another promising
approach to Ry, improvement [44]. Fukaya et al. proposed a technique for the one-stage
fabrication of patterned mesh-shaped SWCNT film with optimized Rq, [51], while Mitin
et al. demonstrated the efficiency of the post-treatment lithography-based process for
creating the rational design of continuous SWCNT film [52]. Overcoming the
abovementioned tradeoff between film conductivity and transparency is due to the
simultaneous presence of non- or low-transparent but, at the same time, highly conductive
pathways and empty spaces which results in a decrease in total transparency at maintained
conductivity.

Thus, SWCNT films possess quite high prospects for successful implementation as
TCFs. Post-treatment procedures, such as doping and patterning may essentially enhance
their performance. Nevertheless, SWCNT-based films are rather at the stage of laboratory-
scale development and not so widespread in industry. This is because of quite moderate
optoelectronic properties of pristine SWCNT films caused by poor control of nanotube
structural parameters during the SWCNT synthesis process. Insufficient understanding of

mechanisms behind nanotube growth limits SWCNT film development.

2.2.2. CNT synthesis. Aerosol chemical vapor deposition method for SWCNT

film synthesis

Carbon nanotube synthesis methods can be generally classified into two big groups:
physical and chemical ones. Physical methods were actively utilized in early pioneer
works. Their principle is based on applying high energy to graphite for its sublimation,

which may be implemented via arc discharge or laser ablation. Meanwhile, the addition of
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catalysts was demonstrated to considerably improve the process. Nevertheless, these
methods are pretty energy-consuming and obtained nanotube samples were often
contaminated by carbon byproducts such as soot. This pushed researchers to switch their
efforts to developing chemical methods.

Chemical methods imply the chemical vapor deposition (CVD) process where a
catalyst (typically, transition metals, such as iron (Fe), nickel (Ni), or cobalt (Co)) is used
for the transformation of carbon precursors (such as hydrocarbons, carbon monoxide,
alcohols, and many other carbon-containing compounds) into carbon [53]. In contrast to
physical methods, the CVD process occurs at relatively low temperatures. Meanwhile, in
addition to reaction acceleration by lowering the energy barrier for carbon source
dissociation, a catalyst is responsible for nanotube nucleation, e.g., it determines the shape
of nuclei and, hence, nanotube diameter and chirality, and provides subsequent nanotube
growth. Now it is well-established that the CVD process is initiated with the formation of
a graphitic cap on the catalyst surface (catalyst-assisted nanotube nucleation) and then
continues by bulk and surface diffusion of carbon intermediates through catalytic
nanoparticle (NP) toward a growing nanotube. Such a sequence of stages in nanotube
growth is known as the yarmulke mechanism.

In turn, CVD synthesis of CNTs may be divided into substrate-supported (or, fixed-
bed) and floating catalyst CVD (FCCVD) processes. Substrate-supported CVD implies the
use of catalyst seeds on a substrate (often Al2Os or SiO2) exposed to gaseous carbon
precursor at high temperatures. The resulting SWCNT samples have either a vertical

alignment (densely packed arrays also known as nanotube forests) or a horizontal one (long
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nanotubes laying on a substrate). Also, so-called kite growth is possible too when the
catalyst soars off the substrate together with nanotubes, this way avoiding problems with
carbon feedstock diffusion through forests which may result in ultralong (half-meter)
nanotubes [54].

FCCVD method involves operation exclusively in the gas phase. A catalyst or
catalyst precursor is delivered to the reactor hot zone together with the carbon source and
other reactants. Catalyst activation and nanotube growth occur while the catalyst passes
through the hot zone. Produced nanotubes can be collected from the reactor walls [55],
withdrawn and directly spun in fiber form from the reactor [56], or gathered by aerosol
filtration [57]. The second two processes are of high interest since they provide an
opportunity for continuous operation with great prospects of scaling. FCCVD allows one-
stage and liquid-free production of carbon nanotubes in various forms, including fibers,
aerogels, aerosols, thin films, and even polymer composites [58-62].

As a particular case of FCCVD, the aerosol CVD process operates at extreme
dilution of catalyst. The aerosol CVD process is one of the most promising techniques for
SWCNT thin film production as because of significant catalyst dilution it suppresses
undesirable inter-nanotube collisions leading to bundling degree increase. Moreover, the
most crucial advantage is the SWCNT collection method: thin SWCNT films form
immediately on the filter surface when aerosol flow passes through. Next, thanks to the
high nanotube hydrophobicity and hydrophilic nature of the filter, SWCNT film can be
easily transferred onto a substrate of practically any material, including glass, plastics,

metals, and many others [61]. Moreover, transferred onto a frame, SWCNT film is turned
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into a free-standing membrane that can be used as an effective filter for nanoaerosols, a
transparent electrode, a saturable absorber for ultrafast lasers, an electrochemical sensor,
and in some other devices [62].

Various designs of aerosol CVD processes for SWCNT synthesis have been
proposed over the last almost two decades. Typically, it is a vertical quartz tube surrounded
by a furnace. Hot zone temperature varies in the range of 700 — 1200 °C. Catalyst
introduction into the reactor may be implemented by delivery of vapors of metalorganic
precursors, such as ferrocene or iron pentacarbonyl for iron catalyst [63], with the
subsequent decomposition of the precursor, formation of supersaturated vapor of metal and
homogeneous nucleation of metallic NPs (in situ catalyst nucleation) or by direct supply
of already formed metallic NPs by hot wire [57,64] or spark discharge generators [65,66]
(ex-situ catalyst nucleation). In the vast majority of works, the first approach with ferrocene
utilized as an iron catalyst precursor is used. Meanwhile, there are two general approaches
to the delivery of ferrocene and carbon sources into the reactor. Highly volatile ferrocene
(saturated vapor pressure ~ 1 Pa at room temperature) may be vaporized by passing a
carrier gas (N2, Hz, or gaseous carbon source) through the cartridge with ferrocene powder,
which suits for gaseous carbon sources, such as carbon monoxide, methane, ethylene, etc.,
and was numerically used for nanotube synthesis and appeared to be quite productive (i)
[67—71]. Alternatively, ferrocene may be dissolved in a carbon source and the solution is
delivered by a syringe pump into the reactor, which is appropriate for liquid carbon

precursors (such as toluene, ethanol, xylene, etc.) [72—74] (ii).
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Carbon monoxide (CO) is one of the most frequently used carbon sources in aerosol
CVD synthesis of SWCNTSs. Carbon release is realized by the carbon disproportionation
mechanism (the Boudouard reaction). Being an extremely stable molecule (bond energy is
one of the highest — more than 11 eV [75]) CO does not dissociate without catalyst
assistance, which results in the absence of contaminating carbon byproducts (originated
from pyrolysis, which takes place for less stable hydrocarbons) and high purity of SWCNT
film. The CO-based process is highly tunable which is achieved by reactor design
adjustment [69,76] and the addition of growth promoters (primarily, weak oxidizers, such
as CO2 and H»O [64,77]) and lead to quite controlled structural properties of SWCNTSs
[67,68,78]. The latter implies controlled conductivity of SWCNT films — this is why one
of the lowest Ry, values are achieved for the CO-based process [46,47,50]. Nevertheless,
the high stability of CO has its evident drawbacks: synthesis productivity is quite low,
which deteriorates yield/Rq, ratio — a key parameter for industrial extension [74]. This
pushes researchers to switch attention to other carbon feedstocks. Yet, there are still many
gaps in CO-based synthesis optimization. For instance, reducing growth promoters, such
as hydrogen, was shown to improve the CO-based nanotube synthesis, yet, its influence
was not investigated in detail [70,79].

A more general problem in the aerosol CVD process is attributed to the fundamental
mobility of catalyst particles, which does not allow to unambiguously distinguish stages in
nanotube synthesis: catalyst activation (including catalyst particles’ formation and
nanotube nucleation) (i), steady nanotube growth (ii), and its termination usually caused

by catalyst deactivation (iii). Therefore, there is no established general kinetic model for
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the SWCNT growth, which hinders the targeted optimization of the synthesis process,
including, transparent conductive film production.

In particular, this fundamental limitation is one of the crucial reasons for the
limitations of aerosol CVD reactor scaling. Indeed, for this purpose, the nanotube growth
termination stage should be precisely detected (that is, the catalyst lifetime should be
accurately estimated). Typically, it requires the collection of SWCNT samples at different
residence times and routine measurement of nanotube length (which usually assumes time-
consuming gathering of statistics by measuring the length of individual nanotubes (or
bundles) visualized by SEM or AFM [32,67]). Meanwhile, residence time variation often
is possible only by scaling the reactor itself.

Thus, the separation of nanotube synthesis stages in aerosol CVD and evaluation
of growth kinetics (which includes growth rate and catalyst lifetime), the key indicators of
aerosol (and, essentially, floating catalyst) CVD process, are the main challenges for the
advancement of aerosol CVD synthesis of SWCNT films. Meanwhile, the development of
the CO-based aerosol CVD process, being one of the most promising methods, is impeded

by it is relatively low productivity, which also requires new approaches and solutions.
2.3. 3D networks: SWCNT/polymer nanocomposites.

2.3.1. SWCNT/polymer nanocomposites: percolation threshold, conductivity,

and prospects for electronic applications

In addition to the quasi-2D form, SWCNT networks as a macroscale ensemble can
be organized in 3D form. Truly 3D nanotube networks are aerogels, or, sponges, which can

be used as scaffolds for catalysis, electrodes in supercapacitors, chemical and mechanical
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sensors, absorbents for filtration, and in many other applications [80-83]. Nevertheless, a
network-like organization of CNTs within an external matrix, primarily, polymer, has
appeared to be of much higher scientific interest. Nowadays, CNT/polymer
nanocomposites are considered one of the largest fractions in the carbon nanotube market
[84]. The root cause of the development of this field is the idea to use such stiff material
with high surface area and aspect ratio as carbon nanotubes for polymer reinforcement to
improve the mechanical properties of the final material [85,86]. The idea is quite intuitive
and early pioneer studies of such nanocomposites already date back to 1994 when Ajayan
et al. fabricated MWCNT/epoxide-based resin [87]. Nevertheless, the purposes of
CNT/polymer nanocomposite fabrication are not confined only to reinforcing polymers.
The addition of conductive nanotubes into insulating polymer reveals fundamentally new
features of the material, such as antistatic and conductive properties, as well as sensitivity
to external stimuli.

The conductivity of SWCNT/polymers is a topic that has been investigated quite
thoroughly over the last two decades [16,18,88]. Although the conductivity principles are
the same as in pure CNT networks discussed above, nanotube/polymer interfaces play a
considerable role in network formation and organization. As essentially, CNT/polymer
nanocomposites are produced by mixing nanotubes in polymer solution/melt/precursor
(discussed below), the formation of a uniform network is complicated by strong inter-
nanotube attraction. Moreover, below a certain concentration, nanotubes cannot construct

a network within the whole bulk of the polymer — that is, conductive pathways may be not
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formed yet and the resulting conductivity of nanocomposite is comparable with neat
polymer.

The features of CNT/polymer conductivity at such low nanotube concentrations are
typically described by the percolation theory. The critical concentration required for the
formation of a developed conductive network of nanotubes within the whole matrix is a
percolation threshold [88]. Thus, the conductive nature of nanocomposite is strongly
dependent on CNT concentration. Statistical percolation theory predicts a scaling law
describing the conductivity (o) dependency on the concentration of a filler ¢:

o~ (p - (13)
where ¢, is a percolation threshold and t is a fitting parameter, which is ~ 2 for 3D and ~
4/3 for 2D networks with an approximation of the ideal random distribution of straight
fillers [16,88]. A typical representation of a percolation curve is represented in Figure 3a,
while Figure 3b depicts a real experimental dependency of CNT/polymer conductivity on
CNT concentration. Usually, dependency (13) is plotted in log-log scales where ¢, is
varied incrementally until the best fitting is found (inset in Figure 3b). According to the
percolation theory, based on the exclusive volume concept, at the uniform isotropic
distribution of a rod-shaped filler, the percolation threshold is only determined by the filler

aspect ratio n [89,90]:

Qe = =—, (14)

where L and d are a filler (nanotube) length and diameter, respectively. Nonetheless,

experimental results may significantly deviate both to lower or higher values compared to
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theoretically predicted ¢.. For instance, ultralow values of ~ 0.002 wt% of CNT loading
were observed for MWCNT/epoxy nanocomposites at the CNT aspect ratio not exceeding
1000 [91,92]. This was explained by the reorganization of the nanotube network, so that
conductive pathways are formed at lower concentrations than at homogeneous dispersion
and, in some works, was attributed to the so-called kinetic (non-statistical) percolation
threshold [93]. Higher values usually imply poor dispersibility of nanotubes in polymer,
that is, high agglomeration degree, which is essentially the major issue in CNT/polymer

fabrication processes.
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Figure 3. (a) Theoretical representation of percolation behavior of composite conductivity (with highlighted
levels of neat polymer and filler conductivity) (modified from [16]). (b) Typical experimental percolation
curve describing CNT/polymer nanocomposite conductivity dependency on CNT concentration; inset: the

same dependency plotted in log-log scale.

The inclusion of conductive fillers as carbon nanotubes in insulating polymer opens
up completely new application fields of polymer-based materials, starting from pretty
simple as antistatic tires and finishing with high-tech ones, such as electromagnetic
interference (EMI) shielding as well as chemical and mechanical sensors [94]. Especially,

elastomer-based nanocomposites with CNTs are of high interest as such flexible and
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stretchable conductive materials are excellent candidates for intensively developing soft
electronics [95,96]. Thus, stretchable EMI shielding materials required for protection from
information leakage and generally abnormal operation are highly demanding [97-99]. In
particular, with the development of THz optics employed in imaging, wireless
communication, diagnostics, and many other fields [100-102], EMI-shielding in the THz
range, provided by lightweight and lower fabrication cost CNT/polymer nanocomposites,
attracts high attention too [103-105].

A more unique feature of CNT/polymer conductivity is its sensitivity to external
stimuli, which could be chemical environment, temperature, or mechanical exposure
(pressure, strain, etc.). Such resistive response is induced by the reorganization of the
nanotube network in polymer caused by chemical or mechanical perturbations. Major
routes to CNT percolation network reorganization comprise general deformation of the
CNT network and breakage of nanotubes (i), disruption of existing contact junctions or the
emergence of new ones (ii), and average change of inter-nanotube distance (iii) [16,106].
The latter factor is a crucial one for slight stimuli since it implies changes in tunneling
resistance in a network: exponential dependency on distance (equation (6)) results in
enormous varying of nanocomposite resistivity. In particular, this is the case for chemical
sensors where polymer swelling or, vice versa, drying/destruction under an external
chemical environment leads to changes in gaps between nanotubes, this way, providing
chemiresistive properties of CNT/polymer nanocomposites [107]. Mechanical impact may
be significantly stronger enabling all the abovementioned contributions. It is worth noting

that tunneling resistance contribution and formation/disruption of contact inter-tube
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junctions are especially tangible at near-to-percolation threshold concentrations. Besides,
lower agglomeration and entanglement degrees (higher dispersion degree) positively affect
sensitivity because of higher overall changes in inter-nanotube distance [16,18]. Thus, low-
concentrated CNT/polymer nanocomposites perform as resistive sensors better.

Mechanical sensors can be roughly divided into pressure and strain sensors.
Resistance of former ones usually drops as many new conductive pathways form, while for
strain sensors it increases rapidly for the opposite reason. Meanwhile, durability and
stability over multiple loading cycles is important factor in real devices. The high
efficiency of CNT/polymer nanocomposites as mechanical sensors (both pressure [108]
and strain [109-112] ones) and their applicability in various sensor-based devices, such as
human motion detectors [113,114] and health monitors [115,116], were repeatedly
demonstrated and their outperformance over conventional metal- or semiconductor-based
piezoresistive devices [16]. Mechanical sensing performance is characterized by gauge
factor (GF) describing resistance change regarding deformation extent:

AR/R AR/R
o = BR/Ry _ OR/Ry
Al/l, €

(15)

where [, and R, are initial sensor length/width and resistance, respectively, Al and AR/R,
are corresponding changes, and ¢ is strain.

Thus, 3D networks of carbon nanotubes formed within a polymer matrix introduce
conductivity in initially insulating polymer making CNT/polymer nanocomposites highly
attractive for soft electronic applications. Meanwhile, a homogeneous spatial distribution
of nanotubes and a high aspect ratio are needed to provide high conductivity and low

percolation threshold, the minimum nanotube concentration required for nanocomposite to
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become conductive. Nevertheless, these two conditions often contradict each other in the

fabrication of nanocomposites, which will be discussed below.
2.3.2. Fabrication of CNT/polymer nanocomposites. CNT dispersion degree.

CNT/polymer nanocomposite fabrication methods usually imply the mixing of
nanotubes with polymer or its monomer with subsequent post-processing procedures.
Three main groups in fabrication techniques can be highlighted: solution mixing
(nanotubes are mixed in polymer solution) (i), melt blending (nanotubes are mixed in
melted polymer) (ii), and in situ polymerization (polymerization occurs in the presence of
admixed nanotubes) (iii) [117]. Meanwhile, the methods are varied according to the mixing
techniques used: homogenization, ultrasonic treatment, shear mixing, extrusion, three-roll
milling, and some others [94]. The selection of methods depends mostly on polymer type
(foremost, thermoplastic or thermosetting) and the nanocomposite specification.

Solution mixing is one of the simplest and the most widespread techniques
involving CNT dispersion in polymer solution by vigorous mechanical stirring
(homogenization) and/or bath/probe ultrasonication coupled with a controlled solvent
evaporation process, during which, however, the reverse process of nanotube re-
agglomeration may take place [117,118]. Nanotube processing in polymer melt is suitable
for insoluble thermoplastics and is usually accompanied by more powerful dispersion
techniques, such as extrusion or high shear mixing, because of the high viscosity of
polymer melt, which, however, may be damaging for nanotubes and result in nanotube
breakage and defect introduction [94]. In situ polymerization usually yields a higher state

of CNT dispersion, yet, its applicability is limited to thermally unstable and insoluble
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polymers as well as polymerization may lead to accidental CNT functionalization or
grafting polymers on the nanotube walls, while, at the same time, CNTs can significantly
affect the polymerization process and resulting polymer structure [117,119]. Among
others, three-roll milling is considered one of the most effective techniques for nanotube
de-agglomeration and de-bundling resulting in their high dispersibility [120]. Nevertheless,
it is quite expensive and resource-intensive as well as not may be not appropriate for certain
polymers.

Alternatively, the solution mixing technique may be adapted in such a way as to
avoid a long-time solvent elimination stage. Proposed by Du et al. [121], coagulation
precipitation (CP), which is also known as nonsolvent induced phase separation (NIPS)
engages the addition of anti- (or, poor) solvent into polymer solution causing instant
precipitation of polymer chains wrapping carbon nanotubes, this way immediately forming
CNT/polymer nanocomposite. At highly homogeneous CNT dispersion prepared
preliminarily, a high rate of nanocomposite formation may result in improved spatial
distribution of nanotubes in polymer resulting in better nanocomposite properties [122].

CNT/elastomer nanocomposite production typically employs solution mixing and
melt blending techniques as commercial elastomers are often of interest because of their
predictable good mechanical properties [123]. Among other elastomers, due to its high
affinity to carbon nanomaterials, elasticity, and broad availability, thermoplastic
polyurethane (TPU) is a promising polymer matrix for the fabrication of elastic functional

CNT-based nanocomposites [124,125]. CP was rarely used for CNT/TPU nanocomposites,
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yet, CNT uniform distribution originated from this technique was shown as well as high
prospects for strain sensing, EMI shielding, and erosion resistance [99,122,126].

The vast majority of publications devoted to CNT/polymer nanocomposites refer
to MWCNTSs. The prevalence of MWCNT/polymer nanocomposites over SWCNT-based
ones is explained by higher availability (lower production costs) and dispersibility.
Nonetheless, fundamental advantages of SWCNTSs, such as higher aspect ratio, lighter
weight, and absence of interlayer slippage typical for MWCNTSs [127], as well as the recent
rapid growth of their production shifts MWCNT/SWCNT nanocomposites balance
[84,128]. Many works report superior properties of SWCNT/polymer nanocomposites,
including mechanical properties, electrical conductivity, and percolation threshold
[106,129-131]. Recently, Shin et al., have reported a thorough study comparing CP-
prepared elastic CNT/TPU nanocomposite properties for different kinds of starting carbon
nanotubes, including short MWCNTS, long MWCNTS, and long SWCNTs [99]. They have
demonstrated the outperformance of nanocomposites based on long MWCNTs and
SWCNTs in conductivity and related to it EMI-shielding efficiency, while, however, short
MWCNTSs worked better for strain sensing. It is worth noting that SWCNT used had an
extremely high aspect ratio of orders of 10°-10°, which evidently complicates nanotube
dispersibility and likely led to relatively high percolation thresholds. This refers to a
confrontation between dispersibility and high aspect ratio, which both are desirable for
higher conductivity and associated electronic applications. Thus, new fabrication

approaches that would be suitable for effective but non-destructive dispersion of moderate-
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length SWCNTSs and provide a desirable golden middle between CNT aspect ratio and
spatial distribution are still highly demanding.

Another general issue in the fabrication of nanocomposites based on both
multiwalled- and single-walled CNTs is the utilization of nanotube powders as a raw
starting material, which ultralow bulk density and high aerosolization ability with potential
health hazards significantly hamper scaling the production. These complications are the
main drivers for high attention paid to nanotube masterbatches: highly concentrated (10 —
20 wt%) paste with embedded and pre-dispersed CNTSs used as a precursor for subsequent
nanocomposite material production by simple dilution in polymer melt/solution, which is
considerably more appropriate for the production line [132]. Yet, in contrast to pristine
SWCNT powders, masterbatches are polymer-specific and require extra storage
conditions, which is reflected in their higher price. Thus, alternative universal solutions

avoiding both specificity to polymer and aerosolization risks are of high research interest.

2.4.  Summary: general routes on optimization of SWCNT networks for

electronic applications

Thus, possessing a unique set of fundamentally unique properties, including
electrical conductivity and optical features, SWCNTSs are highly promising material for
electronic and optical applications. Meanwhile, the majority of applications employ
macromaterials based on random SWCNT networks. Among the most prominent ones,
SWCNT-based TCFs and SWCNT/polymer nanocomposites

Nevertheless, an essential obstacle in the development of such materials is the

controlled synthesis of SWCNTs and the assembling of their networks with tunable
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properties. Foremost, nanotube length and uniform spatial distribution are highly desirable.
Besides, the increase in fabrication process productivity and adjustment of high-level
organization of SWCNT networks are of high scientific and practical interest. This thesis

is aimed to propose certain solutions for this ambitious and broad but highly exciting task.
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Chapter 3. Methods

3.1.  Material synthesis and fabrication
3.1.1. CO-based aerosol CVD synthesis of SWCNTSs

As discussed above, the aerosol CVD process is one of the most advantageous
methods for the synthesis of thin SWCNT films. In this work, CO-based aerosol CVD
synthesis of SWCNTs was employed. Among the other carbon feedstocks frequently used,
CO provides the highest purity, low nanotube defectiveness, and one of the lowest
equivalent sheet resistances (Rqy). Carbon release occurs exclusively on the catalyst
surface according to the Boudouard reaction (CO disproportionation):

CO+ CO & C + CO,. (16)

In addition to the carbon source (CO), growth promoters, such as carbon dioxide
(CO2) and hydrogen (H2) were added in some experiment sets. While CO; acts as a weak
oxidizer and enhances nanotube growth by etching amorphous carbon poisoning catalyst
surface according to reverse reaction (16), Hz utilization may lead to an additional carbon-
feeding reaction to the system with water (H20) formation:

CO + H, & C + H,0, (17)
as well as to carbon hydrogenation (methane (CH4) formation):
C + 2H, & CH,. (18)

The aerosol CVD reactor used in this work consists of a vertical quartz tube (72
mm diameter) surrounded by a three-zone furnace with an isothermal hot zone of ~ 60 cm

and a gas supply system including gas cylinders, gas lines, and mass flow controllers
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(MFC, Bronkhorst) (illustrated in Figure 4). Ferrocene (Sigma Aldrich, 98%) was used as
an iron catalyst precursor and was supplied to the reactor by passing a carrier gas (CO,
99.99%) through the cartridge (“cartridge flow”, Q.qr:) With ferrocene powder (with
admixed SiO granules facilitating flow pass) kept at the fixed temperature of 28 °C, so
that ferrocene vapor pressure (pg.,) Was maintained at 1.34 Pa. To provide optimal (in
terms of SWCNT properties/productivity) catalyst delivery rate, the reactor was
supplemented with a thin injector (which tip ends at the beginning of the furnace), and the
rate of the flow with ferrocene vapor was fixed at 2 Ipm by adding “dilution flow” of CO
(Qau) [69].

The rest of the CO flow (“main flow”, Q,uqin) Was introduced via the main inlet
into the reactor and its rate was adjusted to set a total flow rate (Q;,;)) according to the
residence time set. The total flow rate is inversely proportional to the residence time and a
reactor temperature profile is taken into account (Figure 4; details are in SI of Publication
I). The total flow rate of the 2.1 — 10 Ipm range appeared to correspond 17.9 — 3.8 s

residence time window.

48



thermostat (28 °C)

cartridge flow -
——
dilution flow T(°C)
I:(LE{I main flow — 2(|)0 4(?0 6(|)0 8(|)0 1000
-0
|:§i| | l | in}g:vtvor' ==
- 20
g g [
5 L L L
= = = =
- 40
- p—
£
g - 60 3
() hot zone N X
CcO H,
- - 100
G T T ( T T i 120
. —— —o—3 Ipm
2 5Ipm
g filter holder 10 Ipm
3 ¢ II pump,'

Figure 4. Schematic representation of aerosol CVD reactor. On the right, the reactor temperature profile at
the set temperature of 880 °C at different total flow rates with highlighted hot isothermal zone are shown.
Modified from Publication I.

Besides, in some experiments, growth promoters (CO. (99.995%) and H:
(99.9999%)) and nitrogen (N2) were added by admixing their flows to the “main flow”.
The concentrations of additives were controlled by fixing flow rates of the corresponding

gases by MFCs (Q,44) and calculated as follows:

Cadd [VO]%] = Qadd . (19)

tot

Meanwhile, catalyst concentration was set by “cartridge flow” and estimated according to

the pr., and taking into account that the reactor is operated at atmospheric pressure pgp,:
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pferr . Qcart

Parm  Qtot

Ccat [ppm] = ’ 106' (20)

and kept at 0.9 ppm unless otherwise stated. It is worth noting that the reactor system is
located in the thermostated laboratory room and temperature deviations do not exceed 1-2
°C. Thus, temperature-caused inaccuracies of flow rate are below ~ 0.7%, which is
comparable to the technical limitations of MFCs. Meanwhile, ferrocene vapor pressure is
highly sensitive to temperature deviations (for instance, ps., is 1.00 Pa at 25 °C and 1.34
Pa at 28 °C, which is equal lead to ~ 30% difference in the catalyst concentration in the
system). This is why the ferrocene cartridge is kept at the thermostat at a constant
temperature of 28 °C.

The reactor hot zone temperature was mainly set at 880 °C (the most studied at
optimal synthesis temperature for the CO-based CVD process [32,61,78]), yet, in some
experiments it was reduced to 854 °C or elevated to 1000 °C.

SWCNT films were collected by filtering passing aerosol flow (mixed cellulose

ester filters, HAWP, Merck), and the flow rate through the filter Q ;.. Was controlled and

did not exceed Q,,;. After the synthesis, the SWCNT film was transferred onto a glass
substrate for further measurements. To improve the optoelectronic properties of the films,
for some samples, doping was applied. SWCNT films were doped by HAuUCI4 [46] using a
dip-coating method [47]: SWCNT films on a glass substrate were dipped (Apex Instr. Co.
Xdip-MV1) at the controlled speed of 300 mm/min for 2 min.

In some experiments, a differential mobility analyzer (DMA) coupled with a

condensation particle counter (Scanning Mobility Particle Sizer Spectrometer 3938, TSI)
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was used for measurements of aerosol particle concentration and size distribution. This
technique allows obtaining aerosol particle number distributions (in the assumption of
spherical charged particles) and distinguishing iron NPs (effective diameter < 20 nm) from
nanotubes (effective diameter in 40 — 200 nm range) as well as estimating shifts in nanotube

length/budling degree.
3.1.2. Fabrication of SWCNT/polymer nanocomposites

Another big object of the current research is SWCNT/polymer nanocomposites.
Two different kinds of nanocomposites were investigated: elastic SWCNT/TPU
nanocomposites and ones based on thermoset epoxide (SWCNT/epoxy nanocomposites).
For both kinds, commercial SWCNT powders (Tuball©, OCSiAl) were used provided by
the manufacturer parameters: length above 5 um and diameter of 1.6 + 0.4 nm [133] (aspect
ratio is about 3000). The bulk density of the nanotube powder is estimated at 18 g/I.

SWCNT/TPU nanocomposites were manufactured using the coagulation
precipitation (CP) technique. For this, commercially available TPU pellets (R130A70,
Ravago) were vacuum-dried at 80 °C overnight and then dissolved in dimethyl sulfoxide
(DMSO, chemically pure), so that TPU/DMSO solution was 45 g/l concentrated. Next,
SWCNT powder was weighted according to a specific weight fraction (in the 0.005 — 1.00
wt% range), added to the TPU/DMSO system, and dispersed in this viscous solution by a
homogenizer (T-25 digital Ultra-Turrax, IKA; 10 min, 8000 rpm) and by an ultrasonication
tip (Branson Sonifier 450; 45 min, 200 W). The resulting SWCNT/TPU/DMSO suspension
seemed uniformly black once pre-dispersion procedures were executed. Immediately after

the pre-dispersion, the suspension was poured into intensively stirred water used as a TPU
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antisolvent (suspension/water volume ratio was kept at around 1/15), which was followed
by instant precipitation. The obtained spongy deposit was then washed in distilled water,
vacuum-dried overnight (at 80 °C), and milled into small sub-millimeter scale granules in
a frozen state (the sample was preliminarily frozen in liquid nitrogen). After that, the
nanocomposite granules were subjected to a hot compression procedure (Collin P 300 P/M;
180 °C, 2 atm, 5 min) and molded into disk-shaped samples (0.5 mm thickness and 16 mm
diameter: for conductivity measurements and morphology visualization) or 2 mm thick
dumbbell-shaped ones (for tensile tests (ISO 37 standard)). Figure 5 illustrates the whole

fabrication process.
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Figure 5. Schematic illustration of the fabrication of elastic SWCNT/TPU nanocomposites. Modified from

Publication I1.
Meanwhile, for thermoset SWCNT/epoxy nanocomposites, the nanotube powder
bulk density effect on final nanocomposite properties was studied. In addition to pristine

SWCNTs (the same as used for SWCNT/TPU nanocomposites; “pristine”), as a solution
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for aerosolization-free raw nanotube material, briquette-shaped (“briquettes™) pre-
consolidated form of SWCNT powder was proposed. For this, pneumatic compression was
applied (Allied High-Tech Products; 6 atm, 5 min). Since compression could affect the
resulting nanotube dispersion in polymer, for a reasonable comparison of bulk density (or,
consolidation degree) effect on nanotube dispersion, the opposite procedure of powder
expansion was performed. For this purpose, a rapid expansion of supercritical suspensions
(RESS) technique was used [134,135]. This method involves exposure of SWCNT powder
in supercritical fluid (nitrogen, 150 atm, 40 °C, 30 min) in the 25 ml high-pressure vessel
followed by rapid injection of the suspension into the larger vessel (500 ml) kept at ambient
pressure. High pressure difference results in rapid expansion accompanied by an effective
decrease in the bulk density along with de-bundling. Finally, a fourth group of samples was
prepared using commercially available nanotube masterbatches (“MB’) based on the same
matrix (epoxy) (Tuball 301, OCSiAl) to compare SWCNT powders with different bulk
densities. SWCNT powders with different bulk densities were further characterized by
Raman spectroscopy (to provide information on possible structural damages caused by
compression/expansion procedures expressed in Ic/Ip values (details are below)) and the
Brauner-Emmett-Teller method (BET; NOVAtouch LX2, Quantachrome Instruments; to
provide information on specific surface area extracted from liquid nitrogen
adsorption/desorption isothermal curves). Table 1 contains information on the structural
properties of the initial SWCNT-based raw material used for further nanocomposite

manufacturing.
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Table 1. Parameters of SWCNT-based raw material for nanocomposite fabrication (* bulk density of
SWCNTs in the masterbatch is estimated using the density of the material (0.97 g/cm?®) and weight fraction

of SWCNTS (10 wt%)).
Designation | Powder type Bulk Specific Ic/lp Manufacturing
density (g/l) surface
area (m?/g)

Briquettes Consolidated 450 570 70+£40 | SWCNTSs subjected
to pneumatic
compression.

MB Masterbatches ~97* - - Commercial
SWCNT masterbatch
produced through
three-roll milling.
Pristine Unaltered 18 580 80 +20 SWCNTSs, no pre-
dispersion.
RESS RESS- 1.6 560 70+ 10 | SWCNTSs subjected
expanded to RESS.

Nanocomposite sample fabrication was performed according to an optimized,

standardized processing procedure, which includes SWCNT pre-dispersion in the solvent

(acetone) in an ultrasonic bath (1 h) (alternatively, masterbatches were soaked in solvent),

adding nanotube suspension (or, masterbatches) in polymer (bisphenol A/DGEBA epoxy

resin; EPOLAM 2031, Axon) according to the intended weight concentration (in 0.005 —

2.00 wt% range), homogenization of nanotube suspension in polymer (7500 rpm, 45 min;

and 10000 rpm, 15 min), ultrasonication (1 h), and vacuum degassing (20 min). Then, to

SWCNT/epoxy suspension, a hardener in an appropriate amount was added and hand-

stirred for 10 min. Next, the suspension was again degassed (5 min) and poured into

silicone molds (8 x 1 x 0.4 cm®). Finally, samples were cured for 7 h at 60 °C with 12 h of

oven cooling and post-cured for 5 h at 60 °C.
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3.2.  Conductivity tests

Conductivity o of a sample is obtained from measurements of resistance R and

derived according to an equation:

(21)

where p = % is sample resistivity, and [, w, h are dimensions (length, width, and thickness,

respectively). If nanocomposite conductivity was calculated generally according to
equation (21), for thin films, because of their high conductivity sheet geometry, another

approach was used.
3.2.1. Sheet resistance of SWCNT film

For a square-shaped sample (I = w) with thickness h, equation (21) may be

extended:

P
R = = —
h

PT h Rs, (22)
where R; is a sheet resistance measured in /0. Thus, the sheet resistance is suitable for
the characterization of thin films and is determined by film conductivity and thickness. To
avoid dependency on thickness, equivalent sheet resistance Ry, (sheet resistance at 90%
transmittance) is used (introduced above, equation (11)). Therefore, Rq, is determined only
by film conductivity.

Sheet resistance is usually measured by a 4-probe station (Jandel RM3000), which

operation principle is in using four equidistant (s) electrodes (probes), two of which act as

a current source () and two inner ones — as a voltmeter (V) (depicted in Figure 6). Such
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configuration allows subtracting probe-sample contact resistance. In consideration of a
sample (thin film), which thickness is much smaller than inter-probe distance, which, in
turn, much smaller than sample lateral dimensions (h < s « [), from differential Ohm’s
law and cylindrical geometry of current density front, R, can be calculated from set I and

measured V values:

Ry =——. (23)

In the current work, the sheet resistance of SWCNT films synthesized and
transferred to a glass substrate was measured at least six times at different spots and angles
(to avoid film non-uniformity and anisotropy contribution), and the averaged result was

used for Ry, calculations.

— current source (—

voltmeter

V/

Figure 6. Operation principle of 4-probe station for sheet resistance measurements.
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3.2.2. Nanocomposite conductivity. Impedance spectroscopy

The conductivity of nanocomposites was investigated by both direct current (DC)
and alternative current (AC) tests. DC conductivity was calculated for SWCNT/epoxy
samples (due to their general higher conductivity compared to SWCNT/TPU ones
(discussed below)) by equation (21), where, for resistance measurements (Keithley 2400
source meter), conductive silver paste (Ted Pella) was applied onto the whole surface of
brick-molded sample ends ({l = 8 cm, w = 1 cm, and h = 0.4 cm).

In addition to conductivity measurements, AC tests can provide useful information
on SWCNT network morphology within a polymer, including percolation threshold, the
contribution of tunneling resistance, and many others. AC tests were carried out with the
impedance spectroscopy technique. SWCNT/epoxy nanocomposites were measured in the
same two-electrode configuration, while a coin-cell setup was used for disk-shaped
SWCNT/TPU samples. Impedance spectra (Bode charts) were recorded in 1 Hz — 1 MHz
range at 200 mV amplitude using a VMP3 Bio-Logic potentiostat/galvanostat. For
comparison to DC resistance measurements’ results, the real part of the impedance Z,.4;
at 1 Hz (the lowest frequency) was used. Conductivity was calculated according to the
adapted version of equation (21):

l

— (24)
Zyeal" A

g =
where A is cross-sectional contact area: A = w - h for brick-molded SWCNT/epoxy
nanocomposites; and A =”'sz for disk-molded SWCNT/TPU nanocomposites (d =

16 mm, and [ from equation (24) is disk thickness (0.5 mm)).
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3.3.  Optical characterization
3.3.1. Optical absorbance spectroscopy

Optical absorbance spectroscopy in the ultraviolet (UV) — visible (vis) — near-
infrared (NIR) range (UV-vis-NIR) is one of the most informative and main characteristic
tools for SWCNT-based transparent thin films and suspensions. The most useful
information that can be extracted from optical absorbance spectra is SWCNT chiralities
and/or, at least, diameters of SWCNTSs [15,136]. Besides, it can even provide additional
information on nanotube bundling degree [137]. Being non-destructive, quick, universal,
and quite simple for interpretation technique, optical absorbance spectroscopy is an
essential part of SWCNT film investigation.

UV-vis-NIR light range (~ 200 — 3000 nm) selection is due to absorbance peaks
typical for nanotubes located in this range. As was mentioned above, SWCNTs have
specific DOS with such features as van Hove singularities causing strong absorbance of
SWCNT film/solution scanned at the wavelengths corresponding to inter-singularity
transition energies resulting in pronounced peaks (Si1, S22, M3, etc.). These transition
energies are specific for each SWCNT chirality. Besides, a collective oscillation of -
electrons excited by irradiation results in the most pronounced peak in the UV region.
Figure 7 represents typical SWCNT film optical absorbance spectra in the UV-vis-NIR
range and van Hove singularities with highlighted peaks (transitions between singularities)

peculiar to SWCNTSs.
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Figure 7. (a) Typical UV-vis-NIR optical absorbance spectrum of SWCNT film with highlighted peaks
peculiar to SWCNTs. (b) Ilustration of SWCNT DOS for m-SWCNT (top) and s-SWCNT (bottom) with
highlighted transitions between van Hove singularities. Adapted with permission from [138]. Copyright
(2020) by the American Chemical Society.

In addition to the characterization of SWCNT diameter distribution, absorbance at
550 nm is used for the normalization of sheet resistance for Rq, determination (equation
(11)). This arises from linear proportionality between film thickness and absorbance
(equation (10)) originating from the Beer-Lambert law (often used for solution

characterization):

I
T=r=e =107, (25)
0

where ¢ is an extinction coefficient, c is solution concentration (not applicable for thin
films) and h is an optical path in the absorbing sample, e.g., the film thickness. In addition
to the estimation of equivalent sheet resistance, proportionality between SWCNT film

thickness and absorbance (equation (10)) is used for the characterization of aerosol CVD
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synthesis productivity of SWCNTSs, that is, nanotube yield. Indeed, the microgram scale of
SWCNT film weight (50% transparent nanotube film density was estimated as 5.5 pg/cm?
[139]) requires ultrafine weight sensitivity, meanwhile, for TCF production, film
transparency is of higher interest than its weight. Moreover, at 550 nm (middle of the
visible light range), the contribution of the abovementioned SWCNT peaks is significantly
higher than plasmonic peaks of metal nanoparticles (always present in SWCNT samples
obtained in a CVD process) [140-142], while their weight could be even comparable to
SWCNTSs’ one. Thus, in this work, SWCNT film synthesis yield [cm?L™1] is defined as
the 90% transparent film area collected for a time T oiieciton:

Asso " Sri Accn+ Se:
Yield [sz L—1] — v 509 5?0 filter . _ 550 filter ’ (26)
550(90%) * Teotieciton inlter log?  Teolleciton - inlter

where S¢;i.r is the filter area and the rate of the flow passed through the filter is Qf;jzer--

That is, the real absorbance of the obtained film is normalized to 90% transparency.
3.3.2. Raman spectroscopy

Another important for nanotube science optical spectroscopy technique is Raman
spectroscopy. Based on resonant Stokes scattering, it provides crucial information on
nanotube structural features extracted from recorded phonon spectra. A typical Raman

spectrum of SWCNTSs is shown in Figure 8.
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Figure 8. Typical Raman spectrum of SWCNT films with highlighted modes and enlarged RBM peaks;
insets illustrate in-plane (G) and out-of-plane (RBM) vibration modes [143].

The dominant peak at ~ 1590 cm™ is associated with an in-plane vibration mode,
typical for all graphitic materials, and called the G band. Nevertheless, CNTs have a feature
of split G peak (G* and G), which is caused by nanotube curvature and slight deviations
between axial and transverse directions of in-plane vibrations. While the higher-energy
Lorentzian G* band is independent of both nanotube diameter and chirality, the G™ band is
a narrow Lorentzian peak for s-SWCNTSs, a broad peak with asymmetrical Breit-Wigner-
Fano (BWF) line shape for m-SWCNTSs, and absent for armchair nanotubes. Second-order
scattering events may occur with phonons scattered by sp3-hybridized carbon, which might

be inconsistencies in a hexagonal lattice, generally referred to as defects (vacancies,
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functional groups, and others), and amorphous carbon. This disorder-induced band (D
band) appears as a small peak near 1350 cm™. SWCNT quality/purity is usually
characterized as a ratio of intensities of G and D modes (hereinafter, Ic/lp), used in this
work too. The two-phonon process results in a 2D band. The last noticeable modes are
attributed to out-of-plane vibrations and are peculiar only to closed graphitic structures as
nanotubes — radial breathing modes (RBM, since nanotube diameter oscillations can be
imagined as “breathing”). Theoretical and experimental studies show inverse
proportionality between RBM frequency wgg and nanotube diameter d [144]:

228
d [nm]

Thus, if an ensemble of SWCNTSs with a broad distribution of chiralities and diameters,

wgpy [cm™1] = + 16. (27)
such as a SWCNT film or a fiber, is measured, a series of RBM peaks are observed (as
shown in Figure 8. It should be noted that since resonant scattering is several orders of
magnitude more probable than non-resonant one, characteristic vibration modes are
strongly dependent on laser excitation wavelength. Therefore, only a small fraction of
nanotubes is in resonance and it is necessary to use several laser wavelengths for reasonable
judgments upon nanotube diameter distribution in a sample based on RBM peaks, while
optical absorbance spectroscopy employs all the wavelengths in the set range. Similarly,
laser excitation wavelength affects G band shape. Since at different excitation frequencies,
different nanotube ensembles appear to be in resonance (with different
metallic/semiconducting ratios), which leads to different contributions of Lorentzian and

BWEF functions in the G~ band affecting its shape [145].
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In this work, both SWCNT films synthesized at aerosol CVD reactor and
commercial SWCNT powders were characterized by Raman spectroscopy
(Thermoscientific DXRxi Raman Imaging microscope) at 532 nm excitation wavelength
and radiation power not exceeding 0.5 mW. Spectra were collected at least 3 times per
sample and the average Ia/lp ratio was calculated (primarily fitted by Lorentz and BWF

functions).
3.4.  Electron microscopy
3.4.1. Scanning electron microscopy

Widespread in all materials science branches, electron microscopy is an integral
part of the investigation tool pack for carbon nanotubes. In this work, scanning electron
microscopy (SEM) was used for visualization of SWCNTSs distribution in commercial
powders and in nanocomposites. For the latter ones, both TPU- and epoxy-based
nanocomposite samples were broken in liquid nitrogen, and the fracture surface (with
sputtered gold) was visualized (FEI Teneo; secondary electron mode, 10 kV accelerating
voltage).

In aerosol CVD synthesis of SWCNTs, SEM was used for nanotube bundle length
measurements. For this, a silicon substrate was located on the surface of the filter used for
SWCNT film collection, and nanotubes were collected directly onto it. Yet, the collection
time was reduced significantly (from minutes to several seconds) to gather individual
nanotubes/bundles and avoid nanotube network formation. Deposited SWCNTs/bundles

were visualized by SEM (JEOL JSM-7001F; 1 kV accelerating voltage). Next, the contour
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length of SWCNTs was measured with the use of ImageJ software, and statistics with a

sample size of several hundred were collected.
3.4.2. Transmission electron microscopy

Transmission electron microscopy (TEM; FEI Tecnai G2 F20) was utilized for the
visualization of nanotubes and their bundles. Measured bundle diameters were used for the
assessment of the bundling degree in aerosol CVD synthesis. Samples for TEM
characterization were collected similarly: TEM lacey Cu-300 grids (Merck) were placed
onto the filter and nanotubes were collected directly on the substrate (collection time was

shortened as well).

3.5. Tensile tests and mechanical sensitivity measurements for elastic

nanocomposites

Since  SWCNT/TPU nanocomposites were fabricated as a potentially
multifunctional material for soft electronic applications, it was necessary to evaluate their
mechanical properties. For this, tensile tests for dumbbell-molded elastic nanocomposites
were conducted (Instron 5969 tensile machine) according to 1SO 37 standard. Testing was
conducted at various speeds: 5 mm/min until 4 mm elongation is reached (for Young’s
modulus estimation) and 500 mm/min until sample failure (or maximum traverse travel is
reached), so that strain at break and tensile strength was recorded as well. A digital image
correlation system (Correlated Solutions, dual 5-megapixel camera setup, VIC-3D
software) was used for strain measurements in the elastic region. Young’s (elasticity)
modulus was calculated from the linear fitting of stress-strain data in the 5% strain range

(limits of elastic behavior were determined by the point of intersecting tangent lines (first
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one - to the initial part of the stress-strain curve and second one — to the part of the curve
with pronounced plasticity behavior).

Mechanical sensitivity (piezoresistive response) of SWCNT/TPU nanocomposites
was captured along with tensile tests. For this, resistance measurements were conducted
according to the four-probe scheme with a 2 cm initial distance [, between inner electrodes
(Keithley 2400). Strain-sensing efficiency was estimated using gauge factor (GF)
according to equation (15). Meanwhile, two GF values were calculated: in the elastic range

and the whole one (containing both elastic and plastic regions).
3.6.  THz spectroscopy for EMI-shielding efficiency estimation

In addition to strain sensing, elastic SWCNT/TPU nanocomposites were evaluated
in their performance for EMI-shielding in the THz range. Transmission spectra for samples
with different nanotube loadings were obtained at a time-domain spectrometer (TeraView
TPS 3000). Meanwhile, both disk-molded (0.5 mm thickness) and, for highly concentrated
samples, thin films (0.1 — 0.2 mm thickness) were studied. Samples were fixed on metal
holders with a 6 mm aperture. Spectra were collected in the range of 4 — 100 cm™, under
vacuum. Shielding efficiency SE was normalized to a sample thickness h

(nSE [dB mm~1]) and calculated as:

SE_SE_ 10logT
nSE = == P

(28)
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Chapter 4. Aerosol CVD synthesis of SWCNT films

4.1. Chemical engineering of CO-based aerosol CVD reactor
4.1.1. Residence time control to tune the properties of SWCNT films

As discussed above, the aerosol CVVD method for the synthesis of SWCNTSs is one
of the most advanced approaches to the one-stage scalable production of nanotube-based
thin transparent conductive films. Moreover, the stabilization of highly diluted catalyst and
nanotubes in the aerosol phase suppresses nanotube agglomeration and bundling, which is
crucial for subsequent utilization of SWCNTSs.

To date, aerosol CVD synthesis with CO as a carbon source and ferrocene as an
iron catalyst precursor has appeared to be one of the most studied and successful
implementations of aerosol CVD processes for nanotube film production. Reasonable
conclusions may be drawn on the effects of reactor design (including reactor scale-up
[61,62] and catalyst precursor injection strategy [69]), temperature [32,146], catalyst
concentration [50,147], the addition of growth promoters (e.g., CO2, H.O [64,77,78]) or
extra carbon sources (e.g., C2Ha [70]) on the structural parameters of nanotubes obtained.
In turn, the effect of the structural properties of aerosol-synthesized nanotubes, including
nanotube length [61,67] and diameter distributions [32,67,78], defectiveness [32],
semiconducting/metallic ratio [76], bundling degree [147], and some others on the
performance of SWCNT films-based TCFs was thoroughly studied. In particular, nanotube

lengthening was shown to positively affect nanotube conductivity, which agrees with the
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general understanding of nanotube network conductivity (Section 2.1.2) and reported
empirical dependencies (equation (9)).

In the CVD process, nanotube length can be considered as a function of nanotube
growth rate and time [53]. If the former one is mainly determined by the synthesis
environment (temperature, carbon source, growth promoters), growth time may be limited
by catalyst lifetime (which also depends on synthesis conditions) or residence time in the
flow reactor (which is a part of reactor design). Nevertheless, controllable nanotube
lengthening by residence time extension is complicated by the fundamental problem of the
aerosol CVD process related to catalyst mobility. Inseparable catalyst activation and
nanotube growth stages do not allow tuning exclusively residence time. There are known
approaches to residence time variation implemented by reactor scale-up [61,62], injector
tip position [67], and adjustment of total flow rate [68]. While the first one is impeded by
technical issues (since scale-up implies a new reactor with a longer or thicker quart tube),
the second two were shown to affect synthesis design: variation in injector position leads
to altered gas velocity and temperature space distribution, while flow rate changes cause a
shift in SWCNT diameter distribution.

In this work, a new strategy was proposed. The reactor design used (Figure 4)
implies two routes for gas delivery: via the main inlet (i) and the thin injector (ii). In the
recent work by our research group [69], it was shown that catalyst activation is mainly
determined by flow rate through the injector, and the optimal (in terms of productivity)

value of 2 Ipm was found. Since the velocity of gas passed through the injector is much
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higher than the velocity of one that passed through the main inlet, changes in “main flow”
should not significantly affect ferrocene delivery to the reactor hot zone.

Thus, the goal of the current investigation was to develop a new strategy for
controllable varying residence time at the unchanged catalyst activation stage. The idea
was to maintain the injector flow rate at 2 Ipm and catalyst concentration (by fixing
“cartridge flow” to the total flow rate ratio) and vary the total flow rate by “main flow”
rate.

The total flow rate was varied in the 2.1 — 10 Ipm range (lower flow rates are
impossible because of the catalyst delivery approach). CO. as a growth promoted was
added at 0.74 vol% and the reactor hot zone temperature was set at 880 °C. Temperature
measurements in the centerline at different flow rates (3.0, 5.0, and 10.0 Ipm) did not show
noticeable shifts in the profile, so the isothermal zone was kept constant at flow rate
variation. Corresponding residence time ,..; was estimated using the temperature profile
and the geometry of the reactor (details are in Sl of Publication I) and the 2.1 — 10 Ipm
flow rate range corresponded to the 17.9 — 3.8 s residence time range.

To test the method proposed, UV-vis-NIR optical spectroscopy was applied to
SWCNT film synthesized at different residence times (flow rates) for extraction of
SWCNT diameter distribution information. Nanotube diameter was repeatedly
demonstrated in both theoretical and experimental studies to correlate with catalyst particle
diameters [148-150]. Thus, the estimation of SWCNT diameter distribution from optical

absorbance spectra allows to judge upon catalyst diameter and, in turn, the catalyst
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activation stage. Figure 9 displays UV-vis-NIR recorded at different t (Q;,;) and estimated

diameter distribution histograms.
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Figure 9. (a) UV-vis-NIR spectra of SWCNT films synthesized at different residence times (total flow rates);

(b) corresponding nanotube diameter distribution histograms. Modified from Publication I.

A clear tendency of diameter distribution to bimodality is observed. As will be
discussed in the following paragraphs, the reason for such an unusual catalyst activation
pattern might be in the use of injector and CO2. Nevertheless, both SWCNT diameter
modes are kept rather unchanged when residence time varies but the intensity of the thin
nanotube mode increases with flow rate. It can be explained by computational fluid
dynamics (CFD) calculations (SI of Publication 1) demonstrating a decrease in flow

vorticity near the injector vicinity with flow rate presumably leading to a faster catalyst
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feed rate to the hot zone. Pronounced turbulency at lower flow rates results in the changed
catalyst activation pattern expressed in shifted diameter distributions at flow rates lower
than 3 Ipm (SI of Publication I). Thus, the residence time window of 12.5 — 3.8 s (achieved
by 3 — 10 Ipm flow rates) can be found in the current method. Nevertheless, maintained
diameters (both modes) confirm the catalyst formation and nanotube nucleation stages
could be considered the same at different residence times allowing us to examine the pure
residence time effect on further results.

Next, the nanotube growth stage was investigated. In addition to length, the
nanotube bundling degree characterizes this stage. Besides, nanotube yield is an important
parameter, since it demonstrates the amount of nanotube material (based on film
absorbance, equation (26)) and depends on nanotube number and size. In this case,
diameter distribution changes are negligible, hence, yield dependency on nanotube number
N and length L is sufficient for consideration:

Yield ~ L - N. (29)
Figure 10 compiles all the abovementioned SWCNT parameter dependencies on residence
time.

SWCNT bundle length distribution was studied by analysis of SEM images and
gathering statistics of bundle contour length (Figure 10a). Length distributions are well
described by lognormal law, which is typical for aerosol processes [32,61], so geometric
mean and standard deviation are used for further length discussions. The most exciting
results are depicted in Figure 10b where bundle length dependency on residence time is

shown. Nanotube lengthening with residence time is indeed observed which supports the
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main idea of this study. The resulting dependency can be expressed by a power law (the
validity of such an approach will be uncovered in the following paragraphs):

L(t) ~ 4, (30)
where A is a scaling law parameter describing the nanotube growth rate.

Nevertheless, it should be noted that such SEM imaging does not allow the
separation of nanotubes and their bundles. Therefore, the nanotube bundle length increase
might not be caused by nanotube lengthening but by higher budling degree (b) — parameter
describing inter-nanotube collisions in aerosol flow, which can be estimated as a ratio of
the number of nucleated nanotubes in the activation stage N to the number of resulting

bundles and nanotubes N:

h=—=— (31)

and as a ratio of an average bundle diameter d, to an average nanotube diameter d in a
sample (where quadratic dependency comes from an approximation of the cylindrical
geometry of nanotubes and bundles formed from them [31])

The Kinetics of aerosol evolution is expressed by the equation [151]:

dAN(t)
dt

= —K(dp(OL®)N (), (32)
where K is a coagulation coefficient dependent on mobility particle size (d,,,), which, for

rod-like particles (like nanotubes) can be estimated as dm~L1/3db2/3, and N(t) describes
a reduction in aerosol concentration by the coagulation process. Taking into account the

power dependency of nanotube length on time (equation (30)) and bundling degree
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definition (equation (31)), an estimation of bundling degree dependency on an initial

number of nanotubes N and residence time t (details are in Appendix 1) can be derived:

3-4
b(N,t)~N -1 2

(33)
Thus, the bundling degree depends on both residence time and initial nanotube
concentration. Bundling degree can be found by measuring bundle diameters using TEM
images (similar to bundle length statistics). Figure 10c displays a typical TEM image and
Figure 10d shows bundle diameter dependency on residence time. Since nanotube

diameter distribution does not change, bundle diameter can be used for estimation of

bundling degree.
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Figure 10. (a) Typical SEM image of SWCNT bundles deposited on the silicon substrate (residence time is

7.5 s) with length distribution histogram and corresponding statistics in the inset. (b) Bundle length

dependency on residence time. (c) Typical TEM image of SWCNT bundles (residence time is 7.5 s) with

diameter distribution histogram and corresponding statistics in the inset. (d) Bundle diameter dependency on
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dependencies on residence time. (f) Yield dependency on residence time. Modified from Publication 1.
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Surprisingly, a clear trend in bundle diameter increase with residence time is not
observed: it can be considered unchanged. This allows us to conclude that nanotube
lengthening occurs indeed confirming the current approach to residence time variation.
Yet, at the same time, an unchanged bundling degree might imply a decrease in aerosol
concentration with residence time.

DMA measurements prove this assumption: total aerosol concentration dependency
strongly declines with residence time (Figure 10e, dark-blue curve; DMA spectra can be
found in Publication I). Meanwhile, the mean mobility diameter D, increases with
residence time which correlates with length increase. Such a strong drop in nanotube
concentration likely affects the yield dependency on residence time (Figure 10f), which
drops by 7-8 times.

The strong decrease in nanotube concentration with residence time can be
attributed to several factors: diffusion losses on the reactor walls since penetration
decreases with residence time (i); thermophoresis losses at the outlet of the reactor where
quartz tube cools down rapidly (ii); losses caused by vortices near the injector (iii);
decreased in catalyst feed rate (caused by lower “main flow” rates). A thorough
investigation of the abovementioned possibilities (SI of Publication 1) results in diffusion
losses and increased catalyst feed rate at higher flow rates (lower residence times) to be the
dominant mechanisms behind the yield drop phenomenon. Increased catalyst activation
degree, nonetheless, is not related to changes in activation pattern (which was investigated

by optical absorbance spectroscopy).
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Finally, the effect of residence time variation on the optoelectronic performance of
synthesized SWCNT films, e.g., Ryy Was investigated. Expectedly, yet, still inspiringly,
nanotube lengthening positively affected SWCNT film conductivity yielding a 2.6-fold
decrease in Ry (from 2.9 to 1.1 kQ/o; Figure 11a). Nevertheless, such a considerable
decrease in Ry, is higher than expected according to equation (9). Diameter distribution
and bundling degree, which could also affect film conductivity, are rather constant. An
unexpected increase in lc/Ip with residence time could be a reason for this trend (shown in

Publication I). This phenomenon will be discussed in the next paragraphs.
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Figure 11. (a) Ry, dependency on residence time. (b) UV-vis-NIR spectra of pristine (blue curve) and
HAuUCIs-doped (red curve) SWCNT films synthesized at the optimized conditions with highlighted

absorption peaks. Modified from Publication I.

Nevertheless, kQ/o order of Ry, for TCFs is much higher than industrial
requirements of tens of /0. To approach Rq, obtained in this study to such values, the
developed here strategy to extend residence time was combined with previously found
optimal for conductivity temperature (854 °C), decreased catalyst concentration (0.6 ppm),

and slightly decreased CO- concentration (0.59 vol%) [50], to decrease Rq. Pristine film
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with Rq, of 245 Q/o was obtained, which then was doped with 15 mM HAuCl4 according
to the technique published elsewhere [46]. Figure 11aillustrates the spectra of the SWCNT
film before and after doping. A slight increase in absorbance after doping can be noticed
which is associated with reduced gold nanoparticles deteriorating transparency of the film.
Nevertheless, an effective decrease in Schottky barriers and saturation of nanotubes with
holes resulted in such low Rq, values as 51 Q/o.

Thus, the proposed method of residence time extension has solved several
important tasks. For the first time, a fundamental possibility to separate catalyst activation
and nanotube growth stages was demonstrated. This opens up broad prospects for the
investigation of nanotube growth kinetics and mechanisms in the aerosol CVD process.
Next, a new approach for controllable adjustment of nanotube length in the aerosol CVD
process was developed. The third achievement is of practical interest: nanotube
lengthening caused by residence time extension significantly decreases equivalent sheet
resistance providing one more opportunity to tune the conductivity of SWCNT thin films.
This methodology for the synthesis of nanotubes with controllable length was successfully
applied in the development of SWCNT film-based freestanding membranes for

nanoaerosol filtration (Publication 1V) and bolometers (Publication V).
4.1.2. Boosting the synthesis with hydrogen

Although the described above approach to controllable residence time tuning was
developed for CO-based aerosol CVD, it is quite universal and might be applicable to

various carbon feedstocks. A specific significant problem of the use of carbon monoxide
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as a carbon source is its high stability, which, although results in high purity of the sample,
also leads to low synthesis yield as a reverse side of this coin.

As a problem solution, the introduction of growth promoters is often employed.
Sulfur compounds, such as thiophene, are one of the most widely used promoters in aerosol
CVD synthesis of CNTs [152]. Yet, it was shown that they decrease the adsorption energy
of CO to a metallic surface, that is, are not beneficial in the CO atmosphere [153]. Another
big group is weak oxidizers, such as CO2 and H20 which were successfully applied in CO-
based synthesis [64,77,79]. Their promoting role was explained by etching excessive
amorphous carbon this way cleaning the catalyst surface and equalizing balance in carbon
release/incorporation in a growing nanotube [146]. At the same time, reducing additives to
CO atmosphere were utilized much rarer [70,76,79,154]. Hydrogen was shown to enhance
nanotube growth in the reactor with a catalyst supply system based on a hot wire generator.
The positive effect was explained by preserving the generator from oxidation and
additional carbon-feeding reaction (equation (17)) [79]. Yet, no detailed explanations were
given. Furthermore, Anoshkin et al. studying the CO/C2H4 hybrid carbon source system
found a positive hydrogen effect on the performance of SWCNT films as TCFs with H»
addition, yet, detailed research on this phenomenon was not reported as well [70].

It is worth noting that hydrogen was utilized quite frequently in hydrocarbon-based
FCCVD (including aerosol CVD). Moreover, some FCCVD processes are designed in such
away that hydrogen is used as a main carrier gas [74,155,156]. The numerical investigation
reported various hydrogen influences on the FCCVD nanotube synthesis: suppression of

non-catalytic pyrolysis of hydrocarbons preventing nanotube samples from amorphous

77



carbon impurities [56,72,73,156] (i); catalyst surface cleaning based on hydrogenation
process (with methane formation, the reaction is shown in equation (18)) [157,158] (ii);
and nanotube etching, including selective one (tailoring of nanotube diameter was
demonstrated, which was explained by hydrogen etching of higher-reactivity thin
nanotubes) [159,160] (iii). Recent works report all three effects in dependency on H:
concentration ((i)-(iii): from the lowest to the highest ones) [157,161].

Nevertheless, neither a detailed explanation of the mechanisms of the H; effect in
the CO atmosphere, nor its effect on optoelectronic performance (Rq,) and process
productivity (yield) have been reported so far. In this work, the hydrogen role in the
improvement of the synthesis process — its productivity, i.e., yield, is studied. At the same
time, high attention is paid to the quality of the film, including, equivalent sheet resistance
(Rgp), defectiveness, and nanotube length.

Moreover, recently, our group has investigated the effect of different temperatures
on CO-based SWCNT synthesis and different temperature regimes were found in terms of
nanotube growth: low-temperature (low-T; < 900 °C) and high-temperature (high-T) one
(> 900 °C) [32]. The appearance of two different regimes was explained by the phase
transition of nano-sized iron from a- to y-phase and, as a consequence, changes in nanotube
growth rate-determining stages. The second part of this work was aimed to fill this gap,
herewith, the hydrogen effect in both temperature regimes is investigated.

Before experiments on Hz introduction in CO-based synthesis of nanotubes, the
thermodynamics background of the possible reactions (equations (16) — (18)) was studied

first. Details in calculations based on temperature dependency of heat capacity (Shomate
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equation), Gibbs free energy (A,.G°) and Arrhenius equation are shown in Appendix 2.
Final dependencies of Gibbs free energy of reactions (16) — (18) on temperature and
equilibrium concentration of CO2, H>O, and CHa on introduced Hz concentration (cy,) at
880 °C are shown in Figure 12. Carbon-producing reactions (16) and (18) demonstrate
similar thermodynamic behavior with positive values of A,.G° at temperatures higher ~ 700
°C indicating a prevalence of reverse reaction direction. Therefore, the synthesis of
nanotubes is pushed by kinetic reasons. Equilibrium concentrations plotted versus cy, in
Figure 12b points to the gradual shift to carbon synthesized by the reaction between CO
and Ha rather than by the CO disproportionation with cy, increase. Yet, fraction of methane
formed via carbon hydrogenation increases as well (reaction (18)). Nevertheless, since no
CO2 and H20 are artificially introduced into the reactor, quotients of the reactions (16) and
(17) (Appendix 2) indicated the formation of carbon by both reactions coupled with
corresponding CO2 and H20. Thus, with the H introduced at moderate concentrations, we
might deal with additional reactions feeding the system with carbon in addition to the

Boudouard reaction, which could enhance the synthesis productivity.

79



100 - 41.00 o 35+ T =880 °C
(a) ——CO +CO « C +CO,(18) (b) % co
\\ -
——CO+H,>C+ HZO) (19) yr 2304 \ —ho
C +2H, & CH, (20 o \
50 4 b = 1075 5 CH,
- i ! L2 254 %
o \ © “»,,K
£ - ‘q&)‘ 2.0+ N
2 ole—=— 050 g O
= : c
W —=x Rl L > S
N W\
<
50 W\ 40.25 g
\\ =
N S
s ~ = <
-100 ‘ | | = ] 0.00 g 004 : : ; - :
500 600 700 800 900 1000 1100 0 20 40 60 80 100

T(°C) Initial H, concentration (vol%)

Figure 12. (a) Dependencies of Gibbs free energies of reactions (16) — (18) (A/G% (left y-axis) and
corresponding equilibrium constants (Keq) (dashed curves; right y-axis) on temperature; (b) Dependency of
equilibrium concentrations of CO», H,0O, and CH4 on the initial H, concentration introduced to CO at 880
°C.

Experiments on the introduction of H, in CO-based synthesis started with the well-
studied conditions (including those described in the previous paragraph) referring to the
low-T regime: the 880 °C reactor hot zone temperature. At the same catalyst concentration
of 0.9 ppm and residence time of 7.5 s (5 Ipm total flow rate) without introduced CO- (to
study pure H> effect), H> concentration was varied in the range of 0.5 — 40 vol%. It is worth
noting that the choice of temperatures highly above 700 °C, where both CO
disproportionation (reaction (16)) and hydrogenation (reaction (17)) become
thermodynamically suppressed (Figure 12a), is due to the kinetics of the nanotube growth.
In early works devoted to CO-based aerosol CVD synthesis [79,146], essential nanotube
growth was found only at temperatures above 800 °C. Besides, recently, the highest length
of the SWCNTSs obtained at the same aerosol CVD reactor has been found in the 850 — 880

°C temperature range [32].
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Figure 13a represents UV-vis-NIR spectra of SWCNT films obtained with H;
added to the CO atmosphere. Spectra are pretty similar indicating similar diameter
distributions. At the highest cy, (40 vol%), no noticeable characteristic peaks can be found,
which, together with the loss of transferability of the synthesized samples, point to limits
of hydrogen concentration used in the synthesis. Nevertheless, two features can be
observed with H; addition: a slight redshift of the Si1 peak (meaning slight nanotube
thickening) and a formation of a second subpeak of the Si1 peak (evident at ¢, =
5.0 vol%), which intensity gradually prevails over the main one, indicating the bimodal
diameter distribution of nanotubes. The second one may imply a new pathway in the
catalyst activation stage caused by H> introduction, in particular, by another carbon-feeding
reaction (17).

This assumption is supported by an enormous yield increase with ¢y, (Figure 13b).
A 15-fold increase in synthesis productivity (from 0.034 to 0.55 cm?L™?) is observed, which
reveals the remarkable practical potential of adding H2 to CO. According to equation (29),
yield is determined mainly by nanotube concentration and length. Nevertheless, according
to the principles of SWCNT network conductivity (Paragraph 2.1.2) and experimental
observations (equation (9)), nanotube lengthening would lead to film conductivity increase
(e.g., Ry decrease), which, however, does not take place (Figure 13c). No considerable
changes in Ry, can be noted until high concentration (>10 vol%) are reached where Rq,
soars (where the synthesis conditions are already far from optimal), which lead to the
conclusion that SWCNT lengthening barely happens and a huge increase in the yield

originates from the increase in nanotube concentration, that is the increase in catalyst
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activation degree. SWCNT film lg/lp reflecting defectiveness demonstrates bell-shaped
dependency on cy,, Which could be responsible of slight lowering of R, at the medium
¢y, (Figure 13c-d).
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cyz =~ 5.0 vol%); Dependencies of the yield (b, f), Ry (C, 9), and l¢/lp (d, h) on cy,. (a-d) figures
correspond to the low-T regime (880 °C); (e-h) figures - to the high-T one (1000 °C).

The experiment and the protocol of measurements for the investigation of the H»
effect in the high-T regime (1000 °C) of SWCNT synthesis were repeated. Quite similar
tendencies in optical spectroscopy and yield dependency can be found (Figure 13e-f). Yet,
the second S11 subpeak is less pronounced and the yield increase is more moderate (by 2-
3 times). However, generally higher synthesis productivity at higher temperatures (from
0.034 to 0.15 cm?LY) should be noted, which is in agreement with previous results [32].

A Rq,-Vs-cy, trend (Figure 13g) appeared to be significantly different compared
to that found in the low-T regime: a three-fold decrease in Rq, is observed at the medium
¢y, (5 — 10 vol%). Now, unlike low-T regime, a length-driven process explaining the
simultaneous increase in the yield and decrease in Ry, iS quite possible. To verify this
hypothesis, direct length measurements by gathering bundle length statistics visualized by
SEM (Figure 14) were conducted. Typical lognormal law-described length distributions
(Figure 14ai-d1) tend to shift to longer bundles at ¢y, = 5.0 vol%. Figure 14e illustrates
geometric mean bundle length dependency on ¢y, with a prominent maximum at 5.0 vol%
(increase from 0.8 to 1.9 pum), which is in excellent correlation of conductivity trend
(Figure 13g) and confirms length-determined results. Besides, lc/lp increases cy,, which

could also affect decrease in Rqq (Figure 13h).

83



(a) 0.0 vol%

(b) 1.0 vol%

1 10
Bundle length (um)

1 1
Bundle length (um)

Bundle length (pm)

0

(c) 5.0 vol%

(d) 20 vol%

201 ®

0.8+

1

10

H, concentration (vol%)

Figure 14. (a)-(d) Typical SEM images of SWCNT bundles synthesized in high-T regimes at different ¢y,

(indicated in the figure) with (a1) - (d1) corresponding length distribution histograms with statistics results.

(e) Dependency of nanotube bundle length on ¢y, in high-T regime.

The H; effect in CO-based synthesis of SWCNTSs in different temperature regimes

is summarized in Table 2.

Table 2. H; influence trends on different stages of SWCNT synthesis in low- and high-T regimes.

Growth and deactivation stages

thinner SWCNTs

. Activation stage Yield .
reaime (SWCNT diameter) (synthesis colrletglii/rﬁy) deftlai/tli\ole(:t?s:(ljétl;;ty)
productivity)
Diameter increase; .
formation of the ~15-fold 1 (~5 . 2-fold 1 (~2 vol%;
Low-T | . Not improved bell-shaped
intense second mode vol%) dependency)
of thinner SWCNTSs
Diameter increase;
High-T formation of the slight | ~2-4-fold 1 (~5 | 3-fold 1 (~ 10 2-fold 1 (~ 20-30
second mode of —10 vol%) vo1%) vol%; steady increase)
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The common effect of a slight diameter increase (expressed in the slight S11 peak
redshift) may be explained by the dilution effect. Indeed, relatively high cy, are reached
(up to 40 vol%) which could lead to a shortage of carbon source. An identical experiment
on dilution but by N2 instead of H> gave the same results (Appendix 3).

Meanwhile, deviations in the Hy effect in the different temperature regimes may be
briefly summarized as follows: in the low-T regime, H strongly affects the activation stage
resulting in increased nanotube concentration and, in turn, yield, while growth stage is
rather maintained; in high-T regime, Hz affects both stages, but activation degree is already
high because of higher temperature and H> effect is quite moderate (slight S11 subpeak),
while growth stage is affected considerably resulting in 2.4-fold increase in length leading
to both yield and conductivity increase. Nevertheless, both effects are likely to come from
an additional carbon-feeding reaction (17), which is reflected in an extra pathway in
catalyst activation (S11 subpeak formation).

Such differences are explained by different growth rate-limiting stages. For the
low-T regime, two possible options were given [32]: ~ 180 kJ/mol activation energy
indicated either CO dissociation on a-Fe NPs or bulk diffusion in the catalyst cementite
phase (FesC). According to the present results, the latter is unlikely since an additional
carbon-feeding reaction between CO and H2 (17) would enhance growth in this case. Thus,
thanks to the present results, a dominant mechanism in SWCNT growth rate-determining
reaction may be proposed: carbon diffusion in the catalyst cementite phase.

Nanotube growth enhancement in the high-T regime can be realized in two

scenarios: H extends the catalyst lifetime or accelerates growth. The probability of the
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former can be tested in a residence time variation experiment (described in previous
Section 4.1.1). Synchronous declines in Rq, (Similar to observed in the low-T regime,
shown in Figure 11) indicate residence time does not exceed catalyst lifetime (Appendix
3) pointing to a higher probability of increased growth rate than catalyst lifetime. This
signifies that the growth-limiting stage was overcome. In the high-T regime, a similar
duality to the low-T was discussed: the rate-limiting stage could be either CO dissociation
or carbon diffusion in y-Fe catalytic NPs. Now, vice versa, extra carbon released via
reaction (17) could barely enhance growth if carbon diffusion is a bottleneck — it would
rather lead to catalyst deactivation by encapsulation in an excessive carbon shell. Thus,
again thanks to the results of the H» effect, the conclusion can be drawn that in the high-T
regime, CO dissociation limits nanotube growth.

Thus, Hy affects CO-based SWCNT synthesis in a complex manner and its
influence strongly depends on the temperature regime used. In the low-T regime (< 900
°C), it greatly improves synthesis productivity by increasing catalyst activation degree via
another carbon-producing reaction between CO and H>. Nevertheless, this reaction leads
to a different effect in the high-T regime (> 900 °C), which is explained by different
nanotube growth rate-limiting stages: Hz improves both nanotube film yield and
conductivity by accelerated nanotube growth resulting in longer SWCNTs. These

mechanisms are schematically represented in Figure 15.
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Figure 15. Schematic illustration of the H, effect in different temperature regimes.

Thus, for the first time, hydrogen was demonstrated as an effective growth
promoter in CO-based aerosol CVD synthesis of SWCNT films. A significant yield
increase (by ~ 15 times) appeared to be the highest compared to that achieved by the
addition of other growth promoters (~3-fold yield increase achieved by C2H4 [70], and ~
2.1-fold improvement obtained by CO- in the works [77,162] and ~ 12.8 in [32]). Such a
strong boost in process productivity can greatly improve SWCNT film production by
increasing yield/Rq, ratio, which can be easily fitted to the other approaches to conductivity
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optimization (including the residence time extension proposed above). At the same time,
these results reveal uncovered mechanisms in SWCNT growth, crucial for the general

development of nanotube CVD synthesis.
4.2.  Fast evaluation of nanotube growth kinetics

As was mentioned above, one of the most challenging and fundamental problems
of the FCCVD process caused by catalyst mobility is reactor scaling. To estimate practical
benefits from scaling, that is, possibilities to improve process productivity or material
properties by reactor scaling, nanotube growth termination should be assessed, e.g.,
catalyst lifetime should be determined. Typically, this problem is solved by direct kinetics
assessment, which includes a collection of nanotubes at different residence times and
measuring their length.

Both procedures may be quite complicated. The problems of residence time control
were discussed above (Section 664.1.1), while length measurement approaches are usually
based on time-consuming measurements of bundle contour length visualized by SEM or
AFM (already applied in this work). There are also less popular methods based on dynamic
light scattering [163,164], rheology tests [165], THz spectroscopy [166], and some others,
which, however, have their limitations and require additional specific equipment.

The approach to controllable residence time tuning proposed in this work (Section
664.1.1) solves the first task. Yet, length evolution with residence time could be extracted
from that method too. Indeed, for numerical tasks, precise determination of length is not
needed but qualitative estimations on nanotube growth rate are. In that task, the goal was

to lengthen nanotubes for optimizing film conductivity. However, an opposite task can be
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set: can a remarkable correlation between nanotube residence time trends of length and
conductivity (Figure 10b and Figure 11a) be used for the estimation of nanotube growth
kinetics?

The objective of this part of the work was to develop a new method for fast
evaluation of nanotube growth kinetics in aerosol CVD. For this, the correlation of Rg,-Vs-
T and L-vs-T trends are investigated at different synthesis conditions, which might affect
growth Kinetics. Besides, since, in addition to length, nanotube conductivity is determined
by nanotube diameter distribution, defectiveness, and bundling degree, the evolution of
these structural parameters with residence time was studied as well. CO2 concentration is
selected as a parameter affecting synthesis conditions since its growth promotion activity
depends on its concentration. Moreover, despite the CO> role in CO-based aerosol CVD
synthesis was studied quite thoroughly, its effect on catalyst deactivation, hence, nanotube
kinetics during all the growth stages, has not been studied so far. Therefore, as an
application of the proposed approach, the CO- effect on catalyst deactivation is studied as
well.

Residence time (t) and CO2 concentration (c.o,) Were varied and the dependency
of the synthesized film properties in this two-parameter space was investigated. As the
most studied and the closest-to-optimal conditions in terms of yield/Ry, ratio, the low-T
regime (880 °C) and moderate catalyst concentration (0.9 ppm) are examined. In total,
there were 42 points collected (seven points of 7 (3.8 — 12.5 s) and six points of ¢, (0.00
— 1.49 vol%)). Figure 16 complies two-parameter dependencies of Ry, Yield, l¢/lp ratio,

and bundle length. Herewith, horizontal trends are of consideration, that is, the evolution
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of these parameters with time at different c.,,. Diameter distributions are not shown in
Figure 16, yet, UV-vis-NIR spectra of SWCNT films obtained in different regions of t
and cqq, are depicted in Appendix 4. Similar to what observed for residence time variation
above (Section 4.1.1), no changes in the spectra with residence time variation are found
(while c¢p, affects significantly) which supports the universality of the method on

residence time variation.
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Figure 16. Contour plots representing two-parameter (t and c,) dependency of (a) Rq, (b) yield, (c) le/lo
ratio, and (d) bundle length of SWCNT films.
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Except for the yield, all the other parameters have a hot spot at the longest t and
medium c.,. Nevertheless, in contrast to lc/lp, Ry and length change with t is the highest
at low c¢o, (<0.5 vol%), where Ig/lp is rather constant. At the same time, all the parameters
improve with 7 at moderate ¢y, (0.5 — 1.2 vol%) and do not considerably change at the
highest ones (>1.2 vol%). Yield tends to decline with 7 in the whole ¢, considered, which
is explained by universal (independent on c.(,) reasons attributed to the specifics of a flow
reactor (diffusion losses and decreased catalyst activation, details are in Section 4.1.1).

Bundle length tendencies were obtained by analysis of SEM images visualizing
SWCNT bundles (similar to what was executed in Sections 4.1.1 and 4.1.2). Typical SEM
images of nanotube bundles obtained in different regions of t and c(, with corresponding
length distribution histograms are demonstrated in Appendix 4. The highest increase in
the length is observed for SWCNT synthesized without CO> added, and no growth at all —
at the highest one of 1.49 vol%. Nevertheless, to associate these bundle length trends with
nanotube growth kinetics, bundle and nanotube length interrelation should be proved. This
was performed similarly to that described in Section 4.1.1 by investigation of SWCNT
bundle degree dependencies. Typical TEM images and bundle diameter dependency on
residence time at different c., are compiled in Appendix 4. Surprisingly, no noticeable
changes at both 7 and c.,, variations were revealed. This finding answers several
important problems at once: relatively constant bundling degree indicates nanotube bundle
length increase is caused by nanotube lengthening and not by inter-nanotube collisions in

aerosol flow (i); bundling degree contribution to Rqy-vs-T can be neglected (ii); bundling
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can be excluded from the possible causes for nanotube growth termination (which was
assumed in some works devoted to the aerosol CVD [147]) (iii).

Thus, indeed, nanotube length and Ry, are correlated. Table 3 represents the overall
trends of SWCNT parameter evolution with time at different c.,, ranges. For ease of
evaluation of parameters’ interrelations, “equivalent sheet conductivity” gy, as an inverse

parameter to Rq, is used:

1
090 [O/Q] = R_go' (34)

Table 3. Representation of the overall trends of SWCNT structural parameters with residence time increase

at different ¢y, ranges.

Ccoz range 099 Yield length le/lp bundling
low (< 0.5 vol%o) "M 1! ™ o o
medium (0.5-1.2

vol%) M il 1 1 o
high (>1.2 vol%o) o ! o o o

The trends illustrated in Table 3 can be represented quantitatively. For this, scaling

law form can be used (similar to equations (30) and (33)):

L~14 (35)
3-4

b~N-12 ~1F, (36)
O90 ~ T (Rgo ~T7"), (37)
Yield ~L-N ~177, (38)

Ig
—~ T, (39)

Ip

where equation (35) essentially duplicates equation (30) (for ease of perception), and

powers 4, B, r, vy, and k characterize the rate of parameter change with residence time t
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and depend on synthesis conditions, in this case, c.o,. For the determination of values of
the powers, liner fitting of the dependencies (35) — (39) plotted in log-log scales is applied.
Figure 17 contains such dependencies of g,y and length and the resulting powers for gy,
length, Ic/lp, and bundling degree (as the parameters affecting oy,) scaling laws obtained
for different c.o,. The total results of residence time dependencies of all the parameters
(including yield) plotted in both linear and log scales as well as power values obtained from

fitting results are compiled in Appendix 4.
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powers (C) r (g99-vs-1), (d) 4 (L-vs-1), () K (;—g—vs—r), and (f) B (b-vs-1).

Essentially, Figure 17 repeats the trends depicted in contour plot form (Figure 16),
however, in such representation, changes in the parameters with time, including, nanotube
growth Kinetics, can be evaluated quantitatively. In particular, a clear correlation between
090 and bundle length trends can be observed, while the other parameters determining film
conductivity — defectiveness and bundling degree, demonstrate completely a different

pattern.
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Thus, from the method on controllable residence time variation (Section 4.1.1), a
new method of fast evaluation of nanotube growth kinetics follows. By comparative
analysis of Rgy-vs-T trends obtained at different synthesis conditions, which can be
collected much faster than length measurements, it is possible to estimate growth features,
including its termination which allows assessing prerequisites for subsequent reactor
scaling. The validity of this method is confirmed by the unchanged SWCNT diameter and
bundling degree with residence time, which arises from the reactor design. Defectiveness
seems to affect to a lesser extent.

In particular, the applicability of this approach can be demonstrated for an
explanation of the CO; effect on nanotube growth kinetics and catalyst deactivation. Since
this problem refers rather to mechanistic aspects of aerosol CVD synthesis than assembling
SWCNT networks, it will be discussed here briefly. Figure 17b indicates the overall
nanotube growth slows down with c..,. Yet, bundle length at the shortest 7 is the highest
for the highest c.p,. It means that with c.o, increase, initial growth rate increase but
catalyst lifetime shortens leading to fast growth termination (and, hence, impracticability
of reactor scaling), which is, however, typical for CVD nanotube growth [167].

Changes in growth rate and time might be caused by changes in diameter
distribution with CO> addition (reflected in optical spectra in Appendix 4). Due to its
etching activity, CO> leads to postponed catalyst activation causing nanotube thickening
(in this case reflected in the formation of a second mode of thicker nanotubes due to the
features of the injection strategy). A quadratic increase in catalyst site surface area with a

linear increase in carbon demand for growing nanotubes likely results in an imbalance in
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carbon release and consumption, which could lead to catalyst deactivation by encapsulation
in excessive carbon. At the same time, the increase in the initial rate can be explained by
overcoming the growth-limiting stage — carbon diffusion in the cementite phase of the
catalyst found above (Section 4.1.2). CO, postponing carbon precipitation on catalyst shifts
Fe-C phase diagram which could suppress cementite formation in a-phase Fe NPs (which
was demonstrated by Wirth et al. [168] and discussed by Anisimov et al. in terms of CO-
based aerosol CVD [146]).

Moreover, this complex CO; influence results in I/lIp-vs-t trends (Figure 16c¢ and
Figure 17e). Taking into account quite high defectiveness (lc/lp ~ 50) at low c¢-, it might
originate from non-optimal growth conditions and amorphous carbon (not etched without
COz2). With ¢, increase, since defects are mainly located in nanotube ends [169] at
optimized conditions, an increase in nanotube length leads to Ic/Ip increase with T and high
k values at the medium c(,, While constant length at the highest c.,, results in maintained
I/lp.

Thus, by the method of fast kinetics assessment, CO. influence on both nanotube
growth rate and catalyst deactivation was studied as well. In particular, for the first time, a
CO»-caused increase in the nanotube growth rate and decrease in catalyst lifetime in the
CO-based aerosol CVD was found and explained.

Summing up, in this chapter, several approaches to optimization of SWCNT films
synthesized in CO-based aerosol CVD process were proposed. Residence time extension
was demonstrated to significantly decrease SWCNT film Rq, by nanotube lengthening,

while, at the same time, allowing to separation of catalyst activation and nanotube growth
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stages, which was developed to the proposition of a new fast method to evaluate SWCNT
kinetics and catalyst deactivation. By this method, CO: influence on the kinetics feature of
the CO-based aerosol CVD process was explained. The use of H, was shown to
significantly improve the productivity of the synthesis which opens up practical prospects
for scalable production of SWCNT films utilized as TCFs. Meanwhile, different
temperature regimes were found and H> influence in each one was thoroughly investigated

and explained.
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Chapter 5. Fabrication of SWCNT/polymer nanocomposites

5.1. Multifunctional elastic SWCNT/TPU nanocomposites

While SWCNT thin films as quasi-2D macroscale networks are applied mainly as
TCFs, conductive SWCNT/polymer nanocomposites containing 3D nanotube networks are
more functional because of the polymer matrix. In particular, elastomer-based conductive
nanocomposites are excellent materials for soft lightweight stretchable and flexible
electronics. Nevertheless, as discussed in Section 2.3.1, the crucial problem in
nanocomposites is the homogeneity of nanotube dispersion, which affects all the final
properties of the material. Spatial distribution of SWCNTs in SWCNT/TPU
nanocomposites with different nanotube concentrations, which were manufactured by
coagulation precipitation technique (CP) implying immediate nanocomposite formation,

were estimated by SEM (Figure 18).

98



Figure 18. SEM images of fracture surface of SWCNT/TPU nanocomposites with different nanotube
concentrations: (a) 0.005 wt%, (b) 0.05 wt%, (c) 0.25 wt%, (d) 1.00 wt%; yellow circles highlight
SWCNTs/bundles enlarged in corresponding magnified images (a1)-(d1); yellow circles in the magnified
images highlight nanotubes pulled out of the polymer indicating high TPU wetting. Modified from

Publication 11.
At the lowest concentration of 0.005 wt%, only individual SWCNTs/bundles

randomly located in the TPU matrix may be found. At the higher concentrations, uniform
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SWCNT distribution can be observed until the highest concentrations (1.00 wt%) where
10-20 um scale agglomerates are formed (Figure 18d). A high dispersion degree is
believed to be achieved by effective dispersion techniques (homogenization and
ultrasonication) and quick nanocomposite formation by CP, although, at high nanotube
loadings, dispersion is complicated by high suspension viscosity. Besides, magnified SEM
images (Figure 18ci-di1; additional SEM images are shown in Figure A9, Appendix 5)
illustrate the gradual thickening of bundles approaching the TPU matrix (the region where
nanotubes are pulled out of the polymer, highlighted in Figures 18 and A9). This might
indicate high TPU wetting of nanotubes, which could be attributed to the high affinity of
TPU to nanotubes and agrees with the reported data [170,171]. Thus, SEM analysis reveals
quite good prerequisites for nanocomposite properties achieved by high dispersion degree.

Nanocomposite conductivity was tested by impedance spectroscopy technique.
Frequency dependencies of conductivity (Bode charts) of the nanocomposites with

different nanotube loadings are shown in Figure 19a.
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Figure 19. (a) Conductivity dependencies on frequency for SWCNT/nanotube nanocomposites with different

concentrations (shown in legend) with highlighted critical frequency. (b) DC conductivity plotted versus
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SWCNT concentration (percolation curve) with the same data plotted in log-log scales (inset) for

determination of percolation threshold. Modified from Publication I1.

Impedance spectra demonstrate an evident general increase in the conductivity of
nanocomposite with nanotube concentration. Meanwhile, two conductivity regimes can be
identified in the frequency dependencies of conductivity: frequency-independent in the
low-frequency region, and frequency-dependent in the high-frequency one, which
correlates with the other reported impedance results for nanocomposites [172,173].
Frequency-independent region indicates ohmic impedance response meaning the
nanotube-based conductive network is formed within TPU. Nevertheless, the 0.005 wt%-
concentrated nanocomposite does not demonstrate such a regime and essentially behaves
identically to the pure TPU sample. A steady increase in conductivity with frequency
reflects a dielectric response to perturbating electromagnetic fields:

o =¢&¢"w, (40)
where g, = 8.85 F/m is vacuum permittivity, €' is imaginary dielectric permittivity and
w is the frequency of the applied field. This behavior is supported by the slope ~ 1.0 of the
impedance curves.

The transition between two conductivity regions for higher-concentrated
nanocomposites occurs at a critical (characteristic) frequency w,, (indicated in Figure
19a). Below the transition, an impedance response is determined by the nanotube network.
Thus, the percolation threshold can be assumed in the 0.005 — 0.010 wt% concentration
range. Meanwhile, charge carriers travel distances proportional to perturbating wavelength.

Therefore, with frequency increase, these distances will decrease, reaching a critical value
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equal to an average inter-nanotube distance. Thus, at higher distances, impedance is
governed by capacitive contribution and determined by insulating polymer wrapping
nanotubes. This explains the shift in w.- towards higher frequencies with SWCNT
concentration increase.

Taken at the lowest frequency (1 Hz) applied, DC conductivity plotted versus
SWCNT concentration represents a typical percolation curve (Figure 19b) described by
equation (13). Since impedance spectra pointed to the percolation threshold to be within
the 0.005 — 0.010 wt% range, iterative selection of the percolation threshold ¢, in this
range resulted in the best fitting at 0.006 wt% (inset in Figure 19b). Thus, an ultralow
percolation threshold of 0.006 wt% (equivalent to 0.0037 vol%) was found which is orders
of magnitude lower than the ones found for TPU-based nanocomposites prepared by CP
[99] and is comparable to the lowest percolation thresholds reported (typically, for epoxy-
based nanocomposites [88,91]). Moreover, according to equation (14) derived from
percolation theory, for an aspect ratio approximately equal to 3000 of nanotubes used, ¢,
should be ~ 0.035 wt% (assuming SWCNT density as 1.9 g/cm®). Considerably lower
values found in conductivity measurements could be explained by the balance between
high dispersion degree and, at the same time, moderate agglomeration between nanotubes.
Such a phenomenon could be explained by the formation of small-scale chain-like
agglomerates, which would allow the formation of percolative conductive pathways at the
lower nanotube concentration compared to the case of uniformly distributed particles [16].
Indeed, a moderate degree of aggregation was shown to lead to lower values of percolation

threshold by both experimental [174] and simulation [175] studies. In some works, such a
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phenomenon is referred to as a kinetic percolation threshold due to filler movement and re-
aggregation [93].

Besides, the slope of the fitting line t (power value in equation (14)) could also
provide some useful information on SWCNT network construction. Fitting results yield
t =1.16 + 0.16, which is lower than the 2.0 predicted for 3D SWCNT network
conductivity governed by contact resistance. Decreased t values may be an indication of a
certain degree of aggregation between nanotubes. However, analysis of the parameter t is
established as quite ambiguous and depends on many factors [88]. In addition, quite low
conductivity values should be noted, which is likely attributed to the dominance of
tunneling resistance contribution caused by the high wetting of nanotubes by polyurethane.

Nevertheless, the ultralow percolation threshold indicates a “golden middle” in the
selection of the aspect ratio of nanotubes and dispersion techniques. On the one hand, the
use of quite moderate-length nanotubes (with an aspect ratio of ~ 3000) allows a high
dispersion degree. On the other hand, nanotubes of this length construct percolative
pathways at lower concentrations because of both, higher exclusive volume (in terms of
percolation theory) and not very vigorous dispersion techniques, which could allow a
flocculation (moderate agglomeration) of nanotubes.

For estimation of the applicability of nanocomposites in soft electronics, in addition
to electrical properties, mechanical properties should be evaluated too. Since this work
touches on the conductivity topic, the results are given in short (detailed description of the
results of tensile tests are presented in Publication I1). Briefly, typical for nanocomposites,

an increase in elasticity (Young’s modulus) and a decrease in the strain at break with
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SWCNT concentration were observed. These two trends lead to a maximum in tensile
strength at 0.1 — 0.2 wt% concentration. Nevertheless, strain at break is generally
maintained before 0.25 wt% (before significant agglomeration happened at the highest
concentration as was found in SEM analysis (Figure 18d)) indicating that low-
concentrated nanocomposites are of practical interest. Moreover, an increase in Young’s
modulus related to the nanotube amount added (from ~ 15 MPa to 30 MPa for 0.25 wt%
concentration) appeared to be comparable or even superior to the results for
CNT/polyurethane composites [99,125,126,176].

Simultaneous measurements of the mechanical sensitivity (piezoresistive response)
of nanocomposites yielded highly promising results as well. Figure 20a depicts stress-
strain and corresponding AR/R,-strain curves in moderate strain range (250%),
whileError! Reference source not found. Figure 20b depicts the piezoresistive response in

the whole strain range.
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Figure 20. (a) Piezoresistive (AR/R,) response to strain (right y-axis) plotted with stress-strain curves (left
y-axis) for SWCNT/TPU nanocomposites at 0.05, 0.25, and 1.00 wt% and (b) the same dependency plotted

in the whole strain range. Modified from Publication I1.
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Piezoresistive tests indicate a decrease in mechanical sensitivity with a nanotube
concentration increase, which is in good agreement with established mechanisms of
composite strain sensing assuming the highest response at near-percolation threshold
concentrations based on losses of contact junctions and an exponential increase in
tunneling resistance (discussed in details in Section 2.3.1). Gauge factor (GF) values were
calculated according to equation (15) in the elastic range (since this deformation region
allows multiple uses of materials and is of practical interest; both are given in Figure 20
and Table 4). Within the whole strain range, maximum GFs may be found (Figure 20b,
Table 4)). The results point to the highest sensitivity for medium-concentrated
nanocomposites. On the one hand, it is associated with fast achievement of immeasurable
resistances of GQs for low-concentrated nanocomposites (which do not change at the
following strain). On the other hand, the brittleness of high-concentrated nanocomposites
does not allow them to stretch sufficiently to reach breaks on the nanotube network.

Nevertheless, GF in the elastic region should be considered a figure of merit. The
very high GF value of 82 achieved at such a low nanotube concentration of 0.05 wt% opens
up extremely beneficial sides of nanocomposites proposed in this work: high performance
at low concentrations. This result is reached because of the ultralow percolation threshold.
As a next step, for investigation of sensor repeatability and aging stability, cycling tests
could be performed, which would demonstrate the applicability of such sensors in real
devices. Nevertheless, the goal of this work was to investigate fundamental possibilities

for various applications, such as piezoresistivity (strain sensing) and EMI-shielding.
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Table 4. Elastic range and GF values determined for both elastic and the whole (maximum GF) strain
ranges.

SWCNT concentration Elastic range (%0) GF in the elastic Maximum GF
(Wt%) range

TPU 26 - -

0.05 18 82+2 480 + 20
0.10 21 3H+2 150 + 10
0.25 24 22+9 1090 + 30
0.50 21 15+8 780 = 30
1.00 22 8.0+04 155+1.8

This paradigm was achieved for EMI shielding efficiency in the THz range too.
Figure 21a represents transmittance spectra of SWCNT/TPU nanocomposites in the THz
range and Figure 21b shows the resulting dependency of shielding efficiency normalized
to the sample thickness dependency on SWCNT concentration at different probe
frequencies. A steady drop in transmittance observed for all the nanocomposites
corresponds to a typical for nanotube networks electrodynamic response explained within

the framework of the Drude conductivity model (applicable for metals).
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Figure 21. (a) Transmittance spectra of SWCNT/TPU nanocomposites with 0.5-mm thickness (unless
otherwise indicated) in THz range at different SWCNT concentrations; (b) Normalized SE dependency on

SWCNT concentration at different probe frequencies. Modified from Publication I1.

SWCNT/TPU nanocomposites exhibit extremely high shielding efficiency
normalized to the sample thickness (calculated according to equation (28)), obviously
growing with nanotube concentration. In particular, SE of 20 dB/mm at 1 THz frequency
is achieved for a very low concentration of 0.01 wt%, which supports the paradigm of high
performance at low concentrations and originates from a low percolation threshold.

The percolation threshold as well as strain sensing and EMI shielding efficiency
performance of SWCNT/TPU nanocomposites can be compared with the other reported
results in these areas. Table 5 represents the lowest percolation threshold values found for
the CNT/TPU elastic nanocomposites with different types of CNTs produced by different
fabrication techniques. Comparison with the recent works reveals at least one order of
magnitude drop in the percolation threshold values achieved in this study, which verifies

the proposed approach.
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by the publication year).

Table 5. Percolation threshold values achieved in the papers related to CNT/TPU nanocomposites (sorted

) ) ) Percolation
Filler type Aspect ratio Processing Ref
threshold (wt%o)
MWCNT ~100 Solution mixing 0.28 [177]
MWCNT ~160 Melt mixing 0.13 [178]
MWCNT ~160 Solution mixing 0.35 [179]
carbon nanostructure | 70 um length; 20 .
) Melt mixing 0.06 [180]
(CNS) pm thickness
MWCNT ~160 Melt mixing 3.02 [125]
Fused filament
MWCNT ~160 fabrication + 3D 2-3 [181]
printing
MWCNT ~10° CP (NIPS) 1.5 [99]
MWCNT ~10* CP (NIPS) 0.7 [99]
SWCNT 10°-10° CP (NIPS) 0.4 [99]
this
SWCNT ~103 CP (NIPS) 0.006
work

Thus, a new strategy for the fabrication of elastic SWCNT/thermoplastic
nanocomposites has resulted in the unprecedentedly low percolation threshold and state-
of-the-art values of both GF and SE in the THz range in terms of performance achieved at
low concentrations (Figure 22). These remarkable results are attributed to the appropriate
selection of SWCNT aspect ratio and nanocomposite manufacturing route (SWCNT
dispersion and nanocomposite formation) yielding a close-to-homogeneous spatial
distribution of nanotubes, which allows the formation of percolating pathways at ultralow

concentrations, and provide great prospects for nanocomposite industry development.
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Figure 22. (a) The advances in the GF values plotted versus CNT concentration (strain is indicated in the
brackets); % correspond to SWCNTs, ® to MWCNTSs, A to carbon nanostructures based on MWCNTS. (b)

The advances in the normalized SE values at 1 THz (CNT type and polymer are indicated in the brackets).
Modified from Publication I1.

109



5.2. Nanotube bulk density optimization for SWCNT/thermoset

nanocomposites

As was discussed above, nanotube dispersion is the primary problem in
CNT/polymer nanocomposite manufacturing. Commercial masterbatches (MBs) are one
of the most convenient solutions to this problem for industry. Highly concentrated pastes
with pre-dispersed nanotubes can be easily incorporated into the manufacturing process
and do not require specific equipment necessary for CNT powder processing. Densely
packed in polymer, CNTs cannot be aerosolized, which significantly lowers health risks.
Nevertheless, MBs possess certain drawbacks: specificity to certain polymers, specific
storage conditions, and high price compared to raw nanotube powders.

Briquettes, the fabrication procedure of which is described in Section 2.3.2, are an
alternative polymer-unspecific solution. Nevertheless, compression of nanotubes could
affect their subsequent dispersion in the polymer (for instance, leading to an increased
agglomeration/entanglement degree) or introduce defects in SWCNT structure. BET
analysis and Raman spectroscopy results indicated no noticeable changes caused by both
compression and rapid expansion (RESS) of nanotube powders (Table 1). The nanotube
agglomeration state in the scale of tens of microns also seems unchanged according to the
SEM observations (Figure 23c-e). However, the bulk density of the powder varies in

orders of magnitude (Table 1, powders are captured and illustrated in Figure 23a-b).
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Figure 23. (a) Photos of SWCNT powder types (from left to right: RESS, pristine, briquettes) from the top

view (top) and side view (bottom). (b) Schematic representation of differences in bulk densities of nanotubes
of different types. SEM images of (c) RESS, (d) pristine, and (e) briquette types of SWCNTSs. Taken from

Publication I11.

Thus, except for bulk densities (where briquettes possess evident advantages for
practical use), all the other initial parameters of SWCNTSs are the same. SEM analysis of
SWCNT/epoxy nanocomposites fabricated from these three types of SWCNT powders and
MBs (four types total) also did not yield noticeable differences between nanotube
morphology (images in Publication I11). At the lowest concentrations, in all four types of
nanocomposites, SWNCTs tend to form small agglomerates of bundles/nanotubes widely
and uniformly distributed in the epoxy matrix. Reaching higher concentrations, distances
between these agglomerates decrease, while their size, on the contrary, increases. It occurs
until the highest concentrations (~ 1.00 wt%), at which all the observed area of the
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nanocomposite fracture surface contains an interconnected SWCNT network. Thus, since
nanotube morphology governs the resulting properties of nanocomposites, those prepared
from nanotube briquettes have prerequisites to perform similarly despite huge variations in
the bulk density of raw nanotube material.

Both DC and AC conductivity tests were carried out for nanocomposites.
Percolation curves obtained are demonstrated in Figure 24a (DC and AC measurements

gave identical results (SI in Publication I11).
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Figure 24. (a) Percolation curves (nanocomposite conductivity dependency on nanotube concentration)
obtained for different types of nanocomposites (indicated in legend) and the same data plotted in log-log
scales (inset). (b) Impedance spectra of pristine SWCNT/epoxy nanocomposites with different nanotube

concentrations. Modified from Publication 111

Compared to SWCNT/TPU nanocomposites, SWCNT/epoxy ones demonstrate
much higher conductivity (reaching 10 S/cm for 1.0 wt%). It could be explained by the
absence of polymer wettability observed for TPU, which is also supported by SEM
(Publication I11). Table 6 contains the results of percolation threshold determination and

exponential parameter t (from equation (13)).
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Table 6. Percolation thresholds and scaling parameter t found for different types of SWCNT/epoxy

nanocomposites.

Series @ (Wt%) t
Briguettes 0.003 194+0.14
MB 0.001 1.92 £ 0.09
Pristine 0.002 2.07+0.04
RESS 0.002 1.90+0.10

All the nanocomposites have ultralow percolation thresholds, meanwhile, the
deviations between different types are insignificant. Such low values should be attributed
to manufacturing technique and moderate SWCNT aspect ratio (as was discussed for
SWCNT/TPU nanocomposites). Nevertheless, in contrast to the TPU-based ones, the
scaling parameter t of SWCNT/epoxy nanocomposite appeared to be noticeably higher
(approximately 2.0) which is in excellent correlation with percolation theory [88].

To investigate features of nanocomposite conductivity behavior, impedance
spectroscopy (as it was done for TPU nanocomposites, Figure 24b) was utilized.
Curiously, impedance response turned out to be different compared to polyurethane-based
samples. In this case, a pronounced frequency-independent region is observed for all the
SWCNT concentrations, including the lowest 0.005 wt% (obviously, except pure polymer),
meaning percolation thresholds to be lower than 0.005 wt%, this way verifying the results
obtained from DC conductivity analysis. Moreover, above 0.25 wt%, within the 1 Hz — 1
MHz frequency range studied, no frequency-dependent regions can be revealed at all. This
implies that the average inter-tube distance corresponding to the characteristic (critical)
frequency is not achieved indicating a higher SWCNT dispersion degree than it was

achieved for TPU nanocomposites. This assumption is supported by lower percolation
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thresholds too. Nonetheless, at the same time, as the nanotubes used were the same as for
the TPU nanocomposites (commercial SWCNTs with ~ 3000 aspect ratio), they are
considerably lower than the theoretically predicted value, which also might indicate a
moderate formation of small-scale chain-like aggregates resulting in a formation of
percolative network at very low concentrations.

Thus, SWCNT/epoxy nanocomposites demonstrate remarkable electrical
conductivity properties with both ultralow percolation thresholds (0.001 — 0.003 wt%) and,
unlike TPU/SWCNT nanocomposites, high conductivity (~ 10 S/cm for 1.0 wt%).
Meanwhile, densely packed SWCNT briquettes used as an initial material resulted in
similarly high conductivity as the other samples, including ones based on commercial MBs.

In addition to electrical conductivity tests, the nanocomposites were tested on
thermal conductivity and stability. These parameters appeared to be similar too (details are
in Publication I11), which supports the identity of the nanocomposites fabricated from
SWCNT powders with different bulk densities (consolidation degrees). This is caused by
similar nanotube morphology in polymer, which is likely to come from similar properties
of raw powders (defectiveness, surface area, morphology). The compression procedure,
which increases bulk density by more than 20 times, probably affects macroscale nanotube
organization, while the microscale one (determining the properties) is left unchanged.

Thus, an approach to use briquette-packed SWCNT powders proposed in this work
provides a highly promising solution for the nanocomposite industry since they are
significantly simpler for processing compared to pristine powders, but noticeably cheaper

and not as polymer-specific as MBs. These advantages are illustrated in Figure 25.
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Figure 25. Schematic illustration of briquette-packed SWCNT powders providing identical nanocomposite
performance than the other types of raw SWCNT material but, because of much higher bulk density, being

advantageous over the rest ones. Modified from Publication 111
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Chapter 6. Conclusions

The current thesis addresses the problems of controllable assembling of SWCNT
networks in macromaterials for their subsequent employment in electronic and optical
applications. Meanwhile, two branches of the study were formulated. The first one
concerns the controlled synthesis of quasi-2D nanotube networks — thin SWCNT films,
which main application is transparent conductive films. The second direction is devoted to
the problems of SWCNT organization in a 3D network in host polymer — nanocomposite
formation, which conductivity properties were realized in such applications as mechanical
sensing (piezoresistivity) and shielding from electromagnetic fields. New strategies in
chemical engineering of the CO-based aerosol CVD reactor were fulfilled to optimize the
synthesis of SWCNT thin films (macroscale “2D” network): improve the figure of merits
of the product (film conductivity, or, Ryy) and the process (synthesis productivity, or,
yield), while alternative methods for the fabrication of SWCNT/polymer nanocomposites
were studied and developed for the achievement of decreased percolation threshold for

electronic applications:

o the performance of SWCNT films as TCFs was enhanced by residence time tuning
leading to the controllable adjustment of SWCNT length: Reo of 51 Q/o was
achieved for doped SWCNT films; moreover, this method allowed the separation
of the catalyst activation and nanotube growth stages, which brings opportunities
for the study of SWCNT growth kinetics in aerosol CVD process (Publication |,

Publication 1V, Publication V);
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a new fast approach to SWCNT growth kinetics evaluation based on analysis of
Ry, versus residence time trends was proposed: the direct correlation between Rq,
(conductivity) evolution with residence time and nanotube growth was shown;
opening up the prospects for solving one of the key problems of aerosol CVD
reactors — reactor scaling.

synthesis productivity (yield) was significantly improved by the introduction of H;
in the CO-based process: a 15-fold increase in the yield was found (the highest
compared to that achieved by using other promoters), which leads to noticeably
improved Rqy/yield balance — the crucial parameter for industrial production of
TCF.

a new method based on the combination of coagulation precipitation technique and
moderate aspect ratio of SWCNTs was proposed for the assembling 3D SWCNT
networks within polymer at very low concentrations — nanocomposites with
ultralow percolation thresholds: 0.006 wt% for elastic SWCNT/TPU
nanocomposites was achieved as a result leading to the state-of-the-art performance
of low-concentrated nanocomposites in soft electronic applications: strain sensing
(gauge factor of 82 for 0.05 wt% SWCNT concentration) and EMI shielding in THz
range (20 dB/mm for 0.01 wt%) (Publication I1);

fabrication of SWCNT/polymer nanocomposites was significantly simplified by
the use of compressed (briquette-shaped) SWCNT powders (by 25 times): the same

functional properties of nanocomposites as those of nanocomposites fabricated
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from highly aerosolized powders and expensive and polymer-specific

masterbatches were found (Publication I11).
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Appendices

Appendix 1. Bundling degree dependency on the number of nanotubes and

residence time

Bundle diameter, d;, is connected to the bundling degree according to equation

(31):

1 N \2
d, = dbZ = d (—) . (A1)
Np,

Thus, the coagulation K coefficient is dependent on time t and aerosol concentration N (t)

[151]:
4kTCC Ameanfree -1 _l —2 _l _l _l _l
= ~Ce~Kn~—————~d;'~L73d,>~L"3N(t) 3~L"3N(t) 3~
3u dm
_A _1 _A _1
~t 3N(t) 3 =at 3N(t) 3, (A2)

where C, is the Cunningham slip correction factor, u is gas Viscosity, dyeqn free 1S Mmean
free path, and « is a proportionality coefficient. Thus, the following differential equation

is derived:

dﬁg) = —at N TIND? = —at NS, (43)

An integral of this differential equation leads to the dependency of the bundling degree on
the number of formed SWCNTSs and residence time (considering the following initial

conditions N(0) = N; N(t) = N,):
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N(0)

N(t) =
(1 L N(0)3 - t¥>

N 2a 2 3-1
b= _N/ N =(1+ -N§-TT) ~N-TZ. (A4)

TN, _ 3-1
2a 2 3-A\2
(1+3_A'N3'T 3)

Appendix 2. Thermodynamic calculations for CO/H2 atmosphere.

To estimate equilibrium concentrations of the products of reactions (16) — (17), the
correlation between change in Gibbs free energy 4,G° and equilibrium constant K., was

used:

K 4,G°
eq = €Xp\ — RT |- (AS)

Meanwhile, A,.G° can be expressed as a difference between the free energies of the product

A¢Gproauce and reactant A¢Geqcran: formation:

ArGO = Aprroduct (T) - AfGreactant (T)' (A6)

where free energy of the reagent formation can be derived using the enthalpy A¢H and

entropy 4,S formation:
A:G(T) = A¢H(T) — TA:S(T), (A7)

which temperature dependency, in turn, can be derived using heat capacity C,:

AH(T) = A;H(298 K) +J C,(T)dT, (A8)
298
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T
ArS(T) = A;S(298 K) +f & @) dr, (A9)

298 T
where 4.H (298 K) and 4,5(298 K) are standard enthalpy and entropy, respectively. With
the use of polynomial heat capacity dependency on reduced temperature 7 = ﬁ(l()

(Shomate equation):
E
Cp =A+BT+CTZ+DT3+T—2, (A10)
and the equations (S4) and (S5), temperature-dependent AsH(r) and A,S(t) can be

derived:

Bt? (Ct® Dt* E
A¢H(T) = AT + > + 3 + 2 —?+F, (A11)

Ct> Dt3 E
A¢S(t) = Alnt + Bt + > + 3 —2T2+G, (A12)

where the coefficients used can be found in the NIST database (Table Al, [182]). The

resulting A¢G (T)-vs- T curves for reactions (16) — (18) are plotted in Figure 12a.
Table Al. Coefficients from the Shomate equation for the reagents from reactions (16) — (18) (taken from

the NIST database [182]; empirical coefficients for C (graphite) were taken from [183]).
Reagent A B C D E F G

CO (<1300 K) | 25.56759 | 6.09613 | 4.054656 | -2.6713 | 0.131021 | -118.009 | 227.3665

CO (>1300 K) 35.1507 | 1.300095 | -0.20592 | 0.01355 | -3.28278 | -127.838 | 231.712

CO; (<1200 K) | 24.99735 | 55.18696 | -33.6914 | 7.948387 | -0.13664 | -403.608 | 228.2431
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CO. (>1200 K) | 58.16639 | 2.720074 | -0.49229 | 0.038844 | -6.44729 | -425.919 | 263.6125

C (graphite) | 0.538657 | 9.11E-06 | -90.2725 | -43449.3 | 1.59E07 5.74
1.44E+09

H. (<1000 K) 33.06618 | -11.3634 | 11.43282 | -2.77287 | -0.15856 | -9.9808 172.708

H. (>1000 K) 18.56308 | 12.25736 | -2.85979 | 0.268238 | 1.97799 | -1.14744 | 156.2881

H20 30.092 | 6.832514 | 6.793435 | -2.53448 | 0.082139 | -250.881 | 223.3967

CH, (<1300 K) | -0.70303 | 108.4773 | -42.5216 | 5.862788 | 0.678565 | -76.8438 | 158.7163

CH4 (>1300 K) | 85.81217 | 11.26467 | -2.11415 | 0.13819 | -26.4222 | -153.533 | 224.4143

The quotients of reactions (16) — (18) (Q, Q,, Q3) are calculated according to the

equations:
Q= %, (A13)
Q= %, (A14)
Q3 = % (A15)

where actual concentrations of the reagents are denoted as reagents in curly brackets. At
the equilibrium, the quotients turn to equilibrium constants (K;, K,, K3). Calculated
equilibrium constants allow determining equilibrium concentrations of the products of
reactions (16) - (18) (denoted as reagents in square brackets): CO., H.O, and CHas

depending on the H2 concentration:
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K, = o’ (A16)
_ [H,0]

* = [collH, T (A17)
CH,

K3 = [[le]z] (A18)

Taking into account that the reactor is kept under atmospheric pressure and
describing equilibrium concentration in vol%, the total concentration of CO and H2 equals
1 (100 vol%). Thus, considering the initial concentration of the introduced hydrogen as a
parameter a ([H,] = a), CO concentration is determined by a ([CO] =1 — a), the
products (their equilibrium concentrations) taken as sought variables (extents of reaction)
([co,] = x, [H,0] =y, [CH,] = z), and taking into account the consumption of the

reagents (CO and H), we can obtain the system of equations:

( K = X
17 (1 —a—-2x—v)2
K. = y
(" T Q-—a-2x—y)a—y—22)’
z
b=y
L (A19)

where equilibrium constants are known for the given temperature. The system of equations
(A19) can be solved numerically for parameter a in the range of (0,1). Figure Al represents

the results of equation (A19) solution for both temperatures: 880 °C and 1000 °C.
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Figure S1. Calculated equilibrium concentrations of CO,, H,O, and CH4 depending on the initial
H. concentration introduced at (a) 880 °C and (b) 1000 °C.
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Appendix 3. Effects of nitrogen and residence time in Hz-assisted aerosol

CVD nanotube synthesis.
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Figure A2. UV-vis-NIR spectra of the SWCNT films synthesized with N2 dilution (concentration is shown
in the legend) at (a) 880 °C and (b) 1000 °C; Dependencies of the yield (c) and Rgo (d) on N2 concentration

at 880 °C and 1000 °C.
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Figure A3. (a) Rg and (b) yield dependencies on residence time without and with H; introduction (at 5 vol%)
at 1000 °C.

Appendix 4. Supporting figures for nanotube kinetics evaluation study
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Figure A4. UV-vis-NIR (optical absorbance) spectra with highlighted transition peaks of SWCNTs
synthesized at different residence times (shown in the legend) and CO; concentrations: (a) 0.00 vol%, (b)
0.74 vol%, (c) 1.49 vol%.

142



0.00 vol% 0.74 vol% 1.49 vol% 0.00 vol%
L[,=6.2um](d) : o

a,=2.1

N =431

0.74 vol% 1.49 vol%

03{(a)

125s

Frequency

75s

Frequency

38s

Frequency

Bundle length (pm) Bundle length (um) Bundle length (pm)

Figure A5. Bundle length distribution histograms of SWCNTs synthesized at different residence times
(image rows) and CO; concentrations (image columns) indicated in figure: (a)-(c) 0.00 vol%, (d)-(f) 0.74
vol%, (g)-(i) 1.49 vol%. Arrows indicate a shift in geometric mean length with 1. (ai-i1) Corresponding
typical SEM images of SWCNT bundles on Si/SiO, substrate.
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Figure A6. Typical TEM images of SWCNTs synthesized at different T and ¢(CO5) (see indicated rows and
columns, respectively) with corresponding bundle diameter distribution histograms.
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Figure A7. Dependencies of (a) yield, (b) R, (¢) le/lp, (d) bundle diameter, and (e) bundle length on
residence time at different ¢(CO2) (shown in the legend at the top of the image); (a1-e1) the same dependencies
plotted in log-log scales. Dependencies of exponents in scaling laws of (az) y (Y-vs-1), (b2) r (690-Vs-1), (C2)
k (le/1p-vs-1), and (d2) g (b-vs-1), (e2) 1 (L-vs-t) on ¢(COy).
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Table A2. The overall trends of residence time influence on the SWCNT parameters at different CO»
concentrations (numbers of arrows qualitatively illustrate evolution rates with t (parameters are derived from

fitting the results).

c(CO») r (Roo) y (Yield) / (length) B (bundling) x (lc/lp)
0.00 2.22 £0.29 1.75£0.71 0.41+0.04 0.19 £ 0.05 0.55+0.37
0.37 1.64 £0.26 1.90 £ 0.64 0.31+0.11 0.09 £ 0.23 0.74 £0.15
0.74 1.13+£0.40 1.67x0.21 0.21+£0.05 0.09+£0.01 1.07£0.29
1.49 0.008 £0.16 0.97£0.35 0.03£0.02 0.08 £0.08 0.08+£0.18
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Figure A8. UV-vis-NIR spectra of the SWCNT films synthesized at 880 °C at different c(CO2) (shown in
the legend) and at different residence times: (a) 12.5s, (b) 9.5, (¢) 5.0 s, (d) 3.8 s with the highlighted S11
redshift and the formation of the second mode of thicker SWCNTSs.
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Appendix 5. Supporting figures for the investigation of SWCNT/polymer

nanocomposites

(a) 0.05 wt% (b) 0.25 wt%

2 ym

(d) 5.00 wt%

\

Figure A9. Additional SEM images of SWCNT/TPU nanocomposites fabricated with different
concentrations of SWCNTs (indicated in the images) with highlighted regions of SWCNT bundles
approaching the TPU surface indicating high TPU wetting.
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