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RESUME

Dans la présente ¢tude, nous détaillons le développement d'une méthode performante pour la
fonctionnalisation de nanotubes de carbone mono-paroi (SWCNTs) a 1'aide de dépdt chimique en
phase vapeur photo-initi¢ (PICVD) a base de syngaz (CO+H,) qui se montre efficace pour
l'introduction d'une grande variété de groupes fonctionnels en surface. Les résultats mettent en
évidence qu'en modifiant les parameétres expérimentaux de pression, de ratio molaire H,/CO, de
temps de traitement et de la position du substrat dans le réacteur, la mouillabilité du matériaux
peut étre finement ajustée en passant d'hydrodophile & super-hydrophobe (que ce soit par
modification de la densité des groupes fonctionnels ou encore par modification directe de la
topologie de surface). De plus, une étude cinétique du procédé mis en oeuvre a été effectuée en
phase gazeuse et en surface afin de comprendre l'effet et le comportement du traitement des
SWCNTs, incluant le role de la température. Il a été déterminé que le pentacarbonyle de fer
(I'impurité la plus abondante dans les cylindres de monoxyde de carbone) joue un role crucial
dans le procédé puisqu'il est consommé a plus de 94% durant le traitement, contre 0% du CO et
du H, injectés dans le réacteur. Le bilan de mati¢re du syngas/PICVD a été calculé en se basant
sur la caractérisation de la phase gazeuse et de la surface des SWCNT. La composition chimique
du matériel déposé a été identifiée comme étant du CssHsOusFes, avec une principale présence
de groupes carboxyliques, hydroxyles, de Fe(CO), et de Fe(OH),. Sur la base des analyses et du
bilan de masse ontenus, nous suggérons deux mécanismes distincts pour la chimie se déroulant

en phase gazeuse (incluant 12 réactions) et en phase de surface (incluant 30 réactions).

Pour conclure, la procédé de syngas/PICVD présenté ici se montre une technique prometteuse
pour réaliser la fonctionnalisation de nanomatériaux tel que les SWCNTSs, et ce, avec une grande
plage de valeurs de mouillabilité. Cette derniere composante peut étre modulée librement en
modifiant les paramétres expérimentaux comme la pression, le ratio molaire H,/CO, la position

du substrat dans le réacteur et le débit d'injection des précurseurs.
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ABSTRACT

In the present study, a promising method has been developed to functionalize single-wall carbon
nanotubes (SWCNTSs) using photo-initiated chemical vapor deposition (PICVD) with syngas
(CO+H3) and then applying it to form a full range of functional groups on the surface of the
SWCNTs. It was observed that by changing the operating conditions, including pressure, the
molar ratio of Hy/CO, treatment time, and the position of the substrate inside the reactor, a wide
range of wettability (caused either by functionality density or physical roughness of the coating)
ranging from super-hydrophilic to super-hydrophobic can be obtained. A kinetic study of the
syngas/PICVD process was then performed in both the gas and surface phases to understand the
syngas/PICVD behavior in the treatment of SWCNTs. The influence of temperature on this
process was also determined to gain more insight about the syngas/PICVD behavior on SWCNT
treatment. We found that iron pentacarbonyl, the most common impurity in the carbon monoxide
cylinder, played a very important role in this process considering that 94% is consumed during
treatment, while at the same time carbon monoxide and hydrogen fed to the reactor was not
consumed. The mass balance of syngas/PICVD was calculated based on the gas phase
characterizations and surface phase analyses of SWCNTs. The chemical structure of the
deposited coating was identified as CsgHsOs3Fejs in the majority with mainly carboxylic,
hydroxyl, Fe(CO),, and Fe(OH), chemical moieties. Based on the analyses and the obtained mass
balance, two mechanisms were suggested for the gas phase (including 12 reactions) and surface
phase (including 30 reactions) reactions, separately.

As a general conclusion, it was demonstrated that syngas/PICVD was a promising method for
functionalizing nanoparticles, especially SWCNTs in a full range of wettability. It was also
possible to control wettability by changing the operational parameters, including pressure, the
molar ratio of H,/CO, the position of the substrate inside the reactor, and the flow rate of

precursors.
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CHAPTER 1 INTRODUCTION

Carbon nanotubes (CNTs) are allotropes of carbon explored by Ijiima (1991), which form
cylinders with a nanometer-scale diameter and micrometer-scale length [1]. CNTs can be
produced either as single wall carbon nanotubes (SWCNTSs) or multi-walled carbon nanotubes
(MWCNTs), which have one or more than one shell, respectively [1]. SWCNTs are synthesized
by various methods, such as chemical vapor deposition (CVD), arc discharge, laser ablation,
microwave inductive heating, chemical methods, and cold plasma [2]. The final purity of CNT
production is different from one method to another. The laser ablation synthesis method produces
the highest quality CNTs (>75%) but is quite expensive for the industry. CVD yields SWCNTs
with a lower purity (about 30-50% by weight) final product [1, 3] and a high defect density, its
main disadvantages. The lower purity of SWCNTs when comparing laser ablation and arc
discharge is due to a lower synthesis temperature. The remaining weight percentage (up to 100%)
is impurities, including metallic nanoparticles (used as a catalyst) and carbonaceous impurities,
such as amorphous carbon, graphitic carbon, and carbon nanoparticles (carbon molecules that can
not be turned into CNTs and are formed during the synthesis processes). Although these metallic
nanoparticles, such as Ni, Co, Fe, and Y, seem to be necessary for the SWCNT synthesis, their
post removal from the synthesized SWCNTs in order to purify them is a major challenge. CVD
can be scaled-up to commercial scale as it is reported that this method can produce 100 g/h of
SWCNTs (the main advantage of this method) [2]. Recently, radio frequency (RF) induction
thermal plasma has been introduced as a promising method to synthesize SWCNTs with higher
purity than CVD and presents several advantages, such as high yield, high production rate, and
no vacuum filtering [2]. CNTs have attracted the attention of many researchers because of their
unique and individual properties, such as high electrical conductivity (CNTs are able to be both
metallic and a semiconductor simply by structural changes rather than compositional changes),
high Young’s modulus (between 1 and 5 TPa), high mechanical strength, and light weight [1].
All these individual properties make them a promising candidate for different applications, such

as electronics, high-strength materials, and biomedical applications or tissue engineering [1].

These materials have become one of the most important areas of research and technology in
Canada considering their above-mentioned unique properties and the potential for commercial

applications in the last five years [4]. The potential applications of these materials in Canada



include electronics, sensors, bioactive materials, structural materials, fillers, and storage materials
(supercapacitors) and, most recently, the construction industry is interested in using these
materials [4]. The most common example of commercial applications of CNTs in Canada is for
use as filler material in car paints and polymer composites [4]. This application made a new
market for CNTs with a multibillion-dollar value in Canada. Polymers can be easily
manufactured and incorporated with CNTs without damaging them to make CNT/polymer
nanocomposites; these systems have reduced manufacturing costs compared to CNT/metal or
CNT/ceramic composites [5]. The CNT/polymer composites can be categorized into structural
and functional composites [4, 5]. The performance of these composites depends on many factors,
such as CNT type, morphology, size, choice of polymer, the interfacial interaction between the
polymer and CNTs and, most importantly, the appropriate dispersion of CNTs within the matrix.
Uniform dispersion of CNTs in polymers is, therefore, a fundamental challenge for composites
[5]. The attraction between untreated CNTs by van der Waals forces entangles them and
consequently prevents them from being well dispersed within the polymer, causing the

inappropriate mechanical performance of composites [5].

Another common potential application for CNTs is bioactive materials. CNTs benefit from their
similarities to triple helix collagen fibrils in terms of size and shape (SWCNTs has responded
more efficiently here, with a diameter in the range of 0.7-1.5 nm) [6]. Since their weight (1.6
g/cm3) is lower than other candidates like stainless steel (SS, 7.7 g/cm3), titanium (Ti, 4.506
g/cm’), cobalt-chrome alloys (8.5 g/cm’), and ceramic-based and metal-based materials, and their
tensile strength, flexibility, and elasticity are greater than stainless steel, SWCNTs hold promise
for use in the field of bone applications compared to the abovementioned traditional materials [7].
Nevertheless, the risk of CNT cytotoxicity is a major concern, which must be fully addressed
before their use in the human body [8, 9]. Several parameters have been mentioned to explain the
cytotoxic behavior of CNTs, such as their dimension, impurities (both metallic and carbonaceous
impurities), functionality, functional groups density, and hydrophobicity leading to

agglomeration [10].

It has been reported that most of the effective parameters in the cytotoxicity/biocompatibility of
CNTs, such as hydrophobicity, functional groups, the extent of functionalities, ratios of length to
diameter (aspect ratio), surface energy, and surface charge, can be controlled by a flexible and

appropriate functionalization method. This ability has made functionalization or surface treatment



of CNTs the most promising method in reducing their cytotoxicity. The surface engineering of
SWCNTs causes improved dispersion in culture media and prevents them from forming bundles
or aggregates in the biological media. However, there is still the same contradiction about
biocompatibility or at least less cytotoxicity of functionalized CNTs compared with untreated

CNTs[11, 12].

Another example of their application can be supercapacitors. Supercapacitors are devices with the
ability to store electrochemical energy. These devices mainly consist of an electrode, an
electrolyte, and a separator. Carbon nanotubes can be used as a promising electrode in
supercapacitors where they can store and properly deliver an electrical charge due to their high

surface-to-volume ratio and high electrical conductivity, respectively [13].

Functionalization methods can be classified into two groups: wet chemistry and gas-phase
(Surface engineering) methods. Wet chemistry approaches, such as acid treatments, suffer from
multi-step and complex preparation methodologies. It was also proven that these methods
damage the structure of CNTs [14]. These methods are also unfavorable for the industry because

of their difficulties with scale-up, safety hazards, and tremendous waste containing CNTs [14].

Gas-phase methods are an alternative for surface modification, which can eliminate most of the
abovementioned problems and are classified into several methods according to the applied energy
resource for reaction initiation. Among them, photo initiated chemical vapor deposition (PICVD)
is more affordable due to its simple procedure and lack of vacuum requirement. PICVD is an
environment-friendly technique in which the reactions can be initiated by cheap lamps with low
energy consumption, like UVC light. High efficiency, low energy consumption, and low
deposition temperature are some other advantages of this method [3]. PICVD, which operates
under (or near) atmospheric pressure utilizing UV-sensitive precursors, has been introduced as a
potential approach to functionalize nano-materials [3]. However, to our knowledge, there has
been no report on the treatment of CNTs over a full range of wettability (surface energy). By
controlling the functionalization degree, it would be possible to obtain optimized wetting or

dispersion of CNTs in the desired polymers depending on their polarity.

In this project, it was hypothesized that syngas/PICVD could potentially apply various densities of
functionalities and consequently wettability on SWCNTs by controlling the operational

parameters. In the first part of this dissertation, the capability of syngas/PICVD to treat SWCNT



surfaces is studied. The impact of operating parameters, such as flow rate, the molar ratio of
H,/CO precursors, pressure, the concentration of H,O; as a photoinitiator, and substrate position
inside the reactor are also investigated. In the second part of the dissertation, the focus is on the
kinetics and reaction mechanism of syngas/PICVD along with an investigation of the temperature
effects on the process. The gas- and surface-phase analysis provides insight into the structure of

the film deposited on the surface. The dissertation is presented in 7 chapters:
* Chapter | provides a summary and introduction of the work.

* Chapter 2 provides a literature review regarding 5 main focal points of the dissertation:
(1) carbon nanotubes, their properties, and applications, (2) synthesis methods of CNTs
and their impurities as well as the purification methods of CNTs, (3) Potentials and risks
of SWCNTs in bone application, (4) functionalization and surface treatment methods of
CNTs, (5) PICVD and the effective parameters on it, and (6) common surface analysis

methods.

e Chapter 3 highlights the objectives and sub-objectives along with the organization of the

articles.
* Chapters 4 and 5 present two articles containing the main results of this study.
* Chapter 6 reports a general discussion with respect to the main results.

* Chapter 7 concludes the work, specifying the original contributions and recommendations

for future work.



CHAPTER 2 LITERATURE REVIEW

2.1 Carbon Allotropes and CNTs

Carbon is one of the most abundant elements in the world. Carbon atoms are able to bond with
other atoms and various levels of hybridization, such as sp', sp®, and sp’, which is why carbon
can appear in different allotropes, such as diamond, graphite, Cep, Css9, amorphous carbon,
graphene and CNTs [15] (Figure 1A). CNTs are allotropes of carbon in which graphitic sheets

are rolled in a cylindrical shape [16].

CNTs are named according to their shell number as single-walled (SW), double-walled (DW), or
multi-walled carbon nanotubes (MWCNTs) (2-50 walls) [17]. CNTs were first explored by Iijima
in 1991. Their properties vary as a function of their angle of rotation (chirality) (Figure 1B).
Accordingly, they can be classified into 3 groups: zig-zag, armchair, and chiral (Figure 1C) [18,
19].

armchair

Figure 1. A) Different allotropes of carbon: a) diamond, b) graphite, ¢) lonsdaleite, d) Ceo, €)
Csa0, T) Cy0, g) amorphous carbon, h) SWCNT , B) Chirality of SWCNTs, C) Three different
SWCNT structures a) zig-zag, b) armchair, c) chiral [19].

2.2 Properties of CNTs

CNTs have some specific characteristics, such as extraordinary mechanical properties (their
tensile strength is predicted to be up to 200 GPa, 10-100 fold greater than stainless steel),

electrical conductivity (92 S cm™) and remarkable thermal stability (up to 2800 °C under vacuum



and nitrogen) [6, 7]. Moreover, they have interesting optical features such as near-infrared optical
absorption, high microwave absorption, stiffness, aspect ratio, and surface area [19-22].
Additionally, they have the highest Young’s modulus or axial elastic modulus among all different
types of composites and nano-materials. It is predicted to be 1-5 TPa [23, 24]. CNTs are very
light with a density of about one quarter that of steel. It has been reported that CNTs are very

flexible and can be twisted, elongated and bent before fracturing [25].

2.3 Synthesis Methods of CNTs

There are different methods for synthesizing CNTs. Chemical vapor deposition (CVD), arc
discharge, and laser ablation are the most common [26-28]. Arc discharge method consists of
breaking down a gas using electrical power to generate plasma [24]. The arc discharge chamber
consists of an evaporated gas as the source of carbon molecules, a cathode electrode (normally
graphite), an anode electrode (normally carbon powder) [24], and a metallic catalyst, such as Fe,
Co, and Cu, is inserted into the anode electrode in the case of SWCNT synthesis (Figure 2A) [2,
3]. Carbon vapors aggregate and move toward the cathode to form a cigar-like structure at a
temperature range of 3700-5700 °C [29]. This method is cost-efficient but has little control over
the alignment (chirality) of CNTs and leaves high levels of impurities [24]. Laser ablation utilizes
an intense laser beam, which provides high temperature locally upwards of 9700 °C (Figure 2B).
At this temperature, the carbon source (graphite) and metallic catalyst particles (in the case of
SWCNT synthesis) are transformed into a carbon/catalyst vapor, forming a plasma plume [29].
During the expansion of the plasma, it cools along a steep temperature gradient and the
condensation of carbon-metallic catalyst atoms occurs to form larger structures. High-purity
SWCNTs (>75%) can be synthesized by laser ablation, which is the main advantage of this
approach [30]. However, the method’s low efficiency limits it to the lab-scale [2, 3, 24].
Chemical vapour deposition (CVD) involves the decomposition of hydrocarbons, like methane,
ethylene, acetylene, propylene, carbon monoxide, and benzene, in the presence of a catalyst
(Figure 2C) [31]. CNT growth by this method takes place over the catalyst (typically transition
metals, such as Ni, Fe, Co) within a temperature range of 300-1200 °C. CVD leads to CNTs in
various forms, such as aligned, straight, thin films, powder, and even the complicated architecture
of nanotubes by controlling the operating parameters, such as growth temperature, catalyst type,

catalyst size, and carbon source [31]. Good control on the CNT diameter, number of shells, and



growth rate can be achieved with this method as there is a direct correlation between the diameter
of SWCNTSs and the size of the catalyst particles [31]. SWCNTs produced by CVD represent
about 30-50% by weight of the final product, while for MWCNT this rate is closer to 30-99% by
weight [1, 3]. CVD can be scaled-up to commercial scale as it is reported that this method can
produce 100 g/h of SWCNTs [2]. The main disadvantage of CVD is the high defect density in the
synthesized CNTs because of the comparatively low-temperature synthesis (vs. arc discharge and
laser ablation). Accordingly, the tensile strength of the CNTs synthesized by CVD is only one-
tenth of those made by arc discharge [1, 3]. It is a worth mentioning that the production of
SWCNTs is more expensive and difficult than MWCNTs for several reasons. The synthesis of
SWCNTs requires metallic catalysts, such as Ni, Fe, and Co, while MWCNTs can be produced
without any catalysts. The synthesis can be even more complicated if a specific type of SWCNT
(chiral, armchair, and zig-zag) is required. In this case, the effective operating parameters, such as
the type of catalyst, solubility of carbon in the catalysts, growth temperature, and carbon-feeding
rate, should be carefully selected and controlled. Sometimes, the desired chiral angles can be
obtained using specific conditions [32]. For example, Lolli et al. (2006) synthesized SWCNTs
with a specific chiral angle in a chemical vapor deposition (CVD) reactor using a CoMo catalyst
on SiO; substrates. By changing the support for MgO, they could obtain SWCNTSs with the same
size but different chiral angles. They justified this behavior based on the interaction between
depositing carbon and metal nanoparticles [33]. The significant dependency of SWCNT synthesis
(in terms of the chiral angle) on the operating parameters (mostly the type of catalysts in the
reactor) to grow a single tube on the catalyst particles makes their products more expensive, less
pure with more defective sites on their hexagonal structure, and less efficient compared with the

production of MWCNTs [24].
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Figure 2. Schematic of A) arc discharge setup [29], B) laser ablation setup, C) CVD [30].

2.4 Impurities of CNTs and Purification Methods

Raw CNTs prepared by different synthesis methods inevitably contain some impurities, such as
carbonaceous species and metal catalyst particles. Carbonaceous impurities are commonly in the
form of amorphous carbon, fullerenes, and carbon nanoparticles (Figure 3) [6]. These impurities
severely influence certain individual properties of CNTs, such as their electrical properties [34],
and biocompatibility and, consequently, limits their applications [35-37]. Therefore, it is very
important to know the type of impurities and the related purification methods. Purification
methods are usually applied to remove these impurities. Purification methods of CNTs can be
basically classified into two categories, namely chemical and physical methods. The chemical
methods work based on the selective oxidation of impurities where the oxidation rate of
carbonaceous impurities is faster than the oxidation rate of CNTs and/or oxidation of metallic
impurities in acids, such as nitric acid (HNOs) [2], sulfuric acid (H2SO4) [38], oxygen [3],
hydrochloric acid (HCI) [2], and even a combination of acids (i.e., HNOs and H,SO4 [39]). Wet



chemistry, high-temperature annealing, and microwave heating are classified in the chemical
purification methods. The physical methods work based on the differences in size, aspect ratio,
magnetic properties of CNTs with impurities (such as metallic and carbonaceous impurities), and
gravity. This method is able to remove graphitic sheets, carbon nano-spheres (CNSs), aggregates,
and separate CNTs with different aspect ratios. Chromatography, filtration, centrifugation, and

electrophoresis are classified in the category of physical purification methods. These methods are

detailed in Appendix D.

Figure 3. Transmission electron microscopy (TEM) images of (a) amorphous carbon and
fullerene molecules on the surface of CNTs, (b) metal nanoparticles covered by amorphous

carbon, (¢) metal nanoparticles covered by graphitic carbon multi-layers [6].

2.5 Applications of CNTs

CNTs have various applications in different industries, such as electronics, aerospace,
biotechnology, and medicine. Due to their individual properties, they have a strong potential to
be used in biomedical applications. It was proven that they could also be used in drug delivery
systems to release proteins, drugs, and DNA [40-42]. They have been used in imaging, treatment,
and diagnosis applications, and particularly in cancer applications [41]. In the field of tissue
engineering, they have been extensively used in bone researches [40-42]. Here, we focus our
discussion specifically on the bone applications, as these explicitely highlight the impact of
surface functionalization.

Bone is an active tissue composed of two material groups: the extracellular matrix (ECM) and
bone cells. ECM is divided into the organic phase/osteoid, water, and inorganic/mineral phase.
The organic phase is mostly composed of collagen type I (90% w/w) and ten percent non-

collagenous protein [43, 44]. Current materials in bone applications can be classified into three
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generations. The first generation of biomaterials was designed with the aim of matching materials
with the desired tissue taking into consideration the mechanical and physical properties of
materials. These materials have been mostly used since 1940 and been classified into metal-
based, ceramic-based, and polymer-based materials. Stainless steel (SS), titanium (T1i) and cobalt-
chrome alloys are the most popular ones of metal-based materials. The first generation of
polymer-based materials was developed with the aim of anchoring the prostheses to the bones.
PE, acrylic resins, and polypropylene (PP) are some examples of these materials [45].

The second generation of materials has been used since 1980. These materials have been
developed to be bio-actively able to promote tissue/surface bonding and interact with the
biological environments. Also, they were designed to be degraded along with the healing process.
Calcium phosphate and bioactive glasses (BGs) are the most common ceramic-based materials.
The reason for a material’s bioactivity is their similarities with the mineral phase of bones with
regard to structure and surface properties. In order to make the metals bioactive, two methods
were proposed: coating by hydroxyapatite (HAP) or BGs and chemical modification of implants
[45].

The third generation of materials is designed with the aim of higher bioactivity and to be
bioabsorbable depending on the implantation site. The regeneration and repair of bones and the
acceleration of the healing period are considered as the most important concerns of this
generation. Another objective of this generation of biomaterials is to take advantage of removing
drawbacks of the first and second generations of these materials, such as tissue infection, poor
implant-tissue interface, fatigue, corrosion, poor flexibility, and heavyweight. Some examples of
biodegradable polymers of the third generation are PGA, PLA, poly (g-caprolactone) (PCL),
polyhydroxybutyrate, and chitosan (CHI). Considering the above-mentioned properties, CNTs
are one of the best options that can be replaced by the current bone materials [24, 45, 46].
SWCNTs have been identified as a strong candidate for bone applications, specifically because of
their similarity with triple helix collagen fibrils in terms of size and morphology. SWCNTs are
0.7-1.5 nm in diameter and 200-1000 nm in length, while triple helix collagen is 1.5 nm in
diameter and 300 nm in length [46, 47]. These nanostructures provide the roughness required for
the bone cell function of osteoblasts (which contribute to bone synthesis) [46]. Another
advantage is that the Young’s modulus of SWCNTs is reported as being between 1 and 5 TPa.
This modulus is even bigger than the one of MWCNTs (0.2-0.95 TPa) [48]. Young’s modulus,
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the ratio of stress to strain along the axis, is an important parameter in designing biomaterials.
These benefits make SWCNTs a promising candidate for bone applications, especially for use as
a scaffold to provide an appropriate surface roughness for a better in vivo function of bone cells
(especially osteoblasts) [46]. It was demonstrated that CNTs are able to improve the mechanical
properties of bone composites [22]. Additionally, applying SWCNTs can accelerate bone repair
by using the electrical stimulation of SWCNTs in the desired area [49]. However, the mechanism
for the related osteogenesis under electrical stimulation has not yet been fully understood [49].
As depicted in Figures 4A and 4B, due to their similarities with collagen (their rod-like shape and
aspect ratio), they may be able to play the role of fibrillar proteins (collagen present as fibrillar
proteins) in the ECM [22].

S T,
-

Figure 4. Scanning electron microscopy (SEM) image demonstrating the similarity between

MWCNTs (A) and collagen (B) [22].

2.6 Cytotoxicity of CNTs

Cytotoxicity is the degree to which a substance can damage a cell. Cells exposed to a cytotoxic
inducer undergo different reactions such as necrosis, in which their membrane is damaged, and
apoptosis, in which cells activate specific intracellular pathways that control cell death [50, 51].
Despite all progress in biomaterials and all distinctive properties of CNTs, interaction
mechanisms between CNTs and cells have not been understood yet and there is a contradiction
about the cytotoxicity effect of CNTs. For example, Lobo et al. (2010) investigated the
cytotoxicity of vertically aligned carbon nanotube (VACNT) scaffolds with SaOS-2 cell lines
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derived from osteosarcoma, a type of bone cancer. These cancerous cells are commonly used as a
model in bone cancer research. [52, 53]. The results revealed high cell adhesion for incubation
periods of 6 h, 24 h, 48 h, and 7 days using SEM images and a high proliferation of cells attached
to the VACNT scaffolds without any cytotoxic responses. The cell viability and cell proliferation
were evaluated using the activity of lactate dehydrogenase (LDH). This enzyme is located in the
cytoplasm of living cells and released when the cell membrane is damaged. LDH assay is
commonly used to evaluate the cell cytotoxicity [53]. The same research group, Lobo et al.
(2008), investigated the cytotoxicity of VACNTs for L-929 mouse fibroblasts in similar
experimental conditions and found the same results, high adhesion and proliferation of cells in
contact with the VACNTSs [54]. In contrary, several authors reported the cytotoxicity of SWCNTs
[55-57]. For example, Tian et al. (2006) reported the cytotoxicity of SWCNTs on human
fibroblast cells (using MTT assay) in a dose-depended manner ranged from 0.06 pg/ml to
0.6 mg/ml (in vitro) [56].

Reading the literature revealed that the cytotoxicity of CNTs is caused by numerous parameters,
such as their wettability, size, type, shape, degree of purity, functional groups, surface charge,
and surface energy, etc. The cytotoxicity is considered in a dose-/time-depended manner in
several studies [22, 55-57]. This is the main reason for the reported contradiction about the

cytotoxicity of CNTs in which authors applied CNTs with different properties.

A closer look at the literature revealed that the same contradiction was reported on functionalized
CNTs while the functionalization of CNTs is considered the most promising method for making
them biocompatible [11, 12]. For example, functionalized SWCNTs using carboxylic acid groups
were reported to be more cytotoxic and reduced cell viability and cell proliferation compared
with non-functionalized ones [58-60], whereas Montes-Fonseca et al. (2012) reported less
cytotoxicity for functionalized CNTs [61]. It is reported that CNT functional groups, the
electrical charge of functional groups, and the extend of functionalities play a significant role in
the cytotoxic response of CNTs [62]. For example, CNTs with positive charges in a dose-
depended manner can negatively interact with cell membranes presenting negative charges and,
consequently, cause cell lysis [62]. Table 1 summarizes a few studies in which functional groups

and the related contradiction about their cytotoxicity have been investigated.

Based on the literature review, CNTs have not been treated yet over wide ranges of wettability,
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which is the main reason for the contradiction regarding the cytotoxicity of functionalized CNTs.
On the other hand, there typically has been no attention paid to the extent of functionalization in
the literature and authors have mostly reported the cytotoxicity of CNTs based on one
functionalization degree (a single treatment) [11, 12]. Surface wettability (which is reversely
proportional to the surface energy) of SWCNTs derives their interaction with cells. It is indicated
that the viability of a cells in contact with the hydrophobic CNTs is less than hydrophilic ones
because of weak adhesive interactions between cell and CNTs leading to unsuccessful
endocytosis. Since wettability is reversely proportional to the surface energy, we can make the
same conclusion for it - Nanotubes with high surface energy can present a detrimental interaction
with cells leading to an apoptosis or blood protein denaturation such as albumins and globulins

[11,12].

In addition to the above-mentioned explanations, most of the effective parameters on the
cytotoxicity of CNTs, such as hydrophobicity, functional groups, the extent of functionalities,
ratios of length to diameter (aspect ratio), surface energy, and surface charge, can be controlled
by a flexible and appropriate functionalization method (it is a bonus if the wide range of
wettability occurs based on a similar precursor). This is why functionalization has been named as

the most promising method in reducing the cytotoxicity of CNTs.



Table 1. Effect of functional groups on biocompatibility or cytotoxicity of CNTs.
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Functional | Type | Length Diameter Cell Dose Purified Results Ref
Group of pm nm ug/mL
CNT
SWCNT<2 COOH-SWCNTs [63]
COOH SW & 5-15 MWCNT<S5 MSCs 3-30 inhibit proliferation and
MW Yes differentiation of MSCs.
Cytotoxicity of | [58]
Human MWCNTs can be
COOH MW 10-30 10-20 normal liver 12.5- >95% reduced by carboxylic
cell line 200 groups compared to
(L02) Pristine CNTs.
All functionalized [64]
o Human breast SWCNTs showed
’ significant impact on
NH:, .Cancef ol the ROS formation and
PEG, SW § . line (MCF7) 0-80 Yes . . .
mitochondrial activity.
cooH However, all samples
could  induce cell
membrane damage and
increase cell apoptosis.
Mouse Functionalized (6]
NH;, fibroblast cell MWCNTs did not show
COOH MW i 20-30 line (L929) 1-100 Yes any cytotoxic effect up
to 50 ug/mL.
Human [66]
umbilical
COOH MW - 60 vein >100ug Yes COOH-MWCNTs
endothelial decrease the viability of
cells HUVECs.
(HUVECs:S)

2.7 Functionalization Methods of SWCNTs

Adding functional groups to materials is called functionalization. When the target for these

functional groups is the surface of materials, this is identified as surface engineering. There are

several methods to functionalize and surface engineer CNTs. These methods can be categorized
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into covalent (in which functional groups are attached to the surface through a chemical bond)
and noncovalent (in which functional groups are physically adsorbed on the surface) methods
based on the type of attachment of functional groups to the target materials. They are also
categorized into liquid- and gas-phase functionalizations based on the reaction environment
(liquid phase methods are normally responsible for bulk functionalization and gas phase methods
are responsible for surface treatment). In the case of CNTs, the functionalization can also be
classified into i) endohedral in which functional groups are added inside the tubes or ii)
hexahedral in which functional groups are added on the surface (Figure 5) [67]. Deposited atomic
layers can be called a thin film when the film thickness is 1 pM (or less) or a coating when the
thickness is greater than 1uM. The properties of thin layers/coatings can be strongly affected by
the thickness of the coating and substrate. Accordingly, the deposited films can be pure/impure,
dense/scattered, amorph/crystallized, or thin/thick [68].

Figure 5. Different types of liquid functionalization, A) defect group functionalization, B)
covalent functionalization of sidewall, C) non-covalent functionalization with surfactant, D)

exohedral functionalization (non-covalent) with polymer, E) endohedral functionalization [67].

2.7.1 Liquid-Phase Methods

Liquid methods utilize oxidizing chemical reagents under thermal conditions to add organic
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functionalities to nanoparticles or CNTs. They can be applied on a relatively large-scale. A multi-
stage process, including acid refluxing, sonication, centrifugation, and filtration, in addition to
huge industrial liquid waste and by-products make these methods unfavorable for the industry.
Additionally, these methods alter the structure of CNTs and induce a lot of defect sites on the
hexagonal structure of CNTs. For example, Ramanathan et al. (2005) functionalized SWCNTs
with amine groups using a multi-step liquid phase procedure [69]. Accordingly, they first treated
SWCNTs with a sulfuric/nitric acid mixture (3:1 v/v%). Then, the oxidized samples were
sonicated for 3h at 40 °C. The mixture was then filtered through a polycarbonate filter membrane
(10 um pore size) and dried in a vacuum (4h). The carboxylated SWCNTs further dispersed in
ethylenediamine/N-[(dimethylamino)-1H-1,2,3-triazolo[4,5,6]pyridin-1-ylmethylene]-N-

methylmethanaminium hexafluorophosphate N-oxide (HATU) mixture and sonicated for 4h. The
amine functionalized SWCNTs became ready after passing through a 10 um pore-size membrane

and drying under vacuum [69].

2.7.2 Gas-Phase Methods

Surface engineering or gas-phase treatments are methods in which functional groups are
deposited from gas precursors onto the target surface, according to a combination of gas and
surface phase reactions. The deposited functional groups can be attached to the surface physically
(like deposited periodic polyethylene (PE) oligomers on individual CNTs [70]) or chemically
(like deposited amino groups on the CNT surfaces [71]). According, they can be categorized into
physical vapor deposition (PVD) or chemical vapor deposition (CVD) processes.

2.7.2.1 PVD Processes

PVD (also called the overlay process) is a method in which the atomic layers can be deposited on
the substrate atom-by-atom. In this process, the depositing materials are vaporized from a
liquid/solid state and then brought to the surface using a high vacuum and finally condensed on
the surface. The resulting deposited film can range from a thin film (<1 pM) to a coating (>1 pM)
on the substrates with various sizes (very small to very big) and shapes (flat or complex
geometry). PVD is mostly used for deposition films from elements (like carbon (C), Titanium
(Ti), and Magnesium (Mg)) and alloys (like copper:gold (Cu:Au) and aluminum:magnesium

(Al:Mg)) [68]. This process can be classified to sputter, vacuum, arc vapor, and ion plating
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deposition regarding the type of processing. Vacuum deposition is a type of PVD process in
which the materials are thermally vaporized and then reach the substrate surface under 10 — 10”
Torr vacuum without any significant collisions between gas molecules and precursor vapors. This
method is commonly used for decorative mirror coatings, flexible packaging, and conductive
coatings [68, 70]. In the sputter deposition, the deposition of particles happened from a solid
substrate through physical sputtering. The required vacuum for the sputtering particles is <5
mTorr. Arc vapor deposition utilizes a low voltage arc to vaporize an anodic or cathodic
electrode and deposit the vapor on the surface. This method is commonly used for hard coatings.
In the ion plating process, depositing films are exposed to a continuous or periodic bombardment
of energetic particles (usually made of either a reactive or natural gas) in order to be modified.
The ion plating process is normally used for hard coatings from compound materials. The high
temperature, high vacuum, and cooling system requirements make the PVD process costly for the
industry. The PVD process has been rarely used to treat nanoparticles and CNTs. As an example,
Li et al. (2006) deposited periodic polyethylene (PE) oligomers on individual CNTs [70].
Periodic patterning on CNTs is a great interest for many researchers because it is a necessary step

toward building nanodevices based on CNTs [70].

2.7.2.2 Chemical Vapor Deposition

Chemical vapor desposition (CVD) is a method in which film deposition can be done using the
reduction or decomposition of gas phase precursors containing the target materials for the
deposition (Figure 6). Decomposition of gas-phase precursors can be obtained at a high
temperature while a partial decomposition can also be reached under plasma (energetic ions) and
energetic light photons. In CVD, gas and surface reactions lead to film formation on the substrate
surface. From an economic point of view, this method is more affordable and favorable than wet
chemistry methods because of the lack of liquid waste, less hazard, inexpensive precursors, and
rapid procedures [3, 23]. The quality and quantity of the depositions (thin films or coatings) can
be adjusted by varying the operating conditions, such as temperature, pressure, and ratio of
precursors. Based on the initiation source for the reactions, CVD can be classified into three main
categories: plasma enhanced chemical vapor deposition (PECVD), thermally activated chemical

vapor deposition (TACVD), and photo-initiated chemical vapor deposition (PICVD) [3].
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Figure 6. Schematic of a CVD process [3].

2.7.2.3 TACVD Method

TACVD or Hot-Wire CVD (HW-CVD) is a CVD process in which a heating source is used to
initiate chemical reactions. Normally, heat is employed as a resource of energy, which can be
provided from infrared radiation, inductive heating, or electrical resistivity. In this method, the
monomers or the substrate surface (or both) are heated to produce reactive species or
intermediates (free-radicals, cations, and anions). Solid film deposition occurs on the surface.
This technique works at high temperature (>600 °C), which can be the main disadvantage of this
method. Applying a high temperature makes a limited range of monomers for this technique. On
the other hand, the substrate should tolerate the high temperature that cannot be applied to a vast
range of substrates (Figure 7A) [3]. This technique (TACVD) has been mostly developed in the

semiconductor industry in which a high deposition rate is required [3].
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Figure 7. Schematic of A) HWCVD process, B) PECVD process [3].
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2.7.2.4 PECVD

Plasmas can be used in CVD reactors for the partial decomposition or activation of gas-phase
precursors. This process is called PECVD or plasma-enhanced chemical vapor deposition. This
method is normally used in the semiconducting industries with the reported deposition rate of
5-10 nm in minutes [68]. However, this process can also be used for polymerization reactions in
the reactor when the precursor is a monomer and can be crosslinked in plasma and on the surface.
The resulting plasma films present appropriate surface coverage and low porosity [68]. In
PECVD, electrons or ions derived from the plasma state will be used to initiate polymerization
reactions and to form the coating films. This process utilizes a combination of electrical power
and light emission to produce a glow discharge plasma (composed of excited species and ions).
In this method, free radicals and reactive ions will be produced by a direct collision in the low-
pressure plasma (high energy electrons). Working at lower temperatures than TACVD for
reactions, accurate control over the coating structure, and short reaction times can be mentioned
as the best advantages of this technique (Figure 7B) [3, 72]. However, PECVD suffers from some
disadvantages, such as the vacuum requirement, low purity of depositions due to trapped
precursors (they are not desorbed completely so they remain unreacted), low cross-linked film
structures due to short reaction times, and low efficiency (due to wasting energy for species with
insufficient energy) [3, 72]. PECVD processes usually need complicated reactor designs
considering the applied discharge plasma. The requirements for a vacuum and sophisticated
reactor design make this technique expensive [73]. This process is extensively used to treat
CNTs [71, 74-78]. As an example, Yook et al. (2010) treated CNT films using PECVD. They

successfully added amine groups on the CNT surfaces while NH; was used as the precursor [71].

2.7.2.5 PICVD

Photochemical methods, similar to the cold plasma approach, utilize light to initiate reactions
[79]. Unfortunately, there is not a lot of information about the PICVD and this technique is
mostly developed on semiconductor industries. Ozone ultraviolet (Ozone/UV) treatment or
ozonolysis can be the first example of photochemical treatments of nanoparticles, which is able
to add organic functional groups on the nanoparticle surfaces. This technique has not been
referred to as photopolymerization but has been extensively used to treat nanoparticles, especially

CNTs (both MWCNTs and SWCNTSs) [80-83]. It is indicated that UV light is able to excite



20

molecular oxygen from its ground spin-triplet state into a higher energy level, which is a spin-
singlet state [80, 81]. This excitation leads to a lower activation energy for the chemisorption of
molecular oxygen on the CNTs [80]. For example, Raja (2015) investigated the surface treatment
of SWCNTs using ozone/UV treatment. They reported the successful surface functionalization of
SWCNTs by carboxylic acid functional groups [83]. Cai et al. (2002) reported a variety of
functional groups, such as carboxylic acids, esters, and quinone moieties, on the SWCNT
surfaces after 180 min of ozone/UV treatment [84]. This technique is destructive for the

hexagonal structure of CNTs and there is limited control on the extent of hydrophilicity [85-87].

Vacuum-ultraviolet (VUV) is another example of photochemical treatments of nanoparticles,
which refers to the photopolymerization reactions. During the past decade, there have been a few
research groups, such as Wertheimer et al. [88, 89], Girard-Lauriault et al. [90, 91], and Scherzer
[92, 93], who worked on the VUV treatment of nanomaterials. Truica-Marasescu et al. (2007)
from the Wertheimer group used the VUV technique to add nitrogen groups to the polyethylene
surface. For this matter, they used Kr and Xe lights to initiate the photopolymerization reactions
while a combination of C,Ha, CH4, and NH3 was used as the precursor [89]. Ruiz et al. (2010)
from the same group later reported nitrogen and oxygen enrichment of the polyethylene film
surface while C;H4/N,O and C,H4/NH3 were used as the precursors [88]. Girard-Lauriault et al.
(2012) investigated the functionalization of graphite sheets (99% (w/w)) and Raw-MWCNTs (R-
SWCNTSs) under VUV (Kr: 123.6 nm, delivered intensity of 95 mW/cm?) irradiation using NH;
or O, as UV-sensitive precursors [94]. They quantified amine and hydroxyl functional groups
using two reagents, including 4-fluoroethylene benzaldehyde (TFBA) and trifluoroacetic
anhydride (TFAA) utilizing X-Ray Photoelectron Spectroscopy (XPS) and derivatization
reactions. The results revealed the successful deposition of nitrogen- or oxygen-containing
groups on both graphite and MWCNT [94]. The greatest disadvantage of the VUV technique is
the absorption in the air. This limits the options (such as MgF, and LiF, which are transparent to

the wavelength of below 200 nm) to choose reactor windows [3].

We refer PICVD to the photochemical reactions in which energetic free radicals drive the
reaction pathway and initiate chain reactions leading to polymerization. Radicals in PICVD
processes can be created by initiators or monomers when they are exposed to energetic light
photons (Figure 9). Therefore, a series of heterogeneous chain reactions occur on the surface of

the substrate and in the gas phase regime [79]. This process can be classified into two categories,
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free radical and ionic polymerizations regarding the type of deriving radicals. Ionic
polymerization itself can be categorized as anionic and cationic polymerization. In the case of
free-radical polymerizations, free radicals determine the reaction pathway while in ionic
polymerizations this role is played by cations and anions, respectively. The mechanism of radical

polymerizations comprises three stages: initiation, propagation, and termination.

For the first time, Tavares et al. (2014) introduced the syngas/PICVD technique in order to add
oxygen-containing functionalities on the metallic flat substrates, such as Cu [72]. This technique
utilized syngas as the precursor and H,O, as the UVC sensitive photoinitiator. They used a
simple setup consisting of two UVC lamps with the major peak emission of 254 nm, a plug flow
reactor, an injection system for the liquid photoinitiators, and syngas cylinders (Figure 8). The
authors reported successful incorporation of oxygen-containing groups on the metallic flat
surfaces mostly based on the physical characterizations, such as tensiometery (contact angle
measurements). They also suggested a primary reaction pathway for the syngas/PICVD [72].
Farhanian et al (2017) from the same group investigated the syngas/PICVD treatments of flat
silicon substrates in order to understand the chemistry behind this technique. The authors
revealed the compositional structure of coatings resulting from the syngas/PICVD treatment.
They suggested a deposition rate of Y=0.7t (t is time (min) and Y is deposition thickness (nm))
and a reaction pathway for the syngas/PICVD technique based on the surface analyses [95].

Nasri et al. (2017) from the Tavares research group reported the presence of iron pentacarbonyl
(Fe(CO)s) in CO cylinders as an impurity and Farhanian et al. (2017) selected Fe(CO)s in their
suggested reaction pathway [95, 96].

Syngas/PICVD has several advantages, including affordable cost, due to its simple procedure and
lack of vacuum requirement. PICVD is an environment-friendly technique with high efficiency.
The efficiency is coming from its controlled deposition rates, low energy consumption, and low
deposition temperature. Like PECVD, the quality and quantity of deposition films can be easily
adjusted by operational parameters in comparison to other CVD techniques [3]. This technique
has not been used for the surface treatment of CNTs and still suffers from a lack of information
about the mass balance or a gas phase analysis. Table 2 summarizes the differences between the

presented methods (advantages and disadvantages).
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Figure 8. Schematic of a PICVD process.

2.8 Effective and Operational Parameters of PICVD

Several parameters affect the formation of deposited films in PICVD, such as reactor pressure,
reaction time, type and flow of photoinitiator (PI), and ratio of PI to monomer (PI/M), type,
shape, structure and viscosity of monomers, ratio of precursors (in the case of binary systems,
such as those using CO/H,), flow of monomers, extent of oxygen in the reactor, reactor
temperature and substrate temperature, position of substrate inside the reactor, confirmation of
reactor and substrate, and wavelength, intensity and photon flux of the light [89, 97, 98]. Some of

the main parameters are explained in the following.



Table 2. Comparison of different functionalization methods.
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. Easy scale-up

. Inexpensive process

. High cross-linked depositions

. High-quality films due to low excitation
energy

7. Low energy consumption and high
selectivity (because of mono-energetic
photons)

AN N AW =

Methods Advantages Disadvantages Ref.
Wet Chemistry 1. Easy scale-up 1. Time-consuming process [3, 99,
2. Relatively low-cost method 2. Multi-step Process 100]
3. Covalent bonding between functional 3. A lot of hazardous waste will
groups and substrates remain
4. Destructive for the structure of
CNTs
PVD 1. Easy scale-up 1. Non-covalent bonding [70]
2. High deposition rate between functional groups and
substrates
2. High-temperature requirement
3. High vacuum requirement
4. Cooling system requirement
5. Expensive method
TACVD 1. Simplicity 1. High-temperature requirement | [3, 101]
2. Covalent bonding between functional 2. Low energy
groups and substrates 3. Monomer limitation
3. Easy scale-up 4. Expensive process
4. High deposition rates and conversions
PECVD 1. High deposition rate 1. Vacuum requirement [71,77,
2. Wide available range of monomers 2. Low cross-linked depositions 101-
3. Covalent bonding between functional 3. Expensive method 103]
groups and substrates 4. Low efficiency
4. Control on deposition temperature 5. Unreacted precursors and by-
5. Easy scale-up products, often embedded in
functional coating
PICVD . Working at near atmospheric pressure 1. Low reaction rate and low [3, 95,
. Working at room temperature conversion 99]

2.8.1 Light Source

Light is the most important part of the PICVD system, as it acts as a source of excitation for

precursors (and if necessary, initiators). Common UV lamps emit a photon energy of 4.88- 15

eV, which is capable of dissociating many chemical bonds. There are several parameters, which

should be considered, such as light intensity, light wavelength, and photon flux. By increasing

light intensity, higher reaction rates can be observed [104]. For example, Behnajady el al. (2006)

studied the photodegradation of C.I.AcidYellow23 (AY23) in the presence of ZnO as a catalyst.
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The results showed that the reaction kinetic rate constants increase with increasing light intensity
[104]. UV wavelengths range from 74 nm up to 400 nm. The light source and its specific
emission profile will depend on the desired precursors and their binding energy. UV lights can be
classified based on wavelength into the following three classifications, UVC (100-280 nm), UVB
(280-320 nm) and UVA (320-400 nm) [105, 106].

2.8.2 Precursor Selection

Precursor selection is the most important parameter in the PICVD while the properties of
resulting coating are affected by it. Precursor selection depends on applying light intensity, light
wavelength (UV, visible light, etc.), and the type of reactor lead directly to the desired
functionality, and surface wettability [73, 98, 107].

The preliminary conditions for selecting a precursor are a high absorption cross-section in the
desired wavelength range and the appropriate double bond density that will be attacked by the
radicals for an efficient propagation step and the desired functional groups (this is necessary in
the case of polymerization in which a hydrocarbon is in high demanded.). For example, to work
under UVC light (as the energy source of reaction initiation) with a major peak emission
wavelength of 254 nm, the selected monomer has to have an appropriate light absorption at this
wavelength. In the precursors with a significant absorption cross-section, the cleavage of the
precursors’ C=C double bonds (or other desired bonds) happens when the energy of an incident
photon is higher than the bond dissociation energy of the double bond or any other target bonds.
Table 3 presents some of the gas-phase precursors that worked under the appropriate spectral

range (VUV or UVC).

Sulfur containing monomers, like hydrogen sulfide (H,S), can lead to thiol groups. Gaseous H,S
has a significant absorption in the wavelength range of 120-250 nm (Figure 9A). This molecule
has a good overlap with the VUV spectral range leading to the dissociation of the H-SH bond
with the binding energy of 3.6 eV (Incident of this molecule with energetic photons with hv>4 eV
leads to a S-H bond cleavage) [91]. As Table 3 presents, oxygen-containing groups including
hydroxyl and carboxylic acid can be produced by gaseous oxygen (O;) and ozone (O3)
precursors, respectively. As mentioned before, ozone/UV is a popular method for functionalizing

CNTs [81]. Gaseous O is also used for the treatment of MWCNTs under VUV light in order to
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enrich their surfaces with hydroxyl groups [94]. Gaseous hydrocarbons, such as Methane (CHy),
ethylene (C,H4), and acetylene (C,H;), have been used for the polymer formation. These
molecules present an appropriate absorption in the VUV spectral range (Figure 9A-C). Some
properties of these common hydrocarbons (CHs, C,H,, C,H4), such as binding energy and
required wavelength for their bond dissociation, are presented in Table 3 [88, 89, 91]. In the
hydrocarbon precursor selection, the double bond present in the molecule creates a bonus for the
photochemical reactions. If a precursor has the appropriate double bond density and absorption
cross-section simultaneously, we can expect self-initiating photo-polymerization systems in
which there is no need to use photo-initiators. Otherwise, a photo-initiator (PI) is needed in the
polymerization system, to be able to make energetic and reactive species, including free radicals,
cations, and anions (initiation step). The reactive species can make the reactions progress further
(propagation step) until they react together (termination step). [73, 98]. Nitrogen-containing
monomers, like ammonia (NH3) and nitrous oxide (N,O), can lead to amine functional groups.
For example, NH3 has a strong absorption in the wavelength range of 112-220 nm (Figure 9C).
Energetic VUV photons with the photon energy of hv>6.2 eV are able to dissociate DO (H-NH>)
with the bonding energy of 4.4 eV. Amine groups can be stated as the most probable products of
NH; photolysis. This molecule is applied to add nitrogen-containing groups on the MWCNT
surfaces under VUV light [94].

In the case of surface wettability, hydrocarbon or fluorine-containing groups lead to hydrophobic
coatings while oxygen or amine-containing groups lead to hydrophilic surfaces [98]. There are
some other effective parameters on the precursor selection, such as viscosity, molecular structure,
solubility, molar absorption coefficient, and functionality, that should be taken into account to

select precursors [98].



Table 3. Common gas-phase precursors with their related bond energy and dissociation

Precursor Dissociation Absorptio Required Major Target Target Ref.
Energy (eV) n Range Wavelength for Functionalities Substrate
Bond Dissociation
(nm)
(nm)
H,S (Do H-SH) 3.6 120-250 VUV (10-200 nm) Thiol Groups Silicon [91]
(hv >4 eV)
0, (Dy 0-0) 1.5 110-180 VUV (10-200 nm) Hydroxyl Groups MWCNTs [94]
05 (Dy 0-0) 1.05 100-350 VUV (10-200 nm) Carboxylic Acid MW- and [81]
Group SW-CNTs (72
73].
CH4 (Do H-CHs) 4.5 110-144 VUV (10-200 nm) Hydrocarbons Polyethylene [89]
CHy Do 6.9 110-185 VUV (10-200 nm) Hydrocarbons Polyethylene [89]
H,C=CH,) such as acetylene
C,H, (Do 8.7 123-184 VUV (10-200 nm) Hydrocarbons Silicon/ [91]
HC=CH)
hy >5.8 eV Polyethylene
NH; (Do N-HN>) 4.4 112-220 VUV (10-200 nm) Amine Groups MWCNTs [94]
(hv >6.2 eV)
N,O (Do NENO) 9.8 120-153 Nitrogen- Polyethylene [88]
Containing

VUV (10-200 nm)

Groups
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Figure 9. Absorption cross-section of A) H,S/C,H, system in order to add thiol groups on the
silicon flat surfaces [91] , B) C;H4/N>O and C;H4/NH3 in order to add oxygen- and nitrogen
containing polymers on polyethylene [88], C) CH4/C,H4/NHj; system in order to add amine

containing polymers on polyethylene [89].

2.8.3 Initiation Systems

The initiation of polymerization reactions usually occurs by Photo-initiators (PIs). However,
some liquid monomers, like acrylates, contain a lot of carbon-carbon double bonds, which can
easily undergo bond cleavage. In addition, they have an appropriate absorption cross-section in a
wide range of spectra. They are well known as self-initiating monomers that can be used as PI.
Initiators can be divided into two classifications: Type 1 or radical PIs and Type 2 or ionic Pls
(cationic or anionic). Radical PIs (Type 1) are UV-sensitive substances, which have the ability to
produce free radicals leading to radical polymerization reactions in which monomers with low

molecular weight convert to high cross-linked films [98]. Ionic PIs (Type 2) also initiate
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polymerization reactions by creating positive or negative ions. This kind of polymerization was
identified to be more stable [98]. PIs in the polymerization reactions can lead to faster curing
rates based on their rate of initiation, more photosensitivities due to their molar absorption, and
polymer properties depending on their type of radicals [97, 98].

Radical initiators can usually initiate the reactions in two pathways, one of which is photo-
fragmentation (Class 1) where two radicals are formed by an a-cleavage mechanism (Figure 10).
Aromatic carbonyl compounds, such as hydroxyalkylphenones, benzil ketals, and acylphosphine

oxides, are great examples of these types of initiating systems [97, 108].
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Figure 10. Class 1 initiating system undergoes a homolytic C-C bond dissociation upon UV

exposure [97].

The H-atom abstraction (Class 2) is the second initiating pathway in which the Re radical is
formed by abstracting a hydrogen atom coming from a hydrogen donor molecule, such as amines,
alcohols, and ethers (Figure 11). Thioxanthones, phenylglyoxalates, aromatic diketones,
camphorquinone, and benzopehnone are some examples of this type of initiating system among

which benzophenone is the most common one [97].

O L[@ﬁ ]—Ri»@g:@m-
o o) OH initiating

radical

Figure 11. Class 2 initiating system undergoes an H-atom abstraction upon UV exposure [97].

Hydrogen peroxide is a liquid example of the radical PIs, which are capable of breaking down
radicals into two hydroxyls (OHe) under UV light. H,O, is a non-polar molecule with a binding
energy of 2.15+0.02 eV and 3.84+0.1 eV for HO-OH and HO,-H, respectively. Based on the
absorption coefficient of the molecule shown in Figure 12A, it seems that the most important
absorption occurs in the wavelength range of 150 nm up to 410 nm. The primary photo-

dissociation reaction of this molecule can be defined as H,O,=>20He. Two free radicals can be
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produced by its dissociation, which can play a significant role in leading radical polymerization
[72, 73].

Ozone is a gas-phase precursor which can be serve as a gaseous PI. Ozone is a bent molecule
with a binding energy of (D¢= (0-0;)) 1.05+0.02 eV and an angle of 116.8°. This molecule has a
significant photo-absorption with an efficient quantum yield at the wavelength of 254.7 nm
(Figure 12B). High reactivity, toxicity, and UV sensitivity are some of its properties [72, 73].

Iron pentacarbonyl (Fe(CO)s) is a liquid metal compound which is sensitive to heat and light.
This compound can be formed inside the carbon monoxide (CO) cylinders at high pressure (>20
MPa) through the reaction between iron and CO. Fe(CO)s decomposes at a low temperature (230
°C) into some reactive radicals such as Fe(CO)s, Fe(CO)s, or Fe. Photocatalytic behavior of
Fe(CO)s in the polymrization reactions (in tshe yngas/PICVD method) is reported by Nasri et al
(2017) from Tavares group. They reported that Fe(CO)s is able to accelerate and govern the
radical chain reactions in syngas/PICVD [96]. Table 4 presents a list of common PIs working in

the UV wavelength range.
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Table 4. Photo-initiator and photo-sensitizers used for radical photo-polymerization.
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Name System Wavelength PS/PI State Structure Ref.
Hydrogen Peroxide (UV) [72]
.0.,.H
Type PI Liquid H O
(H20,) 254 nm
I [96]
(UVO) S
Iron Pentacarbonyl TypeT PI Liquid /C>Fe c=o
Fe(CO)s 254 nm - ¢
(UVO) ‘ o] [109],
2,2-dimethoxy-2-phenyl- TypeT 154 PI Liquid O [110]
acetophenone nm HaCO OCHs
UV) ® [111]
Acetophenone Type I PI Liquid it
220-340 nm
UV) 9 [112],
- OO (1131,
Benzophenone Typel 220-380 nm PI Liquid
[114],
[113]
(UV) CHy. 0 CHy [115]
i OO
Type II 220-400 PI Liquid . CH
Bis(diethylamino)benzo ype o au ?
phenone
(UV) 0 [116]
\
~ | Ol
Benzoin ethyl ether Typel 220-370 nm PI Liquid OCH,CH
sublime i [117]
OresO
Benzoin Type I (UVv) PI d O

220-360 nm
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117
0 O SMe [117]
Benzoin with two methyl | Type I uv) PI Liquid O
Me. OH
thioether substituents °
313 nm
(MTB)
(UVC) % [118]
hydroxycyclohexyl | Type Il 254 PI Liq ©)H>©
phenyl ketone uid
(HCPK)
(UVO) 0 [119]
Hzo*)to CHs
Hexyl Acrylate Type I 254 PI Lig /\CA
CH
(HA) uid ’

2.8.4 Effect of Heteroatom (Functional Groups)

Since most of the photoinitiators are liquid and even liquid monomers can be used in the PICVD
in either evaporated or atomized form, we have briefly discussed the effect of heteroatoms on
photochemical reactions. It is believed that hydrogen abstraction happens more easily in the case
of carbons attached to a heteroatom (mainly nitrogen, oxygen, and sulfur) compared to the ones
not attached to the heteroatoms. This definitely influences the course of polymerization [97]. The

effects of the main heteroatom groups on polymerization are briefly discussed below.

Amines are one of the most common groups used as co-initiators in polymerization [120]. They
are compatible with bioapplications and increase the hydrophilicity of coatings [73]. They can
also have a contradictive effect on polymerization regarding the reaction atmosphere. Under air
atmosphere, they can easily undergo H-atom abstraction to make a peroxy radical, which is very
reactive (Equation 1) [120]. In turn, this radical can then abstract an H atom from the oxidizable
monomer to make an amine hydroperoxy (propagation step, Equation 2). Consequently, amines

can accelerate polymerization under air [120].
RRNC'H + O, > RRNCHOO’ Equation 1

RRNCHOO'" + RRNCH; = RRNCH’ + RRNCHOOH Equation 2
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The corrosion of substrates and yellowish color of final coatings are the biggest disadvantages of
this functional group. Under inert atmosphere, they have a negative effect on polymerization
leading to a retarding on polymerization due to the re-initiation reactions indicated in Equations 3

and 4 [121].
RRNCH, + M'H > RRNC'H + MH, Equation 3
RRNC'H + MH, = M'H + RRNCH, Equation 4

Sulfide groups have several positive impacts on the photopolymerization rates and resulting
coatings. They are well known as thermal stabilizers and can therefore increase the thermal
resistance of the resulting coatings [122]. These groups change the surface properties of coatings
to be hydrophobic and improve the refraction index [123]. Aliphatic sulfides can be used as H-

atom donors and serve as co-initiators of benzophenone [124].

Ether-containing monomers are another example that can prove the impact of heteroatoms on
polymerization. These functional groups can increase the polymerization rate in air significantly.
Some of these monomers, such as poly(ethyleneoxides) and poly(propyleneoxides), reduce the
polymerization sensitivity of oxygen inhibition [97]. Ether-containing monomers can be also
used as a co-initiator, although their initiation ability is less significant compared to amine-

containing monomers [97].

2.8.5 Effect of Oxygen on photochemical reactions

Oxygen is a great radical scavenger because of its electronegative structure. Additionally, oxygen
molecules absorb UV radiation. In the former, generated radicals are consumed and in the later
radical formation is suppressed. Together, they inhibit and delay the PICVD process. Several
studies have investigated how to understand the effect of oxygen on photo polymerization
reactions. The results show several deleterious effects on free radical polymerization, which can
be classified into 5 groups: 1- slow polymerization rate, 2- long term induction periods, 3- lower
conversion, 4- a short polymeric chain and 5- pale surface properties [125, 126]. The presence of
molecular oxygen in the reactor causes a negative impact on the efficiency of polymerization or
chain reactions through the quenching of radicals. Molecular oxygen can rapidly react with the
radicals (R") to make a peroxyl radical. Peroxyl radicals are able to easily abstract a hydrogen

atom from monomers to make a hydroxyperoxide (ROOH), which is less efficient in the
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oxidation of double bonds or any other desired ones [97]. Figure 13 depicts the mechanism in
detail. This phenomenon has negatively impacted the quantum yield of the initiation step and is
called oxygen inhibition. Oxygen inhibition is more common in the photo-curing of coatings with

a high ratio of surface to volume providing optimal conditions for the diffusion of oxygen [97].
R’ + O, 2 ROO’ Equation 5
ROO’ +RH - ROOH + R’ Equation 6

Where RH, R" are a hydrogen donor (or a monomer) and a free radical made of an initiator,

respectively.

A polymerization reaction can take place when the oxygen is depleted from the polymerization
media by injecting an inert gas, such as nitrogen, or the consumption rate of oxygen in the media
is greater than its diffusion rate into the media. [125-127]. Oxygen inhibition can be prevented by

using a physical method as well.
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Figure 13.Mechanism of oxygen effect on polymerization [97].

2.8.6 Effect of Temperature

The effect of temperature on photochemical polymerization is well understood and has been
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mentioned by several authors [97, 128, 129]. Temperature has a two-stage behavior on the
photopolymerization rate and total conversion. The first stage happens when the temperature
range is 70-90 °C, which leads to an increase in the polymerization rate due to the Arrhenius
behavior. The second stage (>90 °C) can lead to either a decrease or a plateau in the
polymerization rate. As mentioned before, polymerization is a radical chain reaction comprised
of initiation, propagation, and termination (in the presence of oxygen, we can also have the
inhibition step). At low temperature (70-90 °C), propagation is conducted while termination rates
become dominate at higher temperatures (>90 °C). This is mentioned as the best reason for the
two-step behavior of temperature. In the case of liquid photopolymerizations, temperature has a
significant impact on the viscosity of monomers and the viscosity has an impact on the maximum
propagation rate. Therefore, as the reaction temperature increases, the monomer viscosity rapidly

drops and the maximum propagation rate consequently increases [97].

2.8.7 Crosslinking Systems

Figure 14 depicts reactions, which lead to the formation of a crosslinking network. Accordingly,
the addition of monomer molecules into the polymer chains containing pendant bonds is the first
stage of network formation. Continuing on, three pathways can be considered to form the
network namely, pathway A in which the addition of more monomer molecules is desired,
pathway B (interamolecular crosslinking) in which cyclization reactions are considered to
determine network formation and pathway C (intermolecular crosslinking) in which a radical site
is added onto the free double bond. Pathway C leads to network formation [125]. The apparent
reactivity of pendant double bonds on the same chain is enhanced, which leads to higher
cyclization and consequently the formation of compact structures (microgel). In this case, the
reactivity of pendant double bonds decreases due to trapping and further reactions occur through
chemical joining. The formation of compact structures or microgels is the reason for network
inhomogeneity, which causes lower mechanical strength in the polymeric network. Based on the
network formation strategy, polymer radicals can be classified into three populations: free
radicals, attached radicals to loosely crosslinked portions, which are relatively mobile, and

trapped radicals, which are an important feature of the network formation [125].
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2.8.8 Polymerization Time

The thickness of coatings can be controlled by the treatment time. Scherzer (2012) investigated
the effect of exposure time on the photopolymerization of silicone acrylates. Three different
exposure times were chosen namely 20, 50, and 100 ms under VUV exposure. The results
showed that by increasing exposure time, the conversion of double bonds increased [98].
Generally, it can be mentioned that longer polymerization times lead to thicker caotings [95,
130]. As an example, Farhanian et al. (2018) indicated that the coating thickness resulted from
syngas/PICVD system (in the presence of H,O,) on the silicon wafers increases linearly over

time (Y=0.7¢) [95].

2.8.9 Surface Analysis Techniques of Coatings

Characterization of engineered surfaces and coatings can be analyzed by many physical and
chemical methods. Some of the most common and favorable chemical analysis methods are X-
ray photoelectron microscopy (XPS), Fourier — Transform Infrared Spectroscopy (FT-IR),
ThermoGravimetric Analysis (TGA), and Time-of-Flight Secondary Ion Mass Spectrometry
(ToF-SIMS). Tensiometry or Contact —Angle Measurements (CA) and Transmission Electron
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Microscopy (TEM) are common physical techniques to characterize the surface properties of

coated samples.

2.8.9.1 XPS and Chemical Derivatization

XPS is a surface sensitive spectroscopic technique that became a very common and favorable
approach in the chemical characterization of samples and coatings. This method works based on
irradiating surfaces by X-ray beam and simultaneously monitoring kinetic energy and electron
intensity in a surface penetration range of 0-10 nm. XPS is a qualitative method to study the
chemistry of surfaces (in the survey XPS spectra) and to gain more information about chemical
bonding states or coating structure in the high-resolution spectral mode. XPS can be used in a
quantified way for favorable functional groups if well-established chemical derivatization
reactions (Chemical Derivatization X-ray Photoelectron Spectroscopy or CD-XPS) are combined
with this technique. In the case of quantification of hydroxyl groups, reagent of trifluoroacetic
anhydride (TFAA) is commonly applied and in the case of quantification of amine groups,
reagent of 4-trifluoromethyl benzaldehyde (TFBA) is commonly applied. Derivatization reactions
take place in a small chamber (typically ca. 25 mL) under vacuum. The mentioned reagents are
very selective to the specific functional groups. After evacuation (deaeration) of the chamber
using nitrogen, the chamber is connected to the reservoir containing the desired reagent (the
reagents is in the form of liquid and should be used individually). Over time, the chamber
becomes saturated by the vapor pressure of the reagent to label the desired functional groups. The
appropriate time to complete the derivatization reactions for the reagents of TFAA and TFBA
was previously suggested to be 60 and 240 min, respectively. Then, the reservoir containing the
reagent becomes separated from the chamber and the chamber is evacuated for a short period of
time. Surveying XPS analysis on both the derivatized and non-derivatized samples can reveal the
quantitative measurements of functional group concentrations using the equations 7 -10 (in the

case of TFAA and TFBA) [94].

XPS can be used to characterize both CNTs and CNT buckypapers before being applied in the
biological experiments. CD-XPS can also be used to count the number of functional groups,

which is an effective parameter in biological assays [21].

_ Ip15p/3.RSFpys
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Equation 7
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2.8.9.2 FT-IR

FT-IR is an accessible technique that can be used for surface analyses. This technique works
based on the light absorption of elements in a wide range of wavelengths at the same time, which
decreases the measuring time and increases light throughput or performance. An FT-IR
spectrometer comprises five pieces, namely a beam splitter, fixed mirror, a movable mirror,
spectrum detector, and Michelson interferometer with a light source. This method is called
Fourier transform because the Fourier mathematical method is applied to convert the spectrum
data into Fourier spectrum. Based on Equation 11, the continuous data, such as frequency (v) and
scan length (X), is converted into discrete data. The continuous data FT-IRs should have a strong

detector and provide a high signal-to-noise ratio spectrum for an appropriate measurement.

S(n.Av) = YN 11 (n. AX)ei2nk/N Equation 11

2.8.9.3 TGA

TGA is a useful technique mostly for the bulk characterization of samples. However, this
technique can be easily used to characterize and quantify coatings. TGA works based on the
weight loss of substances as a function of temperature or time at a controlled temperature and
atmosphere. TGA can be easily merged with other techniques to give more valuable information
about the samples, such as TGA/MS, TGA/DSC, TGA/IR, etc. Derivative TGA is another feature
of this technique in which a derivative of weight loss is plotted. DTGA curve shows weight loss
assigned to a substance. The weighing accuracy and isothermal temperature accuracy of this

method are reported to be 0.1% and 1°C, respectively. Table 5 presents the degradation
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temperature of CNTs and their common impurities. Accordingly, SWCNTs are degraded at a
temperature range of 600-650 °C depending on the structural integrity of SWCNTs [131, 132].
When SWCNTs are oxidized, their degradation temperature happens more easily and at a lower
temperature. According to the extent of oxidation, the oxidized SWCNTSs can be degraded at a
temperature range of 400-600 °C [131]. Since SWCNTs have a lot of carbon impurities, such as
amorphous carbon, the impurities can be quantified based on their lower degradation temperature
as SWCNTs or oxidized SWCNTs (200-400 °C) using TGA. The metallic particle impurities are
normally stable at a temperature of less than 800 °C. Therefore, the mass residue after reaching
the temperature of 800 °C is assigned to metallic impurities and their oxidized complexes [131].
The humidity gained by the SWCNT samples can also be quantified based on the weight loss at a
temperature of less than 100 °C [133]. This analysis method can also be used to measure
functional groups and more promising to measure impurities of CNTs before being applied in the

biological assays. This method is commonly used to identify types of impurities of CNTs [10].

Table 5. Degradation temperature of SWCNTs and their common impurities.

Components Degradation Temperature Ref.
O

SWCNTs 600-650 [131, 132]

Oxidized SWCNTs 400-600 [131]

Amorphous Carbon 200-400 [131, 132]

Metallic Residues >800 [131]

Humidity <100 [133]

2.8.9.4 ToF-SIMS

ToF-SIMS is a surface sensitive spectroscopic method in which the sample surface is bombarded
by a pulsed ion beam (mostly Cs or Ga) to remove molecules from the surface. The depth
penetration of the ion beam in this technique is less than 1 nm. Secondary ions made by the
collision of the primary ion beam and surface were then accelerated in a long flight tube and their
mass was determined based on the time it took the secondary ions to reach the detector. The high

surface sensitivity of this technique should be mentioned as the main drawback of the method as
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it can be easily affected by topographic effects and probable surface contaminations. This method
can be used in three different ways, namely surface spectroscopy, depth profiling, and surface

imaging [134].

2.8.9.5 CA Measurements

Tensiometry or contact angle measurement is a physical surface analysis technique with a
penetration depth of 0.5 nm. This method can be used to analyze surface wettability and surface
energy. This method works based on the measurement of the angle between a drop of liquid
(usually water) and a solid surface (Figure 15A). Wettability of surfaces is categorized into 4
groups, namely superhydrophilic (<5°, the drop easily spreads on the surface), hydrophobic
(>90°, Figure 15B), hydrophilic (<90°, Figure 15C), and superhydrophobic (>150°, the drop tends
to minimize the angle, Figure 15D). The surface energy of treated/untreated samples can take

place based on the Young-Laplace Equation (Equation 12) [135].
Ysv —VsL = YLy €0S© Equation 12

where YLy, Ysv, and ysp are the surface tension of liquid/vapor, solid/vapor, and solid/liquid,

respectively. ® is the contact angle between the drop and solid [135].

(a)
Vapor

@ Liquid

Ysv

A

Solid

(b)

Figure 15. (a) The contact angle between a drop and surface in exposed to air, (b) hydrophobic

surface, (c) hydrophilic surface, superhydrophobic surface [135].
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There is another interesting value, adhesion work (W,), extracted from the Dupré equation
(equation 13). This value is needed to separate the equilibrium phase of two phases from the

interface.
Wa =7VLtVs—VsL Equation 13

Dynamic CA is an alternative method to measure the angle between the droplet and the surface
under moving boundaries including air, liquid droplet, and solid film (Figure 16). Dynamic
tensiometry can be conducted in three different ways, including advancing CA (64), receding CA
(6r), and CA hysteresis. Advancing CA is about the wetting ability of liquid and receding CA is
about its detaching ability from the surface. Hysteresis CA describes the difference between
advancing and receding CAs. Dynamic CA is able to reveal the inhomogeneity and roughness of
the surface rather than the wettability of surfaces [136-138]. This technique (Tensiometry) has
been extensively used to evaluate surface wettability and surface energy of CNTs [139-141]. For
example, the dynamic contact angle is used to evaluate the stability and wettability of treated
aligned CNT [139]. As another example, Li et al. (2016) used this technique to measure the
surface energy of treated CNTs [140]. This technique seems to be easy and reliable enough to
evaluate nanoparticle wettability. However, the measurements are conducted on the buckypaper
form rather than on individual particles, which can be pointed out as the major disadvantage for

this method [141].

Figure 16. Dynamuc contact angle A) advancing CA, B) receding CA.
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Since wettability and surface energy of CNT are reported as effective parameters on cytotoxicity
of CNTs, this technique has been commonly used to measure their wettability and surface energy

before being utilized in cytotoxicity of SWCNTs [43].

2.8.9.6 Scanning Electron Microscopy (SEM) and TEM

SEM is an electron microscope in which the images are made by the interaction of beam
electrons and sample atoms. This method can provide valuable information about surface
morphology and the chemical composition of samples. SEM has been extensively used in the
field of surface engineering during the past decades. This method is able to measure the length of
CNTs and the diameter of CNT bundles. This method is not precise enough to measure the
diameter of individual CNTs [142]. To measure the diameter of an individual CNT, TEM can be
an impressive option. In addition, the morphology and structure of coatings and substances can
be easily investigated by TEM. TEM is a powerful tool that provides atomic resolution images of
the samples. This method can be easily used for in situ characterizations of structural changes of
nanocrystals caused by any electrical field/anealing or mechanical stress (characterization of
SWCNTs when they are affected by an electrical field or mechanical stress in situ). A modern
TEM is also equipped with a chemical analysis system called energy-dispersive X-ray
spectroscopy (EDS) or electron energy loss spectroscopy (EELS). These features make it possible
for TEM analysis to reveal the chemical properties of materials (for example a single crystal) and
even full structural properties of a single particle with a focused electron probe [143]. EDS works
based on the emitted X-ray from the illuminated specimen region as a function of photon energy
while EELS works based on the intensity of transmitted electrons as a function of energy loss.
These techniques provide TEM ways to reveal information about the electronic structure of
samples [143]. TEM and SEM can be used to provide some valuable information about CNTs

before being used in the biological assays.

2.8.9.7 Other Methods

The excited state processes of photoinitiators can be directly investigated through transient
absorption laser spectroscopy [144]. This method is able to provide valuable information about
the lifetimes of excited states, rate constants of interaction and transient absorption spectra. The

picosecond time scale of this spectroscopy enables ultrafast processes, especially the excited state
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of photoinitiators. Chemically-induced dynamic nuclear polarization-Nuclear magnetic resonance
(CIDNP-NMR) and (CIDEP-ESR) are other methods that have been used in this area to
investigate the excited state of photoinitiators and monomers. Allonas et al. (2000) used time
resolved thermal lens spectroscopy for the investigation of the excited state of photoinitiators in
which the analysis was done based on heat monitoring originating from transient states [145].
Time resolved photoconductivity is another technique in line with this goal in which radical ion

generation can be directly monitored and provide worthwhile information [144].

2.9 Summary of the Literature Review

During the literature review, we presented CNTs, their types, and their individual properties. We
got familiar with their synthesis methods and their common impurities as well as the purification
methods to get rid of them. We highlighted the (potential) applications of CNTs in various
industries and focused deeply on the biological applications. It is indicated that the
hydrophobicity of CNTs limits their applications despite their individual properties. In the
literature review, we seriously focused on the biological application of SWCNTs, such as
scaffolds in bone fractures, and found a lot of contradictions about their cytotoxicity, which is
referred to as a variety of effective parameters, such as their aspect ratio, impurities, the extent of
oxidation, the density of functional groups, surface energy, and hydrophobicity. We could not
find a single article in which the cytotoxicity of SWCNTSs was studied in terms of a full range of
surface wettability of CNTs with similar precursors. Therefore, we noticed that SWCNTs have
not been treated in a full range of wettability ranging from superhydrophilic to superhydrophobic,
which is in high demand in nanocomposite and biological applications. Therefore, we reviewed
the functionalization methods of CNTs, including wet and dry methods. There was some
evidence about the ability of syngas/PICVD in making both superhydrophilic and
superhydrophobic surfaces with the same precursors based on the flat metallic substrates.
However, this method has not been applied to treat CNTs. Then, we reviewed the effective
parameters on the PICVD method and deeply focused on the syngas/PICVD. The literature
showed that there is not a lot of information about the syngas/PICVD. The kinetics and
mechanism of syngas/PICVD have not been investigated through the gas phase analyses, which
would be a big gap in this area of knowledge. We finally introduced some characterization

methods applying the surface analyses of nanoparticles.
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CHAPTER 3 OBJECTIVES AND ORGANIZATION OF THE
ARTICLES

Despite all the distinctive properties of CNTs, their hydrophobicity creates a big challenge for
them to be dispersed in polar liquids, which restricts their commercial use in many applications.
SWCNTs have demonstrated their potential in therapeutic and biomaterial applications, but their
cytotoxicity prevents them from being used in human body. However, some researchers relate
CNT cytotoxicity to their hydrophobicity resulting in their agglomeration. Based on the literature
review presented in chapter 2, we identified PICVD as the best option for CNT functionalization
in the hopes of addressing this issue. Specifically, this method can use inexpensive and available
precursors (for example, CO and H). This project aims to answer the research hypothesis:
syngas/PICVD could potentially apply various densities of functionalities and consequently

wettability on SWCNTs by controlling the operational parameters.

3.1 Objectives

3.1.1 General Objective

The main objective of this research was defined as “UNDERSTANDING AND APPLYING
PHOTO-INITIATED CHEMICAL VAPOR DEPOSITION TO MODIFY THE SURFACE
PROPERTIES OF SINGLE-WALLED CARBON NANOTUBES”.

3.1.2 Specific Objectives
To attain the main objective we defined two specific objectives:

(1) Study the effect of PICVD operational parameters on the treatment of SWCNTs, focusing on

two key precursor types (syngas and ozone)

(2) Advance our knowledge of the kinetics and transport phenomena in syngas/PICVD applied to
the treatment of SWCNTs
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3.2 Organization of the Articles

The specific objectives resulted in the following two chapters containing the related articles:

The first article presented in Chapter 4 is entitled “Inducing a full range of wettability through the
surface modification of single-wall carbon nanotubes by photo-initiated chemical vapor
deposition using syngas”. We investigated the versatility of syngas/PICVD to make various
ranges of surface wettability through effective parameters in PICVD. The effective parameters
included the flow rate of precursors, the molar ratio of CO/H,, pressure, the position of the
sample inside the reactor, and treatment time. This article was published in the Chemical

Engineering Journal (Volume 325, (2017), pages 101-113).

The second article presented in Chapter 5 is entitled “Reaction kinetics and temperature effects in
syngas photo-initiated chemical vapor deposition on single-walled carbon nanotubes”. In this
work, we present a kinetic study of syngas/PICVD. We compared syngas/TACVD and
syngas/PICVD and investigated the role of temperature as the most important thermodynamic
parameter in both cases. The significant role of Fe(CO)s as a photoactive contaminant in CO
cylinders is investigated following both gas- and surface-phase analysis, and a mass balance was
experimentally calculated and suggested for syngas/PICVD. By coupling gas- and surface-phase
analysis in addition to previous work, we presented two separated reaction schemes for the gas-
and surface-phase reactions. We could also present a general molar-based formula of
CsgHs043Fe 4 for the bulk of the coating deposited on the surface, which was different from the
surface structure with the chemical formula C,;O40Fe9 (based on the atomic percentage). This
study suggests that little to no CO and H, is consumed in the reactor, and that processing can be
optimized to decrease syngas throughput. This study was published in the Journal of
Nanoparticle Research (Volume 21, 2019).
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ABSTRACT

Single-wall carbon nanotubes (SWCNTs) have various remarkable properties, which make them
a promising candidate for many applications. However, their inherent hydrophobicity have
limited their commercial use in optical, biological, and electrical applications. Photo-initiated
chemical vapor deposition (PICVD) using syngas is proposed as a novel, affordable, and versatile
method to tailor SWCNT wettability through the addition of oxygen-containing functional
groups. Following PICVD surface treatment, X-ray photoelectron spectroscopy, water contact
angle measurements (CA), thermogravimetric analysis, Raman spectroscopy and transmission
electron microscopy confirm controlled oxygenation of the SWCNT surface. Indeed, this novel
approach allows to reproducibly make SWCNT having surfaces properties ranging from
superhydrophilic (CA<5°) to superhydrophobic (CA>150°), including any intermediate values,
by simply varying operational parameters such as molar ratio of the syngas precursor, photo-

polymerization time and reactor pressure (about normal conditions).

4.1 Introduction

Single wall carbon nanotubes (SWCNTs) have various properties of interest, such as high
mechanical and electrical conductivity, remarkable thermal stability (up to 2800 °C under
vacuum) [19, 146], proportionally lower weight than steel and titanium (typical materials in bone
applications) [147, 148] and the highest Young’s modulus among all different types of
composites and nano-materials (> 1-5 TPa) [19, 148]. These individual properties make them
promising candidates for a wide range of applications such as aerospace, nanocomposites,
biomedical and tissue engineering, to name only a few [149-151]. These materials have also
shown potential to be used in bone applications due to their similarities with triple helix collagen
fibrils, in terms of size and shape (diameter of SWCNTs ranges between 0.7-1.5 nm) [152-154].
Not only can these materials enhance the mechanical properties of biomaterials [155], they can
also stimulate bone regeneration [156]. Therefore, they may be effective for use in different bone

substitutes, such as scaffolds and fillers.

Despite all the above-mentioned properties and potential of SWCNTs for different applications
such as reinforcements in polymer nanocomposites and biomaterials synthesis, their inherent

hydrophobicity and insolubility are the most challenging features that need to be addressed [146].
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For example, in the case of nanocomposites, one of the most important factors that should be
considered is the homogeneous dispersion of SWCNT nanofillers [151]. Untreated SWCNTs
tend to aggregate due to their high surface area to volume ratio and strong van der Waals
interactions while the resulting aggregation negatively overshadows mechanical, electrical and

thermal properties gained by SWCNT addition [151, 157-159].

Various approaches exist to modify the CNT’s surface properties and address such surface-based
problems, including surfactants, oxidation, sonication and functionalization [19]. Of these,
surface functionalization has been identified as a promising approach [19]. Functionalization
implies the covalent grafting of a specific chemical functional group to the surface. Intuitively,
the addition of oxygen-based functional groups would seem like a viable route to decrease
hydrophobicity and, possibly, make them more compatible to be used in nanocomposites [151]

and bio-applications [152].

Covalent functionalization, in which functional groups (such as amino and carboxylic acid
groups) are grafted onto SWCNT walls, help overcome attractive forces can prevent this
agglomeration and lead to better dispersion [151, 157]. Moreover, the higher reactivity of treated
SWCNTs, as well as their increased interfacial bonding and load transfer with the surrounding
polymer resulting from reactive functional groups (oxygen- or nitrogen-containing groups) after
treatment leads to an increase in mechanical and electrical properties of nanocomposites [151].
Given the wide range of polymer materials (hydrophobic and hydrophilic) and subsequent filler-

matrix interactions, a technique capable of tailoring SWCNT wettability is required.

In the case of biomedical applications, there are significant contradictions in the literature
concerning the effect of such SWCNT functionalization on their cytotoxicity [160]. For example,
some indicate that functionalization of SWCNTs using carboxylic acid groups reduces cell
viability and proliferation [58-60], whereas Montes-Fonseca et al. (2012) reported less
cytotoxicity for functionalized CNTs [61]. A deep examination of the literature reveals that the
contradiction comes from different CNT properties (i.e. wettability, functional group charging,
variation of SWCNT size, degree of purity and effect of surface energy, etc.) [22]. Furthermore,
the contradictions regarding cell response to functionalized SWCNTs in the literature can likely
be attributed to the fact that individual reports do not study surface treatments over wide ranges

(i.e. no attention typically paid to the extent of functionalization) — essentially, a single treatment
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is applied and the cytotoxicity is analyzed [11, 12]. Beyond the issue of cytotoxicity, applications
such as the selective binding of specific blood proteins (that can have polar and non-polar
components) to CNTs can necessitate hydrophobic or hydrophilic surfaces [161, 162]. Therefore,
before any practical biomaterial applications of CNTs can be considered, it is necessary to
address the issue of surface wettability. Specifically, there is a need to study a surface
modification technique capable of controlling the extent of the functionalization. Such a method
should allow a “full range” of properties (from superhydrophilic to superhydrophobic, for

example) using a similar reaction scheme and functional groups.

Functionalization techniques can be classified into two groups: solvent-based (wet chemistry)
and solvent-free (gas-phase) methods. Solvent-based approaches suffer from multi-step and
complex preparation methodologies and can damage the CNT structure. Furthermore, separation
of the treated nanomaterials from the solvent, as well as the management of solvent waste, can be
a time-consuming and significant processing issue, which is generally dodged in the literature [3,
99, 100, 163, 164]. Gas-phase surface modification techniques can be classified according to the
energy source applied for reaction initiation, including thermally activated chemical vapor
deposition (TACVD) [101], plasma-enhanced CVD (PECVD) [165] and photo-initiated CVD
(PICVD) [99]. Table 6 presents a detailed comparison between the current functionalization

methods for CNTs.

Unlike TACVD (which uses heat, problematic for temperature-sensitive substrates) and PECVD
(which requires specialized and costly plasma conditions), PICVD uses light to initiate organic
deposition reactions. In this process, radicals can be generated by exposure to ultraviolet (UV)
light, launching a series of heterogeneous reactions on the surface of a substrate in parallel with
gas phase reactions. PICVD has been gaining interest for the surface treatment of nanomaterials
because of its simple procedure, low cost, possibility of operation at or near atmospheric pressure
(depending on the wavelength selected) [99, 165], higher intermolecular cross-linking [86], low
energy consumption [99, 165] and, most importantly, ability to adjust the desired degree of

functionalization [86].

A key parameter for PICVD is the selection of an appropriate monomer to impart the desired
functional groups and surface properties (hydrophilic or hydrophobic). The selected monomer

should therefore contain the desired chemical moieties, as well as contain groups capable of
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forming radicals following exposure to light at the selected wavelength. Ozone is a UV sensitive
molecule that can be used as a precursor for oxidative attacks on SWCNTs [166]. It absorbs light
significantly at 253.7 nm (peak emission in Hg discharge lamps), with an efficient quantum yield
[166]. Accordingly, it can be a good precursor to treat SWCNTs under PICVD, given that Hg
discharge lamps are commercially available at low cost (in the form of germicidal lamps) and

light at 253.7 nm (UVC) is readily transmitted through common materials such as quartz.

Beyond oxidative attacks with ozone (which are limited to imparting hydrophilic functionalities
on CNTs), it is possible to form organic coatings with UVC light, namely by using syngas as a
precursor [99]. Our research team has previously demonstrated that syngas (CO and H;) could be
used in PICVD to form hydrophilic and hydrophobic surfaces on copper substrates by
manipulating treatment pressure (near atmospheric) and CO/H, ratio [99]. In this process,
radicals produced from the dissociation of a photo-initiator (PI) and the precursor mixture lead to

a combination of gas phase and surface reactions to impart surface functionality [101, 165].

Surface wettability can be investigated through contact angle (CA) measurements, namely
through two approaches: static and dynamic methods. Static (or “sessile drop”) CA is a measure
of the angle between a liquid droplet (of known polarity) and the surface of interest. This method
has been applied extensively by CNT researchers - Woo et al. (2010) found that the static CA
with water of CNT films oxidized at 400 °C for 30 min under air flow was 96.9° [167].
Koumoulos and Charitidis (2017) measured the static CA to assess the wettability of CNT arrays
synthesized by CVD, finding values of. 136° and 150° for water and glycerol droplets,
respectively [168]. Liu et al. (2017) surface treated CNT films by atmospheric pressure plasma
using a mixture of helium and oxygen, leading to a static contact angle decrease from 105° to
80°, 64°, and 47° only after 0.1, 0.2, and 0.3 s treatments, respectively [169]. Indeed, oxygen
plasma functionalization is a common method to make CNTs hydrophilic [170, 171] Similiarly,
Wang et al (2009) measured the wettability of graphene and graphene oxide thin films, reporting
surface energies of 46.7 and 62.1 mJ/m?, respectively [172]. Alternatively, the dynamic CA
assesses the angle between the liquid and the surface under moving boundaries (three phases: air,
liquid and solid film). The dynamic CA is defined through three major parameters: advancing CA
(04), receding CA (Br), and CA hysteresis. 0,4 indicates the wetting ability of a liquid on a solid

film upon initial contact, whereas Or describes the difficulty of removing the liquid from the
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surface. CA hysteresis is defined as the difference between the two (04 - Or). Dynamic CA serves
as an indicator of surface quality in terms of inhomogeneity of chemical treatment, roughness,
and stability [136-138]. For example, Lau et al (2003) employed dynamic CA to investigate the
stability and wettability behavior of aligned CNT forests coated by poly(tetrafluoroethylene)(to
make superhydrobic surfaces through a combination of chemical and roughness changes) [139].
Aside from CA approaches, an inverse gas chromatography-surface energy analyzer (IGC-SEA)
may be used to assess expected wettability [173, 174]. For example, Li et al.(2016) measured
surface energy of carbon fibres coated with carbon nanotubes. They could successfully fabricate
CNT coated Carbon fibres by electrospray method resulted in a multi-scale hierarchal structure
without any tensile strength changes of fibres [140]. Both CA and IGC-SEA approaches applied
to CNT rely on measurements of the nanomaterials in a bucky paper configuration (or
deposited/grown on a surface) — in other words, in aggregate form. To measure the wettability of
individual CNTs, indirect measurements must be applied, typically with the CNT in a dispersed
state — these can range from stability of CNT in suspension [103] to measurements of the zeta

potential (with corrections applied for high-aspect ratio particles) [175].

To the best of our knowledge, the use of syngas and PICVD (syngas/PICVD) on SWCNTs has
never been investigated, and shows potential as a viable method to systematically modify CNTs
over a wide range of surface energy. Given the importance of process control and materials
customization in the fields of chemical and materials engineering, we consider this exploration to
be significant. Hence, the main goal of this study is the surface treatment of SWCNTs by
syngas/PICVD to allow the addition of oxygen-containing functional groups and thus obtain
different degrees of functionalization and, consequently, various surface energies. In this regard,

syngas/PICVD is compared with an ozone/UV-based (0ozone/UV) treatment.
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Table 6. Comparison between some common functionalization methods of nanoparticles and

carbon nanotubes.

Methods Type Advantages Drawbacks Ref.
1- Multi-step process [3,
Wet Covalent 1- Easy scale-up 2- Unable to make and control extend of | 99,
Chemistry (liquid 2- Facile control of the extent of hydrophilicity hydrophobicity 100]
phase) 3- Potentially low-cost method (depending on | 3- Time consuming
reagents) 4- Solvent waste management
5- Destructive method for hexagonal structure of
CNTs
6-  Specific complex reagents for the
functionalization
1- Able to make both hydrophilic and [176-
hydrophobic  surfaces (with different or 178]
Non- amphiphilic molecules) 1- Low stability due to weak binding forces
Surfactant covalent 2- Non-destructive method for the hexagonal | 2- Extended sonication period required
s structure of CNTs 3- Poor scale reliability
3- Preserves the mechanical and electrical
properties of SWCNTs
1- Vacuum requirement [3,
2- High temperature requirement 101]
Covalent 1- Large scale treatment 3- Lack of appropriate range of monomers
TACVD (gas- 2- Able to make and control extend of | 4- Expensive (processing and capital costs)
phase) functionality 5- Poor energy efficiency
3- High deposition rates and conversions 6- Destructive method for the hexagonal structure
of CNTs
7- Difficult to make hydrophobic surfaces
1- Expensive (processing and capital costs, | [71,
specialized operation) 77,
Covalent 1- Large scale treatment (atmospheric | 2- Unreacted precursors and by-products, often | 101-
PECVD (gas- discharges) embedded in functional coating 103]
phase) 2- Able to make and control extend of | 3- Low efficiency because of the energy wasted on
functionality low energy electrons
3- High deposition rates and conversion 4- Unstructured coatings with low cross-linking
4- Control on deposition temperature 5- Limited to small scales for low-pressure
discharges
1- Large scale treatment [85-
2- Low cost 1- Unable to create hydrophobic coatings 87]
PICVD Covalent | 3- Highly cross-linked coating 2- Limited control on extent of hydrophilicity
(Ozone/U (gas- 4- No vacuum/high pressure requirements 3- Low conversion and deposition rate
V) phase) 5- Room temperature process 4- Destructive method for SWCNT structures
6- High quality films due to low excitation
energy
1- Potential for large scale treatment [3,
2- Low cost processing (inexpensive monomers 95,
and PI) 99]
3- Able to make both hydrophilic and
hydrophobic surfaces (various extents)
4- Highly cross-linked coating
PICVD Covalent | 5- Low energy consumption 1- Low conversion and deposition rate
(Syngas/U (gas- 6- Selectivity; high control of the overall process
V) phase) (film properties) due to mono-energetic photons
that limit reaction pathways
7- No vacuum/high pressure requirements
8- Room temperature process
9- High quality films due to low excitation
energy
10- Increased stability compared to their low-
pressure plasma counterparts
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4.2 Materials and Methods

4.2.1 Materials

Pure SWCNTs (P-SWCNTs) grown by radio frequency induction thermal plasma were
purchased from Raymor-Nanolntegris (96.5% w/w, Quebec, Canada). The main impurities
remaining in the purchased P-SWCNTs are Fe, Ni, Y and amorphous carbon (as identified by
XPS and TEM measurements). Hydrogen peroxide (H2O,, 50% (w/w)) and n-hexadecane (>99%,
EMD-Millipore) were purchased from Fisher Scientific (Montreal, Quebec). Ozone was
generated by an Ozone Solutions TS-40 ozone generator (20 g/h), with ambient air as the gas
source. Syngas (CO and Hj, Air Liquide, chemically pure) and argon (Air Liquide, 99.9%), were
used as the functionalization precursors and purging gas, respectively. Two 96 cm-long UVC
germicidal lamps (Model T-97505-80, Cole-Parmer Inc) were used for all experimental
treatments (main emission peak at 253.7 nm, irradiance of 0.01 W/cm? at 3.5 cm, measured with

an ILT1700 Radiometer equipped with a SED240 detector from International Light

Technologies).
Ar gas CO gas H, gas
- :ﬁn“ r‘i'u‘ Treatment process
& v W ’
CO + H, A0, rr> G :
SWCNT
_.j:t. _J -l —j -.‘ Plug Reactor
“::s::] h%ﬂm] M%ﬂa] - " u‘i - —— x Vacuum
T P e I LR A31 L1 —
= sa = e
- e
*/ Syringe pomp /%",

Flow Controller Zaf &/

Figure 17. Schematic of the PICVD setup.
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4.2.2 PICVD Setup

The PICVD reactor used consists of two UVC lamps and a 25-mm internal diameter quartz tube
reactor (Figure 17). A syringe pump was used for H,O, injection and Brooks mass flow
controllers (series 5850E) were used to inject precursors (CO and H»). A centralized vacuum

system was applied when working at sub-atmospheric pressure (down to -20 kPa).

4.2.3 Surface Modification

To modify SWCNT surfaces, the method developed by Dorval Dion et al. (2014) was used [99].
Accordingly, P-SWCNTs (in the form of bucky paper) were placed inside the quartz reactor,
which was then closed and sealed. Within the same reactor, SWCNTs were treated with one of
two different precursors: ozone or syngas. In the case of ozone treatments, the reactor was purged
for two minutes with argon at a rate of 3 L/min then connected to the ozone generator. Ozonated
air (5-7% w/w ozone, 500 ml/min) was fed to the reactor under different conditions presented in
Table 7. In Table 7, experimental treatments 2 to 6 are related to the SWCNTs treated by
ozone/UV while experiments 7 to 27 are dedicated to investigating the effects of treatment time,
pressure, position of samples inside the reactor and hydrogen peroxide injection. In the case of
syngas/PICVD treatments, the reactor was also purged with argon, then CO and H; precursors
(total flow rate of 350 ml/min) were introduced at various ratios and conditions, as per Table 7.
H,0O, was injected simultaneously via the syringe pump as a radical photo-initiator (PI) at a rate
of 1 uL/s, directly into the syngas stream. Each experimental treatment was repeated at least 3
times. Six independent variables, including precursor molar ratio (H,/CO), pressure, treatment
time, flow rate of precursors and use of PI and position of samples inside the reactor were
studied. According to the desired surface functionality, the process can be operated under slight
pressure (up to +15 kPa) or slight vacuum (down to -20 kPa). Hydrophilic surfaces are typically
obtained under slight vacuum, using hydrogen peroxide, and near the reactor inlet (16 cm), while
hydrophobic surfaces are achieved under pressure closer to the outlet (82 cm), based on previous
work performed with copper [99]. During treatment, the surface temperature was monitored
using an IR Infrared thermometer. Treatment started at room temperature (~25 °C). Upon
activating the UVC lamps, the temperature increased to ~52 °C over the first 15 min, and
remained constant until the end of treatment (temperature increase attributable to heat emission

from the UVC lamps).
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Table 7. Experimental treatment conditions with corresponding wettability (contact angle/surface

energy).
Samples Experimental Conditions Characterization
No. Description Ratio H,0, Time |Pressure | Location | Flow Rate %‘;elf; gci %l:;ffgc;
(H,/CO) (min) | (kPa) (cm) (ml/min) Angle (mN/m)
1 n/a purifie - - - - 500 79+2 © 31
d
2 ozone/UV ozone Yes 60 -20 14 500 <5° 73
3 ozone/UV ozone No 30 -10 14 500 <5° 73
4 ozone/UV ozone Yes 75 -10 82 500 <5° 73
5 ozone/UV ozone Yes 60 +15 14 500 <5° 73
6 ozone/UV ozone No 60 +15 82 500 <5° 73
7 syngas/PICVD 0.12 Yes 180 -15 14 350 0+3 ° 73
8 syngas/PICVD 0.12 No 120 +15 82 350 156+7 ° 36
9 syngas/PICVD 0.12 Yes 60 -15 14 350 31£2° 64
10 syngas/PICVD 0.12 Yes 90 -15 14 350 2545 ° 67
11 syngas/PICVD 0.12 Yes 120 -15 14 350 5+3 ° 72
12 syngas/PICVD 0.12 Yes 180 -15 14 350 0+3 ° 73
13 syngas/PICVD 0.6 Yes 60 -15 14 350 2041 ° 65
14 syngas/PICVD 1 Yes 60 -15 14 350 4745 ° 54
15 syngas/PICVD 2 Yes 60 -15 14 350 36£3 ° 60
16 syngas/PICVD 3 Yes 60 -15 14 350 59+4 ° 45
17 syngas/PICVD 0.16 Yes 60 -15 14 350 2243 ° 68
18 syngas/PICVD 0.16 Yes 60 -15 14 300 27+3° 65
19 syngas/PICVD 0.16 Yes 120 -15 14 350 4+7° 73
20 syngas/PICVD 0.16 Yes 60 -15 14 400 4942 °© 52
21 syngas/PICVD 2 Yes 120 -15 14 350 15+3° 70
22 syngas/PICVD 0.12 Yes 120 +15 82 350 127+ 5° 29
23 syngas/PICVD 0.12 No 120 -15 82 350 93+ 6° 26
24 syngas/PICVD 0.12 No 120 +15 14 350 58+ 4° 44
25 syngas/PICVD 0.12 No 60 +15 82 350 141+ 6° 33
26 syngas/PICVD 2 Yes 120 +15 82 350 135+ 3° 31
27 syngas/PICVD 3 No 120 -15 82 350 115+ 2° 27

4.2.4 Surface Characterization

X-ray photoelectron spectroscopy (XPS) was performed with a VG ESCALAB 3 MKII system
using Mg Ka x-rays, with a pass energy of 100 eV and energy step size of 1 eV for survey scans.
High-resolution (HR) spectra of treated SWCNT (T-SWCNT) buckypapers were obtained at a
pass energy of 20 eV, in increments of 0.05 eV. Some of the XPS characterizations were also

performed by Kratos Ultra DLD system with a pass energy of 160 eV and step size of 1 eV for
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survey scans and a pass energy of 20 eV and step size of 0.05 eV for HR spectra, using Al Ka x-
rays. Peak fitting was performed as described by Yang and Sacher [179], using the Wagner table
for sensitivity factors. Background correction was based on the Shirley method, used within the

Thermo Avantage (V4.12) software package. Chamber pressure was kept 5 x 10” torr.

Surface wetting was assessed through sessile drop contact angle (CA) measurements using a FDS
OCA DataPhysics TBU 90E tensiometer. 2 uL droplets of water (as a polar liquid) or n-
hexadecane (as a nonpolar liquid) were deposited on 3 different areas of the samples, 3
successive times, in order to obtain the average CA. The exposure time between the droplet and
the surface was considered 3 s for all experimental treatments. The surface energy was obtained
by applying the Owens-Wendt method (Equation 14) to CA measurements (6,,) with the two
different liquids (water/polar and n-hexadecane/nonpolar) [180]. The total free surface energy
(ys) was obtained by gathering the polar (ys") and dispersive (ysd) components based on Equation

15. Table Al in supplementary results presents the related information of the liquids.

05 05 .
Ysi(1+cos0,)/2 = (¥&vd) "~ + (vPr)) Equation 14

Ys =vL + 74 Equation 15

Where yq, y1* and y/° are the solid-liquid interfacial energy, the total dispersive component and

the polar component of liquid surface tension, respectively.

Transmission electron microscopy (TEM, JEOL model JEM2100F) was used to investigate the
effect of treatment on SWCNT morphology. The TEM grids used were coated with a lacey
carbon film (D20045 grids with formwar substrates, Ni mesh 400, SOQUELEC International).
To collect samples, T-SWCNTs were dispersed in methanol at a concentration of 1 mg/mL; TEM

grids were then briefly dipped in this suspension (~ 1 s) and analyzed after drying.

The integrity of SWCNT samples was assessed by Raman spectroscopy using a Renishaw Invia
Reflex Raman microscope equipped with an argon laser (514 nm), scanning in the range of 300-
3500 cm™. Peak deconvolution was completed through the Renishaw Wire 3.4 software.
Gaussian and Lorentzian line shapes were employed for all G’ and D’ bands, respectively, as this
combination provides appropriate fits for Raman bands, especially to identify disorder in

SWCNTSs [181].
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Thermal stability was assessed through thermogravimetric analysis (TGA, Model Q500, TA
instruments) under air atmosphere. The temperature range was 30-800 °C, with a heating rate of

10 ° C/min for all samples. All experimental treatments were carried out with a platinum TGA

pan (4 to 5 mg).
4.3 Results and Discussion

4.3.1 Physical Characterizations

To analyse the efficiency of ozone/UV and syngas/PICVD treatments on SWCNTs, we have first
determined the physical properties of the treated samples. Table 7 presents the experimental
conditions, related water contact angle and surface energy results for ozone/UV and
syngas/PICVD treatments. The average water CA of P-SWCNT samples was 79+2° (Figure
18A). For all SWCNTs treated by ozone/UV (Experimental treatments 2-6), the water CA was
<5° (below the detection limit of the instrument), irrespective of treatment time, pressure or
position (Figure 18B). This behavior is expected: ozone peak absorption overlaps with that of the
UVC lamps used [182]. These results are consistent with those of Wang et al. (2010), where they
showed that ozone/UV treatments of vertically aligned multi-walled carbon nanotubes for 5 min
could lead to superhydrophilic surface behavior (reactor operating with 0.2 L/min flow of oxygen
gas supply at 50 °C) [182]. Since the peak absorption cross section of ozone is found at 253.7
nm, treatments under UV C light (A = 200 to 300 nm) cause it to break down into oxygen gas (O,)
and reactive O radicals. These can react with defects sites (or dangling bonds) on the P-SWCNT
surface, leading to the formation of -COOH, OH, and CO groups [182]. While ozone/UV allow
for the possibility of sidewall functionalization on SWCNTs, longer ozone/UV treatments can
actually destroy the SWCNTSs’ hexagonal carbon structure [183, 184]. While these experiments
and previous works show ozone/UV’s ability to produce superhydrophilic SWCNT surfaces
[182, 185], it highlights its inability to vary surface energy over a wide range even by changing
effective parameters such as treatment time, pressure and position inside the reactor

(Experimental treatment 2 to 6).

Syngas/PICVD, on the other hand, can generate superhydrophilic surfaces (Table 7, treatment 7,
CA<5°, Figure 18C), all the way to superhydrophobic (Table 7, treatment 8, CA>150°, Figure

18D), mainly by varying sample position from 14 to 82 cm, treatment pressure from -15 to +15
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kPa and absence of hydrogen peroxide as PI. The key parameters influencing hydrophobicity are
pressure and location. These are illustrated by comparing treatment 8 and 23: save for pressure,
both experiments have the same conditions — a lower pressure (- 15 kPa) leads to more
hydrophilic behavior. Similarly, experiment 24, compared to experiment 8, changes only
location, showing that positioning the sample closer to the inlet results in hydrophilic behavior.
The effect of position can be attributed to the accessibility of syngas-derived radicals, activated
monomers and PI-derived species (like OH*) in the reactor [99, 186], while treatment pressure
affects the organic chain growth rate and collisions between species and substrate surfaces [99,
187-189]. These effects can also be adjusted to allow intermediate properties to be achieved
(Table 7). Moreover, our findings based on tensiometry characterization show that H,O, addition
tends to make surfaces more hydrophilic, given that it photo-dissociates under UVC light (peak
between 180 and 200 nm) to generate two hydroxyl radicals (OH¢) that can actively participate in
the radical-driven syngas and form additional oxygen-containing (hydrophilic) groups [99, 166].

Experimental treatments 9 to 12 (Table 7) show that SWCNTSs become more hydrophilic as a
function of treatment time (from 31° at 60 min to 0° at 180 min), likely as a result of additional
functional group deposition. Experimental treatments 9, 13 to 17, show that the H,/CO molar
ratio plays a significant role in the syngas/PICVD treatment (p<0.05). Indeed, molar ratio is
known to play a significant role in binary precursor systems [85, 103, 154, 190]. Several authors
used binary mixtures consisting of an oxygen-containing monomers (e.g. O, or N>O) and a
hydrocarbon (e.g. CH4 or C,H4) to treat SWCNTs [85, 103, 154, 190] and showed that the
concentration of certain functionalities (mostly hydroxyl, carbonyl and carboxylic acid groups)
can increase along with an increase in the ratio of oxygen- or nitrogen-containing precursors to
hydrocarbons. Figure 19 shows that the CA of SWCNTs treated by syngas/PICVD (experimental
treatments of 13 to 17 in addition to experimental treatments 9) generally increase as a function
of the molar ratio (H»/CO), likely because fewer oxygen-containing groups are present to
increase wetting as the ratio increases. This is confirmed with the overlaid surface tension results.
The experimental treatments in Figure 19 are performed at a constant pressure and reactor
position — varying these parameters in combination with molar ratio allows for a full range of

surface energies to be attained ranging from 0 ° to 156 ° (Table 7).
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Figure 18. CA measurement obtained by tensiometry A) P-SWCNT (Experimental treatment 1),
B) SWCNTs treated by ozone/UV for 1h (Experimental treatment 2), C) SWCNTs treated by
syngas/PICVD under vacuum for 3h (Experimental treatment 7), D) SWCNTs treated by
syngas/PICVD under pressure for 2h (Experimental treatment 8).

Beyond monomer ratio, our results show that total flow rate in the PICVD reactor can play a role
in the final surface properties, given that it will impact residence time in the reactor and,
therefore, the probability of collisions between the radicals and the substrate. Except for
experimental treatments 18 and 20, all treatments were performed with a total flow rate of 350
ml/min. These two experimental treatments (at 300 and 400 mL/min, respectively), when
compared to experiment 17, served to investigate the effect of flow rate. Both experimental
treatments 18 and 20 yielded CA higher than at the nominal 350 ml/min flow rate (p-value <
0.05), indicating that hybrid effects may be at play — the reaction domain may switch from
deficient to efficient regions (similar to the effect of position). The specific effect of residence
time is studied by Farhanian et al (2017) [95]. They reported an increase in film thickness as a

function of residence time for a syngas/PICVD system treating flat surfaces [95].
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Figure 19. Black squares: Contact angle measurements of T-SWCNTs obtained by tensiometry in
terms of molar ratio of H,/CO; Red circles: Surface energy measurements that have been plotted

in terms of molar ratio. Error bars show standard deviation of three measurements.

It is pertinent to note that the surface energy values presented in Table 7, computed using the
Owens-Wendt model (Equations 14 and 15), do not consider surface roughness. For this reason,
some aberrant values are possible; for example, the surface energy calculated by the
tensiometer’s software package for experimental treatment 8 (showing superhydrophobic
behavior with a contact angle of 156°) is 36 mN/m, nearly unchanged from the far more
hydrophilic P-SWCNT (treatment 1, with a contact angle of 79°, 31 mN/m). Given that PICVD
treatments on flat surfaces have shown the formation of nanostructured, island-like deposits [95,
191, 192], it is very likely that the increase in roughness plays a large role in the observed wetting

behavior.

TEM characterization was done to provide more insight regarding the morphology and structure
deposited coatings of T-SWCNTs by syngas/PICVD. Figure 20 show the morphology of
SWCNTs before (A,C) and after (B,D) treatment by syngas/PICVD under slight vacuum (-15
kPa, experimental treatment 11). The principal change observed is the appearance of an
apparently polymeric layer on the treated sample. The SWCNT diameter grew from 1.4 nm

before treatment to 5.3 nm after treatment.
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4.3.2 Chemical Characterization

We have determined the chemical properties of SWCNTs treated by ozone/UV or syngas/PICVD
treatments using XPS. During ozone/UV treatment, the relative oxygen atomic percentage
obtained by XPS survey spectra increased to 20.8% after 30 min (Experimental treatment 3) from
untreated P-SWCNTs’ 6.9% oxygen content, due to the successful deposition of oxygen-
containing groups on the SWCNT surfaces by PICVD (Supplementary Figure Al) (p-
value<0.05). HR-XPS fitting of the Cls peak (Supplementary Figure A2) shows 6 major
functionalities compared to P-SWCNTSs: A) 284.6 ¢V, corresponding to C=C (sp”); B) 285.7 eV,
corresponding to C=C (sp”) with defects and C—C (sp’); C) 286.5 eV, assigned to C—O; D) 288
eV, assigned to C=0 and w—m* transition of C=C with defects; E) 289 eV, corresponding to O—
C=0; and F) 291.3 eV, assigned to highly delocalized mt—m* transition of C=C [193]. Successful
incorporation of oxygen-containing groups (mostly —-COOH, C=0 and -OH) on the SWCNT

surfaces after ozone/UV treatment is confirmed, in agreement with previous studies [87].

Raja et al. (2014) had reported successful incorporation of oxygen-containing groups such as
carboxylic acid, hydroxyl and carbonyl groups to SWCNTs while they treated SWCNT under
ozone/UV or UV and benzophenone [87]. Experimental treatments 2 to 4 were also used to
investigate the effect of treatment time in the case of SWCNTs treated by ozone/UV-treated
SWCNT (O-T-SWCNT) by applying 60, 30, and 75 min, respectively. As seen in Supplementary
Figure A3 (inset), oxygen content reaches a plateau ca. 20-26% after 30 min. However,
Supplementary Figure A3 (over plot of Cls HR-XPS spectra of SWCNTs treated by ozone/UV
with 60, 30, and 75 min) did not show a significant difference as a function of treatment time.
Vautard et al. (2012) reported gas-phase surface treatment of carbon nanofibers in a reactive
ozone environment with residence times on the order of 2 min. Their results are in agreement

with ours, showing successful incorporation of oxygen-containing groups onto carbon nanofibers

[193].
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Figure 20. TEM micrographs of A: P-SWCNTs (Experimental treatment 1), B: Syngas Treated
SWCNTs (Experimental treatment 11), C: P-SWCNTs with lower magnification (Experimental

treatment 1), D: Syngas treated in lower magnification (Experimental treatment 11).

The oxygen content of syngas/PICVD-treated SWCNTs (S-T-SWCNTs, Experimental treatment
1) climbed to 60.1%, with the balance being carbon (18.1%) and iron (21.8%) (Supplementary
Figure Al). The presence of iron (binding energy of 714.4 eV) can be attributed to iron



62

pentacarbonyl (Fe(CO)s) in the CO tank, a common impurity that forms over time in steel tanks
exposed to CO; it can readily decompose under the action of heat or UVC light [194]. Figure 21A
and 21B show Cls and Ols HR-XPS spectra of P-SWCNTs to provide comparison with the
treated SWCNTSs. According to the C1s HR-XPS spectra (Figure 21C), the syngas-based coating
was composed of C-C, hydroxyl (-OH), carboxylic acid (COOH), and carbonate groups,
corresponding to binding energies of 285, 286.7, 288.9, and 289.8 eV, respectively. Interestingly,
the Cls peak for the treated sample became wider, compared to the untreated sample’s more
sharp and narrow peak, implying that the coating completely covered the SWCNT surface [195].
Based on the Ols spectra (Figure 21D), S-T-SWCNTs have two major peaks at binding energies
of 530 and 531.65 eV, which are assigned to O-Fe (or Fe,O3) and C-OH, respectively (though
Fe(OH)s, phenol and O=C-O-Fe are also possible) [193]. Based on the Fe2p high resolution XPS
spectra (Figure 21E), deposited iron species consisted of Fe,O3;, FeOOH, and Fe;O4 based on
peaks at binding energies of 710.55, 713.55, and 718.75 eV, respectively [193]. The Fe,O3 and
Fe;0, are likely the result of decomposition initiated by the 185 nm peak (as discussed earlier), or
through degradation of Fe(CO), radicals through collision with reactive species and hydrogen
peroxide. Overall, the iron content is essentially in the form of HO-Fe-O, Fe(OH); and FeCO due

to chemical bond beween iron and carbon.
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Figure 21. A: High resolution Cls spectra of P-SWCNT (Experimental treatment 1); B: High
resolution O1s spectra of P-SWCNT (Experimental treatment 1); C: High resolution Cls spectra
of S-T-SWCNT (Experimental treatment 11); D: High resolution Ols spectra of Treated SWCNT

(Experimental treatment 11); E: High resolution Fe2P spectra of T-SWCNT (Experimental

treatment 11).
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To elucidate the role and effect of each individual precursor (H,, CO, H>O,) on coating
composition, we performed some blank experiments on glass substrates (thereby eliminating
interactions that may occur with SWCNT) (supplementary Table A2). The Cls HR-XPS spectra
for bare glass (supplementary Figure A4A) showed four peaks at binding energies of 285,
286.75, 288.78 and 288.46 eV, assigned to aliphatic carbon or C-C, C-OH and carboxylic acid
(COOH) groups, respectively (carbon sourced from airborne contaminants). The Ols spectra
(supplementary Figure A4B) showed two peaks at binding energies of 531.30 and 532.62 eV,
corresponding to OH and SiO, groups, respectively. After treatment with CO, H, and H,O,, the
same results and structure as those observed on SWCNTs were obtained. Compared to bare glass,
the Cls spectra (supplementary Figure A4C) showed two additional peaks, namely C-Fe and
carbonyl groups at binding energies of 284.1 and 290.26 eV, respectively. Moreover, treated
glass exhibited decreased hydroxyl groups and significantly increased carboxylic groups. The
Ols spectra (supplementary Figure A4D) showed three new peaks at binding energies of 530.18,
531.67 and 532.61 eV assigned to O-Fe, C-OH groups and O=C-O-Fe, respectively.

In the absence of H,O, (CO and H, only), treatment lead to the appearance of two extra peaks
compared to bare glass, at binding energies of 284.33 and 289.55 eV (supplementary Figure
A4E). These correspond to C-Fe (or C-Si, as Si could be still seen after treatment in survey
peaks), and carbonate groups (adsorbed CO,), respectively. The spectra are generally similar to
the CO+H,+H,0, case, with increased carboxylic (COOH or COOC) and decreased carbon-
bonded hydroxyl groups in the structure. The Ols spectra (supplementary Figure A4F) also
showed three peaks at binding energies of 530.18, 531.67 and 532.61 eV assigned to O-Fe, OH
and O=C-O-Fe, respectively. While the chemical differences appear small, the film produced in
the absence of H,O, showed significant morphological differences: it appeared as a powder
adsorbed on the substrate (not a bound film) and could be removed by shaking lightly. Based on
this observation, we can conclude that H,O; plays a determinant role as both a photo-initiator and

during film formation.

Knowing that CO can absorb light below 200 nm [99] (including the 185 nm emission peak from
the Hg lamps), and that it contains Fe(CO)s, it may lead to deposition without the addition of H,.
When combining CO with H,O, (without hydrogen), the Cls spectra (supplementary Figure
A4G) shows two peaks not present for bare glass at binding energies of 283.9 and 287.3 eV,
assigned to C-Fe and C=0, respectively. The peak at binding energy 289.3 eV was also quite
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significant compared to its bare glass counterpart — it corresponds to carboxylic acid groups
bonded to carbon. The Ols spectra (supplementary Figure A4H) showed three peaks (530.19,
532.06 and 533.05 eV) assigned to Fe-O (or Fe(OH)O or Fe;04), O-Si and chemisorded H,O. As
expected, combining H>O, with only H; lead to no deposit and HR-XPS spectra (supplementary
Figure A4l and A4J) identical to bare glass.

4.3.2.1 Thermal Stability and Defects

In order to quantify deposited functionalities on SWCNTs, we performed TGA analyses. Figure
22 shows TGA and Derivative Thermogravimetric Analysis (DTGA) of P-SWCNTs
(experimental treatment 1), S-T-SWCNTs (CO+Hy+H,0,, experimental treatment 11) and
SWCNT exposed to UVC light as a blank experiment. The DTGA graph of P-SWCNT shows
two peaks around 618.5 and 542.4 °C, assigned to SWCNTs with sp® hybridization and
disordered SWCNTs with sp® hybridizations, respectively [196]. The P-SWCNTs showed 77.2%
carbon with sp® hybridization and 14.9% residue which corresponds to metallic and inorganic
impurities. There are no significant differences or decomposition shifts between P-SWCNT and
SWCNT exposed to UV light. Using the mass loss of P-SWCNTs at 360 °C as a reference (10%),
the mass loss of S-T-SWCNTs is about 26%, meaning that treatment leads to decomposition at a
lower temperature. This is consistent with previous work where it was shown that a higher
amount of functionalities leads to a lower degradation temperature because of more treatment-
induced physical defects on the tubes’ surfaces and end-caps [87]. The DTGA of S-T-SWCNT
shows two new peaks around ca. 113°C and 329°C which are related to oxygen-containing
groups and carbon coating on SWCNTs, respectively [197]. The SWCNT peak is also shifted to
lower temperatures (from 618.5 to 451.3°C) after treatment (consistent with mass loss results). S-
T-SWCNTs presented 0.7% humidity, 19.5% deposited carbon with sp’ hybridization, 38.7%
carbon with sp” hybridization and 35% metallic residue. The increase of iron content agrees with

XPS results (presence of iron).
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Figure 22. TGA/DTGA graphs comparing thermal mass loss of P-SWCNTs (Experimental
treatment 1), SWCNTs exposed to UV and S-T-SWCNTs treated (Experimental treatment 11).

We characterized T-SWCNTs by Raman spectroscopy to study their hexagonal structure after
treatments. Table 8 (extracted from Figure A5 in supplementary results) shows the Raman
spectrum results used to assess SWCNT integrity. The ratio of D- to G-bands in Raman spectra
presents defects produced in the hexagonal structure [181]. This ratio is lower for P-SWCNT and
increases as a function of treatment time, confirming the tensiometry and XPS findings. If we
assume that the D/G ratio is assigned strictly to presence of functionalities producing structural
defect sites, the Raman results are also in agreement with the TEM observations (longer
treatment leads to a thicker, amorphous carbon coating — from experimental treatment 1 (0 min)
to experimental treatment 9 (60 min) to experimental treatment 11 (120 min) to experimental
treatment 12 (180 min)) [154]. In the case of 2h treatments, two different molar ratios, namely
0.12 and 2, were evaluated (Experiments 11 and 21). The higher molar ratio (Experimental

treatment 21) leads to higher D/G ratio, even higher than that of the long treatment time at low

Deriv. Weight (%/°C)
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ratio (Experimental treatment 12). This could be explained by the fact that increasing the H,/CO

molar ratio leads to an organic film with a higher amount of saturated carbon (with oxygen

carried away, likely in the form of water).

Table 8. D/G band ratio of SWCNTSs before and after treatment at different time obtained by

Raman spectra.

Samples Related Experimental Time (h) D/G Bond Ratio
Treatment

P-SWCNT 1 - 0.29

S-T-SWCNT 9 1 0.34

S-T-SWCNT 11 2 0.36

S-T-SWCNT 12 1 0.43

S-T-SWCNT 21 2 0.58

4.3.3 Treatment Homogeneity and Dispersibility of SWCNT's

Homogeneous treatment of SWCNT buckypapers will be an important factor in many

applications, including polymer nanocomposites or sensors, in which unfunctionalizaed areas

may deteriorate mechanical and electrical properties and overshadow the SWCNT’s performance

improvements [198]. We have performed XPS mapping of three typical SWCNT samples to

verify homogeneity of surface coatings (Table 9, experimental treatments 1, 9 and 11) at three

different regions on the samples (the head/position P1, middle/P2 and end/P3). Carbon, oxygen

and iron content is nearly identical at all positions, confirming that the treatment is homogeneous.

Table 9. XPS mapping results and their experimental conditions.

Characterization
Samples Ols Cls Fe2p

P1 P2 P3 P1 P2 P3 P1 P2 P3

1 6.4 6.9 6.6 92.7 92 92 - - -
Test 1 9 11 12 11 85.7 84.6 85.3 2.4 2.4 2.5
11 20.5 20.8 17.8 67.5 66.4 72.4 10.5 11 8.2
9 8 9 7 90 88.4 91.3 0.7 1.1 0.7
Test 2 11 19.3 154 16.6 70 78.7 75 9 4.6 7.2
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However, this homogeneity may not hold over the full thickness of the bucky paper sample used.
Given that many biological assays are conducted SWCNTs in suspension, through-the-thickness
heterogeneity may be an issue. To evaluate dispersion, samples exhibiting superhydrophilic
behaviors (Experimental treatment 11) were dispersed in deionized water at a concentration of
0.05 g/mL. After sonicating for 60 minutes, the samples were allowed to settle. Untreated
SWCNT samples from areas not reached by the PICVD treatment settled out, while treated S-T-
SWCNTs remained in suspension (Figure 23A). Sediments were removed through decantation
and the supernatants remained stable for at least 24 h (Figure 23B). The “supernatant SWCNTs”
are the samples that could be used for cytotoxicity assessments before applying them in
biomedical devices. Furthermore, the treatment resists sterilization by immersion of the sample
container in a boiling water bath for 30 min (variation in CA <5° before and after boiling, data

not reported).

Beyond sterilization in suspension, the S-T-SWCNTs exhibited exceptional stability,
hydrophobic samples (from experimental treatment 8) remained at 151+2° after 7 days (ambient
conditions), while hydrophilic samples (from experimental treatments 11 and 12) increased to
7+4°. This so-called “hydrophobic recovery” of the hydrophilic-treated sample is a well-
documented ageing phenomenon, dependent on absorption of contaminations, reorientation and
reconstruction of dangling groups on the surface [13, 46]. However, this phenomenon can be
significantly reduced in cross-linking modified surfaces [199]. These dispersion assays
demonstrate the change in wettability of individual S-T-SWCNT; dispersion into a wide variety

of solvents is the focus of on-going work.
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Figure 23. A) Dispersion of T-SWCNTs in deionized water after 24h, B) Well dispersion of T-

SWCNTs under vacuum in deionized water upon treatment.

4.4 Conclusions

In this study, we compared treatment of SWCNTs by ozone/UV and syngas/PICVD. The main
objective of this project was to functionalize SWCNTs with various surface energies ranging
from superhydrophilic to superhydrophobic. Although treatment of SWCNTSs by ozone/UV was
straightforward and superhydrophilic SWCNTs could be obtained in a short time, this method
could not meet the main goal of the project. Syngas/PICVD on the other hand provides an
efficient method to fabricate functionalized SWCNTs with oxygen-containing groups in a full
range of surface energies (ranging from superhydrophilic to superhydrophobic behaviour). Molar
ratio of the Ho/CO precursor mix, pressure and treatment time were found to have significant
effects during treatment. The PICVD induced coating on the SWCNTs was chemically
characterized and proved to be homogeneous (on the surface) and exceptionally stable (including
being subjected to boiling for sterilization purposes). This approach is therefore viable as a
technique to be used in various applications such as nanocomposites, aerospace and bio
applications, in which various degrees of functionality (and consequently surface energies) are
desirable. Furthermore, this method will be applicable to investigate the true effect of surface

energy on cytotoxicity, which will be the focus of subsequent work.
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ABSTRACT

Photo-initiated chemical vapor deposition (PICVD) is a solvent-free process that can be used to
produce thin films on a variety of substrates, with applications in fields ranging from biomedicine
to optics and microelectronics. This study presents a kinetic analysis for this process using syngas
(CO+Hy) as a precursor for the surface treatment of single walled carbon nanotubes (SWCNT)
with average dimensions of 1.5%x100 nm (diameter x length), and addresses the role of iron
pentacarbonyl (Fe(CO)s), a photo-active contaminant found in CO. This work builds upon
previously-developed reaction schemes for PICVD, based mainly on surface characterizations, by
coupling these analyses with gas-phase monitoring. This allows us to propose two separate
reaction schemes for the gas and surface phase reactions and consider temperature effects. On-
line FTIR, off-line GC-MS and on-line GC characterized the gas phase, while for surface
characterizations, XPS and TGA were used. Characterizations showed that a coating with a
general formula of C,Os,Fe, was deposited, corresponding to 0.29+0.04 mg carbon and
0.494+0.03 mg iron on the SWCNT substrate over the course of treatment. The Fe(CO)s was
identified as the key reactant in syngas/PICVD reactions and was nearly completely consumed
(94%). Mass balances derived from the gas phase characterization showed that Fe(CO)s inputted
to the plug flow reactor could potentially contribute the entire amount of 0.49+0.03 mg of Fe and
0.29+0.04 mg of C to the coating on the SWCNT, indicating that syngas/PICVD can be
optimized in the future to decrease gas throughput. Temperature did not show a significant effect
in the case of PICVD. However, in the absence of ultraviolet light, its role becomes determinant,

with rising temperatures causing more Fe deposition.

5.1 Introduction

Chemical vapor deposition (CVD) is a process used in the semiconductor industry to produce
thin films. The use of thin solid films is widespread - they are used in different technological
areas such as microelectronics (integrated circuits, transistors), optical devices (laser, fibers),
magnetic materials, solar energy conversion and the ceramics industry [99]. CVD can be
classified into three major processes, namely thermally activated CVD (TACVD), plasma
enhanced CVD (PECVD), and photo-initiated CVD (PICVD). In PICVD, chemical reactions are

initiated by light photons [95, 99] making use of various photo-sensitive precursors such as
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ethylene (C,H,) [86, 154], butadiene (C,H,) [86], hydrogen sulfide (H,S) [86], ammonia (NH;)
[85], and ozone (O3) [87] to synthesize the desired coatings. For example, Kasparek et al. (2016)
co-polymerized a gas mixture of ethylene/butadiene with hydrogen sulfide (H,S) to obtain thiol-

terminated thin films under vacuum-ultraviolet (VUV) irradiation [86]. Precursor selection
depends on the desired film properties and the available excitation wavelength of the light source
[101]. The resulting film features are affected by kinetic and operational parameters such as
choice of precursors, their respective flow rates (and molar ratio), their residence time in the
system, the total pressure in the reactor, and the substrate temperature [16, 101]. In particular,
residence time can be directly related to other processing parameters such as treatment time,
sample position inside the reactor and total flow rate of precursors, namely when using syngas
(CO+H,) as the precursor (identified herein as syngas/PICVD or PICVD) [200]. PICVD has
demonstrated wide potential as a solvent-free surface engineering tool, able to deposit coatings
and treat various surface geometries (nanoparticles to flat substrates) under ambient conditions.
This ability to operate at or near atmospheric pressure simplifies implementation, but
complexifies the chemistry, as various simultaneous and interdependent processes take place,
including homogeneous gas phase reactions (leading to reactive species formation), transport of
these reactive species to the surface by passing the boundary layer, chemisorption/physisorption
and desorption at the substrate surface [201], and heterogeneous reactions on the substrate
yielding a solid functional deposit. This complexity is compounded by the presence of
unexpected compounds, such iron pentacarbonyl (Fe(CO)s), a photo-active contaminant found in

CO [96].

Fe(CO)s forms over time inside steel CO cylinders, through a reaction with the cylinder wall at
high-pressure [202]. Its absorption cross section peaks at wavelengths between 200 and 350 nm
[203], meaning that it is readily dissociated by the light emitted by low-pressure Hg discharge
germicidal ultraviolet C (UVC) lamps used in recent PICVD work to form reactive intermediates
[203, 204]. The thermal decomposition of Fe(CO)s is reported between 160 and 300 °C and
forms Fe (III) oxide intermediates and iron oxide particles [205, 206]. Our group previously
suggested a preliminary kinetic model for PICVD based on surface characterizations [95, 99].
Dion et al. (2014) applied PICVD to functionalize flat surfaces under UVC light (253.7 nm) and
they proposed a set of reactions based on Fischer—Tropsch synthesis [99]. In their kinetic model,

CO and H; played the leading roles and the Fe(CO)s contribution was not considered. Farhanian
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et al. (2017) further detailed the reaction kinetics when treating silicon substrates - although
Fe(CO)s was considered in this kinetic model, the growth and termination reactions were mostly
based on CO and H; [95]. Considering the fact that syngas/PICVD is a flexible and promising
method to change the surface properties of nanomaterials, it is necessary to clarify the reaction

mechanisms at play for process scale-up to be eventually considered.

Our previous work [200] aimed to tailor the surface properties of single-wall carbon nanotubes
(SWCNTs) using PICVD, as these fascinating materials have various applications exploiting
their unique properties (such as high electrical conductivity and tensile strength [207]), but
require surface modification for example to alter their wettability to facilitate their use in polar
media (a key requirement for biomedical applications). Given the potential of these
nanomaterials, and the need to improve our understanding of the PICVD process, the present
work deals with the in-depth kinetic modeling of PICVD considering both gas and surface phase
reactions, as well as temperature effects on the functionalization of SWCNTs. To see how
temperature affects precursor concentrations and deposition rates, we also investigated the
functionalization of SWCNTs with TACVD, in which the light excitation of PICVD is replaced
by heating. In the proposed model, we considered various kinetic parameters such as reaction rate

of Fe(CO)s and temperature. The kinetic parameters are obtained experimentally.

5.2 Materials and Methods

5.2.1 Materials

Pure SWCNTs (P-SWCNTs) (96.5% w/w), syngas (CO and Hj, 99.97%), argon (99.9%) and
hydrogen peroxide (H,O,, 50% (w/w)), were purchased from Raymor-Nanolntegris, Air Liquide,
and Fisher Scientific (Montreal, Quebec), respectively. Liquid iron pentacarbonyl (Fe(CO)s,
>99.99%) was purchased from Sigma-Aldrich. CO and CO, calibration gas cylinders were
purchased from Air Liquide. Two 96 cm-long UVC germicidal lamps (Model T-97505-80, Cole-
Parmer Inc, low pressure Hg discharge, irradiance of 0.01 W/cm® at 3.5 cm) with the main and
minor emission peaks at 253.7 and 185 nm, respectively, were used for all experimental

treatments.
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5.2.2 Experimental Procedures and Conditions

The PICVD reactor used in this study consisted of a 25-mm internal diameter quartz tube reactor
illuminated by two UVC lamps, with gas flow supplied through three mass flow controllers
(Brooks, series S850E) and a syringe pump for photo-initiator (PI) injection (Figure 24) [200].
SWCNT samples to be treated (in the form of bucky paper) were placed 30 cm from the reactor
inlet, on a sample holder held at 45° with respect to the gas flow. After purging the reactor with
argon, CO (containing traces of Fe(CO)s, evaluated at 6.7+0.2 ppm/min, Figure Bl in
supplementary results) and H, were injected with a molar ratio of 0.12 and a total flow of 400
ml/min. Hydrogen peroxide was continuously injected at a flow rate of 1 mL/h flow rate during
the treatment. Except when otherwise specified, all surfaces were treated for 60 min under a
pressure of 18.5 kPa (gauge pressure). Various temperatures (25-200 °C) were applied to the
sample holder, using a built-in electrical heater. A thermocouple was located right below the
sample to monitor the temperature. In the course of this study, error bars () represent the

standard deviation.
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Figure 24. Schematic of the PICVD reactor.

5.2.3 Surface and Gas Phase Characterization

The outlet gas (composed mainly of CO, H, and Fe(CO)s) was analyzed with a Nicolet iS5
Fourier Transform Infrared (FT-IR) spectrometer operated in transmission mode with a quartz
flow cell (Pike). Each spectrum is the result of 256 scans ranging from 500 to 4000 cm™ at
resolutions of 16 cm™. Gas chromatography mass spectroscopy (GC-MS) (Agilent 5975C VL
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MSD Triple Axis) equipped with two columns (Molsieve 5A and HayeSep N columns,
California, USA) characterized gas samples. For CO and CO; quantifications, the HayeSep N
column (80/100 Mesh 0.5mx1.8”) was used, while less stable components such as organic
materials or Fe(CO)s were characterized with the Molsieve 5A column (13x80/100 Mesh
1.5mx1/8”). Helium served as carrier gas (flow rate of 0.5 mL/min). The gas samples analyzed
were collected from the PICVD reactor using a Tedlar bag. For Fe(CO)s quantifications, 10 ul
volume samples were injected to the GC-MS, while in the case of CO/CO,, the column was first
purged and then filled by the sample. The oven temperature had an isotherm at 45 °C for 20 min,
and then increased linearly from 45 to 230 °C, until a total analysis time of 90 min was reached.
Three Fe(CO)s samples diluted in toluene with concentrations of 0.1, 0.5, and 100 ppm were used
for calibration of the GC-MS signal (Figure B1, supplementary information). Here, based on the
NIST 2010 library, components with a quality percentage over 90% are identified and reported
[208] . To further quantify H,, CO, O,, N, C,-C4; hydrocarbons and CO,, micro-gas
chromatography (Varian CP-4900 Micro Gas Chromatograph) was used as well.

All treated samples (SWCNT sheets) were characterized via X-ray photoelectron spectroscopy
(XPS) (VG ESCALAB 3 MKII system using a Mg Ka source), with 100 eV pass energy in 1 eV
energy step size applied for survey scans. To obtain more insight into the composition of treated
samples, high-resolution (HR) spectra were collected, with 20 eV pass energy in 0.05 eV
increments. All peaks were fitted as per Yang and Sacher’s approach [179].

Thermogravimetric analyses (TGA) of the treated SWCNTs were performed with a Q500 TA
instrument under air, over a temperature range of 30-800 °C and a heating rate of 10 °C/min

(around 4.5 mg samples in a platinum TGA pan).

5.3 Results and Discussion
5.3.1 Surface Characterization

5.3.1.1 X-ray Photoelectron Spectroscopy

We previously studied surface treatment of SWCNTSs using PICVD and characterized the surface
chemistry extensively by XPS [200]. Briefly, the survey XPS spectra showed approximately 20%
at. carbon (C), 20% at. iron (Fe) and 60% at. oxygen (O) on the surface (Figure 25). Conversion
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of these values into weight percentages leads to 46.7 wt% of Fe, 11.1 wt% of C, and 42.2 wt% of
O. The surface chemistry (atomic percentage of functional groups) does not vary as a function of
treatment time, for treatment times greater than 35 min, at which point the SWCNT surfaces were
covered completely by the coating [95]. This implies that an oligomeric coating with a surface
atomic structure of “C,0O3,Fe,” deposited on the surface of SWCNT buckypapers. Farhanian et
al. (2017) previously showed a linear relation between film thickness and treatment time in
syngas/PICVD treatments, on a silicon substrate, with a deposition rate of 0.7 nm/min (for a total
syngas flow of 400 mL/min, a residence time of 0.6 min, and treatments durations of 30-180 min)
[95]. Studying the high-resolution Cls peak, treated SWCNTs show four major functionalities
compared to purified, untreated SWCNTs (P-SWCNTs): C-C, -OH, -COOH and carbonate
groups with binding energies of 285, 286.7, 288.9, and 289.8 eV, respectively. As previously
shown, the surface is completely and homogeneously covered by the coating [200]. The Ols peak
shows two peaks of interest at binding energies of 530 and 531.65 eV, assigned to O-Fe (or
Fe,03) and C-OH (or Fe(OH)»), respectively [193]. The Fe2p peak confirms that Fe is in the form
of Fe,03, Fe(OH), and Fe;O4 with subpeaks at binding energies of 710.55, 713.55, and 718.75
eV, respectively [193].
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Figure 25. Elemental surface composition of SWCNTs treated by PICVD without heating as a

function of treatment time.
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Temperature is a key thermodynamic parameter that can influence the surface chemistry of
coatings [16, 209]. Therefore, we varied the substrate temperature (both with and without UVC
illumination, from 25 to 200°C) and assessed the surface composition via XPS (Figure 26). From
100°C onwards (with the UVC lamps on), we never had complete surface coverage of the
substrate, illustrated by the appearance of C=C bands from the SWCNT surface in high-
resolution XPS scans (Figure B2, supplementary results). The coating thickness was therefore
either below the detection limit of the XPS (detection limit of XPS at most 10 nm) or completely
absent in certain areas. In other words, the adsorption of reactive species is limited by rising
temperature (thermal desorption) [210]. Coating composition is generally similar, namely with
respect to O-Fe and O-C functionalities, although oxygen-containing functionalities do increase

with temperature (Figure 27).
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Figure 26. Atomic percentage of carbon, iron and oxygen deposited on SWCNTs after PICVD
(left) and TACVD (right) treatments at temperatures ranging from 25 to 200 °C.

When the UVC light is off (TACVD), the effect of temperature can clearly be assessed. At room
temperature, there is no deposition (the elemental composition corresponds directly to that of P-
SWCNTs). Based on XPS survey scans, as temperature increases, C content decreases, while Fe
increases. HR-XPS results showed that the preponderance of Fe functionalities (such as O-Fe) is

greater than O-C functionalities - which is different from the case where heat is combined with



79

UVC (Figure B3, supplementary results) — and this is accentuated by increasing temperature.
Based on an overlay of Cls HR-XPS (Figure B3, supplementary results), TACVD treatments led
to a coating with a higher content of oxygen-containing groups compared to PICVD (with or
without heat), consistent with observations by [205, 206]. This demonstrates that the heat- and
light-driven decomposition pathways for Fe(CO)s are different. That being said, according to
Figure 26, a TACVD treatment at 200 °C, leads to an elemental surface composition close to that
of room-temperature PICVD. The addition of heat is not without effect however — at
temperatures higher than that of the thermal decomposition of Fe(CO)s (160°C) in the case of
PICVD, coatings with different composition (more oxygen containing functionalities, especially
COOH) compared to room-temperature PICVD were formed (Figure 27). It is worth mentioning
that after all UVC-based treatments, the PICVD reactor and SWCNT substrates became

yellowish, while TACVD treatments did not lead to any color change.
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Figure 27. HR-XPS Cls peak of (A) treated SWCNTs by PICVD at temperatures of 25, 100, 125,
and 200 °C; (B) treated SWCNTSs by TACVD at temperatures 25, 100, 125, and 200 °C while
they are compared with (P-SWCNTs).

5.3.1.2 TGA Characterization

The deposits formed both with and without UVC illumination, at room temperature and at 200
°C, were quantified via TGA analyses. The data presented in Figure 28 is extracted from the raw
TGA and DTGA information presented in Figure B4 in supplementary information. This
interpretation, based on [196, 197], shows that a 4.51 mg samples of P-SWCNTs is composed of
3.4340.11 mg C=C carbon (76.1£3.0% w/w, from the SWCNT structure), 0.42+0.03 mg
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humidity (9.5£0.8%, w/w) and 0.65+0.11 mg residue (14.5£2.9%, w/w). The residue is
composed of graphitic C, soot and most importantly metallic species such as Fe (sourced in this
case from the catalyst used for SWCNT growth [211, 212]). After PICVD treatment, SWCNT
samples weighing 4.27 mg were composed of 1.98+0.04 mg C=C carbon (46.4+0.9%, w/w) and
1.64+0.03 mg residue (38.5+0.7%, w/w), with a new DTGA peak assigned to deposited C (in the
form of C-C) accounting for 0.29+0.04 mg (6.7+1.0%, w/w) (remainder is humidity). In the
absence of UVC light (TACVD), the treated SWCNT sample (3.09 mg) consisted of 1.37+0.03
mg C=C carbon (44.3+1.2%, w/w), 1.43+0.03 mg residue (46.3+1.1%, w/w) and only 0.24+0.02
mg deposited C (7.8+£0.8%, w/w) (remainder humidity). To confirm that Fe (derived from iron
pentacarbonyl) is responsible for the increased residual fraction measured after the various
treatments, we characterized the residue using XPS. For PICVD samples, the residual fraction
was composed of 10.0£1.4% at. Fe, 58.8+1.7% at. O and 31.2+0.3% at. C (graphitic C).
Conversion of the atomic % of Fe to wt% gives the value of 30.0+1.4 wt%. Given the weight of
the residue for treated SWCNTSs samples (determined via TGA characterization, 1.64+0.03 mg),
we can therefore calculate that the PICVD process was responsible for the addition of 0.49+0.03
mg of Fe. In other words, PICVD leads to a total deposition of 0.78+0.07 mg of C and Fe over 60
min, or a total deposition rate of 0.013+0.001 mg/min. Considering 10.0+£1.4% at. deposited Fe
(30.0+1.4 wt%. Fe) in the case of TACVD, 0.43+0.03 mg of Fe is deposited on the samples after
60 min of treatment. Therefore, by taking the deposited mass of Fe (0.49+0.03 and 0.43+0.03 mg
for PICVD and TACVD, repectively) and the related initial mass of analyzed samples (4.27 mg
and and 3.09 mg of SWCNTs treated by PICVD and TACVD, respectively), 11.5% w/w of
treated PICVD samples and 14% w/w of treated TACVD ones consist of Fe. This shows that
TACVD leads to coatings with more Fe rather than PICVD (the main component in the residue),
also in agreement with the XPS findings, as well as previous works by [205, 206].
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Figure 28. TGA characterization of P-SWCNT and SWCNTs treated by PICVD.

5.3.2 Gas-Phase Characterizations

5.3.2.1 Fourier Transform Infrared Spectroscopy

Having confirmed that measurable deposits form on the surface of SWCNTs, we investigated the
reaction products to better understand the PICVD process by using an on-line FTIR system
connected to the reactor outlet. Argon and H, were fed to the reactor as control samples, as they
are not expected to show any IR absorption (UVC lamps were inactive) (Figure 29). When CO
and H, are injected (UVC lamps inactive), the collected spectra showed two double peaks at
wavenumbers of 2000/2050 cm™ and 2100/2150 cm™, attributed to Fe(CO)s and CO, respectively
[213] . The fourth spectrum corresponds to syngas injection when the UVC light is on. As
expected given its known photodissociation, activating the UVC light causes a decrease in the
intensity of the Fe(CO)s peak. Upon injection of H,O, (as a photo-initiator (PI) [214]), the
Fe(CO)s peak almost completely disappears - this can be explained by the reaction of the
remaining Fe(CO)s with the hydroxyl (OH) radicals produced by photodissociation of H,O,
[215]. The FTIR results therefore corroborate consumption of Fe(CO)s under UVC light, and
qualitatively show the effect of hydrogen peroxide during PICVD processing.
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Figure 29. Online FTIR characterization of gaseous species at the PICVD reactor outlet. From
bottom top, we present the outlet following the injection of Argon only, H, only, CO+H, (UVC
lamp off) CO+H, (UVC lamp on), and finally CO+H; with H,O, injection (UVC lamp on).

5.3.2.2 Gas Chromatography

Building upon the qualitative FTIR results, GC-MS was performed to identify and quantify the
concentrations of chemical compounds at the inlet and outlet. Analysis at the PICVD reactor inlet
(Figure B5A in supplementary results) identified CO and Fe(CO)s as the sole products (90%
match in the GC-MS library). These compounds had retention times of 9.4 and 1.22 min,
respectively, and were identified using their mass spectra (with peaks at m/z = 56, 84 and 112 for
Fe(CO)s and 12, 16 and 28 for CO). The same compounds were detected at the reactor outlet
(Figure B5B in supplementary results), but with different concentrations since the UVC lamp was
on. To quantify the consumption of gas species during PICVD treatment, the GC-MS was
calibrated for CO, CO; and Fe(CO)s with two different columns (HayeSep N and Molsieve 5A
columns). The calibration for Fe(CO)s was performed at concentrations of 0.1, 0.5 and 100 ppm
in toluene. For CO and CO, quantification, calibration was performed using calibrating gas

cylinders at purities of 1, 10 and 99.99%. Each concentration was analyzed at least three times by
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GC-MS to generate the calibration curves (see Figure B1, B6A and B6B in supplementary
results). Based on this calibration, the initial concentration of Fe(CO)s and CO at the reactor inlet
were 6.7+0.2 ppm and 75+£2%, respectively (Figure 30A and 30B), when co-injecting CO, H, and
H,0,. After a 20 min exposure to UVC light (with SWCNTs in the system), the concentrations of
Fe(CO)s drops to 0.4+0.1 ppm, while CO remained relatively constant (any difference was below
the detection limit of the instrument). In other words, 94+1% of the Fe(CO)s was consumed
(which is reasonable given its strong absorption cross-section at the UVC lamps’ peak emission
[216]). When heating to 200 °C with UVC irradiation (also for 20 min), Fe(CO)s consumption
did not change significantly (from 94+1% to 96+1%), in agreement with XPS results; CO also
remains constant. If heating is applied independently (i.e. UVC lights remain off), the
consumption of Fe(CO)s drops to 90+3% (i.e. final concentration of 0.7+0.2 ppm), with CO
remaining unchanged (1h treatment time and total flow rate of 400 mL/min). Because GC-MS is
unable to detect hydrogen, off-line micro GC was used. This analysis further serves to confirm
the CO trends in GC-MS. At the inlet, CO and H, concentrations were 75+2% and 25+2%,
respectively, while they were 75+2% and 25+2% at the outlet (Figure 30C). In other words, gas-
phase analysis showed no measurable consumption of CO and H, during the PICVD process [99,
191, 192, 200]. Comparing the gas-phase characterizations with the previously described TGA
results helps to clarify the roles of CO and H, and complete the mass balance. TGA analyses
combined with XPS results showed that 0.49+0.20 mg of Fe and 0.29+0.04 mg of C were
deposited onto the surface over the course of a 60 min PICVD treatment. Considering an inlet
concentration of Fe(CO)s (6.7+0.2 ppm) in the CO stream (fed at 300 mL/min, the total number
of moles over 60 min of treatment: 850 pmol, 18.5 kPa, 25 °C), the iron pentacarbonyl alone can
account for a maximum of 47.3=1.4 mg of Fe, 50.9+1.5 mg of C, and 67.842.0 mg of O
deposited within the entire reactor over the course of a 60 min treatment (for every Fe atom
present in the coating, 5 atoms of C and 5 atoms of O are deposited). Knowing that Fe(CO)s
represents the sole source of Fe, and that 0.49+0.20 mg of Fe were deposited onto the SWCNT
sample, this implies that approximately 1% of the inbound Fe is part of the coating. If we assume
the same ratio applies to the C from Fe(CO)s_then up to 0.53 mg of C could be traced back to that
compound — this is greater than the amount of C actually deposited (0.29 mg), thus implying that
Fe(CO)s is likely the sole source of C and Fe for deposition reaction and the CO fed to the reactor
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does not participate in the reactions. Even with the margin for error on the Fe estimate (+0.23

mg), this remains true for the lowest value of Fe.

Based on these findings and previously discussed FTIR results, we can infer that Fe(CO)s and
H,0O, are the sole active contributors to the reaction. In addition, measuring the weight of
SWCNT buckypapers with a microbalance before and after treatment by PICVD revealed that
1.21 mg of coating was added to the surface over the 60 min reaction. Since 0.49 and 0.29 mg are
already assigned to Fe and C, respectively, this leaves 0.43 mg for the O and H present on the
surface. If we can assume that O deposits in the same ratio as C sourced from Fe(CO)s (0.57%)
onto the SWCNT sample, we can account for 0.39 mg. The remainder (0.04 mg) is sourced from
H,0, — assuming a 1:1 atomic ratio, 0.003 mg are H and 0.04 mg is O. In other words, the final
surface composition is 0.29 mg of C (24 wt%, 24 pmol), 0.43 mg of O (35 wt%, 27 umol), 0.49
mg of Fe (40 wt%, 9 umol), and 2.35 pg of H (0.2 wt%, 3 pmol). This corresponds to an
approximate composition of C3sHsO43Fe 4. This bulk chemical formula is different from the one
obtained through the near-surface analysis using XPS (C;OgoFei9). The difference can be
justified by a different structure of the bulk from the surface coating. It can be also assigned to
the presence of unreacted radicals on the treated surfaces that can be oxidized upon the exposure

to the air [97].

5.3.2.3 Concentration of Fe(CO)s; Over Time

The mass balance used to confirm the role of CO in the mechanism also identifies that deposition
occurs away from the SWCNT sample. This is apparent visually, as the quartz tube reactor
become more opaque over time, which can be measured by light transmission through the tube
(Figure 31 inset). The decreased amount of light also means that Fe(CO)s consumption decreases
as a function of treatment time — the impact on Fe(CO)s concentration at the reactor outlet
becomes significant for treatment times longer than 30 min (Figure 31). Therefore, reaction
efficiency decreases over time during PICVD processing. It is interesting to note that there is no
significant effect on Fe(CO)s decomposition for the first 20 min of treatment, despite a clear
decrease in irradiance (Figure 31 inset) — this implies that 2x10™* W/cm® is sufficient energy for

the Fe(CO)s decomposition reaction to move forward.
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5.3.3 Kinetic Model

The kinetic model and proposed mechanism for PICVD in this study include both gas-phase and
surface reactions focused on the decomposition of Fe(CO)s and H,O, as the main precursors

(Tables 10 and 11).

5.3.3.1 Gas-phase Reactions

According to the GC analysis, 94+1% of Fe(CO)s is consumed during PICVD processing (20
min treatment), in agreement with this compound’s high absorption cross-section in the 200 to
350 nm range (overlapping with the UVC lamps’ major emission peak at 253.7 nm) [203]. As
Seder et al. (1986) reported, the photo-dissociation pathway of this compound is sequential, from
Fe(CO), to Fe(CO); and Fe(CO), at 248 nm (very close to the present work, reactions G1-G3,
Table 10) with corresponding reaction rate constants of (3.5 +0.9)x10", (1.3 £0.2)x10" and (1.8
+0.3)x10" cm’/mol.s [204]. The dissociation energies for Fe(CO)s, Fe(CO)s, Fe(CO)s, Fe(CO),
Fe(CO), and Fe are reported to be around 56, 60, 91.5, 114.5 and 140 kcal/mol, respectively. A
UVC light at 253.7 nm can provide energy equal to 112.5 kcal/mol [217, 218]. Therefore, except
Fe(CO) and Fe, all other intermediates (Fe(CO)s, Fe(CO)4, Fe(CO)s, Fe(CO);) can be formed in
the reactor (reactions G1-G3, Table 10) [217, 218]. However, the UVC lamp also emits a
secondary peak at 185 nm, which carries a photon energy of 155 kcal/mol. Therefore, it is
possible to produce both Fe(CO) and Fe (Reactions G4 and G5, Table 10). Given H,0,’s wide
absorption range (180-340 nm), it can dissociate into two hydroxyl radicals (OH") under UVC
light (reaction G6, Table 10). According to the FTIR analysis, H,O; injection increased Fe(CO)s
consumption. This is evidence of the Fenton reaction, in which OH" radicals (formed from
dissociation of HyO,) and Fe(CO)s react to form Fe' (CO),OH and 3CO (reaction G7, Table 10) .
Formed OH’ can then react with H,O, to form HO, radical and H,O (reaction G8, Table 10).
Further, Fe(CO), can also react with the OH" radical to form FeOH and 2CO (reaction G9, Table
10) [219]. CO" and H; can participate in chain reactions (reaction G10, Table 10) to produce
HCO' and H’ radicals. Carboxylic acid groups can be created by reacting CO and H,0, (reaction
G11, Table 10). Fe-containing intermediates can collide with each other to produce various iron

oxide components in the gas phase, which subsequently deposit on the surfaces inside the reactor

(reaction G12, Table 10).
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Table 10. Proposed gas phase reaction mechanism for PICVD (FeCOs+H,0,).

Samples Reactions Ref.
Decomposition of iron pentacarbonyl
Gl Fe(CO)s + hv — Fe(CO), + C+O [204]
G2 Fe(CO)y + hv— Fe(CO); + C+O [204]
G3 Fe(CO); + hv— Fe(CO); + C+O [204]
G4 Fe(CO); + hv— Fe (CO) + C-O [220]
G5 Fe(CO) + hv— Fe* + C'O [220]
G6 H>0, + hv— 20H [221]
Free radical reactions
G7 Fe(CO)s + OH — Fe'(CO),0H + 3CO [216]
G8 HO" + H,0, — HO, + H,O [222]
G9 Fe(CO),+ OH — FeOH + 2CO* [221]
G110 CO+H,—-HCO+H [95]
Gll C'O + H,0, > COOH* + OH [223]
G2 Fe(CO),+ Fe(CO); — Fey(CO);+C°O [224]

5.3.3.2 Surface Reactions

The surface reactions can be approximated as chemisorption and adsorption of the main gaseous
species (H,0,, CO, Fe(CO)s and H,) to the surface by passing through the boundary layer above
the SWCNT substrate (reactions S1-S6, Table 11). Reaction S6 describes chemisorption of OH
radicals which forms from the photo-dissociation of H,O, in the gas phase participate in the
radical chain reactions to form COOH and hydroxyl iron (Fe(OH),) derivatives through
attachment to the free C/Fe sites on the surface (S20 and S29, Table 11). They also generate
available free sites for the deposition of other reactive species via subsequent desorption of
produced gases. After adsorption of reactive species and precursors, the mechanism continues by
dissociation and excitation of adsorbed components (reactions S7 to S14, Table 11). We assume
the same photo-dissociation of Fe(CO)s to Fe(CO)s, Fe(CO)s;, Fe(CO),, Fe(CO) and Fe,
sequentially, occur on the surface as in the gas phase (reactions S7-S11, Table 11). The reaction

of Fe(CO)s and OH’ radicals (Fenton reaction) leads to Fe" (CO),OH; and 3CO (reaction S12,
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Table 11). CO’ radicals detached from Fe(CO)s can deposit on available Fe, oxygen and carbon
sites [225-227]. CO" radicals can react with H, to produce CH,/CO, and HCO'/H" radicals
(reaction S13 and S14, Table 11). Fe(CO); colliding with reactive species under UVC light leads
to excited Fe (Fe*, reaction S15). The recombination reactions (or propagation steps) occur on
the surface and various Fe components, such as Fey, Fe, FeCO, Fe(OH);, and Fe,Os, can be
formed according to reactions S15-S21 (Table 11). In the propagation reactions, various
hydrocarbon and H' radicals can be formed through reactions S22 to S24 (Table 11). Reactive
hydrocarbon species are assumed to adsorb onto both free sites on the SWCNT surface, and onto
already adsorbed C species [228]. CO; and H radical can be obtained through reaction 25 (Table
11) in which termination happens by reacting CO™ and OH" radicals. The collision of reactive
species with each other terminates chain reactions, leading to various products such as FeOH,
H,0, COOH, CO, Hy, etc. on or near the SWCNT surfaces (reactions S26 to S29, Table 11). Film
growth can continue through reaction S30 to form olefins and by the overall reactions (S1-S30)

leading to metal-organic compounds (Table 11).

5.4 Conclusions

In this study, we presented a kinetic model and reaction pathway for syngas PICVD based on
both gas phase- and surface phase- characterizations. We also investigated the effect of
temperature on PICVD as the main kinetic parameter for the first time and compared it with the
results obtained from TACVD. The results showed that heat leads to a greater fraction of
deposited Fe. While XPS results revealed the surface compositional structure of coating
approximated as C,;O¢0Fej9 based on the atomic percentage (with mainly carboxylic, hydroxyl,
Fe(CO),, and Fe(OH), chemical moieties), TGA and gas-phase characterizations revealed a bulk
coating structure of C3sHsO43Fe 4. A reaction scheme based on surface and gas phase reactions
helps explain the appearance of the surface functional groups. GC-MS characterizations revealed
the significant effect of Fe(CO)s in the photochemical reaction: 94% is consumed and it is a
major contributor to the oligomeric coating, though H,O, also contributes, but to a lesser extent
(only 0.016% of the H,O, feed is deposited on ther surface). This points to a processing
opportunity: if iron pentacarbonyl concentration can be controlled, it will be possible to

significantly reduce CO and H;, consumption compared to what was previously thought.
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Table 11. Proposed surface reaction mechanism for PICVD (FeCOs+H,0,) (s refers to oxygen,

iron, and carbon free sites).

Samples | Reactions Ref.
Adsorption and Desorption
S1 Fe(CO)s +s < Fe(CO)s, n/a
S2 CO+se CO, n/a
S3 Fe'(CO); +s < Fe'(CO) n/a
S4 (CO),FeOH+s <« (CO),FeOH, n/a
S5 Fe)(CO); + s <> Fex(CO)sq n/a
S6 OH '+ s < OH, n/a
Initiation
S7 Fe(CO)s; + hv— Fe (CO)ys + C'O [204]
S8 Fe(CO)y + hv— Fe (CO)3s + C°O [204]
S9 Fe(CO)ss + hv— Fe (CO)x + C°O [204]
S10 Fe(CO)y + hv— Fe (CO) s+ C'O [220]
S11 Fe(CO) s+ hv— Fe*; + CO [220]
Si2 Fe(CO)s, + OH — Fe* (CO),0H; + 3C°O [221]
S13 2C°0 + H, —» CHy, + CO; [95]
Si14 CO,+ Hyy— HCO,+ H [95]
Propagation
S15 Fe'(CO), — Fes + 2C°0 [224]
SI6 Fe, + Fe'(CO) - F'," + CO [224]
S17 Fé" + Fe(CO) — F” + C'O [224]
SI8 Fe" + H,0, —» F™ + OH + OH [229]
S19 Fe'' + H,0, » Fe" + H + HO, [229]
S20 Fe' + 30H «— Fe(OH)s;, /230]
S21 2Fe(OH);;— Fe;03, + 3H,0 [231]
S22 HC' O, + H, > H,C'O, + H [95]
S23 C.HZ‘Y+H2—>C.H3S+H. [95]
S§24 CH; +2CO— CH;CO+CO [95]
S$25 CO,+OH - CO,+H [95]
Termination

S26 Fe' (CO), + OH — FeOH + 2CO [95]
527 2H, — H,+ 2s [201]
S28 20H; > H,0 +s [201]
S29 C'Os,+ OH — COOH, [232]
S30 l’l(CO) + 2n (HQ) — C,Hoyv; + nH,O [95]
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CHAPTER 6 GENERAL DISCUSSION

Carbon nanotubes have gained significant interest in various applications considering their
individual properties. Depending on the application, a different wettability property and
functionality are suitable for them. For example, in the nanocomposite industry, CNTs have been
used to reinforce mechanical and physical properties. Whereas raw SWCNTs are able to disperse
in non-polar polymers, to be dispersed in polar ones, they must be functionalized. In the
biotechnology and pharmaceutical industries, there are extensive studies focusing on either the
compatibility or cytotoxicity of CNTs, many of which are in contradiction. Many of these
contradictions stem from CNT properties, such as aspect ratio, size, functionalities,
functionalization degree, and hydrophilicity or hydrophobicity as well as defective sites on their
hexagonal surface structure. The interesting point is that many of these properties are caused by
functionalization methods. For example, the functionalization of CNTs with wet chemistry leads
to many defective sites on their hexagonal structure and uncontrolled surface energy,
hydrophilicity, and functionality. Therefore, the demand for a new solvent-free, gas-phase
treatment approach for SWCNTs, which can apply a range of wettability to the surface with the
same functionality, is clear. Accordingly, PICVD has been chosen based on its advantages and
disadvantages, as highlighted in the literature review. From an engineering point of view,
treatment costs on an industrial scale should be reasonable. To keep precursor costs low, and to
increase the processing versatility (to make both hydrophilic and hydrophobic surfaces), syngas
has been chosen as the main precursor. Therefore, the first objective of this study stands on the
evaluation of the syngas/PICVD ability to make a full range of wettability on the SWCNT
surfaces followed by the successful optimization of effective operational parameters. To gain
more insight into the syngas/PICVD process, the second objective of this project was to
understand and investigate the kinetic parameters, reaction mechanism, and reaction rates of

syngas/PICVD.

6.1 Proof of Concept: Applicability of Syngas/PICVD to Treat SWCNTs

In the first paper (Chapter 4), we introduced surface functionalities on SWCNT surfaces
reproduced to a controlled functionalization degree. To see if it was successfully functionalized,
we used various analysis techniques, such as XPS, TEM, and TGA. Survey XPS results showed a

53% increase in terms of oxygen content after treatment. HR-XPS was done to understand the
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chemical structure of coatings. HR-XPS revealed that the coating structures mostly consist of C-
C, C-OH, Fe(OH);, COOH, O=C-F-Fe, Fe,03, Fe-O, and FeOOH. Quantitative TGA results
proved that 19.5% C-C carbon and 20% residue is added to the SWCNT surfaces after treatment.

The iron was coming from the Fe(CO)s source as an impurity in the CO tank.

TEM images revealed the morphology of syngas/PICVD coatings around the SWCNT bundles.
Coatings were mostly deposited around a bundle of SWCNTs rather than individual ones.
However, we did find SWCNTs treated individually. This is probably the most important
challenge in the functionalization of SWCNTs using syngas/PICVD, where a bundle of
aggregated SWCNTs is trapped by the coating. This problem was expected due to utilizing a plug
flow reactor and SWCNTs in the form of bulky papers. However, we could clearly promote the

dispersibility of SWCNTs in polar solutions.

In this work we investigated several operating parameters, such as flow rate, treatment time, the
molar ratio of H,/CO, pressure, the position of samples inside the reactor, the effect of UV light,
and the concentration of PI. According to the results, we could introduce a vast range of
wettability (from super-hydrophilic to super-hydrophobic) to the SWCNT surfaces. To monitor
the surface wettability, we used contact angle measurements using a tensiometer and Raman
spectroscopy. The surface energy of treated SWCNTSs was approximated using the Owens-Went
method based on wettability results and consequently plotted versus the aspect ratio of H,/CO.
Figure 32 shows an increasing wettability of SWCNTs as a function of the molar ratio of H,/CO.
Experimental data clearly showed (contact angle measurements) that changing the pressure and
position of samples inside the reactor completely changed the surface wettability while the
surface oxygen content did not substantially change. Therefore, the hypothesis is that the physical
arrangement of functionalities affects the surface wettability of SWCNTs rather than the

chemical attachment of oxygen-containing groups.
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Figure 32. Wettability of SWCNTs in terms of molar ratio of H,/CO.

Another effective parameter in the syngas/PICVD process was the use of hydrogen peroxide as a
photo-initiator. In fact, hydrogen peroxide can easily decompose into two hydroxyl radicals
(OH®) under UVC light. Short-lived hydroxyl radicals are highly reactive. This form of reactive
oxygen is one of the most destructive forms, which can easily cause oxidation and peroxidation
lipids and molecules. For the first time, Fenton showed that hydrogen peroxide, as the most
available source of hydroxyl radicals, can be oxidized to OH® with ferrous salts [233]. Oxygen
molecules can get an electron from metal ions, including Fe*" and Fe’" and produce hydroxyl
radicals. In the syngas/PICVD system, we have both Fe’" and Fe’* based on XPS
characterizations. Therefore, oxidation and reduction reactions are taking place on the surface. It
thus makes sense that by increasing the concentration of the PI (H,O;), more hydroxyl radicals
are provided for the system and more functionality is expected to deposit on the SWCNT
surfaces as shown in the XPS results. Survey XPS results showed up to 60% of oxygen is

introduced on the SWCNT's surfaces.

6.2 Investigating Kinetic Parameters of Syngas/PICVD

Before this study, there was no information about the mass balance of syngas/PICVD and related

gas-phase kinetic parameters that could demonstrate temperature was the most important
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thermodynamic factor. Previous mechanisms of the reaction were suggested only based on
surface characterizations while the mechanisms were mostly defined based on reaction syngas.
In this study, by applying both gas- and surface-phase analysis, we could understand the effect of
each precursor quantitatively. Doing many experiments with various CO cylinders presenting
different concentrations led to a graph (Figure 33) in which XPS-identified functionalities (i.e.,
FeO, OH, CO, and COOH) were plotted versus the concentration of Fe(CO)s. The results
surprisingly showed that there were no functionalities on the SWCNT surfaces when the CO

cylinder contained low Fe(CO)s concentration.
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Figure 33. Syngas/PICVD treatment of SWCNTSs with various CO cylinders showing different
Fe(CO)s content.

Therefore, the main point of this graph is that CO does not contribute to the reaction and the key
role is playing by Fe(CO)s, a contaminant in CO cylinders. Considering its high absorption cross-
section at the wavelength of 253.54 nm and low stability at atmospheric pressure and room
temperature, significant consumption of this contaminant was expected along the reactor during
the reaction. GC, GC-MS, and FTIR were the main gas-phase analytical methods and they
revealed 94% consumption of this molecule during the treatment. In parallel with Fe(CO)s

consumption, the introduction of the above-mentioned functionalities, such as CCOH and OH



95

groups, was observed on the SWCNT surfaces. The key role of Fe(CO)s in the syngas/PICVD as

an initiator was evident.

The main point to discuss here is whether H,O; is consumed in the PICVD reactor or not. FTIR
results presented in Figure 29 clearly show that H,O, is affecting the concentration of Fe(CO)s.
The Fenton reaction can be considered here in which the oxidation and reduction of iron are

taking place inside the reactor in parallel (Equations 16 and 17).
Fe*" + H,0, > Fe’" + OH + OH’ Equation 16
Fe'" + H,0, 2 Fe** + OOH + H" Equation 17

H,O, has an appropriate absorption cross-section at the wavelength of 254.53 nm, showing this
molecule can form two OH radicals upon being exposed to UV light. In this case, we can expect
Fenton reactions, too. The challenging point in this study was that the gas-phase analysis did not
show any consumption for CO and H». On the other hand, no deposition is formed using the CO
cylinders with low concentration of Fe(CO)s. Regarding the quantitative mass of deposited
carbon and iron from TGA results along with the carbon mass balance calculations showing that
Fe(CO)s could account for all the carbon deposited. Therefore, by sing a ppm concentration of
Fe(CO)s, 1 mL of H,O,it would be possible to obtain a similar coating. XPS analysis was used as
a complementary characterization method to reveal the surface chemistry of coatings during this
study. The XPS results showed the same surface mass percentage for the coating over time,
C21060Fe19 whereas the bulk characterization showed a different coating structure, C,4H30,7Feo,
Based on the mass balance calculations and characterizations, the coating should present a
chemical structure as in Figure 34. Based on the study done by Farhanian et al. (2017), the film
thickness growth is following a linear equation as Y=0.7t where Y and t are film thickness (nm)
and treatment time (min), respectively. Accordingly, we expected to have a 42 nm coating

thickness by applying a syngas/PICVD treatment for 1h (Figure 34).
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Figure 34. The structure of coatings on top of SWCNT samples deposited from syngas/PICVD

treatments.
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CHAPTER 7 CONCLUSION AND RECOMMENDATIONS

7.1 Conclusions

In this thesis, we investigated the treatment of SWCNTs by applying a simple, inexpensive,
method: syngas/PICVD. In the first part of the study, we proved that syngas/PICVD is able to
apply a full range of wettabilities of SWCNTSs by changing the operating parameters. Apart from

this, we obtained other key results listed in the following:

1) By increasing the ratio of H,/CO, surface wettability (surface energy) increased possibly

because of concentration of Fe(CO)s.

2) The existence of Fe", Fe', COOH, OH, and CO bonded chemically to the coating surface on
the treated SWCNTs.

3) Changing the pressure from slightly negative to positive as well as the position of substrate

inside the reactor (from the beginning to the end of the reactor) leads to hydrophobic surfaces.

4) We tried to obtain the same range of wettability using the UV/ozone treatment. However, even

after a few minutes, the surface would be super-hydrophilic.

5) TEM images indicated that the coating layer covered a bundle of SWCNTs rather than
individual SWCNTs. However, we could detect individually treated SWCNTs.

6) XPS mapping of treated SWCNTSs showed a uniform coating on the SWCNT surfaces.

In the second part of this research, we studied the kinetics and reaction mechanism of the
syngas/PICVD process on the SWCNTs. The results highlighted the high impact of Fe(CO)s on
the syngas/PICVD process while treatments with low Fe(CO)s-content cylinders indicated no
functionalities on the surface. In addition to 94% of Fe(CO)s H,O, was consumed. In the first 20
minutes, Fe(CO)s was consumed linearly while the consumption started to decrease due to a
yellowish-colored coating stuck to the reactor wall (led to intensity decrease). The other key

parameters collected from this study are listed in the following:

1) Utilizing both gas- and surface- phase analysis revealed the structure of the coating on the
SWCNT surfaces. The structure on the surface (C,OgoFerg) is different from the bulk
C3sHsO43Fe14.
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2) Treatment time does not affect the coating structure. It only allowed the coating thickness to

Srow.
3) Syngas/TACVD leads to coatings with a higher iron content.

4) The temperature did not significantly affect syngas/PICVD treatments.

7.2 Original contributions

This thesis led to several major scientific contributions listed below.

1) For the first time, it was demonstrated that SWCNTs could be treated in a full range of
wettabilities by the same method and precursors in a controlled manner. The range started from
<5° up to >150° and could be controlled by effective operating parameters. The previous studies

reported a small wettability range or they used different precursors to obtain this range.

2) We can describe the kinetics and reaction mechanism of syngas/PICVD, including Fe(CO)s
with both gas- and surface-phase characterizations. Previous works reported a reaction
mechanism for syngas/PICVD based only on surface analysis while the role of Fe(CO)s was not

included.

3) This study indicated the limited role of temperature in the syngas/PICVD process for the first

time.
4) This study can provide insight regarding the mass balance of syngas/PICVD for the first time.

We can now understand that no syngas is consumed during the process.

7.3 Recommendations

According to the obtained results in the present study, the following issues are recommended for
future studies in three categories including short-term and long-term recommendations as well as

potential projects:

7.3.1 Short-term recommendations

1) Obtaining the overall reaction rate/reaction rate constants related to the UV light intensity
based on the Beer-Lambert law and simulating/modeling the syngas/PICVD process to predict its

behavior at higher temperatures and various precursor concentrations.
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2) Online monitoring of outlet gas and internal flow detection of the syngas/PICVD at different
points along the reactor would be an interesting future work as it would provide valuable
information regarding the reaction intermediates, their conversions, and effects on the final

product of the syngas/PICVD reactor.

7.3.2 Long-term recommendations

1) Considering the obtained results, a huge amount of syngas is wasted during the process. I
recommend redesigning the system using a lamp with higher energy or different precursors in the

range of UV light.

2) Investigation of the syngas/PICVD behavior in the presence of nitrogen-containing

photoinitiators/organic reagents to deposit amine groups.

7.4 Potential projects

1) The preliminary obtained results showed the possibility of enhancing mechanical properties of
treated surfaces due to a cross-section network forming on the surface. It would be interesting to

increase the mechanical properties of CNT bulky papers.

2) Based on XPS results, the total pressure of the syngas/PICVD reactor affects the electrical
(and maybe thermal) conductivity of SWCNTs. Working under pressure made Cls XPS spectra
start with a binding energy of 292 eV (a behavior like a nonconductive material) while working
under vacuum made it start from the binding energy of 285 eV (like untreated SWCNTs which
were electrically conductive). Therefore, the measurement of th eelectrical conductivity of treated

SWCNTs by PICVD would be a potentially interesting project in the future.

3) Considering the unwanted existence of iron on the treated surface and key role of iron
pentacarbonyl in the syngas/PICVD process, there will be a huge potential application for them

in the bio-capturing membrane industry to kill E. coli bacteria.
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APPENDIX A — ARTICLE 1 SUPPLEMENTARY INFORMATION

Sample Preparation (Bucky papers)

15 mg of purified SWCNTs were dispersed in 10 mL of ethanol by bath sonication for 30
minutes (FS110, Fisher Scientific, power level of 135 W). 400 uL of dispersed SWCNTs were

immediately deposited upon a glass substrate and placed in a vacuum oven for more than 3 h at a

temperature of 100 °C to completely evaporate the ethanol.

Table A 1. Interfacial energy, dispersive and polar components of the liquids used for surface

energy computations.

Liquids Ys1 (MN/m) 7" (mN/m) s (mN/m) Ref.
Deionized water 73+1 22+1 51 [234]
n-hexadecane 26=1 261 0=1 [234]
Table A 2. Blank experiments done based on glass substrates.
Experimental conditions
Conditions Pressure Position Treatment UV Flow
(kPa) (cm) Time (min) (ml/min)

Glass n/a n/a n/a n/a n/a
CO+H,+H,0, 0 50 120 Yes 350
CO+H, 0 50 120 Yes 350
CO+H,0,+UV 0 50 120 Yes 350
H,+H,0,+UV 0 50 120 Yes 350
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Figure A 1. Survey peaks of S-T-SWCNT after treatment by PICVD.
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Figure A 2. High resolution XPS spectra of SWCNTs.
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Figure A 3. A) Overlay of Cls XPS spectra, Blue line: ozone/UV treated for 30min, Violet line:
ozone/UV SWCNTs treated for 60 min, Red line: P-SWCNTSs, Green line: ozone/UV treated for
75 min, Inset: Evolution of survey XPS spectra for ozone/UV SWCNTs at different times (0, 30,

60 and 75 min). Error bars show standard deviation of three measurements.
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Figure A 4. A: High resolution Cls spectra of glass-bare; B: High resolution Ols spectra of
glass-bare; C: High resolution Cls spectra of glass-CO+H,+H,0;; D: High resolution Ols
spectra of glass-CO+H,+H»0,; E: High resolution Cls spectra of glass-CO+Hy; F: High
resolution O1s spectra of glass-CO+H,; G: High resolution Cls spectra of glass-CO+ H,O,; H:
High resolution Ols spectra of glass-CO+H,0,; I: High resolution Cls spectra of glass-H,+H,05;
J: High resolution O1s spectra of glass-H,+H,0,.
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Figure A 5. Wide ranges of Raman spectra for the SWCNT materials Light Blue: P-SWCNTs,
Violet: T-SWCNTs after 1h and molar ratio of 0.12, Green: T-SWCNTs after 2h and molar ratio
0f 0.12, Blue: T-SWCNTs after 3h and molar ratio of 0.12, Red: T-SWCNTs after 2h and the

molar ratio of 2.
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Figure A 6. Overlay of high-resolution Cls spectra of: Green color: P-SWCNT (Experiment 1),
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3h (Experiment 7). Inset: Evolution of survey XPS spectra for syngas/PICVD SWCNTs at
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APPENDIX B — ARTICLE 2 SUPPLEMENTARY INFORMATION
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Figure B 1. Calibration curve of Fe(CO)s performed at concentrations of 0.1, 0.5 and 100 ppm in

toluene.
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Figure B 2. A) Survey XPS spectra of treated SWCNT with syngas/PICVD 200 C, B) C1s HR-
XPS of SWCNT treated with syngas/PICVD 200 C, C) Ols HR-XPS of SWCNT treated with
syngas/PICVD_ 200 C, D) Fe2p HR-XPS of SWCNT treated with syngas/PICVD 200 C, E)
Plotting of survey XPS spectra treated SWCNTs with syngas/PICVD over heat (the inset table is

presenting the related numbers).
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Figure B 3. A) Survey XPS spectra of treated SWCNT by syngas/TACVD 200 C, B) Cls HR-
XPS of SWCNT treated by syngas/TACVD 200 C, C) Ols HR-XPS of SWCNT treated by
syngas/TACVD_200 C, D) Fe2p HR-XPS of SWCNT treated by syngas/TACVD 200 C, E)

Plotting of survey XPS spectra treated SWCNTSs by syngas over heating (the inset table is

presenting the related numbers).
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Figure B 4. A) Thermal decomposition analysis (TGA and DTG graphs) of P-SWCNTs, PICVD,
TACVD and PICVD over 200 °C heating; B) Comparison of P-SWCNT and PICVD treated
SWCNTs in terms of thermal analysis.
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Figure B 6. Calibration curves of A) CO, B) CO; that performed according to calibrating gas

cylinders at purities of 1, 10 and 99.99%.
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APPENDIX C - INVESTIGATION OF CYTOTOXICITY OF TREATED
SWCNTS WITH SYNGAS/PICVD ON A FULL RANGE OF
WETTABILITY

Materials and Methods

Materials

Pure-SWCNTs with 1.5 nm average diameter and 100 pum average length synthesized by RF
induction thermal plasma process as described previously (Kim et al., 2009a), were purchased
from Raymor-Nanolntegris (96.5% w/w, Quebec, Canada). n-hexadecane (>99%, EMD-
Millipore) and Hydrogen peroxide (H,0O,, 50% (w/w)) were purchased from Fisher Scientific
(Montreal, Quebec). Syngas (chemically pure CO and H,, Air Liquide) and argon (99.9%), were
purchased from Air Liquide. UVC germicidal lamps (Model T-97505-80, Cole-Parmer Inc) were
used as a photo-source for treatments of SWCNTs (Peak emission of 253.7 nm and irradiance of
0.01 W/cm® at 3.5 cm). C3H10T1/2 multipotent stem cells, Ethanol 70% (v/v), Sterile PBS
(phosphate buffer saline) at pH 7.4, Fetal bovine serum (FBS), penicillin (100 U/mL),
streptomycin (100 pg/mL), trypsin-EDTA (0,25% (w/v)), and trypan blue noted Bleu de trypan
0,4% (w/v) were purchased from Sigma Aldrich.

Material Characterization

We used X-ray photoelectron spectroscopy (XPS) to obtain more insight about surface
functionalities with a VG ESCALAB 3 MKII system (Mg Ka x-rays, with a pass energy of 100
eV for survey scans). We measured wettability of treated and untreated SWCNTSs through sessile
drop contact angle (CA) with an FDS OCA DataPhysics TBU 90E tensiometer (2 uL of water
droplets for 3 s). We calculated surface energy using the Owens-Wendt method (using water and
n-hexadecane liquids) [180]. Transmission electron microscopy (TEM, JEOL model JEM2100F)
and scanning electron microscopy to identify carbonaceous impurities and observe cells on the

SWCNT surfaces, respectively.

SWCNT Treatment

SWCNTs were treated by syngas/PICVD as described elsewhere. Briefly, 1*1 cm” of SWCNT
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bucky papers were placed inside the PICVD reactor and precursors (iron pentacarbonyl, syngas
and hydrogen peroxide) passed through the reactor. First of all, the reactor was purged with
argon, then CO, Fe(CO)s and H, precursors were introduced at various to the reactor as well
H,O, as a radical photo-initiator via the syringe pump. By changing six operational parameters
including precursor molar ratio (H,/CO), the total pressure of reactor, treatment time, the flow
rate of precursors and use of PI and position of samples inside the reactor, various wettabilities

(surface energies) were obtained.

Cell Culture

10000 (or 2000) cellules/cmz’ C3H10T1/2 multipotent stem cells were grown in a minimum
essential alpha medium («MEM; GibcoW, Grand Island, NY, USA) supplemented with 10%
heat-inactivated fetal bovine serum (FBS; Wisent, St-Bruno, Qc, Canada), 100 mgml_1
streptomycin (Invitrogen), and 100 U ml™' penicillin (Invitrogen, Burlington, ON, Canada) at 37
°C under a humidified 5% CO; atmosphere.

Sample Preparation and Cell Viability and Proliferation Assays

We prepared samples in dispersion form to investigate cell viability and proliferation of cells.
Accordingly, treated SWCNTSs prepared in various concentrations (0-100 mg ml™') were first
sterilized by annealing at 180 C for 2h. Then, we made their suspension in cMEM culture media
with FBS (10 % (v/v)). To make a uniform suspension, we dispersed them using an ultrasonic
bath for 30 min. Further; we seeded C3H10T1/2 multipotent stem cells in a 24-well plate (10 000
cells/cm?). We allow cells to reach 40% of confluence for proliferation and 80% of confluence
for viability assays. After treating cells with SWCNT suspensions (500 mL/well), we incubated
them 48 and 72 h under 5% of CO; atmosphere at 37 °C. Each SWCNT concentration had a

corresponding blank without cells.
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Table C 1. Designed set of experiments to see effect of syngas/PICVD treatment on cytotoxicity
of SWCNTs.

Samples Contact Angle Concentrations of SWCNTSs in Sample form
®) the Cell Culture (ng/ml)
Pure SWCNTs 79 0, 25, 50, 75, and 100 Suspension
S1 41 0, 25, 50, 75, and 100 Suspension
S2 58 0, 25, 50, 75, and 100 Suspension
S3 60 0, 25, 50, 75, and 100 Suspension
S4 49 0, 25, 50, 75, and 100 Suspension
S5 49 0, 25, 50, 75, and 100 Suspension
S6 58 0, 25, 50, 75, and 100 Suspension

Results and Discussion

Material Characterization

The main impurities remaining in the purchased P-SWCNTs were Fe, Ni, Y and amorphous
carbon as identified by XPS results (Figure 14) and TEM measurements (Figure 16). After
treatment of SWCNTs with syngas/PICVD, a lot of oxygen-containing groups such as COOH,
OH, and CO deposited on their surfaces as indicated in the survey XPS analysis (Figure C1) and
discussed deeply before in chapter 4 and 5. Energy-dispersive X-ray spectroscopy (EDS)
characterization (Figure C2) gives a good idea of the surface impurities of SWCNTs in a
qualitative manner. After coating of SWCNTs with syngas/PICVD, all of the samples were
characterized with TEM. Figure C3A shows SWCNTs before purification while there are a lot of
impurities such as metallic nanoparticles, amorphous carbons, and graphitic carbons on the
SWCNT surfaces. Figure C3B shows purified SWCNTs while the most of the impurities were
removed. However, there were still a few impurities such as metallic nanoparticles and graphitic
carbons among the SWCNT bundles. After treatment of SWCNTs with syngas/PICVD, the
coating (a clear semi-polymeric film) is deposited around the SWCNT bundles (Figure C3C)
rather than individual SWCNTs (Figure C3D).
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The results of the mitochondrial enzymatic activity of cells (C3H10T1/2 cells) incubated with
SWCNTs in suspension (samples S1-S6) plotted in Figures S17 and S18 revealed no cytotoxic
effect on cells (after 48 and 72h). The cells were able to proliferate between 48 and 72h with or
without SWCNTs as shown by the increase observed using MTS assays (Figure C4). However

this experiment was only performed one time in duplicate and such results must be confirmed.
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Figure C 1. XPS survey spectra of treated (Green color) and untreated SWCNTs (Red color).
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Figure C 3. TEM images of treated SWCNTs by syngas/PICVD



134

A 035 - 50 pg/ml H25 pg/ml 950 pg/ml B #0 pg/ml ®25pg/ml - 50 pg/ml
' ®75pug/ml  ®100 pg/ml 0.35 1 ®75ug/ml =100 pg/ml
0.3 -
< i =)
5 02 T 02 -
8 <
..e ]
5 0.1 £ 01
2 g
< 0.05 - 2 0.05 -
0 - 0 -
S1 82 S3 S84 S5 S6 SI S2 S3 S4 S5 S6
Carbon nanotubes Carbon natotubes

Figure C 4. Mitochondrial enzymatic activities in multipotent C3H10T1/2 cells incubated with or
without carbon nanotubes for A) 48h, B) 72h.
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APPENDIX D — PURIFICATION OF CNTS

Purification Methods of CNTs

Purification methods of CNTs can be basically classified into two categories, namely chemical

and physical methods.

Purification by Wet Chemistry Oxidation

This chemical method works based on the selective oxidation of impurities where the oxidation
rate of carbonaceous impurities is faster than the oxidation rate of CNTs and/or oxidation of
metallic impurities in acids, such as nitric acid (HNOs) [2], sulfuric acid (H2SO4) [38], oxygen
[3], hydrochloric acid (HCI) [2], and even a combination of acids (i.e., nitric acid and sulfuric
acid [39]). It is believed that the above-mentioned oxidants diffuse into the carbon shell and then
oxidize the metal catalysts of the corresponding metal oxide or hydroxide. These oxidants tend to
attack SWCNTs from the end cap and oxidize metallic particles. Amorphous carbon impurities
can be attacked from all sides leading to its preferential removal during the purification
procedure. This method is common and popular because of its practicality, simplicity, versatility,
and applicability to both metal catalysts and amorphous carbons. However, the chemical methods
always influence the structure of CNTs by creating oxygen functional groups on the surface (—
OH, C=0, and —COOH) [22]. Chemical oxidation of substances can be conducted either in the
liquid- or gas- phases. In the liquid phase oxidation, oxidizing agents are nitric acid (HNO3),
hydrogen peroxide (H»O,), sulfuric acid (H,SO4), or a mixture of these reagents, such as
HCI/H,0,, H,SO4/HNO; [3, 235, 236]. In the gas phase oxidation, SWCNTs are held in a
temperature range of 225-760 °C under an oxidizing atmosphere, such as air (oxygen), a mixture
of Cly/H,O/HCI, or a mixture of Ar/O,/ H,O [236]. For large-scale purification, gas phase
oxidations are very attractive because of their simplicity in scaling up and affordable cost. The
main reason for the low efficiency of this method is the similarity between the reactivity of CNTs
and carbonaceous impurities to the oxidants used for leading nanotube burning during the

purification process [3].
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SWCNT Purification Based on High-Temperature Annealing

Carbonaceous and metallic materials possess different physical properties either under an inert
atmosphere or a high vacuum. It is believed that graphite is stable even at 3000°C under nitrogen,
while metal evaporates at lower temperatures (Iron: 2862 °C, Gold: 2856 °C) [23, 237, 238].
Therefore, removing metal particles is expected to be effective at high temperature. The
efficiency of high-temperature annealing in removing the metal particles and carbonaceous
impurities of MWCNTs has been reported as high as 99.9% [23, 239]. Annealing CNTs (at a
temperature higher than 1400 °C) changes the structure of CNTs through rebuilding their
structural defects, enlarging their diameter, and the transformation of SWCNTs to MWCNTs or
MWCNTs to double-walled CNTs (DWCNTs) [23, 237-240]. Briefly, high-temperature
annealing of CNTs is one of the most efficient methods for the removal of metal particles at the
tips or in the hollow core of CNTs and also for the structural evolvement from disordered to
straight, crystalline layers. High-temperature annealing not only increases the mechanical
strength and thermal stability of CNTs but also affects their electronic transport property. The
main disadvantage of this method is graphitized carbonaceous impurities formed during the
process. Therefore, this method is best suited to remove residual metal particles and amorphous

carbon impurities [19, 165].

Purification Based on Microwave Heating

Microwaves can be coupled with the residual metal catalyst and cause significant local
temperature increases around the individual CNTs. This induced high temperature facilitates
oxidation and the rupturing of the carbon layers surrounding the catalyst particles. In this
condition, a simultaneous acidic oxidation (or even after this process) provides a highly efficient
purification procedure [241, 242]. For example, Ko et al. (2005) used a microwave assisted
heating method in a closed vessel containing 5 mL HNO; to purifty MWCNTs [243]. Following
microwave irradiation at 160°C for 30 min, they could remove almost all the carbonaceous
impurities from the MWCNTs [243]. This method is noninvasive, simple, fast, and clean
compared to traditional purification approaches. It accelerates the oxidation reactions and,
consequently, improves relative yields of purification for carbonaceous impurities [243]. In
addition, as compared with many of the above-mentioned selective oxidation methods, this

method does not damage the CNTs’ structure and the processing time is relatively short (around
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30 min) as compared with traditional refluxing techniques over hours [241, 242].

Purification Based On Physical Methods

The physical methods work based on the differences in size, aspect ratio, magnetic properties of
CNTs with impurities (such as metallic and carbonaceous impurities), and gravity. This method
is able to remove graphitic sheets, carbon nano-spheres (CNSs), aggregates, and separate CNTs
with different aspect ratios. Chromatography, filtration, centrifugation, and electrophoresis are
classified in the category of physical purification methods. These methods are described briefly

in the following subsections.

Purification Based on Filtration

Purification by filtration is based on some physical differences (aspect ratio, size, and solubility)
between CNTs and impurities. The particles with a small size or greater solubility can pass
through the filter and CNTs with a larger aspect ratio will be retained on the filter membrane.
Fullerenes and poly-aromatic carbons are soluble in some organic solvents, such as CS, and
toluene, while CNTs are not. Therefore, the impurities can be easily removed by dispersing the
prepared sample in these organic solutions followed by filtering [236]. For example, Bandow et
al. (1997) reported a single method to purify SWCNTSs using micro-filtration in the presence of
cationic liquids [244]. They first dispersed SWCNTs in CS,, then sonicated and finally filtered
the suspension through the membrane under N, pressure. They could successfully remove poly-
aromatic carbons, fullerenes, Cg, and Cro, from SWCNTs [244]. There is no negative impact on
the structures of CNTs using this method but it is time-consuming and affected by the quality of
the raw samples. Using surfactants (to make a stable CNT suspension) followed by an ultra-

sonication process is strongly recommended to prevent the filter membrane from becoming

blocked [18, 23, 236].

Purification Based on Centrifugation

Centrifugation works on particles with different densities. Centrifugation can separate amorphous
carbon and carbon nanoparticles (CNPs) based on the differences in dispersion stability between
CNTs and the impurities in aqueous media [240, 245]. The different stabilities result from

electrical surface charges introduced by acid treatment. Low-speed centrifugation (2000G) for a
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few hours (i.e., 2h) is effective in removing amorphous carbon and leaving SWCNTs and CNPs
in the sediment. The main disadvantage of this method is that CNTs need a prior acidic treatment

through which some functional groups will be introduced onto their surface [23].

Purification Based On Chromatography

Chromatography is another physical method that separates the components in a mixture based on
differences in partitioning behavior between a flowing mobile phase and a stationary phase. This
method is normally used to separate small quantities of SWCNTSs into fractions with a small
length and diameter distribution. For example, Yang e al. (2005) used size exclusion
chromatography (SEC) without using any agents for dispersion. They purified SWCNTs using a
multistep method in which the SWCNTs were first sonicated in HCI and then passed through a
membrane. Then, they made purified SWCNTs water dispersible by treating them in
H,SO4/HNO; (3:1 v/v) for 8 h under sonication. SEC was used to separate SWCNTs from the
impurities while Milli-Q water (flow rate of 0.1 ml/min) included well-defined particles with 4

nm pores. Both methods were chosen as the mobile phase and stationary phase, respectively.

They could remove almost all the carbonaceous impurities, such as carbon particles and graphene
fragments, from the oxidized SWCNTs. They could also separate SWCNTs based on their length
[246]. The materials that are smaller than the pore size can enter the pores and therefore have a
longer path and transit time, while larger materials that cannot enter the pores are eluted first.
This method has no effect on the structure of CNTs yet it has demonstrated success to some
extent in terms of the length separation of CNTs. The length distributions, however, are still

broad, and the method is very difficult to scale up [246, 247].

Purification Based On Electrophoresis

Electrophoresis utilizes the electrostatic forces generated between a charged body and an
electrode using an alternating current (AC) or a direct current electric field. A charged particle is
drawn along the field lines toward the electrode carrying an opposite charge to that of the
particles. This technique can be used to separate the CNTs with a specific diameter, length, or
conductivity by refining the experimental conditions [247, 248]. For example, Doorn et al. (2003)
used capillary electrophoresis (CE) for the separation of SWCNT bundles from individual ones.

A lab-built CE consisted of a fused silica capillary (75 pum in internal diameter and 75 cm in
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length). Capillaries were first injected with sodium hydroxide (NaOH) for 3 min and then rinsed
with deionized water. For separations, they applied a +15 KV voltage while a 50 mM trizma base
was used as a run buffer. Suspensions of SWCNT/sodium dodecyl sulfate (SDS) were injected
under pressure using a syringe. The results showed that CE is capable of separating CNT bundles
from individual ones based on the differences in mobility of SWCNTs [249]. A common
characteristic of these techniques is that they require a high dispersion of CNTs in a single
solution, such as sodium dodecyl sulfate (SDS) [249]. Impurities affect the electrical properties
of SWCNTs. Therefore, a pretreatment process, including purification and functionalization of
SWCNTs (i.e., acidic treatment), is needed to obtain the isolated CNTs having high dispersibility
in a solution [247, 248].



