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Abstract

New Materials for Stereolithography 3D Printing

Keroles B. Riad, Ph.D.
Concordia University, 2021

It is the dream of every engineer to be able to design unrestrained by the limitations of
conventional manufacturing and assembly. The technology of 3D printing brings those dreams at
our fingertips, but is curtailed by the lack of materials that are appropriate for functional use. In
the case of stereolithography 3D printing, the photocurable epoxy resin currently used is unstable
under sunlight and is mechanically weak. Sunlight can excite currently used photo initiators
compelling 3D printed parts to continue to polymerize, making it unstable. Further, epoxy resins

are categorically weak due to its poor network structure.

Here, I introduce metal oxide semiconducting nanoparticles as a new class of initiators for
epoxy photopolymerization. I demonstrate that the crystal structure of the semiconducting
nanoparticles significantly affects the reaction kinetics of epoxy photopolymerization. I illustrate
that the TiO2(B) crystal structure, that was never observed before in flame-made titania, doubles
the rate of epoxy photopolymerization relative to P25 titania, the gold standard for photocatalysis.
The bandgap energy of metal oxide semiconducting nanoparticles can easily be controlled by
selecting from a myriad of various standard materials and controlling their crystal size taking
advantage of their quantized effect. Thus, I also demonstrate the ability to synthesize silica-
embedded quantum dots using the industrially established technology of flame spray pyrolysis.
Finally, I also demonstrate that graphene oxide liquid crystals can be photocured into a paper-like
macroscopic structure with comparable mechanical properties to benchmark samples prepared
according to the literature. This thesis contributes distinct steps towards photostable and strong

stereolithography 3D printing resin.
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1. Introduction

Material development drives many emerging technologies allowing for the rapid development of
countless applications in many prosperous industries. Photocurable materials are at the center of
nonconventional manufacturing, coating and dentistry among many technologies. This Ph.D.
thesis aims to develop new photocurable materials for sterelithography 3D printing that address
two major obstacles: 1) the instability of photocurable resin in sunlight, and 2) the categorical
weakness of photocurable resin relative to their metal counterparts.

A more detailed review of the 3D printing technology can be found in my master’s thesis.'
Briefly, the 3D printing® technology works like a normal home printer that deposits ink on a paper
one line at a time. A picture forms as these lines stack next to each other. Similarly, a 3D printer
deposits two dimensional layers of material one on top of the other to create a three-dimensional
shape. A designer does not need to worry about how a tool’s cutting edge will access the part
because of the additive nature of 3D printing. Therefore, 3D printing allows for the relatively cheap
creation of complicated designs that are either too expensive or impossible to machine
conventionally. However, the lack of 3D printable materials with adequate properties is curtailing
the functional applications of 3D printing.

Several 3D printing processes exist such as fusion deposition, selective laser sintering and
stereolithography. Fusion deposition uses filaments of materials that are easy to melt such as
thermoplastics and chocolate. The filament is extruded through a nozzle equipped with a heating
element. That nozzle traces in the X and Y directions to print a two-dimensional layer of material
on a stage that moves in the Z direction to allow for more layers leading to a three-dimensional
shape. Fusion deposition is commonly used for modeling and not functional parts due to the weak

mechanical properties of thermoplastics. Parts made from fusion deposition also cannot function



in high temperature environments as the prerequisite of the material is to have a low melting point.
Selective laser sintering uses material in powder form such as nylon, metals and moondust that are
sintered using a powerful laser. Selective laser sintering is one of the processes collectively
referred to as metal 3D printing used in the industry. Metal 3D printing is used for some functional
applications because metals are strong relative to other 3D printable materials.>* However, metal
3D printing suffers from poor surface finish and the fact that it is energy intensive.? As the world
grapples with the many challenges of the climate crisis, industry must pay close attention to the
amount of energy use throughout all its processes including manufacturing. For example, the
aerospace industry alone is projected to consume a quarter of the remaining carbon budget for a
1.5 °C world by 2050.° Additionally, many industries including aerospace are moving away from
metals to composite materials.®

This thesis focuses on stereolithography 3D printing which uses light-sensitive liquid resin
(glue) that usually consists of epoxy and/or acrylics. That liquid epoxy solidifies in the areas where
a UV laser traces via a photocuring reaction. Eventually, a solid layer of epoxy forms in the middle
of the liquid bath. Then the laser traces again to create a second layer on top of the first. The 3D
printer repeats this process until a three-dimensional part is created.?

The resins used in stereolithography are made of lone monomers acting as “building
blocks” with functional groups serving as “linking sites”. The laser initiates a reaction via which
these sites link to each other and build a solid macroscopic polymer network (Figure 1-1). This
process is commonly referred to as polymerization, curing or cross-linking. The strength of the
network depends on how well-connected the building blocks are, the strength of the bonds, the

properties of the building blocks, and the structure of the formed network.’
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Figure 1-1: Schematic for stereolithography curing reaction initiated by light. The pink spheres
represent the photo initiators while the blue sphere represent the monomers.

Stereolithography is more energy efficient than metal 3D printing. It is also faster and more
accurate than other 3D printing processes. However, 3D printed parts made via stereolithography
are unstable under sunlight and mechanically weak. Therefore, stereolithography is limited to
modeling applications. At the beginning of this research project, I visited Axis prototypes, a 3D
printing company in Montreal with more than a 20-year experience in providing stereolithography
related services. During that visit, I learned that one of the main issues is the photo stability of the
cured material and that UV coating is often used as a short-term fix. As an example of this, Mr
Robin Clifford, Axis' managing director, talked to me about a project called "bug eye" that was
intended to show children what a bug's eye looks like. Stereolithography was used to make the
part using epoxy based photo curable material called DSM Somos 11122. Initially a clear UV coat
was used to address photo instability issues. After approximately two to three months, the part had
cracked due to increased brittleness because of photo instability. Superior coating was later used
to improve the lifetime of the part to approximately three summers. Coatings only delay the
problem as opposed to addressing the root cause of the photo instability.

This thesis aims to tackle two distinct challenges for stereolithography resin: instability
under sunlight and poor mechanical properties. The first obstacle - the instability under sunlight -

originates from the fact that all current photo-initiators have some sensitivity to sunlight.® That is

3



to say that the wavelength absorption range of the commercial initiators includes a portion of the
solar spectrum. Existing photo-initiators typically respond to UVA (315-400 nm) and UVB (295-
315 nm) light which represents 6%° of the solar intensity at sea level.!%!!12:13 Therefore, initiators
that are inside parts 3D printed via stereolithography absorb sunlight, and continue to initiate
polymerization. The continuing polymerization makes the part so brittle that it ultimately fractures
and fails.

In this Ph.D. thesis I introduce a new class of photo-initiators that are made of
semiconducting nanoparticles. The wavelength range that semiconducting nanoparticles are
sensitive to is dictated by the particles’ band gap energy. In turn, the band gap energy can be
selected by choosing the right semiconducting material. That band gap energy can be further tuned
by controlling the crystal size of the semiconducting nanoparticles using the “quantized effect”.
This ability to precisely control the wavelength of light that excites the semiconducting
nanoparticles may allow us to select initiators that are insensitive to sunlight, and better enable us
to have stable photocurable resins for stereolithography 3D printing.

The second obstacle - the relatively poor mechanical properties of photocurable resins -
stems from the fact that photocured parts are made of polymers which are categorically weaker
than traditional metals. For example, the tensile strengths of stereolithography resins available at
Axis prototypes, a Montreal-based 3D printing company, range from 32 to 54 MPa. This weakness
originates from the amorphous nature of crosslinked epoxy and/or acrylic polymers. The structure
of a network is just as important to the overall strength as the intrinsic strength of individual bonds
is.”!* Consider diamond and coal. Both are made of pure carbon-carbon bonds. Yet, diamond is

much stronger than coal because of its crystal structure.



This categorical weakness of stereolithography resins is repelling industries from taking
advantage of the technology. Therefore, stereolithography 3D printing is often used for
prototyping and not the manufacturing of functional parts. Developing composite materials whose
strengths are comparable with metals is a crucial step towards realizing the full potential of
stereolithography 3D printing.

In this Ph.D. thesis, I introduce the ability to photocure graphene oxide liquid crystals. This
ability transforms graphene oxide liquid crystals into a resin that is 3D printable via
stereolithography. Fibers formed from graphene oxide liquid crystals have been demonstrated to
possess tensile strengths higher than that of steel (300-600 MPa). This strength stems from the fact
that liquid crystals have crystal-like ordering of graphene oxide sheets. Further, graphene has a
Young’s modulus of 1 TPa and a tensile strength of 130 GPa.!* These mechanical properties make
graphene the strongest material known. Graphene also has extraordinary thermal, optical and
electrical properties that attract many industries. Creating usable three-dimensional macroscopic
architectures remains a challenge. Demonstrating that graphene oxide liquid crystals can be
photocured opens the door to stronger stereolithography resins.

This thesis is organized as a series of manuscripts each addressing a distinct step in the
path towards achieving the objectives outlined earlier. Chapters 3, 4 and 5 address the first obstacle
of instability under sunlight. Chapter 6 addresses the second obstacle of weak mechanical
properties.

Chapter 3 is a manuscript that has been published in ACS Applied Nano Materials'®, and
is publicly accessible via Spectrum. This article is co-authored with Dr. Alexandre Arnold, and
Professors Jerome Claverie, Suong Hoa and Paula Wood-Adams. I have conceptualized the

project, designed and executed the experiments, and wrote the manuscript all with the guidance of



the listed professors. The NMR component of the study was conducted and interpreted by Dr.
Alexandre Arnold. As shown in the graphic abstract (Figure 1-2), this article demonstrates that
metal oxide semiconducting nanoparticles such as P25 Titania and flame-made ZnO
photopolymerize epoxy when exposed to light. The band gap energies of P25 Titania and ZnO are
in the UVA region that is within the solar spectrum. Therefore, metal oxide semiconducting
nanoparticles with bigger band gap energy must be used to achieve the objective of developing a

stereolithography resin that is insensitive to sunlight.
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Figure 1-2: Graphic abstract introducing semiconducting nanoparticles as photoinitiators for the
polymerization of epoxy.

At this stage, it is important to synthesize the quantum dots with a band gap energy that is
wider than what is available in sunlight. It is also important that this synthesis method be
industrially viable. Flame Spray Pyrolysis (FSP) is a mass-production technology for metal-oxide
nanoparticles that has been shown to be capable of synthesizing quantum dots by using silica
matrices to control the particles crystal size. Chapter 4 is a manuscript that has been published in
the Materials Research Bulletin!”, and is publicly accessible via Spectrum. This article is co-
authored with Professor Paula Wood-Adams and Dr. Karsten Wegner. I have conceptualized the
project, designed and executed the experiments, and wrote the manuscript all with the guidance of
the listed co-authors. Dr. Wagner mentored my learning of nanotechnology and, specifically,

trained me on the FSP technology during my two research visits (spanning 9 months combined) to



the Particle Technology Laboratory at ETH in Ziirich headed by Professor Sotiris Pratsinis. This
paper demonstrates that not only is flame-made Titania capable of photopolymerizing epoxy but
also is 2-3 times more efficient due to the presence of a monoclinic crystal structure that has never

been observed before in flame-made Titania (Figure 1-3).

Figure 1-3: Graphic abstract demonstrating the presence of TiO2(B) in flame-made titania.

Now that the use of the FSP is demonstrated to maintain the photoinitiation capability of
metal oxide semiconducting nanoparticles, we next go about creating the particles with a large
enough band gap energy. This requires changing the metal oxide material, and utilizing the
quantized effect. Chapter 5 is a manuscript published in ACS Omega (open access).'® This article
is co-authored with Professors Suong Hoa and Paula Wood-Adams. I have conceptualized the
project, designed and executed the experiments, and wrote the manuscript all with the guidance of
the listed professors. As shown in the graphic abstract (Figure 1-4), this article demonstrates the
FSP’s ability to synthesize quantum dots embedded in silica matrices of four metal oxides: ZnO,
TiO2, CuO, SnO;. The band gap energy of the quantum dots included in that chapter range from
UVC to dark red. Further, it also demonstrates that the addition of a silica matrix does not prohibit
the epoxy photocuring reaction. The silica matrix slows down epoxy photopolymerization relative

to pure flame-made Titania. On the other hand, the flame-made titania embedded in a silica matrix



is a more efficient epoxy photoinitiator than commercial P25 Titania. Most importantly FSP-made
Zn0O and SnO> with 90% silica possessed band gap energies that are larger than what is available

in sunlight on Earth. These quantum dots meet the criteria for photoinitators that can be used to

make stable photocurable resin.

Figure 1-4: Graphic abstract featuring flame-made quantum dots.

Finally, chapter 6 is a draft manuscript that is yet to be submitted to an academic journal.
This article is co-authored with Professors Suong Hoa and Paula Wood-Adams. I have
conceptualized the project, designed and executed the experiments, and drafted the manuscript all
with the guidance of the listed professors. As shown in the graphic abstract (Figure 1-4), it
demonstrates that graphene oxide liquid crystals can be photocured into solid paper-like structures.
The graphene oxide paper prepared by photocuring alcohol dispersions had comparable
mechanical properties to those of benchmark samples prepared by vacuum filtering aqueous

dispersions as is common in the literature.



Graphene oxide + alcohol + UV light

Figure 1-5: Graphic abstract featuring photocured graphene oxide paper.

The contributions of this thesis are a new class of epoxy photopolymerization catalysts,
anew crystal structure in flame-titania, a mass production method for quantum dots, and the ability
to photocure graphene oxide liquid crystals. Clearly, there remains more work ahead to achieve
the objective of developing photostable and strong material for stereolithography 3D printing.
However, not only is each one of these contributions a distinct step towards achieving that goal,

but they also create opportunities for new research affecting various other applications.



2. Literature review

2.1. Photo-polymerization

Photo-polymerization is a chemical reaction triggered by light that changes the materials’ phase
(liquid to solid), solubility, adhesion and refractive index.!” An array of applications has been
making use of photopolymerization since Kodac developed the first synthetic photo-polymer,
polyvinyl cinnamate, as a photoresist in printing plates.'®?° These applications include the
manufacturing of printed circuit boards, photocurable coatings, and stereolithography 3D
printing.'%-?1:*223 Photo-polymerization can be preferable to heat polymerization because it is less
unpleasant relative to heat in dentistry applications, and requires low energy.!” However,
controlling the critical wavelength required to trigger the photo-polymerization reaction remains

an area of needed research.

Photo-polymerization mechanisms are generally classified into two categories: free-radical
and cationic.'® In the former, free-radicals are produced during photo-initiation via alpha cleavage
or H-abstraction as shown in Figure 2-1.!° In the latter, the initiator decomposes to generate

cationic species and, ultimately, protons that ring-open reactive groups such epoxide groups.!!
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Figure 2-1: Light initiated a) a-cleavage free radical mechanism of benzoin, and b) The H-
abstraction free radical mechanism of benzophenone initiated by light. Adapted from ref 10.
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The radical photo-initiation of acrylic monomers has been extensively investigated using a
variety of initiators including semiconducting nanoparticles.!??*%32¢ Butylmethacrylate is showed
to photopolymerize by ZnO quantum dots and other semiconducting nanoparticles like CdS via
free radical photo-polymerization.?> When the semiconducting material absorbs light of an energy
equal to its bandgap energy, an electron-hole pair form. The electron in that pair acts as a free
radical that initiates the polymerization of the acrylate.

In this thesis, I am interested in the photo-polymerization of epoxy, which requires a
cationic initiator. Onium salts, first developed by Crivello’, are the most used cationic initiators.°
Equations 1 and 2, and Figure 2-2 show an example of a cationic photo-polymerization
mechanism, described by Yagci et al.!° where protons open up the epoxide rings and initiate
polymerization'®. The salt anion determines the acid strength and reaction efficiency, and must be
non-nucleophilic so that it does not quench the cationic species. The salt cation governs the

photochemistry, absorption wavelength, quantum yield and thermal stability because it is the

component that absorbs the light.?

h *
Ph,I*PF,~ — PhI*" + Ph* + PF~ [1]
PhI*" 4+ RH — PhI* + R+ H* [2]

Equations 1 and 2 are reproduced from ref 10.
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Figure 2-2: Cationic polymerization of epoxy. Adapted from ref 27.

The ozone layer blocks light of wavelengths lower than 300 nm from the solar spectrum
on Earth.® Existing photo-initiators typically respond to UVA (315-400 nm) and UVB (295-315
nm) light which represents 6% at sea level® of the solar intensity at the Earth's surface.!%!!12.13
Available photoinitiators have residual absorptions above 300 nm. Even initiators with very little
absorption in this range show significant quantum yield and catalytic activity when illuminated by
light above 300 nm.® Hare® explains that photo-initiators absorb light from 300-380 nm in the
atmosphere and generate reactive species that further polymerize the material. Solar light therefore
continuously changes the material properties of photopolymers often to the point of brittle fracture
within weeks.® Not only is UV degradation a major problem for stereolithography 3D printing but
also aircraft coating.”® UV degradation of epoxy also releases toxic and carcinogenic volatile
organic components into the environment.?* UV absorbers and light stabilizers®® are often used to

mitigate this instability, but they only slow down degradation. Inorganic surface coatings (such as

silica) *° are also used but, like sunscreen on the beach, coating must be regularly reapplied.
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Yet, past studies of cationic initiators focus on shifting the light wavelength to which the
photo-initiator is sensitive towards the visible region. The intention is to replace the special lamps
currently needed to quickly polymerize coatings with the solar spectrum.!®*! The addition of
various chromophores and metal complexes during the cationic salt synthesis can manipulate their
absorption wavelengths, but they are costly.”3! Dyes could also be used as photosensitizers to
broaden the absorption wavelength range.’! The need for new initiators that are insensitive to

sunlight and that allow for photostable resins remains unmet.
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2.2. Quantum dots

Quantum dots are nanoparticles made of semiconducting materials and are the object of
considerable interest in view of their remarkable optical and electronic properties.*>**-** Quantum
dots have a high quantum efficiency, and narrow absorption and luminescence windows which
can be conveniently tuned by changing their size due to the quantized effect’?*3*, first observed
by Ekimov and Onuschenko®. The quantized effect implies that the band gap energy of
semiconducting nanoparticles become a function of their crystal size once that size is smaller than

the material’s exciton Bohr diameter, dgohr.

The exciton Bohr diameter of the semiconducting material is calculated via Equation 3.
Where h = 1.05 x 10734 J-s is the reduced Plank’s constant, ¢ is the dielectric constant of the
material, e = 1.6 X 1071° C is the elementary charge, and p is the reduced mass of the material’s

exciton.

2h2
dponr = 2Rponr = —5— [3]

e2u
Equation 3 is reproduced from refs 36 and 37.

Equation 4 governs the relationship between material’s crystal size (2R) and band gap
energy (E"). Where E; is the material’s bulk band gap energy (at R—o0). Equation 4 illustrates that
the quantized effect is most significant at sizes below the exciton Bohr diameter but still takes
place at bigger sizes. It is important to note that Equation 4 has limitations particularly at sizes
below 3 nm because the effective mass approximation used in this model fails due to a significant

increase in the electrons’ kinetic energy.$3%40

h?m?2  1.8e2
2R%u €R

E*=E,+ [4]
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Equation 4 is reproduced from ref 41.

In this thesis, I study quantum dots made of SnO2, ZnO, CuO and TiO;. Table 1 shows the

standard properties of each of those materials, where m, = 9.1 X 10731 kg is the mass of a free

electron.

Table 1: Material Properties

diameter (nm) (eq 2)

TiO, ZnO (Zincite) | SnO» CuO (Monoclinic)
(Anatase)*? (Cassiterite)*

€ 31 3.7 (ref 44) 14 25 (ref 45)

w/mo 1.630 0.157 (ref 46) | 0.275 0.381 (ref 47)

Eg (eV) 3.2 3.2 (ref 46) 3.6 1.5 (ref'47)

Bohr diameter (nm) 2 2.5 (ref 46) 5.4 6.6-28.7 (ref 48)

from literature

Calculated Bohr 2 2.5 54 7

SnO; is important in various applications such as lithium-ion batteries and gas sensing.*’

Scaling down the SnO: nanocrystal size leads to high gas sensitivity.® Ma et al. demonstrated that

gas sensing properties are generally enhanced if the active material size is smaller than the

thickness of the electron depletion layer.’! Further, porous SnO> quantum dots are 5 times more

sensitive than nonporous ones in gas sensing applications. ** In fact, Wan et al. demonstrated that

SnO> branched nanowires can detect sub-ppm concentrations of ethanol vapor without noble metal

catalyst because of the small size, large surface areas, and porosity.’” The tunable fluorescent
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properties of SnO; enable their use in nano light emitters.>? SnO; is also a good anode material for
battery application due to its relatively high theoretical reversable capacity.*’ On the other hand,
the higher tendency of small particles to aggregate as well as the volume swell of SnO; lead to

poor cycling stability.*’

ZnO quantum dots are also used in UV protection films, chemical sensors, polymer
stabilizer and catalysis.*"** The tunable fluorescent properties of ZnO allow applications in light
emitting devices such as quantum lasers.>> CuO quantum dots can be used as high temperature
superconductors.>* Further, Ben-Mohse et al>> demonstrated that CuO nanoparticles can oxidize
organic pollutants even in complete darkness. However, previous studies indicate that CuO is
unstable at sizes below 25 nm.>® TiO, nanoparticles are used as photocatalysts and solar cells
electrodes.*>>7% Photo-corrosion of the semiconducting nanoparticle remains a disadvantage in

photocatalytic reactions.

The two most major obstacles faced by quantum dots preventing their commercialization
are: 1) they are unstable mechanically (aggregate), thermally (grow with heat) and chemically
(susceptible to corrosion) making their use unrepeatable, and 2) the unmet need for viable high-
volume production.**** The first challenge of instability is being overcome by embedding the
quantum dots in amorphous matrices.* For example, embedding quantum dots in an amorphous
carbon matrix counteracts the challenges faced quantum dots in battery applications including
aggregation and volume swelling during lithiation. ** Surprisingly, SnO> quantum dots embedded
even in an unconducive silica matrix still showed improved properties over bare SnO> quantum
dots when closely packed (high SnO- loading).®® Quantum dots embedded in amorphous matrices
have the same luminescence properties as bare ones.®! With the advent of thermal stability, ability

for repeated use, quantum dots embedded in amorphous matrices are now used for high powered
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lasers.®>%® Further, this kind of coating improves wetting and dispersion that are critical to

photocatalytic activity.**

The synthesis of quantum dots embedded in amorphous matrices suffer from the inherent
challenge of high activation energy because of the composition and solubility of the
semiconducting particles in the glass matrix. In fact, Xue et al claim that only the semiconductor
QDs of group II-VI, IV-VI elements and perovskite QDs have been reported to be embedded in
glassy matrices, in their 2020 review.>* Out of all the materials explored in this thesis, only ZnO
falls under these groups listed by Xue et al indicating just how rare and unexplored this approach
is in metal oxide semiconducting quantum dots. Further, quantum dots embedded in amorphous
matrices intended for photocatalytic applications must avoid hermetically sealing the
semiconducting material in glass matrix as this will eliminate all surface reactions.®> On the other
hand, co-mixing the semiconducting material with the glass matrix leads to segregated particles
exhibiting high photocatalytic activity.®> Note that Cai et al. reported Sn0/SiO, particles with
SnO; crystal sizes of 6-8 nm (SnO Bohr diameter is 5.8 nm*®), but did not refer to those particles

as “quantum dots”.

On the other hand, the need for viable high-volume production of quantum dots remains
unmet. Quantum dots are usually synthesized using wet chemistry techniques that are relatively
39,42,43,44,48,49,66,67,68

complex, require hours, and with a production rate in the order of grams per day.

I outline how I contribute to addressing this challenge in chapter 5.

Finally, I am interested in using quantum dots as photocatalysts for epoxy polymerization
because semiconducting nanoparticles are good oxidizers. The principles of oxidation and
reduction'® via semiconductors were implemented when Fujishima and Honda first demonstrated

the splitting of water with solar light using a semiconducting plate.’” In this application, the water
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is oxidized by the photo-generated holes, to generate O», and protons which are reduced by the
photo-generated electrons to form H> gas. Semiconductors are also able to oxidize alcohols to
ketones, and produce protons.?** Equations 5 and 6** show a typical alcohol oxidation reaction

by a semiconducting material producing protons as described by Hoffman et al.>*

ZnO +hv - hy, +eq ™ [5]
ROH + hy,* — ROH* + H* [6]
Equations 5 and 6 are reproduced from ref 24.

There is a wide variety of standard applicable metal oxide semiconducting nanoparticles
with a range of band gap energies that include visible or deep UV regions such as copper oxide
and tin oxide, respectively. Therefore, semiconducting nanoparticles are a tunable, cheaper, less

toxic, and easier to synthesize alternative to the current commercial cationic organic initiators.
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2.3. Flame spray pyrolysis (FSP)

Flame aerosol is a technology used to make fine particles since prehistoric times per cave wall
paintings’’, and that constitutes a $15 billion industry in 2010”!. Carbon Black is produced via
flame to the tune of 15 million tons/year in 2021.7> The applications of flame-made particles are
as broad as the applications of nano- and microparticles technology. The number of academic
publications on nanotechnology has been steadily increasing from ~700 publications in 1997 to
over 25,000 publications in 2020, according to a simple search on “Web of Knowledge” for the
word “nano”. This includes gas sensing’’, nanomedicine’, catalysis'¢, and climate”*. FSP-related
studies have been playing an increasing role in nanotechnology. The number of FSP-related
publications has also been increasing steadily from 5 publications in 1996 to 89 publications in

2020 according to a simple search on “Web of Knowledge” for “flame spray pyrolysis”.

Figure 2-3 shows the basic steps of particle synthesis in flame. Generally, a precursor
material with the desired inorganic elements is injected into a burner and dispersed through a flame
using a dispersion gas.”® The precursor could be in the gas form from the beginning.’
Alternatively, the precursor could be in the form of droplets or solid particles that evaporate into
gas given the flame’s high temperature.’® The vapors react forming oxide molecules: carbons
become CO,, hydrogens H,O, and metal elements metal oxides.”® The high flame temperature
combined with an abundance of oxygen minimizes soot formation. The metal oxide molecules

collide in the flame to form clusters and then nano and/or micro-particles.’”
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Particle Formation in Flames
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Figure 2-3: Particle flame synthesis. From ref 76.

First, primary particles form via nucleation and grow via full coalescence if the rate of
sintering is faster than that of collisions.”® Coalescence is the same process through which two
raindrops become one bigger raindrop. Hard agglomerates (aggregates) form via strong chemical
bonds (sintering or fusion) between primary particles in the high temperature region of the flame
if the rate of sintering is faster than that of collisions.”® The end of full coalescence is the onset of
sintered hard agglomerates formation due to partial (incomplete) coalescence.””’® Soft
agglomerates form via weak physical bonds between particles as the flame gets colder.”® The end
of sintering is the onset of soft agglomerates formation. Precursors containing different inorganic
elements could be mixed to produce multi-element particles.” Alternatively, a multistage FSP-
setup consisting of “rings” can be used to produce multi-element particles with a core-shell

structure.® Hard agglomerates are useful as fillers (e.g., for car tires) while soft agglomerates are
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useful as pigments.”” The agglomeration size and strength govern the viscosity of suspended
particles, and the breakage of soft agglomerates could lead to shear thinning or thixotropic
behavior.”®# The inherent difficulty of producing unagglomerated particles is a disadvantage of

flame synthesis.”®

Particle properties including crystal and particle size, and crystal structure are governed by
the time the particles spend at high temperature. This high temperature residence time (<I s, ref
77) is affected by a few inter-related factors: 1) the flame temperature governed by the enthalpy
and concentration of the combusting precursor mixture, 2) the flame height that is inversely
proportional to the amount of oxygen available to accelerate the oxidation process, and 3) the

particles travel speed through the flame controlled by the dispersion gas flow rate.”

The longer the particles spend at the high temperature region of the flame, the more they
grow, the larger their crystal and particle size, the smaller their specific surface area. With respect
to crystallization, the time for crystal formation is limited to high temperatures and is of the scale
of 1 ms.®! This high temperature particle residence time is the key scalability design parameter as
it has been demonstrated that production rate can be increased (up to 500 g/h) while preserving

t.%2 Production rate is a function of precursor flow rate.®

properties by keeping that time constan
The faster the precursor flow rate, the higher the production rate because there is simply more
material going through the flame.®* However, increasing the precursor flow rate increases the
flame temperature and height.®” It turns out that the high temperature residence time can be kept
constant at various production rates by simply keeping constant the ratio between the precursor
flow rate, in mL/min, and the dispersion gas flow rate, in L/min.’? Therefore, flame conditions are

conventionally referred to as the ratio between those two flow rates. A “1/5 flame”, for example,

means that the precursor flow rate is 1 mL/min, while the dispersion gas flow rate is 5 L/min. This

21



simplicity in scaling up the production of particles synthesized at lab scale with specific properties
significantly shortens the development time and investment in transferring lab-level research to
industrially viable commercial technology. Figure 2-4 shows how the specific surface area remains
constant as production rate is scaled up when the ratio between the precursor and the dispersion

gas is kept constant.®
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Figure 2-4: Specific surface area of Pt/Al:O3 as a function of production rate. Adapted from ref
83.

Other parameters include the choice of dispersion gas between, for example, oxygen, air,
nitrogen and argon. The dispersion gas choice can impact whether the flame environment is
oxidizing or reducing, and the rates of oxidation, combustion and cooling. A quartz tube can also
be used to surround the flame to prevent air entrainment which controls the oxidation, combustion
and cooling rates, making the flame hotter and longer. In the case of liquid precursors, flammable
organic solvents are used in the mixture to provide self-sustaining flames.” The combination
choice of this solvent and precursor is important due to their associated enthalpy, and its dictation
of the pre-processing stability. Teoh et al.”! tabulated a list of suitable precursor/solvent

combinations for 45 elements.
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The flame industry produces millions of metric tons of particles annually.” Flame aerosol
technologies span various reactor setups such as diffusion flame, and spray pyrolysis.” However,
it is difficult to use diffusion flames to make homogeneous multi-element particles due to the

differences in vapor pressure of the precursors of different elements.®*

In this thesis, I exclusively use flame spray pyrolysis of liquid precursors. Flame spray
pyrolysis (FSP) is a one step process with no moving parts that produces metal oxide nanoparticles
at industrial rates in the order of tons per day and can easily make multicomponent nanoparicles.®®
I note here that the “German National Science Foundation (DFG) named FSP a priority technology
supporting over 30 PhDs, and, in 2016, the US National Institute of Health (NIH) awarded Harvard
a 5-year, $5 million, grant to use the FSP to create a database mapping the toxicity of various
nanoparticles. The Argonne National Laboratory in the United States is using artificial intelligence
to assist in discovering new materials using FSP.%® A multitude of spinoffs valued in the order of

$100s million exist today based on FSP.%’

Figure 2-5 shows a picture of the FSP setup at Concordia University. A typical flame spray
pyrolysis reactor consists of a system that disperses liquid droplets, a pilot flame to serve as the

initial heat and ignition source, and an oxidant for combustion (Figure 2-6).”

The particles are
collected on a glass-fiber filter on top of the flame (Figure 2-7), as the particles directed towards

the filter using a vacuum pump.
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Figure 2-6: a) a picture of the burner and tubes carrying the various gases and the cooling

water. b) a picture of the flame during operation.
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Figure 2-7: A picture of nanoparticles collected on the sample filter, synthesized on Halloween.

As discussed, various FSP process parameters can be used to control particle size such as
the dispersion gas and/or precursor flow rates. However, precise control of the very small crystal
size required to synthesize quantum dots remains elusive. Teleki et al®® observed the blue shift in
band gap energy that is characteristic of the quantized effect in titania that is collected at different
heights from within the flame. Even though, the final product in that paper is in bulk size, it
demonstrates that quantum dots exist at early stages of flame synthesis.®® Prior to this work, there
exists only one study demonstrating the ability of FSP to synthesize ZnO particles small enough
to exhibit the quantized effect.® In that study, Midler et al. added silica to the precursor mixture
to provide a matrix that caps the size of ZnO crystals and provide access to smaller crystal size
and narrower size distribution.® The coprecipitation of ZnO and silica hinders the sintering of

ZnO or its coalescence and eventually growth.®
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2.4. The self-assembly of graphene oxide liquid crystals

The discovery of graphene by Nobel laureate Novoselov™ et al triggered a frenzy of research, and
excitement due to its extraordinary properties: physical, mechanical, and electrical. This two-
dimensional, one-atom-thin material exhibits a Young’s modulus of 1 TPa, and a tensile strength
of 130 GPa."> Such properties make it the strongest material known but translating them to a

macroscopic scale remains a challenge.

Griffith!* demonstrated that the strength of a material fundamentally depends on its
structure, and not merely on the intrinsic strength of chemical bonds. He observed that polished
samples are significantly stronger than non-polished ones, and that even micro-sized scratches are
profoundly detrimental. The ideal structure of graphene provides its phenomenal strength. It
follows that such an ideal structure can be a building block towards superior macroscopic
structures. Numerous comprehensive reviews of a wealth of work on graphene nanocomposites
are available.”!"??>%* However, the self-assembly of those sheets might be the path towards

superior macroscopic structures.

Self-assembly is the organization of building blocks into nanostructures such as micelles
and liquid crystals even in the absence of external forces.””> A liquid crystal is a subset of self-
assembled nanostructures that has a liquid-like nature and a crystal-like order.”® Amphiphilic
particles have been shown to spontaneously self-assemble under certain conditions. Amphiphilic
particles (e.g. graphene oxide) are characterized by having both solvophobic (e.g. hydrophobic in
water) and solvophilic (e.g. hydrophilic in water) groups.’” Essentially, cluster formation is driven
by the force generated when the solvation free energy of clusters is lower than the sum of the
solvation free energies of the individual solutes.’” This differential in the solvation free energy can

exist when there is a large enough number of amphiphilic solutes (i.e. high volume to surface
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ratio). For amphiphilic solutes to self-assemble, this solvophobic force must be higher than the

electrostatic repulsion between the solutes.”®

It is important to differentiate between clustering and clustering in an ordered state. When
the solvophobic force is stronger than the electrostatic repulsion, solutes will cluster. When there
is also substantial electrostatic repulsion, these clustered solutes will self-assemble into an ordered
state. In summary, two conditions must be met for self-assembly to take place: 1) some degree of

electrostatic repulsion, and 2) a solvophobic force that is stronger than the electrostatic repulsion.

A critical trigger for the advances in graphene-related research is the achievement of Li”
et al to disperse chemically converted graphene in water without the use of any dispersing agents.
The challenge stems from the hydrophobicity of graphene’s hydrocarbon sheet. The carbonyl
groups on the edges of graphene oxide have negative charges leading to electrostatic repulsion that
enables graphene oxide to become amphiphilic, and disperse in water without the need of
additional dispersing agents. Further, the ability of the oxygen containing functional groups to
form hydrogen bonds with solvents such as water enables it to “dissolve” in a stable solution.!®
GO solutions can be engineered to exhibit a wide range of rheological properties by simply varying
the GO concentration. Such versatility originates in GO dispersion ability to form ordered states
(often referred to as “liquid crystals™) which is raising the prospects of exciting opportunities for
the use of manufacturing techniques that requires specific viscoelastic properties as shown in
Figure 2-8. Spray technologies require viscoelastic liquid, while printing and spinning

1

technologies require more solid/gel like viscoelasticity.!”! Fundamentally, harnessing the

chemistry of graphene oxide is key to any advances in both composites, and liquid crystals.!??
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Figure 2-8: The various manufacturing processes enabled by the range of G/G"" of graphene
oxide dispersions. Concentrations are described in mg of GO per mL of water. From ref 101.

The process of self-assembly starts with isotropic, amphiphilic graphene oxide sheets that

interact so that they stack to produce lyotropic liquid crystals with “nematic”!?®, “columnar”!®!, or

104 105

“chiral”!®® liquid phases. Such interactions, reviewed by Pan!** et al and by Zhang'® et al, include
covalent bonding, and non-covalent bonding. Non-covalent bonding includes hydrogen bonding,

ionic bonds, and I1- IT interactions. Those interactions can co-exist in the same system.

This self-assembly process leads to various kinds of macroscopic structures as reviewed
by Wu!? et al such as paper and fibers. These solid structures are prepared using several methods
including wet-spinning, freeze drying and filtration, that preserve the ordered structure observed
in the liquid crystal phase. The highest tensile strength achieved in graphene fiber is 1,450 MPa

(Table 2).!°7 Graphene fibers show the most promise from a strength perspective, and have
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numerous applications: actuators, motors, dye-sensitized photovoltaic wires, and supercapacitors,

108

as reviewed by Cheng'*° et al.

Table 2: Properties summary of self-assembled GO achieved in the literature

Tensile | Young's

Preparation strength | modulus
Reference Structure | method (MPa) (GPa)
Ultrastiff and strong graphene fibers .
via full-scale S}%ngrggtic defect | ... Wet-spinning +
engineering (Xu et al, Advanced Fibers E(e:atlng @ 3000 | 1450 282
Materials)'’
Highly thermally conductive and Wet- spinning +
mechanically strong graphene fibers | Fibers heating @ 1300 | 1080 135
(Xin et al, Science)'” —2800 °C
Ultrastrong b101nsplred graphc?nc?- Wet-spinning +
based fibers via  synergistic Fibers heating @ 160 | 842.6 Not
toughening (Zhang et al , Advanced oC ' reported
Materials)'!”
Mechanical reinforcement fibers
produced by gel-spinning of poly- o
acrylic acid (PAA) and graphene | Fibers hwezgrslp 11(1@1/112§C+ 764.5 59.2
oxide (GO) composites (Jiang et al, &
Nanoscale)'!!
Liquid  crystal self-templating
approach to ultra strong and tough | .. Wet-spinning +
biomimic composites (Hu et al, Fibers heating @ 90C 632 209
Scientific Reports)!!?
Ultra strong fibers assembled from
Giant Graphene Oxide Sheets (Xu et | Fibers Wet-spinning 501.5 11.2
al, Advanced materials)'"?
El(;‘etzrfcﬁéihe tp sflr, f;r;?lzrslgzle%r&phene Fibers Wet-spinning 360.1 12.8
Preparation and characterization of directional
graphene oxide papers (Dikin et al, | paper flow, vacuum | 120 32
Nature)!!> filtration

Briefly!!®, the restructuring of particles in solution is governed by the free energy of

aggregates, AG Oagg as described in Equation 7.

o

AG

o

agg = AH qg5 —TAS 444

[7]
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Where AH oagg is the aggregate’s enthalpy and is negligible’” at ambient conditions, and AS oag g
is the aggregate’s entropy. Clearly, self-assembly is entropy driven at ambient conditions. For
charged amphiphilic particles such as graphene Oxide, AGoag g 18 the sum of the contribution from
hydrophobicity, AG" ., and electrostatic repulsion, AG",;, as per Equation 8. When the AG ", is
larger than AG’,;, aggregates (clusters) self-assemble. Note that both AGj,. and AG',; can be
written in terms of enthalpy and entropy as per Equation 7. In the conditions where enthalpy is

negligible, Equation 8 can be completely written in terms of entropy.
AG 455 = AG pe + AG” [8]

The theoretical foundation for graphene oxide liquid crystals is in the hard platelets’ theory

17 He remarked that effective van der Waal’s co-volume cannot alone

of Nobel laureate, Onsager
account for the formation of two phases in some colloidal solutions, and finally concluded that
electrostatic repulsion between highly anisometric particles drives this behavior. Onsager’s
remarks agree with similar ones made by another Nobel laureate, Irving Langmuir!'8, who first
observed liquid crystal phases in clays, and proposed to approach analysis from osmotic pressure
point of view as opposed to just potential energy. Onsager obliged, and further explained that the
transition from the isotropic to the nematic phase of graphene oxide is governed by entropy. In
completely rigid rods, considered by Onsager, there exist two competing drivers of entropy:
orientational preferring isotropic arrangement, and positional preferring an anisotropic
arrangement. As the concentration of those rods increase, orientational entropy decreases, while
the volume exclude by the additional concentration increases positional entropy more. This net
increase in entropy compels self-assembly as concluded from free energy calculations. In other

words, the net increase in positional entropy compels those rods to stack in parallel to one another

so that they can pack within the available space. Two critical concentrations of colloids exist: the
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first is the limit below which a purely isotropic phase exists, the second is the minimum above
which a purely anisotropic phase exists. Both phases coexist in varying fractions between the two

concentrations.

Think of paper clips in a box. If only a few are inside the box, they will randomly orient.
However, as you add more clips, there will be a point beyond which no more clips can be added
without the clips reorienting into an ordered state. Graphene oxide sheets, and most colloids for
this matter, behave similarly. If those clips are charged or larger, then the critical number of clips
above which ordering occurs will decrease. If the repulsive forces between the charged clips are
so strong that they break the box (hydrophobicity) they are in, the clips will be randomly oriented.

If these clips are flexible, then the number of clips needed to compel ordering will increase.

Onsager only considered completely rigid rods while graphene oxide sheets are flexible.
Nobel laureate, Flory!!®, first challenged the assumption that random entanglement of chains is
normal for polymer, which he viewed as lacking critical assessment. He demonstrated that even
for polymers, there are concentrations where parallel ordered structuring avoids the competition
for a given lattice sites minimizing free energy. This should not be surprising given that polymer
crystallization is not uncommon. Khokhlov and Semenov'?° expanded the theory to accommodate
flexible to stiff polymers. Electrostatic interactions, and steric hindrance still drive positional
entropy by virtue of their impact on excluded volume. On the other hand, the added flexibility
considered in the Khokholov theory increases the magnitude of orientational entropy lost, as in the
case of flexible graphene compared to completely rigid rods. This increase in entropy cost is
because one needs not only to assign a one-point orientation of an effective segment, but also the
tangential vector of all other points in the segment due to the flexibility of the colloid chain. This

raises the critical colloidal concentration required to form anisotropic self-assembled phases in
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graphene oxide liquid crystals. Jalili'?! et al later adapted this understanding to the case of graphene
oxide self-assembly. Not considering the flexibility of graphene sheets has led to large
discrepancies between experiments and predictions derived based on assumptions of rigidity in

122

reports such as that of Aboutalebi'““ et al.

Behabtu'? et al remarked that per Onsager’s work, there must be a concertation above
which an ordered state is formed in graphene oxide dispersion. Surely enough, they were the first
to observe a phase separation where the bottom part exhibited an ordered phase at high graphene
oxide concentration. Graphene oxide separates into two phases: ordered (the bottom), and
disordered (the top) when its concentration is between the two limits. It is worthy of note that such

phase separation phenomenon was Onsager’s original motivation for his general theory.

Xu'® and Gao demonstrated the presence nematic graphene oxide liquid crystals. A critical
factor that allowed their discovery is their novel synthesis modification to increase the oxidation
degree of their graphene oxide to enhance solubility. This change greatly strengthened the
repulsive forces between the graphene oxide sheets as indicated by the higher zeta potential they
measured, -64 mV, compared to that of graphene oxide synthesized by the Hummer’s method'?4,
-30 mV. The negative charge indicates strong electrostatic repulsive forces. This repulsion allows
for the increase in excluded volume entropy necessary for the formation of graphene oxide liquid
crystals, and leads to the enhanced solubility necessary to stabilize this colloidal system as

indicated by the higher absolute value of the zeta potential.

The role of electrostatic repulsive forces can be further explored by taking advantage of
the salt effect, the immediate coagulation of graphene oxide dispersion upon the addition of an
electrolyte solution such as sodium chloride (NaCl).”” The addition of NaCl weakens the repulsive

forces between the graphene sheets proportionally to its concentration as illustrated by Zeta
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potential measurements shown in Figure 2-9b. As the concentration NaCl increases, the absolute
value of the Zeta potential decreases indicating a corresponding decrease in the electrostatic
repulsive forces and solubility, compelling coagulation into disordered solids (referred to as

gelation in some papers'%).
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Figure 2-9: a) a phase diagram of the phases involved as a function of graphene oxide, and NaCl
concentrations. b) Zeta potential versus NaCl concentration demonstrating the salt effect. S= Solid
(coagulated); I=Isotropic (disordered);, N=Nematic (ordered). From ref 103.

As shown in Figure 2-9a, the increase of graphene oxide concentration, f(m), increases
steric hindrance increasing positional entropy, and therefore prompts the formation of a nematic
phase that coexists with the isotropic phase in the intermediate range, and that exists in a pure state
in the high range. The addition of salt decreases the electrostatic repulsive forces, decreasing
excluded volume entropy. Therefore, the addition of salt resists the formation of nematic liquid
crystals, and forms coagulated solids instead, above critical concentrations. Similarly, an acidic
environment protonates the carboxylic groups, reducing the electrostatic repulsive forces and the

absolute value of the zeta potential.”®
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Oh!%® et al investigated the effect of increasing the degree of oxidation on the critical
concentration necessary to achieve pure nematic graphene oxide liquid crystals. The degree of
oxidation is synonymous with the concentration of oxygen containing functional groups including
the carbonyl groups responsible for the negative charge of graphene oxide. As the degree of
oxidation increases, the critical concentration necessary to reach 100% nematic phase decreases,
as shown in Figure 2-10. The authors attribute this observation to the increased hydrogen bonding,
and we should also note that the additional carbonyl groups due to increased oxidation also
increase the electrostatic repulsion as shown in Figure 2-11. The increased electrostatic repulsion
also aids the self-assembly process, and decreases the critical concentration in question.
Interestingly, the zeta potential in the nematic phase is more negative than the isotropic
counterpart. While the authors expressed surprise at such an observation, it should have been
predictable given the vital role electrostatic repulsion plays in the formation graphene oxide liquid

crystals as per the theories outlined earlier.
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Figure 2-10: Effect of the degree of oxidation on the isotropic-nematic transition concentration.
As the degree of oxidation increases (from GO A to GO C), the critical concentration decreases.
I=Isotropic (disordered); N=Nematic (ordered). From ref 126.
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Figure 2-11: Effect of oxidation degree on the zeta potential of graphene oxide dispersions in both
the nematic phase (lower), and the isotropic phase (upper). As the degree of oxidation increases,
from GO (A) to GO (C), the negative charge increases (more in the nematic phase compared to
the isotropic phase.I=Isotropic (disordered);, N=Nematic (ordered). From 126.

Van der Beek and Lekkerkerker!?’developed an equation to predict colloidal volume

fraction required for the isotropic-nematic transition (Equation 9) for charged colloidal platelets.

3 L 1+oD 3
pol \/_D 1430 < D > [9]

Where D is the average lateral size, oy, is the polydispersity, L is the thickness, and p is a
function of D%, and is a dimensionless number density. While the authors acknowledge that

121 et al

electrostatic forces are crucial, they argue that only number densities are needed. Jalili
successfully uses this equation to provide indications in their study of the effect of graphene oxide
size, even though it is developed for hard platelets and should be corrected to account for flexibility
by using effective thickness and size.'?” Whether corrections are used for accurate numerical

predictions or not, clearly the size magnitude and polydispersity of graphene oxide sheets have a

direct influence.

The positional entropy is driven by the volume excluded and made inaccessible due to the

presence of a given molecule.”” Consequently, the size of graphene oxide sheets involved directly
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122 ¢t al eliminated the

affects the magnitude of excluded volume entropy. Aboutalebi
ultrasonication involved in the synthesis of graphene oxide, reducing the breakage of the sheets,
and resulting in ultra large graphene oxide sheets. The graphene oxide sheets produced in this
study has a size in the order of 10s of micrometers, and areas up to 10,000 pm?. The resulting
increase in excluded volume entropy due to the use of such large sheets reduced the critical
graphene oxide concentration necessary to the spontaneous formation liquid crystals to lowest
levels achieved at the time for any colloid system, 0.1 wt%. The effect of size on the critical
graphene oxide weight fraction is best seen in the work of Kim®® et al as shown in Figure 2-12. As

the size of graphene oxide sheets decreases (Figure 2-12a) from A to B to C, the critical weight

fraction of graphene oxide necessary to achieve a pure nematic phase increases (Figure 2-12b).
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Figure 2-12: Effect of size on the graphene oxide critical concentration for liquid-nematic
transition. As size of graphene oxide sheets decreases (from A to B to C), the weight fraction of
graphene oxide necessary to achieve 100% nematic phase increases. Adapted from ref 96.
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Jalili'?! et al demonstrated that even very small graphene oxide sheets can be induced to
exhibit a nematic phase if only 4 wt% of large graphene oxide sheets are added to enhance the
polydispersity of the mixture. Figure 2-13 summarizes the previous discussion. Large and
polydisperse graphene oxide still require a minimum concentration to form a nematic phase
(Figure 2-13a). Small, and almost monodisperse, graphene oxide cannot exhibit a nematic phase
even at large concentration (Figure 2-13b). Adding a small amount of large graphene oxide to
small graphene oxide dramatically increases the polydispersity allowing for a nematic phase to be

formed at modest concentrations (Figure 2-13c).
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Figure 2-13: The effect of the magnitude and polydispersity of graphene oxide. a) isotropic phase
of large, and polydisperse graphene oxide but at low concentration. b) isotropic phase of
concentrated but small and almost monodisperse graphene oxide. c) nematic phase of
concentrated, polydispersed but small graphene oxide. The images on the right are Polarized Light
Microscopy. From ref 121.

Several experimental techniques are used to determine if an anisotropic state exists such as
Polarized Light Microscopy (POM) and SEM. POM is used on liquid GO dispersions, while SEM

is used on solid samples created after processes such as filtration and freeze drying.

37



The interaction of the anisotropic graphene oxide phase with light is mesmerizing. As
Tkacz'?® explains that such graphene oxide phase exhibits birefringence, first observed by
Langmuir''®, where light travels at different velocities depending on the direction it goes through
the material. Light slows down if its polarization axis is parallel to the graphene oxide plane. These
properties allow the use of polarized light microscopy to determine whether an ordered state exists
or not, and quantify its fraction. Figure 2-14 shows graphene oxide dispersion of different
concentrations. The volume fraction of the birefringent phase is a measure of the fraction of the

nematic phase plotted in Figure 2-10 and Figure 2-12.

Figure 2-14: Polarized Light Microscopy of graphene oxide dispersion. The birefringent areas
have a nematic ordering, while the darker regions are isotropic. 1) 0.01 wt%, 2) 0.02 wt%, 3)
0.04, 4) 0.06, 5) 0.08, 6) 0.1 wt%. From ref 126.

Figure 2-15 shows SEM images directly showing the self-assembly of graphene oxide
sheets to an ordered state where they are parallel to one another. Figure 2-15a shows a flat graphene
paper'!® where the graphene oxide sheets could have just as well been rigid. Interestingly, Dikin''®
et al is likely the oldest report where graphene oxide self-assembly can be seen, even though they

112

never referred to it as self-assembly or a liquid crystal. Hu '~ et al wet-spun graphene fibers,

crosslinked with hyperbranched polyglycerol (HPG). Yet, despite the round shape of the fiber’s
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cross-section magnifying the effect of graphene oxide flexibility, SEM still demonstrates self-

assembly into an ordered state as seen in Figure 2-15b.

Figure 2-15: SEM images of self assembled graphene oxide. a) graphene oxide paper from ref
115. b) wet-spun graphene oxide fibers with a scale of 250 nm. From ref 112.

129

All the discussion thus far has been limited to aqueous dispersions, however Jalili'~ et al

reported that it is also possible for graphene oxide to form liquid crystals in organic solvents
(Figure 2-16). The magnitude of the electrostatic repulsion forces is much lower in organic
solvents than in water.'’® Greaves'’! et al suggests that amphiphile self-assembly, observed in
many systems before graphene oxide, is predominantly driven by solvophobic forces in non-

aqueous solvents (analogous to hydrophopic effects in water).
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Figure 2-16: SEM of the fracture surface of free-standing paper of LC graphene oxide and single
wall nanotubes made by cast drying. Adapted from ref 129.

Ray’’ explained that hydrophopic-like interactions are not limited to water but expand to
non-aqueous solvents- solvophopicity. He observed that molecules of the solvents capable of
forming micelles (self-assembled nanostructures of amphiphilic molecules such as detergents)
have two or more centers for hydrogen bonds allowing for the formation of 3 dimensional solvent
structures.””!3? This solvophobicity is governed by solvent cohesiveness measured by the Gordon
parameter”®, and the ability to form hydrogen bonds as measured by the Hansen parameter.'?° The
process of liquid crystal self-assembly is obviously complex, and it is difficult to find consensus

on the extent to which each factor contributes.

The evolution of our understanding of the self-assembly of the strongest known material
into liquid crystals includes many giants who built on each other’s work for nearly a century. Yet,
the field is far from mature, and the most exciting opportunities remain ahead. Imagine now if we
can make graphene oxide liquid crystals dispersed in alcohol, and then lock this superior
macroscopic structure in place by strong covalent bonds instead of weak hydrogen bonds via
photopolymerization. The alcohol is vital to allow the cationic photocuring with epoxide groups

present in the basal planes of graphene oxide. Such photopolymerization will in turn enable the
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use of sterelithography 3D printing in making superior, mechanically strong, three dimensional
structures of self-assembled graphene oxide liquid crystals. A downside to graphene oxide is the
fact that it loses much of the electronic advantages that graphene has. However, those electronic
properties could potentially be restored by reducing the 3D printed graphene oxide using hydrazine

or heat (starting at 180 °C'?° all the way to 900 °C'3?).
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3. Photo-polymerization using metal oxide semiconducting nanoparticles for epoxy-based

coatings and patterned films

3.1. Abstract
Photo-polymerization is fundamental to many applications such as printed circuit board

manufacturing, dentistry, coating, and stereolithography 3D-printing. However, the current
organic cationic initiators are toxic, expensive and difficult to tune with respect to the wavelength
of light required for the initiation of the photo-polymerization. Different applications require
different wavelengths of light to initiate photo-polymerization. Thus, the ability to tune initiators
is sought after. Here, we show that metal oxide semiconducting nanoparticles photo-polymerize
epoxy via an oxidation reaction that we monitor using FTIR, NMR and titration techniques.
Careful selection of metal oxide semiconducting materials with the desired band-gap energy
controls the wavelength of light to which this class of epoxy photo-initiators respond. Additionally,
those semiconducting nanoparticles are cheaper and less toxic relative to their commercial
counterparts. Finally, semiconducting nanoparticles are standard materials with well-known
syntheses offering a wide-range of readily available options. Our findings introduce a new class
of epoxy photo-initiators that could impact industrial applications that rely on photo-
polymerization, as well as nanocomposites where photo-induced reactions during use are

undesirable.

3.2. Introduction

A vast array of high-impact applications that makes use of photopolymerization has been
arising ever since Kodac developed the first synthetic photo-polymer, polyvinyl cinnamate, as a
photoresist in printing plates.!®?° These applications include the manufacturing of printed circuit

19,21,22,23

boards, photocurable coatings, and stereolithography 3D printing. The reason
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photopolymerization is catching so much attention is because it can be preferable to heat
polymerization because it is less unpleasant relative to heat in dentistry applications, and requires
low energy and no solvents.!” However, controlling the critical wavelength required to trigger the

photopolymerization reaction remains an area of needed research.

Photo-polymerization mechanisms are generally classified in two categories: free-radical
and cationic.!? In the former, free-radicals are produced during photo-initiation whereas in the
latter, the initiator is photo-decomposed to generate cationic species and, ultimately, protons that
ring-open reactive species such as epoxide groups.!! The radical photo-initiation of acrylic
monomers and resins has been extensively investigated using a variety of initiators including
semiconducting nanoparticles.>**>!? In this work, we are interested in the photo-polymerization of
epoxy, which requires a cationic initiator. Onium salts, first developed by Crivello®, are the most
commonly used cationic initiators.!® Equations 1 ands 2 show an example of a cationic

1.10

photopolymerization mechanism, described by Yagci et al.””, where protons open up the epoxide

rings and initiate polymerization'>. The focus of most past studies of cationic initiators are on

shifting the light wavelength to which the photo-initiator is sensitive.!%3!

The principles of oxidation and reduction® via semiconductors were implemented when
Fujishima and Honda first demonstrated the splitting of water with solar light using a
semiconducting plate.’” In this application, the water is oxidized by the photo-generated holes, to
generate O, and protons which are reduced by the photo-generated electrons to form H» gas.
Semiconductors are also able to oxidize alcohols to ketones, and produce protons.®*?* Equations 5
and 6 show a typical alcohol oxidation reaction by a semiconducting material producing protons

as described by Hoffman et al.?*
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Here, we demonstrate the ability of semiconducting nanoparticles to photo-polymerize
epoxy. In our reaction, semiconducting nanoparticles oxidize alcohol and produce protons that
then open epoxide rings and initiate polymerization (Figure 3-1). The electrons generated by
exciting the semiconducting nanoparticles are scavenged by oxygen.'** In fact, electron
scavenging by oxygen is critical in the alcohol oxidation surface reactions of transition metals

through chemisorption mechanisms. !

Figure 3-1: Proposed mechanism for the photo-polymerization of epoxy in the presence of
isopropanol using semiconducting nanoparticles.

Semiconducting nanoparticles are a tunable, cheaper, less toxic, and easier to synthesize
alternative to the current commercial cationic organic initiators. Chung et al demonstrated the
versatility of semiconducting nanoparticles by creating PbS coated ZnO quantum dots exhibiting
the highest certified efficiency of 8.55%, measured by recording current and voltage using a
sourcemeter under simulated solar light illumination.!*® Such efficiency is achieved by band gab
energy engineering where the energy levels are tuned in such a way where the excited electron is

essentially blocked from recombining with the hole. There is a wide variety of standard applicable
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metal oxide semiconducting nanoparticles with a range of band gap energies that include visible
or deep UV regions such as copper oxide and tin oxide, respectively. We focus on P25 TiO» in our
work as it is among the best photo-catalysts available commercially’3’. We also use ZnO
nanoparticles to generalize our conclusions. Both P25 TiO, and ZnO are standard materials with

well-known synthesis processes and well investigated properties including quantum yields'3%!3°,

3.3. Experimental Section
3.3.1. Materials

The materials used for the experiments are epoxy monomers (1-4 cyclohexane dimethanol
diglycidyl ether, mixture of cis and trans- technical grade), isopropanol (99.5%), xylene (reagent
grade), 1-phenethyl alcohol (98%), methyl viologen dichloride hydrate (MV) (98%), commercial
organic cationic initiator (bis (4-methylphenyl) iodonium hexafluorophosphate (98%)), P25 TiO»
nanoparticles (25 nm, 50 m?/g, anatase:rutile = 87:13), hydrogen bromide solution in acetic acid
(33 wt%), toluene (99.8%), methanol (99.9%), 2-ethylhexanoic acid (2-EHA) (99%), and crystal
violet indicator. These are obtained from Sigma Aldrich and used as-received. In some
experiments, cyclohexene oxide (98%) is used as the epoxy monomer which is also obtained from
Sigma Aldrich and used as received. Zinc 2-ethylhexanoate is obtained from Strem Chemicals and
used as-obtained. Pure anatase TiO> (23 nm, 91 m?/g) is purchased from mkNANO. ZnO
nanoparticles are synthesized via flame spray pyrolysis using a 4/8 flame as described by Giintner
et al.!*’ The synthesized ZnO particles have a hexagonal zincite crystal structure with a crystal size

of 29 nm (XRD), and a specific surface area of 39 m?/g (Nitrogen adsorption).

3.3.2. Epoxy photo-polymerization
Mixtures (1.5 g) consisting of epoxy monomer, alcohol (isopropanol, 1-phenethyl alcohol),

MYV and nanoparticles (P25 TiO2, ZnO) are stirred overnight and sonicated for 30 minutes with a
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Misonix sonicator 3000 (5 seconds on, 20 seconds off). The exact compositions of the mixtures
are specified in the results section. In some control samples, MV and/or nanoparticles are excluded.
The mixtures are blade coated on microscope slides to make films that are radiated in a UVP (CL-
1000L- 365 nm) photo-chamber with a light intensity of 4 mW/cm? at the surface of the samples.

Figure 3-2 outlines this sample preparation procedure.
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Figure 3-2: Sample preparation.

3.3.3. Reaction Monitoring

Liquid-state NMR experiments are done on cyclohexene oxide. Solid-state NMR
experiments are done on samples initially consisting of monofunctional epoxy monomer,
cyclohexene oxide, and isopropanol (5 wt%), polymerized by either a commercial organic cationic

initiator or P25 TiOz (5 wt%) after 50 hours of UV radiation.

All spectra are recorded on a Bruker Avance III HD spectrometer operating at '*C Larmor
frequency of 150.87 MHz using a double resonance BBFO 5 mm probe for liquids and a Varian
3.2 mm BIO-MAS probe for solids. '*C spectra of the soluble samples are acquired with NOE
enhancement during the recycle delays. 16384 transients are added with 1 s acquisition time a
spectral width of 234 ppm and a recycle delay of 2 s. The '*C spectra of the solid samples are

obtained at a Magic-Angle spinning frequency of 15 kHz using 1.5 ms cross-polarization at radio-
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frequency fields of 60 and 75 kHz for 'H and '*C respectively, a recycle delay of 5 s, an acquisition
time of 20 ms during which high-power '"H TPPM decoupling is applied at a radio-frequency field

of 75 kHz. The spectral width is 300 ppm, and 8192 transients are accumulated.

The reaction is monitored using FTIR and titration. Fourier transform infrared (FTIR)
spectroscopy (NEXUS in ATR mode) is conducted with 64 scans at 1 cm™! resolution between 600
cm! and 4000 cm!. Titration is performed according to ASTM-D1652-97. During the titration,
HBr solution (¢ = 0.5 mol/L) is used for data points with lower polymerization, and HBr solution

(c =0.06 mol/L) for the later points with higher degree of polymerization.

3.3.4. Nanoparticle Dispersion

An SEM investigation of the films is done once using a Quanta 200F (FEI, now: Thermo
Fisher Scientific), operated in low vacuum mode (P(H20) = 40 Pa) at an acceleration voltage U =
20 kV to ensure proper dispersion. Images are recorded with back-scattered electrons. Figure 3-3
shows SEM images of photo-polymerized films containing P25 Ti0O. Image analysis of the most
agglomerated particles seen with SEM show an average agglomerated particle size to be 238 + 10
nm. The largest agglomeration size observed is 254 nm. Sample size is 20 measurements of the
largest agglomerations per image (total measurements = 40). The agglomerate particle size of P25
TiO: dispersed in water measured by DLS is about 350 nm. Thus, we assess that the P25 TiO»

particles are well dispersed in our system.
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Figure 3-3: SEM images of a photo-polymerized film of a mixture containing epoxy, isopropanol
(5 wt%), and P25 TiO2 (5 wt%). The film was irradiated for 150 hours. Image analysis
demonstrates that the agglomerated particle size is 238 £ 10 nm. Maximum agglomeration size is
254 nm. Sample size is 20 measurements of the largest agglomerations per image (total
measurements = 40).

3.4. Results and discussions

3.4.1. Polymerization Verification
Figure 3-4a shows liquid state '*C NMR of the cyclohexene oxide monomer as received,
showing a clear shift at 51.7 ppm that corresponds to epoxide rings. Figures 3b and ¢ show solid

state 3C NMR of the polymerized cyclohexene oxide showing the methylene carbons at 20-33
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ppm, and methine carbons at 68-90 ppm.'*! In general, the NMR spectra of the sample polymerized
with the commercial cationic organic initiator (Figure 3-4b) and with the P25 TiO» (Figure 3-4c¢)
have the same general shape indicating that the polymer synthesized using P25 TiO; is very similar

to that synthesized using the commercial organic cationic initiator.
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a) Cyclohexene Oxide

b) w/ Commercial initiator

120 100 80 60 40 20 0

Figure 3-4: 13C NMR of a) cyclohexene oxide monomer (top, sky blue), b) sample cured with
commercial cationic organic initiator (middle, magenta), and c) sample cured with P25 TiO2

(bottom, black).

The broad peak observed in Figure 3-4b between 70 and 90 ppm is the result of multiple
overlapping peaks which cannot be resolved. The breadth of these peaks is most probably a
consequence of the large molecular weight and low mobility of the species to which they are
associated. This broad chemical shift distribution between 70 and 90 ppm is also observed in
Figure 3-4c in addition to a few sharper chemical shifts at 72.9, 75.2, 80.2, 85.8 ppm. This indicates

that the sample polymerized with P25 TiO> consists of two populations: a low mobility one with

49



high molecular weight, and a high mobility population with low molecular weight. The presence
of high mobility molecules in samples polymerized with P25 TiO; is further supported by our
observation that it cross-polarizes less efficiently than the sample polymerized with the

commercial cationic organic initiator.

We observe that the chemical shift at 51.7 ppm corresponding to the carbons in the epoxide
ring disappears after radiation in Figure 3-4b and c in comparison with Figure 3-4a, confirming
the epoxy consumption predicted by the proposed reaction mechanism in Figure 3-1. A chemical
shift at ~175 ppm, corresponding to ketones, can be observed in the single pulse experiments
(Figure 8-1) of the sample cured with P25 TiO,. This peak at 175 ppm confirms ketone formation

due to alcohol oxidation predicted by the proposed reaction mechanism in Figure 3-1.

3.4.2. Monitoring of Reaction Kinetics
We use FTIR spectroscopy to monitor photo-polymerization as is the convention.'® In Figure 3-5
we show the effect of initiator presence/type and UV radiation exposure on the FTIR spectrum of

the reaction mixtures.

The system does not polymerize in the absence of light, as shown by the identical spectra
of samples before and after one month stored in the dark (Figure 3-5a and b). Further, the system
does not polymerize in the absence of an initiator even after extensive radiation (Figure 3-5¢). On
the other hand, we observe polymerization in the presence of both light and semiconducting
nanoparticles, P25 TiO» (Figure 3-5¢) or ZnO (Figure 3-5f), evidenced by the decrease of the
epoxide peak!*? at 910 cm™, consistent with C'> NMR observations (Figure 3-4c). We further
observe a large peak at 1717 cm’ in the systems photo-polymerized with semiconducting

nanoparticles, P25 TiO2 or ZnO, (Figures 3e and f) but not with the commercial initiator (Figure
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3-5d). This peak corresponds to the ketone stretch predicted by Figure 3-1, consistent with C'3
NMR single pulse experiments (Figure 8-1). Finally, we observe an increase in ether bonds further
indicating polymerizations in systems initiated by semiconducting nanoparticles, P25 TiO; or ZnO,

(Figures 3e and f).

Ketone Ether Epoxide

f) W/ ZnO initiator - 350h

e) W/ P25 TiO, initiator - 133h

d) W/ commercial initiator - 40min

Absorbance (a.u.)

¢) No intiator - 133h W
b) W/ P25 - no radiation (1 month) A X A

A
~—
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Figure 3-5: FTIR spectra of systems with epoxy and isopropanol (5 wt%) —a) not radiated (bottom,
green), b) with P25 TiO2 (5 wt%) and no radiation (second from the bottom, red), c) radiated for
133h (third from the bottom, blue), d) with commercial initiator (5 wt%) radiated for 40 minutes
(fourth from bottom, magenta), e) with P25 TiOz (5 wt%) radiated for 133h (fifth from the bottom,
black), and f) with ZnO radiated for 350h (top, purple).

In Figure 3-6, we validate our FTIR quantification using chemical titration. The kinetics of
epoxy consumption is monitored via the epoxide peak at 910 cm™! (black squares). Chemical
titration (green squares) of the epoxide group by HBr according to ASTM-D1652-97 validates the
FTIR measurements and C'> NMR observations, all indicating the consumption of epoxy over

radiation time.
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Figure 3-6: Titration (dotted green line with squares) confirmation of FTIR results (Solid black

line with squares). Systems contain epoxy, isopropanol (5 wt%) and P25 TiO2 (5 wt%,). Error bars
indicate 90% confidence limits on the mean of 18 measurements for all t >0.

We monitor reaction kinetics by following the formation of ketones (Figure 3-7a), the
consumption of epoxide (Figure 3-7b), and the formation of ethers (Figure 3-7c) via FTIR peaks

at 1717, 1167, and 910 cm™! respectively for all systems (Figure 3-5).
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Figure 3-7: Reaction Kinetics: a) ketone formation (FTIR peak at ~1700 cm-1), b) epoxy
consumption (FTIR peak at ~ 910 cm-1), and c) ether formation (FTIR peak at ~1167 cm™). Base
composition: epoxy and isopropanol (5 wt%). Systems contain base composition (dashed line with
blue circles); base composition with P25 TiO; (solid line with black squares) or ZnO (dotted line
with purple triangles). All peak areas are normalized relative to the aliphatic peak area (2800-
3000 cm™). Error bars indicate 90% confidence limits on the mean of 18 measurements for all t
>(). Note that the horizontal axis is the same for all three graphs.

The control sample, without initiators, shows no sign of reaction in any of the three

indicators. Systems with semiconducting nanoparticles, P25 TiO, or ZnO, show significant
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formation of ketones (Figure 3-7a), consistent with alcohol oxidation in Figure 3-1 and C'* NMR
single pulse experiments (Figure 8-1). Furthermore, we observe epoxy consumption (Figure 3-7b),
and ether formation (Figure 3-7c), in both cases, consistent with epoxy polymerization in Figure
3-1, and C'* NMR observations (Figure 3-4c). The reaction is much slower when ZnO is used than
when TiO> is used, consistent with the literature indicating that TiO> is a more efficient photo-
catalyst than ZnO'*. While P25 TiO: is used here because it is known to be the superior catalyst,
we also use ZnO nanoparticles to generalize our conclusions to metal oxide semiconducting
nanoparticles. An apparent induction period in epoxide consumption is observed in samples
initiated by P25 TiO» (Figure 3-7b). This induction period has been observed and attributed to the

formation of a secondary oxonium ion by Crivello.'*

Finally, another control experiment is conducted using P25 TiO2 coated with 2-EHA using
a procedure similar to what is reported in the literature'** (Figure 8-2). Coated P25 TiO: are inferior
initiators to uncoated P25 TiO,. This detrimental effect of nanoparticle coating indicates that our

observations are of a surface reaction.

To speed up the reaction kinetics, we conducted a preliminary investigation of the effects
of various system composition parameters including type and concentration of alcohol and TiO»,
and the concentration of electron scavenger. Figure 3-8 compares the reaction kinetics of the
improved composition as compared to that of the original. The improved composition consumes
70% of the epoxy after 33 hours, which is 5 times faster than the 150 hours it took for the original
composition. We note that in a process such as stereolithography the power intensity used would
be several orders of magnitude higher than what is used in this study. This of course would lead to
a faster reaction. Nonetheless, there remains a great deal of improvement to the reaction rate

needed before it is implemented in a practical process. Parameters such as the semiconducting
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nanoparticle band gap energy and light wavelength should be explored to improve reaction kinetics
because it is already well established that a good match between semiconducting nanoparticle band
gap energy and light wavelength is critical in catalytic applications'*®. We note that titania has
been found to increase the glass transition temperature and modulus of epoxy.'*” It has also been
found that the modulus and yield strength of titania-epoxy composites are highest at 5 titania wt%

and decrease at higher loadings due to the creation of microcracks.!*®
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Figure 3-8: Composition improvement. The original system (solid black line) contains epoxy,
isopropanol (5 wt%), and P252 (5 wt%). The improved system (dotted orange line) contains epoxy,
1-phenethyl alcohol (10 wt%), MV (0.5 wt%), and pure anatase TiO2 (25 wt%,). Error bars indicate
90% confidence limits on the mean of 18 measurements for all t >0.

3.4.3. Film Characterization
We evaluate the physical properties of the films to confirm that the film is polymerized. We
conducted a swelling experiment where we left a film (thin film of the improved system from
Figure 3-8, 483h of radiation) immersed in a beaker of acetone for 24 hours. The film showed no

visible changes in its appearance and no weight loss. On the other hand, an unpolymerized film of
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the same composition completely dissolved in acetone after 5 minutes. These swelling experiments

indicate that the polymerized epoxy film is cross-linked.

3.5. Conclusions

We demonstrate that semiconducting nanoparticles can initiate epoxy photo-polymerization.
Considering the myriad of semiconducting heterogeneous photo-catalysts, this work opens a new

class of epoxy photo-initiators.

Another immediate implication of our findings is that epoxy/TiO, nanocomposites are
likely to suffer from photo-instability because the band gap energy of TiO> is within the solar
spectrum, and thus it will initiate the reactions reported here whenever exposed to sunlight. Such
instability of epoxy/TiO, nanocomposites has been reported'**"!>® but not previously related to the

occurrence of the reactions reported here.
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4. Flame-made TiO:

4.1. Abstract:
Titania nanoparticles containing both monoclinic (TiO2(B) — a promising battery material and
catalyst) and anatase crystal phases are synthesized with a low-cost, scalable flame spray pyrolysis
(FSP) process, as confirmed by X-ray diffraction, transmission electron microscopy and Raman
spectroscopy. The latter reveals TiO2(B) contents of up to 27 % in the crystalline phase fraction.
The amount of TiO2(B) increases as the time for nanoparticle growth in the flame decreases
through quenching with ambient air. It can be controlled by varying the flow rates of precursor
solution and dispersion oxygen into the flame. The FSP-made titania outperforms commercial
titania P25 in the photocuring of epoxy, indicating its potential as a photocatalyst.

4.2. Introduction
Titanium dioxide nanoparticles are typically produced in industry with flame reactors through
oxidation of titanium tetrachloride vapor, as is the majority of pigmentary-grade titania.'>! In fact,
Ti0; is the second largest commodity made by flame reactors, outnumbered in tonnage only by
carbon black.®® Unless dopants are employed to increase the rutile yield, e.g. for application as

151,152

white pigments , product powders are a mixture of anatase and rutile polymorphs. One

prominent example is high surface area (~50 m?/g) titania P25 (Evonik Industries AG) with
approximately 88 wt% anatase and 12 wt% rutile'?” that has broad application as a photocatalyst.

)!53154 in which a

Titania nanopowders have also been produced by flame spray pyrolysis (FSP
liquid mixture of an organic solvent and a titanium-containing compound, typically titanium (IV)
tetraisopropoxide, is sprayed and combusted. With flames burning in air, similar phase
compositions as for P25 are obtained, while careful adjustment of the oxygen partial pressure in
the FSP reactor allows to control the anatase content over a broad range of 6 to 96 wt% with the

balance rutile.!>>
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Ti0O; can also attain other crystal phases than anatase and rutile, namely brookite, TiO>(II),

TiO2(H), and monoclinic TiO2(B).!*® Recently, TiO2(B) has gained special attention as it has the

157 158,159

lowest density'®’ and most open crystal structure of all titantia polymorphs with open

channels along the b-axis in the [001] direction.'®® These properties allow for fast Li+

1 157,162,163

intercalation!®!, making it ideal for rechargeable lithium-ion battery applications.

Furthermore, smaller TiO2(B) nanoparticles provide shorter diffusion paths!®

, improving battery
charging and discharging times.'>® Furthermore, TiO2(B), is attractive due to its energy bands
which differ from and interact with the energy bands of other crystal structures.'®> Consequently,

it may lead to photocatalytic activity similar to or better than P25 in other applications. %166

156

TiO2(B) is found in nature only in trace amounts'°® and was first synthesized from potassium

octatitanate via hydrolysis and ion exchange followed by complete dehydration.'®” Other synthesis

1168 166,169

routes include the basic sol-gel *® and related microwave processes. All current synthesis
routes are multi-step, multi-day processes. For example, sol-gel synthesis involves an autoclave
heating step that lasts multiple days. The fastest synthesis of bulk nanoparticles (a few grams)
appears to be microwave-assisted sol-gel process that reduces the autoclave heating step to 3
hours'®. On the other hand, flame synthesis is a single-step process that can produce nanoparticles

in minutes, at rates on the order of 100 metric tons per day industrially.”® To the best of our

knowledge, the TiO2(B) phase has never been reported in the products of flame reactors.

Here, we take a closer look at titania nanopowders produced via flame spray pyrolysis with
the help of Raman spectroscopy, high resolution transmission electron microscopy (HRTEM) and
X-ray diffraction (XRD). We observe up to 27 wt% of TiO2(B) in product powders along with

anatase and some rutile, and show how this fraction can be controlled by process conditions. The
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FSP-made powders are evaluated in the photocuring of epoxy and compared against P25 as well

as Ti02(B) produced by a wet-phase process.

4.3. Experimental
4.3.1. Particle synthesis

A precursor solution with 0.25 mol/L total metal concentration is prepared by diluting precursors
with xylenes (Sigma Aldrich, Reagent grade). The precursors used are titanium (IV)
tetraisopropoxide (Sigma Aldrich, 97%), Zn-2-ethylhexanoate (Strem Materials, 80%), tin-2-
ethylhexanoate (Sigma Aldrich, 92.5-100%), copper-2-ethylhexanoate (Strem Materials, 16-19%
Cu), hexamethyldisiloxane (Sigma Aldrich, 98.5%) for Ti, Zn, Sn, Cu, Si respectively. This
precursor is fed at 1 to 5 mL/min through the capillary of the flame spray pyrolysis reactor!’%!"!
and atomized by 2 to 5 L/min of oxygen. These process conditions are denoted by P/D here where
P is the precursor flow rate in mL/min, and D is the dispersion oxygen flow rate in L/min. The
precursor spray is ignited with a pilot flame fueled by 1.25 L/min of CH4 premixed with 2.5 L/min
of O,. Product titania particles are collected on glass fiber filters (Albet-Hahnemiihle, GF 6, 25.7
cm diameter) placed in a water-cooled stainless-steel holder with the help of a vacuum pump
(Busch, Seco SV 1040 C). In some experiments, the flame is surrounded by a quartz glass tube (5
cm inner diameter, 20 cm length) following Waser et al.!”> When the tube is installed, sheath
oxygen of 10 L/min is introduced in co-flow to the spray flame to reduce nanoparticle deposition

on the tube walls. In some instances, samples are annealed for 2 hours at 500 °C in air in a muffle

furnace (Carbolite CWF 1300).

TiO2(B) is synthesized using a sol-gel method according to Amstrong et al.'®

and Yang et
al.!®> Anatase titania (Sigma Aldrich) is treated with 10 M NaOH at 180 °C for 48 hours in an

autoclave with Teflon beaker. The resulting cake is mixed with dilute HCI (0.05 M) for 4 hours
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followed by washing with distilled water and filtration. Product titanate is transformed into

Ti02(B) by annealing in air for 4 hours at 400 °C in a muffle furnace (Carbolite CWF 1300).

4.3.2. Particle characterization
X-ray powder diffraction (XRD) is performed on a Bruker D8 Advance diffractometer (Cu Ka
radiation, 40 kV, 30 mA, Bragg—Brentano geometry, equipped with Lynxeye detector, 0.02° step
size, 2 s/step) in the range of 10° <260 <70°. Samples are analyzed pure and with 15 wt% of nickel
oxide as an internal standard to quantify the amorphous and crystalline contents'*’!7>!174 Phase
fractions are determined by peak area integration at 15°, 25.5°, 27.5°, and 42.5° for TiO2(B),

anatase, rutile and NiO respectively. The following equations are used:

aredagnatase,rutile;monoclincic (10)

f(anatase,rutile,monoclinic) = 85
(1—5) xareayio

famorphous =1- fanatase - frutile - fmonoclinic (1 1)

Transmission electron microscopy (TEM) is performed on a Tecnai F30 (FEI) microscope
operated at 300 kV (point resolution ca. 0.2 nm). Images are recorded with a Multiscan CCD 794
camera (Gatan Inc.). Specific surface areas are determined by nitrogen adsorption (Micrometritics
Tristar 1) at 77 K employing the Brunauer-Emmett-Teller (BET) isotherm after degassing the
sample in nitrogen at 150 °C for at least 2 hours. An SSA-equivalent primary particle diameter is
calculated as dssa[nm] = 6000 / (SSA-[m?/g] pp [g/cm3]), where a density of p, = 3.8 g/cm? for

anatase titania is used.

Raman spectra are recorded with a Renishaw spectrometer, using a 785 nm laser at 50% power
with 10 seconds exposure time from 100 cm™ to 800 cm™. 5% laser power is used in the case of

sol-gel TiO2(B) due to signal saturation at higher power. The Raman shifts at 144 and 123 cm™! for
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anatase and TiO»(B) respectively are deconvoluted to quantify the relative ratio of anatase to
TiO2(B) nanoparticles following Beuvier et al.!”> The average and standard deviation of scans of

6 different spots are reported.

4.3.3. Epoxy curing
Mixtures (1.5 g total weight) consisting of 1-4 cyclohexane dimethanol diglycidyl ether (referred
to as “epoxy” here, Sigma-Aldrich, technical grade), 5 wt% isopropanol (Sigma-Aldrich, 99.5%),
and 5 wt-% nanoparticles are stirred overnight and then sonicated for 30 minutes while being
water-cooled (5 seconds on, 20 seconds off for a total time of 40 minutes, 95% amplitude, 40 W,
100000 J total energy) using a Vibracell VCX 500 equipped with a cup horn. Mixtures are prepared
using commercial titania P25 (Evonik) or FSP-made nanoparticles. The mixtures are blade-coated
on microscope glass slides using 0.0025-inch-thick kapton tape (McMaster-Carr). These films are
then radiated using a 365 nm UVA lamp (UVP, XX-15M), with a light intensity of approximately
2 mW/cm? at the surface of the films for up to 144 hours. The cure percentage is measured by
Fourier transform infrared (FTIR) spectroscopy in ATR mode on 6 different spots of each film

using 64 scans at 1 cm™! resolution scanning from 600 cm™ to 4000 cm™ (Bruker Vertex 70v).

4.4. Results and Discussion

4.4.1. Particle characteristics
Figure 4-1 shows how the specific surface area (SSA) of titania nanoparticles can be controlled
between 98 and 252 m?*/g by varying the oxygen dispersion gas flow at constant 1 mL/min
precursor feed (squares) or changing the precursor flow at constant 5 L/min dispersion-O2
(triangles). Specifically, the SSA increases from 160 to 252 m?/g as the dispersion gas flow
increases from 2 (1/2 flame) to 5 L/min (1/5 flame). This is typically observed in FSP synthesis of

nanoparticles as higher dispersion gas flows lead to shorter, colder and more dilute flames, and
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hence shorter high temperature residence times for nanoparticle growth.®»!7° In contrast,
increasing the precursor feed at constant oxygen dispersion gas flow decreases the SSA from 252
m?/g (1/5 flame) to 98 m?/g (5/5 flame) due to longer high temperature residence times and higher
1,176

particle concentrations. The SSA of the 5/5 product is in excellent agreement with Jossen et a

reporting 100 m?/g for a similar flame but toluene as solvent.
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Figure 4-1: Specific surface area of FSP-made titania as a function of precursor flow rate at
constant 5 L/min dispersion O: flow (black squares, bottom abscissa) as well as of dispersion O>
flow at constant 1 mL/min precursor flow (red triangles, top abscissa). Increasing the precursor
flow and thereby the flame enthalpy and particle concentration decreases the SSA rather linearly
while it is increased by higher oxygen flow rates.

Figure 4-2 shows the XRD patterns of commercial titania P25 (top), FSP-titania as well as
sol-gel made Ti1O02(B) (bottom) in the region of the most intense reflections between 10° <20 <
35°. The pattern of P25 shows the characteristic reflections of anatase (25.5°, PDF 86-1156) and
rutile (27.5°, PDF 87-0710). Peak analysis with the help of a 15 wt% NiO standard (reflection at
42.5°, data not shown, PDF 44-1159) reveals a fully crystalline sample with 88 wt% anatase and
12 wt% rutile similar to Ohtani et al.!3” Note, however, that in some P25 samples, Ohtani et al.!3’

reported up to 13 wt% amorphous fraction. An amorphous content of ~23 wt% was determined
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here for FSP-titania made in the 5/5 flame (green line in Figure 4-2), along with 68 wt% anatase
and the balance rutile. Similar amorphous fractions in FSP titania were recently reported by
Fujiwara et al.!” for different flame conditions and precursor solutions. The anatase to rutile ratio
of the FSP 5/5 sample here is similar to that of P25 as well as FSP-made titania reported by Jossen

et al.!’® that did not consider the presence of an amorphous fraction.

When the ratio of precursor to dispersion oxygen flow is decreased by reducing the precursor
or increasing the dispersion oxygen flow rate, diffraction peaks become broader indicating smaller
crystallites in agreement with the increasing specific surface area (Figure 4-1). Furthermore, the
rutile reflection at 27.5° becomes weaker and a reflection at 15° appears indicating the presence
of another phase while the peak at 25.5° remains dominant. This is most pronounced for the 1/5
flame having the lowest precursor and highest dispersion oxygen flow rates making it the shortest
and coldest flame. These effects did not allow a reliable quantitative determination of the
amorphous product fraction for flame ratios below 5/5. However, at least similar amorphous
contents are expected as shorter high temperature particle residence times and faster quenching

should promote the formation of amorphous domains.
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Figure 4-2: XRD patterns of P25 (top), FSP-made titania made with precursor / dispersion oxygen
ratios of 1/5 to 5/5, and pure sol-gel TiO2(B) (bottom) along with the characteristic reflections of
TiO2(B) (bars, bottom legend), anatase (square), rutile (triangle)

The reflection at 15° neither is characteristic for anatase (square, top of Figure 4-2) nor
rutile (triangle) nor brookite titania (stars, PDF 29-1360). It is the characteristic reflection of
TiO2(B), as shown by comparison with PDF 46-1237 (bars at the bottom of Figure 4-2) and
corresponds to the 001 plane and a spacing of 0.64 nm which is unique to TiO(B).!®® The XRD
pattern of a predominantly TiO>(B) nanopowder made here by a sol-gel process is shown in the
bottom row of Figure 4-2. Reflections at 15°, 25.5°, 28° and 33° can be observed. While the
reflection at 15° is unique to TiO2(B) amongst all TiO: crystal structures, the reflection at 25.5° is
the dominant reflection for both TiO>(B) and anatase titania. This overlap makes it difficult to

identify TiO2(B), especially as X-ray diffractograms of TiO; frequently only show the 2@ region
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above 20°, as in previous reports on FSP-made titania.!’®!”!!7” The other reflections of TiO2(B) at

28° and 33° are much weaker and overlap with reflections of rutile (28°) and brookite (33°).

Figure 4-3 shows high-resolution TEM images of nanoparticles made in the 1/5 flame.
Primary particle sizes are in the order of 5 nm in agreement with an SSA-equivalent particle size
of 6 nm, and characteristic for this powder made in a rather cold flame with short high temperature
residence time. Sinter necks between primary particles indicate aggregation as the time available
for particles is insufficient for them to fuse into larger spheres. Lattice fringes are discernible up
to the surface corroborating a monocrystalline structure in many particles. The unique 0.64 nm
spacing of the 001 plane of TiO2(B) that gives rise to the reflection at 20 = 15° (Figure 4-2) appears

(magnification in Figure 4-3) in some particles. This indicates the presence of individual TiO2(B)

crystals in the product nanopowder.
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Figure 4-3: HRTEM image of titania nanoparticles made in the 1/5 FSP flame showing aggregated
primary particles of ~5 nm size. The magnified area (red rectangle) shown in (b) reveals the (.64
nm spacing characteristic for TiO>(B) in some particles.

Raman spectroscopy is conventionally used to quantify the TiOx(B) crystal fraction.!”
Figure 4-4 shows the Raman spectra of P25 (top), the FSP-made titania nanopowders of Figure
4-2, and sol-gel derived TiO2(B) (bottom). P25 and all FSP-made powders show the characteristic
and pronounced anatase bands!’® at 144, 201, 398, 515 and 639 cm™'. The band at 144 cm™' shifts
slightly as the dispersion oxygen flow rate increases or the precursor flow rate decreases (inset).
Such a shift has been reported before for decreasing anatase crystallite sizes.!” Here, smaller
primary particles (Figure 4-1) and crystals (Figure 4-2) are produced as the precursor to dispersion
oxygen flow ratio decreases. A characteristic Raman mode of rutile titania is at 447 cm™! but is
rather weak and typically difficult to see.!”® This rutile mode is indicated by a small hump in the
spectrum of P25 but is hardly discernible in FSP-made powders here, in line with low rutile

contents suggested by XRD (Figure 4-2).
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Figure 4-4: Raman spectra of P25 (top), FSP-made titania, and pure sol-gel TiO2(B) (bottom)
showing the band at 250 cm™ corresponding to TiO2(B). The higher magnification in the inset
shows the shoulder at 123 cm™ corresponding to TiO2(B) as well as the shift of the Raman band
around 144 cm™ due to particle size.

A band at 250 cm™ and a shoulder at 123 cm™ can be observed in FSP-made titania but not
in P25. Those bands are characteristic of TiO2(B)!®*'7 as is apparent from the TiO»(B) sample
made in the liquid phase (bottom spectrum in Figure 4-4). The TiO2(B) bands at 250 cm™ and
shoulder at 123 cm™! are strongest in the particles made in the coldest flame with 1/5 setting and
weakest in the particles made in the hottest flame, (5/5) in line with XRD results (Figure 4-2).
Such TiO2(B) bands are also discernible in the Raman spectra of similarly made FSP-titania

reported by Teleki et al.'® but had not been assigned.

The ratio of anatase to TiO2(B) is quantified by deconvoluting Raman shifts at 144 cm’!

(anatase) and 123 cm™! following Beuvier et al.'”® Figure 4-5 shows the amount of TiO2(B) in the
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crystalline fraction of the nanopowder as a function of specific surface area, assuming negligible
rutile content. We observe a clear trend of increasing TiO2(B) content from ~13 wt-% at 98 m?/g
(5/5 flame) to ~27 wt-% at 252 m?/g (1/5 flame) despite the large error bars related to the accuracy
of the deconvolution procedure. Particles made in different flames but with similar specific surface
area (flames 2/5 and 1/3 or 3/5 and 1/2 flames in Figure 4-5) have similar TiO2(B) contents. It
should be kept in mind that the FSP-made titania is likely containing an amorphous fraction, as
indicated by Fujiwara et al.'’”* and our finding of ~23 wt% for the product of the 5/5 flame.
Therefore, actual fractions of crystalline anatase and TiO2(B) in the product should be lower than
shown in Figure 4-5. Though, none of those flame conditions produce pure TiO2(B), it has been
shown that titania particles with as little as 5 wt% of TiO2(B) improve the first discharge capacity

of lithium batteries by 20% and rate performance by 25% compared to pure anatase particles'8!.
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Figure 4-5: Amount of TiO2(B) in the crystalline titania fraction (%) as a function of the specific
surface area (m?/g). Increasing the specific surface area by decreasing the precursor to dispersion
gas feed ratio (P/D) increases the weight fraction of monoclinic titania, TiO2(B), from ~13% at 98
m?/g to ~27% at 252 m*/g (1/5 flame). Note that the rutile content was negligible in these powders
and that a potential amorphous fraction would lower the contributions of the crystalline phases.
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The increasing TiO2(B) content with increasing specific surface area (Figure 4-5) indicates
that colder and shorter flames, i.e. shorter high temperature particle residence times and possibly
faster quenching, promote the formation of monoclinic titania. TiO>(B) is metastable and
recrystallizes into anatase titania at temperatures above 550 °C.'®? FSP flames typically have
maximum temperatures above 2300 °C3%!717L183 “mych higher than the TiO2(B) to anatase
transition temperature. However, computational fluid dynamics simulations and FSP reactor
scaling proposed by Gréhn et al.®? suggests that a 1/5 xylene-based flame should have a high
temperature particle residence time in the order of 1 ms while it is ~10 ms in a 4/5 flame. There is
simply not enough time at high temperature for TiO2(B) to recrystallize into the more stable
anatase and rutile phases at the high quenching rates encountered in the FSP flames. Other possible
explanations for the presence of such a metastable phase in small flame-made particles may be the
preferred crystallization in the simplest structure and the formation of the lowest density phase to
counteract high surface energies.'®* This is consistent with our observations of increasing TiO2(B)
content with shorter high temperature residence time and resulting smaller primary particles, since
TiO2(B) has the lowest density among all TiO2 phases and the monoclinic system is one of the

simplest crystal structures.

Annealing the nanopowder with the highest TiO2(B) content made in the 1/5 flame at 500°C
for 2 hours removes all characteristic signals of TiO2(B) in both XRD and Raman. Note that this
temperature is lower than the phase transition temperature reported by Brohan et al.!®?
Additionally, the rutile XRD reflection at 27.5 can be observed after annealing, as anatase starts
to convert into the thermodynamically stable rutile at such temperatures.'’ Similarly, surrounding

the 1/5 flame by a tube and thereby preventing ambient air entrainment and flame quenching!”

leads to longer high temperature residence times, and eliminates all signs of TiO2(B) in XRD and
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Raman (data not shown). Longer residence times at high temperature may be the reason why no

Ti02(B) but some rutile is observed in flame-synthesized commercial titania P25.

4.4.2. Epoxy curing
The performance of FSP-titania made in the 1/5 and 5/5 flames is tested for the photocuring of
epoxy and compared to P25, the gold standard for photocatalytic activity, and sol-gel TiO2(B).
Photocuring of polymers is integral in applications like coating, dentistry, the manufacturing of
printed circuit boards, and stereolithography 3D printing.”!%! Previous work demonstrates a novel
mechanism to photocure epoxy using semiconducting nanoparticles.'® Here, we use this reaction
to evaluate the photocatalytic activity of the FSP-titania. Note that the power intensity used in
these experiments is 2 mW/cm?, orders of magnitude lower than the W/cm? used in typical

stereolithography 3D printing applications employing epoxy photocuring.

Figure 4-6 shows curing kinetics of the 1/5 (squares) and 5/5 (triangles) FSP titanias, P25
(circles), and sol-gel TiO2(B) (diamonds) as calculated from FTIR spectra by normalizing the
epoxide peak!8® at ~910 cm™! relative to the aliphatic peaks. P25 and titania made in the 5/5 flame
having the lowest TiO2(B) content and being closest in composition to P25 perform similarly, even
though titania made in the 5/5 flame has more than twice the surface area (98 m?%/g) as P25 (47
m?/g). FSP particles made in the 1/5 flame which have the highest TiO2(B) crystal fraction and the
highest surface area (252 m?/g) perform 2-3 times more efficiently than P25. This improvement
cannot be explained by the higher surface area alone given the small effect of surface area inferred
by comparing the similar performances of P25 and 5/5 titania. This relatively small effect of
particle surface area has previously been observed for this reaction also with pure anatase
particles.'® Sol-gel TiO2(B), with SSA of 39 m?/g, has the poorest performance of all the particles

tested. This is attributed to the fact that these are single phase particles. It is well known that
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multiple crystal structure , or even multiple materials , slow down electron-hole
recombination, improving catalytic properties. Thus, interactions between the anatase and TiO2(B)
crystal structures in our mixed phase FSP-made particles reduce the rate of electron hole

recombination, significantly improving the photocatalytic activity. Note that the TiO2(B) to

anatase ratio in 1/5 titania is the same as the rutile to anatase ratio in P25.
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Figure 4-6: Epoxy photocuring calculated from FTIR spectra as a function of time using titania
made in 1/5 and 5/5 FSP flames, commercial titania P25, and sol-gel TiOx(B) as catalysts.

Mixtures are epoxy, isopropanol (5 wt%), and nanoparticles (5 wt%). Error bars are 90%
confidence limits. Note that flame-made titania outperforms P25, and single phase TiO>(B).

4.5. Conclusions
For the first time, we demonstrate the presence of TiO2(B) in titania nanoparticles made by flame

spray pyrolysis, accounting for up to ~27 % of the crystalline fraction. The formation of this
metastable phase is attributed to very short (milliseconds) high-temperature residence times and
steep temperature gradients of the FSP flame. In addition to anatase and TiO>(B), FSP-made titania
may contain an amorphous weight fraction, as high as ~23%. These phases should be considered
in the characterization and performance evaluation of flame-made nanopowders. Based on catalyst
weight, flame-made titania can show higher photocatalytic efficiency for photocuring epoxy

compared to P25, the gold standard for photocatalytic activity. Continuous, single-step mass
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production of such particles can be readily achieved with flame spray pyrolysis in the same manner

as P25 is currently mass produced.

Monoclinic/anatase mixed particles may open the door to a new class of catalysts and new
applications. Here, we show only one such application, catalyzing epoxy photo-curing. The
performance of these particles should also be investigated in photovoltaic and battery applications.
Perhaps this mixture of TiO2(B) and anatase could replicate the impact of the mixture of rutile and

anatase of P25.
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5. Flame-made metal oxide quantum dots embedded in a silica matrix

5.1. Abstract
Quantum dots have unique size-dependent properties and promising applications. However, their
use in many applications remains hindered by mechanical, thermal and chemical instability, and
the lack of viable quantum dot mass-production processes. Embedding quantum dots in matrices
such as silica counteracts the instability challenges in some applications while preserving their
unique properties and applicability. Here, we synthesize quantum dots of four different metal

oxides embedded in a silica matrix in a one-step mass production process using flame spray

pyrolysis.

5.2. Introduction

Quantum dots are the object of considerable interest due to their remarkable optical and electronic
properties such as high quantum efficiency, and narrow size-dependant absorption and
luminescence windows.?3** The quantized effect®® is most easily observed when the crystal size
is below the Bohr diameter.>* The applications of metal oxide quantum dots range from
photocatalysis (TiO2)***’°% UV protection films (ZnO)*'**, gas sensing (Sn0.)’*"!, high
temperature superconductors (CuO).’* Further, semiconducting quantum dots have been shown to
photo-polymerize acrylics via free radical polymerization.'>?** We have recently shown that
semiconducting nanoparticles such as TiO> and ZnO can photopolymerize epoxy via cationic
polymerization.!® The two most major obstacles faced by quantum dots preventing the
commercialization of many of those applications are their mechanical, thermal and chemical

instability, as well as the lack of viable large-scale production.’*#->

The stability of quantum dots can be improved by embedding them in amorphous

matrices.*® For example, embedding quantum dots in an amorphous carbon matrix counteracts the
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aggregation and volume swelling challenges encountered during lithiation in battery
applications.*’ Ge et al.'® also embedded CuO quantum dots (1-2 nm) in a silica matrix which
showed improved thermal stability. Further, these amorphous matrices improve wetting and

dispersion that are critical to photocatalytic activity.**

The synthesis of quantum dots embedded in amorphous matrices suffer from the inherent
challenge of high activation energy because of the composition and solubility of the
semiconducting particles in the amorphous matrix.* Further, quantum dots embedded in
amorphous matrices intended for photocatalytic applications must avoid a core-shell structure
where the semiconducting material core is hermetically sealed by the amorphous shell as this will
eliminate surface reactions.®> On the other hand, segregated particles with distinct crystalline and

amorphous domains exhibit high photocatalytic activity.®®

The need for viable high-volume production of quantum dots remains unmet. Quantum
dots are usually synthesized using wet chemistry techniques that are relatively complex, require
hours, and with a production rate in the order of grams per day.3*4>44484968 Alternatively, flame
spray pyrolysis (FSP) is a one step process that produces metal oxide nanoparticles at industrial
rates in the order of tonnes per day.®® FSP also allows great versatility in combining different
materials. Various FSP process parameters can be used to control particle size such as the
dispersion gas and/or precursor flow rates.!” However, precise control of the very small crystal
size required to synthesize quantum dots remains elusive. Teleki et al®® observed the blue shift in
band gap energy that is characteristic of the quantized effect in titania that is thermophoretically
collected at different heights from within the flame. To the best of our knowledge, there is currently
only one publication on synthesizing ZnO particles small enough to exhibit the quantized effect

via FSP.% In that study, Midler et al. added silica to the precursor mixture to provide a matrix that
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caps the size of ZnO crystals and provides access to the smaller crystal size and narrower size
distribution that exists at early stages within the flame. The coprecipitation of ZnO and silica
hinders the sintering of ZnO or its coalescence. Further, Tani et al'®® demonstrated the thermal
stability of flame-made ZnO/Si0; particles. Here, this approach is generalized as we demonstrate
that FSP can be used to synthesize quantum dots, embedded in a silica matrix, of many metal oxide
semiconducting materials: TiO2, ZnO (over a broader size range than what Madler et al. explored),
SnO; and CuO.

5.3. Theory

The exciton Bohr diameter of a semiconducting material, dgonr is calculated via Equation 12.3%%7

_ 2h%e

dgonr = 2Rponr = E (12)

Where h = 1.05 x 10734 J-s is the reduced Plank’s constant, ¢ is the dielectric constant of the
material, e = 1.6 X 10719 C is the elementary charge, and p is the reduced mass of the material’s

exciton.

Equation 13 governs the relationship between the crystal size in terms of radius and band gap

energy (E7).%

h?m?  1.8e2
E*=E —_——
gt 2R%u eR

(13)

Where E; is the bulk band gap energy of the material (at R—o0). Equation 13 illustrates that the
quantized effect is most significant at sizes below the exciton Bohr diameter but still occurs at
bigger sizes. It is important to note that Equation 13 has limitations because of the assumptions it

34,39

involves™™*”, particularly at sizes below 3 nm due to a significant increase in the electrons’ kinetic

energy'’!.
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Table 3 shows the standard properties of each of the materials used in this study, where my =
9.1 X 10731 kg is the mass of a free electron. The exciton Bohr diameter calculated using Equation

1, and the tabulated material properties, are consistent with the values found in the literature.

Table 3: Material properties
TiO, ZnO (Zincite) | SnO» CuO
(Anatase)*? (Cassiterite)* | (Monoclinic)
€ 31 3.7 (ref 44) 14 25 (ref 45)
wmo 1.630 0.157 (ref46) | 0.275 0.381 (ref 47)
Eg (eV) 3.2 3.2 (ref 46) 3.6 1.5 (ref 47)
Bohr diameter (nm) | 2 2.5 (ref 46) 54 6.6-28.7 (ref 48)
from literature
Calculated Bohr 2 2.5 5.4 7
diameter (nm) (eq 2)

5.4. Results and discussion
Figure 5-1 shows XRD patterns of flame-made TiO2, ZnO, SnO> and CuO. Where X is the molar

fraction of the metal oxide and the balance is silica. Therefore, when “X” is 1, the particles are
made of pure metal oxide and contain no silica. On the other hand, particles contain silica when
“X” 1s smaller than one. The XRD patterns indicate that ZnO, SnO; and CuO have hexagonal,
tetragonal and monoclinic crystal structures respectively. TiO2 has anatase (reflection at 25°),
monoclinic (weak reflection at 15°) crystal structures, consistent with our earlier observations'”,
and traces of rutile (reflection at 30°). The XRD patterns of flame-made TiO> with X=1, 0.8 and
0.7 can be used to reliably calculate average crystal size, d(XRD), (Table 4) which are found to be
5.8,3.3,2.3 nmrespectively. The TiO; average crystal size, d(XRD), decreases as the silica loading
increases (X decreases). Similarly, the XRD patterns of ZnO, SnO> and CuO can be used to reliably

calculate average crystal size, d(XRD), only when X=1. Figure 8-3 shows the XRD patterns of
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particles with X=0.7 demonstrating that the very small crystal sizes which significantly broaden
XRD reflections and the presence of amorphous silica render calculations of the average crystal
size, d(XRD), for all other flame-made particles considered here unreliable. This challenge was
previously encountered by Tani et al in similar flame-made ZnO/SiO; particles.'”® The average
crystal size, d(XRD) of flame-made TiO>, ZnO, SnO and CuO (X=1) are 5.8, 28.6, 4.8 and 7.4 nm
respectively. The average crystal size, d(XRD) of SnO, (X=1), 4.8 nm, is smaller than the exciton

Bohr diameter of 5.4 nm.

X=1
TiO,, X=0.8

Ti0,, X=1

IILLW

Intensity (a.u.)
Intensity (a.u.)

Figure 5-1: XRD patterns of flame-made particles. a) TiO,, CuO, SnO: and ZnO (X=1), and b)
TiO: (X=1, 0.8 and 0.7). The positions of the most important reflections in standard ICDD XRD
patterns of TiO: (anatase, PDF card 00-021-1272, squares), TiO> (monoclinic, PDF Card 00-46-
1238, circles), ZnO (hexagonal, PDF card 00-036-1451, upside triangles), SnO: (tetragonal, PDF
card 00-041-1445, downside triangles) and CuO (monoclinic, PDF card 00-045-0937, diamonds)
are indicated.
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Table 4: Size and bandgap energy
Material d(Bohr) x Crystal and particle sizes (nm) Bandgap energy (eV)
(nm) d(XRD) | d(BET) | d(UV-VIS) [ Calculated | Measured
1 5.8 55 2.1 3.2 3.4
. 0.8 3.3 5.5 2.1 33 34
TiO2 2

0.7 23 5.6 1.7 34 3.5
0.1 9.0 0.9 4.3
1 28.6 42.0 Bulk 3.2 3.2
0.8 7.1 8.2 34
ZnO 2.34 0.7 7.8 6.9 34
0.3 4.8 4.3 3.7
0.1 4.2 2.1 5.4
1 4.8 5.4 5.2 3.8 3.8
0.7 4.7 4.0 3.9
0.5 4.9 3.7 4.0

SnO, 5.4
0.3 4.9 3.0 4.2
0.2 5.6 2.7 4.3
0.1 6.4 22 4.7
1 7.4 8.9 4.5 1.6 1.7
0.9 7.8 33 1.9
0.7 5.5 1.8 2.7
0 . 0.5 5.5 1.7 29
0.3 6.1 1.6 3.0
0.2 9.6 1.6 3.0
0.1 10.3 1.4 3.5
0.05 14.3 1.4 3.7

Table 4 also shows the BET-equivalent particle size, d(BET), calculated from SSA
measurements (Table 8 in supplemental information) via Equation 14. The average particle size
d(BET) is generally comparable to the average crystal size d(XRD), if not slightly bigger because

of the presence of amorphous silica. ZnO is the only exception perhaps because flame-made ZnO
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particles could have a rod-like shape'®? (Figure 8-4), while (BET) calculations from SSA assume
spherical particles (Equation 14). As the silica content increases (X decreases), the average particle
size, d(BET) decreases to a minimum, levels off and then starts increasing. The presence of such
minima has been previously observed in flame-made ZnO quantum dots.®® The average particle
sizes, d(BET), of SnO, (X=0.7, 0.5 and 0.3) and of CuO (X=0.7, 0.5 and 0.3) are smaller than their
exciton Bohr diameters of 5.4 nm and 7 nm respectively. Since the overall particle size in these
cases are smaller than the Bohr diameter then certainly the crystal sizes are also smaller than the

Bohr diameter.

Figure 5-2 shows HR-TEM images of flame-made a) TiO2, b) ZnO, c¢) SnO», and d) CuO
with X=0.7. Figure 5-2a shows the lattice spacing of both anatase (0.3 nm) and monoclinic (0.6
nm) TiO, crystal structures consistent with our earlier observations!’. Figure 5-2b shows lattice
spacing of a hexagonal (0.27 nm) ZnO crystal structure. Further, Figure 5-2b and Figure 8-5 show
the rod-like shape of ZnO mentioned earlier. Figure 5-2c¢ shows lattice spacing of a tetragonal
(0.34 and 0.27 nm) SnO: crystal structure. Figure 5-2d shows lattice spacing of a monoclinic (0.26
nm) CuO crystal structure. All observed lattice spacings are consistent with XRD patterns (Figure
5-1). We can observe that in all cases crystals are between 2-5 nm in diameter, even though it is
difficult to objectively quantify crystal size using imaging techniques. Most importantly, the HR-
TEM images do not show outlier large particles normally observed in the case of broad size
distributions. Further, we do not observe a silica coating that would be present in a core-shell
structure. Instead, we observe distinct amorphous and crystalline domains indicating segregated
1465

particles consistent with Teleki’s” observations of similar metal-oxide/silica particles made using

a co-mixing FSP process.
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Figure 5-2: HRTEM of a) TiO2, b) ZnO, c) SnO2, and d) CuO flame-made particles (X=0.7).
Insets in b and d are magnifications of observed crystal structures.

Figure 5-3 shows solid-state UV-VIS spectra of TiO2, ZnO, SnO> and CuO flame-made
particles with various silica loading. The sudden drop that appears around 3.52 eV is an instrument
artifact due to a lamp change. In all cases, as the silica loading increases (X decreases), the

absorption on-set shifts to higher energy. This blue shift is consistent with the effect due to
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quantum confinement predicted by Equation 13 that becomes observable as the crystal size
approaches the exciton Bohr diameter calculated in Table 3. It is also important to note that it
would be impossible to observe this quantized effect if the particle size distribution were too
broad.*? The inset of Figure 5-3d shows a photograph of flame-made CuO with various silica
loading, demonstrating that their absorption is in the visible region. Note that the color of flame-
made CuO particles changes from dark red in the case of CuO (X=1), to green in the case of CuO
(X=0.7), to blue in CuO (X=0.1) and almost white in the case of CuO (X=0.05). Finally, we
observe repeatable anomalous peaks in the spectra of CuO (X=0.5 and 0.3) between 2-2.5 eV, but

we are unable to determine their source.
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Figure 5-3: Solid-State UV-VIS Tauc plots of flame-made metal oxide semiconducting
nanoparticles. a) TiO2, b) ZnO, c) SnO2, and d) CuO (inset: photograph showing the color of the
CuO particles, courtesy of Andrew Kingsley Jeyaraj- Copyright 2020). Figure shows a blue shift
in band gap energy as silica loading increases, X decreases.
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Table 4 shows the measured and theoretical bandgap energies (E*) of the synthesized
particles. The band gap energies were measured using the exponential region of the absorption
edge as described in the literature using UV-VIS Tauc Plots (Figure 5-3).!°3 The theoretical band
gap energy is calculated via Equation 2 using the average crystal size d(XRD) (Table 4), when
XRD is reliable. The theoretical and measured band gap energies are close, with less than 6% (max
0.2 eV) difference for all flame-made particles without silica (X=1). Further, the measured band
gap energies of flame-made TiO2 with X=0.8 and 0.7 are also consistent with the theoretical values
and exhibit a quantized effect (3% error, 0.1 eV difference). In all cases, as the silica loading
increases (X decreases), the measured band gap energy increases to higher values consistent with

the quantized effect predicted by Equation 13.

Table 4 shows the back-calculated crystal size, d(UV-VIS), associated with the measured
bandgap energy determined via Equation 13. The crystal size, d(UV-VIS), is smaller than average
particle size, d(BET), in most cases. This is because of the presence of the silica matrix. In one
case, d(UV-VIS) is larger than average particle size, d(BET). In addition to experimental
uncertainty, this discrepancy is because d(UV-VIS) uses onset absorption stemming from the
larger crystals®®, while d(BET) is an average size'**. In all cases, d(UV-VIS) decreases as silica
loading increases (X decreases). The crystal sizes, d(UV-VIS) of flame-made TiO; (X=0.7 and
0.1), ZnO (X=0.1), SnO> (X=0.7. 0.5, 0.3, 0.2 and 0.1), and CuO (all) are smaller than the

respective exciton Bohr diameter (2, 2.34, 5.4, 7 nm).

Porosity is an important factor affecting the particles’ ability to catalyze surface reactions.
Full adsorption BET isotherms are collected for flame-made SnO (X=1 and 0.3), and plotted in
Figure 5-4a. The pore size distribution (Figure 5-4b) indicates that most of the pores fall within

the 25-50 nm range. This pore size range is much larger than the particle size, d(BET), as well as
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HR-TEM observations (Figure 5-2). This indicates that the pores are intraparticle a result of the
aggregation that takes place in the flame. Similar flame-made particles of a catalytic material
embedded in a glassy matrix have been observed to exhibit high catalytic activity because the

intraparticle pores provide direct access to the catalyst."?
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Figure 5-4: SnO2 (X=1 and 0.3) (a) full isotherms and (b) pore size distribution.
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Figure 5-5 shows the epoxy photopolymerization'® rate initiated by flame made TiO, (X=1,
0.8, 0.7 and 0.1) and commercial P25. Flame-made TiO> (X=1) show superior photocatalytic
performance as compared to commercial P25 titania, the gold standard for photocatalysis.!” The
silica matrix in flame-made TiO; (X=0.8 and 0.7) quantum dots slows the reaction but does not
prohibit it indicating that the silica matrix does not hermetically seal the semiconducting material
surface. The epoxy photocuring reaction catalyzed by flame-made TiO> quantum dots (X=0.8 and
0.7) is faster than that catalyzed by P25. The superior performance of flame-made TiO> quantum
dots whether or not they are embedded in a silica matrix can be attributed to factors including its
high surface area (relative to 50 m?g in P25 TiO,), the presence of the monoclinic crystal
structure!’, and improved wetting and dispersion because of the silica matrix®*. On the other hand,
the decreasing reaction rate as the silica loading increases (X decreases) can be attributed to the
increase in the band gap energy of the particles (Table 4 and Figure 5-3) beyond the energy of light
emitted by the UVA source in these photocuring experiments, as well as the decrease in the
effective mass of TiO.. This practically eliminates the reaction when catalysed by TiO2 (X=0.1),

despite the very large surface area of 282 m?*/g.
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Figure 5-5: Photocatalytic activity of epoxy photopolymerization by flame made TiO> (X=0.8, 0.7
and 0.1) compared to commercial P25 TiO:. Error bars are 90% confidence integrals (n=6).

5.5. Conclusions
We synthesized via flame silica-embedded metal oxide quantum dots of TiO2, ZnO, SnO> and

CuO showing that quantum dots of any band gap energy between the dark red side of the visible
spectrum to the UVC region can be synthesized by FSP by choosing the appropriate metal oxide
material and the silica content. Silica encapsulation enables the use of these quantum dots in
various applications requiring higher mechanical, thermal and/or chemical stability than what is
afforded by matrix-free quantum dots. The silica matrix of the flame-made metal oxide quantum
dots does not hermetically seal the particles allowing particle-surface photocatalytic reactions to
take place. Most significantly, the FSP synthesis process allows the mass-production of those

silica-embedded metal oxide quantum dots at an industrial scale ready for application use.
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5.6. Experimental Section
5.6.1. Particle Synthesis

A solution with 0.25 mol/L total metal concentration is prepared by diluting precursors with
xylenes (Sigma Aldrich, Reagent grade). The precursors used are titanium (IV) tetraisopropoxide
(Sigma Aldrich, 97%), Zn-2-ethylhexanoate (Strem Materials, 80%), tin-2-ethylhexanoate (Sigma
Aldrich,  92.5-100%), copper-2-ethylhexanoate  (Strem  Materials, 16-19%  Cu),
hexamethyldisiloxane (Sigma Aldrich, 98.5%) for Ti, Zn, Sn, Cu, Si elements respectively. This
solution is fed at 1 mL/min through the capillary of the flame spray pyrolysis reactor and atomized
by 3.75 L/min of oxygen. The precursor spray is ignited with a pilot flame fueled by 1.25 L/min
of CH4 premixed with 2.5 L/min of O,. Product nanoparticles are collected on glass fiber filters
(Albet-Hahnemiihle, GF 6, 25.7 cm diameter) placed in a water-cooled stainless-steel holder with
the help of a vacuum pump (Busch, Seco SV 1040 C). Figure 5-6 depicts the flame synthesis

Process.

Q2 Metal
Oa = o oxide
Qé@‘ + 8i0,

Cu, Zn or Sn -2- =
ethylhexanoate, =
or titanium {1V}
tetraisopropoxide

hexamethyldisiloxane

Figure 5-6: FSP synthesis process.
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5.6.2. Characterization
X-ray powder diffraction (XRD) is performed on a Bruker D8 Advanced diffractometer (Cu Ka
radiation, 40 kV, 30 mA, Bragg—Brentano geometry, equipped with Lynxeye detector, 0.02° step
size, 2 s/step) in the range of 10° <260 < 70°. The average crystal size, d(XRD), is calculated using

the Rietveld method.!®?

Specific surface areas are determined by nitrogen adsorption (Micrometritics Tristar II) at
77 K employing the Brunauer-Emmett-Teller (BET) isotherm after degassing the sample in
nitrogen at 150 °C for at least 2 hours. Average particle size d(BET), in nm, is calculated using

Equation 14 from specific surface area measurements using nitrogen adsorption.

6000
SSAXp

d(BET) = (14)

Where SSA is the specific surface area in m?/g, and p is density in g/cm*. Our flame-made particles
are composites of metal oxides in silica matrix, and therefore Equation 15 is used to calculate their
densities (p).

pcomposite = XX Pmetal oxide + (1 - X) X Psilica (15)

The densities'®® of TiO2 (Anatase), ZnO (Zincite), SnO, (Cassiterite), CuO (monoclinic),

and silica are as follows 3.79'%, 5.61, 6.85, 6.31, 2.2 g/cm?, respectively.

For porosity-related measurements, a Tristar 3000 is used to record the full adsorption
isotherm of the as-prepared powder. The desorption isotherm is used to determine the pore size

distribution.
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Solid-state UV-VIS spectra are measured by a Varian Cary 500 UV—vis spectrophotometer
equipped with an integrating sphere using samples diluted ten times with barium sulfate (Sigma

Aldrich, 99.99%).

Transmission electron microscopy (TEM) images with bright field is performed using a
JEOL 2100 F FEG-TEM operated at 200 kV. Images are recorded with a Gatan Ultrascan 1000

camera.

X-ray photoelectron spectroscopy (XPS) spectra are collected using a K-Alpha
ThermoScientific spectrometer with an Aluminum Ka, 1486.6 eV source. An X-ray beam size
with @400 pm is used, and 3 points are measured on the sample surface. To minimize the effect
of possible charge on the sample surface, the flood gun generated low energy electrons (plus Ar+
ion) is utilized to compensate charging. The survey scanning to provide the information of element
percentage (at.%) for all possible atoms on the sample surface, is set up at a full energy scale, pass
energy of 200 eV, scanning step size of 1 eV, dwell time of 50us, and is an average of 3 scans.
The high-resolution scanning to provide the chemical state (bond) information for individual
element C, O and Cu, is set up at a specific energy scale (Cls: 274.5 — 298.5 eV; Ols: 524.8 -
544.8 eV, Cu2p: 920-970 eV, pass energy of 50 eV, scanning step size of 0.1 eV, dwell time of 50

us, and is an average of 10 scans.

Figure 8-5 shows XPS spectra of flame-made copper oxide (X=1, 0.7 and 0.1). Peaks at
binding energies of 940-945 eV, and 965 eV exist in CuO but not Cu,0.!!'! Thus, these XPS spectra
confirm that the CuO oxidation state is dominant in our flame-made copper oxide whether silica

1s used or not.
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5.6.3. Photocatalytic activity
Mixtures (1.5 g total weight) consisting of 1-4 cyclohexane dimethanol diglycidyl ether (Sigma-
Aldrich, technical grade), 10 wt% 1-phenylethanol (Sigma-Aldrich, 99.5%), and 5 wt-%
nanoparticles are stirred overnight and then sonicated for 30 minutes while being water-cooled (5
seconds on, 20 seconds off for a total time of 40 minutes, 95% amplitude, 40 W, 100000 J total
energy) using a Vibracell VCX 500 equipped with a cup horn. Mixtures are prepared using
commercial titania P25 (Evonik) or flame-made TiO; (X=0.8). The mixtures are blade-coated on
microscope glass slides using 0.0025-inch-thick kapton tape (McMaster-Carr). These films are
radiated using a 365 nm UVA lamp (UVP, XX-15M), with a light intensity of approximately 2
mW/cm? at the surface of the films. The cure percentage is measured by Fourier transform infrared
(FTIR) spectroscopy in ATR mode on 6 different spots of each film using 64 scans at 1 cm’!
resolution scanning from 600 cm™ to 4000 cm™ (Bruker Vertex 70v). Additional details are

published previously.'®
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6. Photocuring graphene oxide liquid crystals

6.1. Abstract
Graphene is the strongest known material. However, the challenge of translating that strength from

the micro to the more useful macro scale remains unmet. Preparing solid structures from self-
assembled graphene oxide liquid crystals has allowed the creation of paper and fibers with
excellent mechanical properties. Conventionally, vacuum filtration, wet spinning and freeze
drying are used to prepare such structures from graphene oxide liquid crystals. Here, we introduce
photocuring as an additional option to create solid structures of self-assembled graphene oxide
liquid crystals that allows for thicker samples and other shapes to be realized. We assess self-
assembly using SEM and XRD, and mechanical properties using nanoindentation and tensile
testing. The photocured graphene oxide paper prepared here exhibited comparable mechanical
properties to benchmark samples prepared by vacuum filtration.
6.2. Introduction

The discovery of graphene by Nobel laureate Novoselov® et al triggered a frenzy of research, and
excitement due to its extraordinary properties: physical, mechanical, and electrical. This two-
dimensional, one-atom-thin material exhibits a Young’s modulus of 1 TPa, and a tensile strength
of 130 GPa.!*> Such properties make it the strongest material known but translating them to a
macroscopic scale remains a challenge. Griffith!* demonstrated that the strength of a material
fundamentally depends on its structure, and not merely on the intrinsic strength of chemical bonds.
The self-assembly of graphene oxide sheets into liquid crystals that can be transformed into solid

macroscopic structures is a promising approach to addressing that challenge.

A liquid crystal is a subset of self-assembled amphiphilic nanostructures that has a liquid-

like nature and a crystal-like order.”® This self-assembly process is possible because of the work
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of Li”? et al to oxidize hydrophobic graphene to amphiphilic graphene oxide that disperses in water
without the use of any agents. The carbonyl groups on the edges of graphene oxide sheets have
negative charges leading to electrostatic repulsion enabling its amphiphilicity. Further, the ability
of the oxygen containing functional groups to form hydrogen bonds with solvents such as water
enables it to “dissolve...forming a homogeneous and stable solution”.'”® Amphiphilic graphene

99 103 <

oxide sheets can form lyotropic liquid crystals with “nematic” '®*, “columnar” '°!

, or “chiral”!%?

phases.

This self-assembly process leads to various kinds of macroscopic structures such as paper
and fibers'®. These solid structures are prepared using various methods including wet-spinning,
freeze drying, and filtration, that preserves the ordered structure in the liquid crystal phase. The
highest tensile strength achieved for graphene fiber is 1,450 MPa.!”” Dikin'"> et al prepared
graphene oxide paper with a 120 MPa tensile strength and a 32 GPa Young’s modulus using

vacuum filtration of aqueous dispersions.

It is also possible for graphene oxide to form liquid crystals in multiple organic solvents.!?’

The magnitude of the electrostatic repulsion force is much lower in organic solvents than in
water.!3® Amphiphilic self-assembly, observed in many systems before graphene oxide, is
predominantly driven by solvophobic forces in non-aqueous solvents (analogous to hydrophopic

effects in water). 3!

Here, we introduce photocuring as a technique to prepare solid structures from graphene
oxide dispersions. Since water prevents the cationic photocuring reaction of epoxy, we follow
Jalili'?! et al and prepare photocured graphene oxide liquid crystals from dispersions in alcohol:
ethylene glycol and 1-phenylethanol (1-PtOH). We demonstrate that the epoxide groups on the

basal plane of graphene oxide sheets forming an ordered liquid crystal can “crosslink” into a solid
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structure with substantial mechanical properties. This opens the door to thicker structures of self-
assembled graphene oxide prepared by photocuring multiple layers on top of each other, and

maybe shapes other than paper and fibers.

6.3. Results and discussion

Table 5 shows the results of swell experiments conducted to determine if films of graphene oxide
dispersions can be photocured. We assess that a film is “solid” if the film does not disperse in
either water or alcohol. The films made from dispersions without photo-initiators did not solidify
under any conditions including when the samples were UV radiated for 24 hours. Dispersions did
not solidify when kept in the dark for a month even when it contained a photo-initiator. Covering
the films prevented solidification under UV radiation for 24 hours; in these conditions they are
exposed to heat but not light, even when it contained a photo-initiator. On the other hand, when
photo-initiators are incorporated, films of graphene oxide dispersions in ethylene glycol and in 1-
PtOH solidified when they were UV radiated for 24 hours. These observations indicate that

graphene oxide can undergo a photocuring reaction.
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Table 5: Swell test results of graphene oxide films on glass slides
Alcohol Experimental conditions w/0 initiator | w/ initiator
Darkness for a month Not solid Not solid
Ethylene glycol | Bench top UV lamp w Cover for 24 h Not solid Not solid
Bench top UV lamp w/o Cover for 24 h | Not solid Solid
Darkness for a month Not solid Not solid
1-PtOH Bench top UV lamp w Cover for 24 h Not solid Not solid
Bench top UV lamp w/o Cover for 24 h | Not solid Solid

Next, we assess the ordering and mechanical properties of our graphene oxide sheets. For

benchmarking, we prepare graphene oxide paper from aqueous dispersion using vacuum filtration

as common in the literature

115

. We also prepare graphene oxide paper using vacuum filtration of

dispersions in alcohol (either ethylene glycol or 1-PtOH) to assess the effect of photocuring

relative to vacuum filtration. Finally, to assess the impact, we anneal graphene oxide paper from

the vacuum filtered aqueous dispersions and the photocured dispersions in 1-PtOH. Figure 6-1

shows a photograph of an annealed graphene oxide paper prepared by photocuring a dispersion in

1-PtOH.
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Figure 6-1: A photograph of graphene oxide paper prepared by photocuring a dispersion in 1-
PtOH followed by annealing, demonstrating its substantial size and uniformity.

Figure 6-2 shows SEM images of the fracture surfaces of various graphene oxide papers.
Figure 6-2a and b show the fracture surfaces of the literature benchmark!!> graphene oxide paper
prepared via vacuum filtration of the aqueous dispersions with and without annealing. In both
cases, we clearly observe ordered layers where the graphene oxide sheets are parallel to one
another. Figure 6-2c and d show the fracture surfaces of graphene oxide paper prepared via vacuum
filtration of dispersions in alcohol: ethylene glycol and 1-PtOH respectfully. Subjectively, there is
some ordering when ethylene glycol is used. On the other hand, we observe clear ordered layers
in the case of 1-PtOH where graphene sheets are parallel to one another. Figure 6-2e and f show
the fracture surfaces of graphene oxide prepared by photocuring of dispersions in alcohol: ethylene
glycol and 1-PtOH respectively. Similarly, our subjective assessment is that there is some ordering
in the photocured graphene oxide paper when ethylene glycol is used while we observe clear
ordering when 1-PtOH is used. Finally, Figure 6-2g shows the fracture surface of photocured
graphene oxide paper of 1-PtOH dispersions followed by annealing. In that case, we observe clear

ordered layers where the graphene oxide sheets are parallel to one another. For this system, we
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observe a relatively large spacing between the photocured graphene oxide sheets in the absence of

annealing (Figure 6-2f). The spacing decreases dramatically after annealing (Figure 6-2g).
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Figure 6-2: SEM images of fracture surfaces of various graphene oxide papers. Scales are 50 um.
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Figure 6-3 shows XRD patterns of various graphene oxide papers. The reflections observed
indicate the spacing between the graphene oxide sheets. That spacing between graphene sheets (d)
is inversely proportional to the measured incident angle (8), calculated using the Rietveld
method!”, and tabulated in Table 7. We use the Debye-Scherrer equation!®’ to calculate the
dimension of an ordered stack of graphene oxide using the width of the XRD reflections (Table

6).

Figure 6-3h shows the XRD of the as-purchased Graphene oxide for reference. The spacing
in the graphene oxide paper we prepared by vacuum filtration of aqueous solutions (7 A, Figure
6-3a) is smaller than the 8.3 A observed by Dikin et al''>. This can be explained by considering

1'% where they observed that d space between graphene sheets

the work done by Chen et a
decreases from 8.8 A to 3.7 A as the carbon to oxygen atomic ratio of the graphene sheets increases
from 2.18 to 11.41 (due to reduction of oxygen containing groups). The spacing we observe is
consistent with those benchmarks considering that the carbon to oxygen atomic ratio we measured
in our graphene oxide powder using XPS is 2.44. We also observe that the d spacing in the annealed
paper prepared from aqueous dispersion (6.9 A, Figure 6-3b) is smaller than it was before
annealing (7 A, Figure 6-3a). This is consistent with the thermal stability studies conducted by

1'% who observed that annealing gradually reduces the oxygen containing groups which

Jeong et a
in turn gradually decreases the spacing between the sheets measured by XRD!97:11%:114 The carbon

to oxygen atomic ratio in the annealed paper prepared from an aqueous dispersion is 2.54 as

measured by XPS.
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Figure 6-3: XRD patters of graphene oxide paper of various controls.



The main XRD reflection indicates larger spacing between the graphene oxide sheets of
vacuum filtered alcohol dispersions in the case of both ethylene glycol (Figure 6-3c, ~8.6 A) and
1-PtOH (Figure 6-3d, ~8.5 A) than the observed spacing in the samples prepared from aqueous
dispersions (Figure 6-3a, ~7 A). This is consistent with observations made by Jalili et al'?® indicate
the dependance of the d spacing on the medium used. Interestingly, there are two distinct
reflections when ethylene glycol is used (Figure 6-3c, 8.6 A and 4.3 A). It turns out that ethylene
glycol has the ability to reduce oxygen containing functional groups.!®® This reduction decreases
the spacing between some of the graphene oxide sheets to the observed 4.3 A, consistent with the
relation between oxygen containing groups and d spacing referenced earlier ''*. Clearly, the
graphene oxide is not fully reduced as some epoxide has been used in the photocuring reaction
observed in Table 5, and thus the reflection of the 8.6 A spacing remains. This is supported by
XPS measurements indicating that the carbon to oxygen atomic ratio in the vacuum filtered paper
from ethylene glycol dispersions is 2.64. We also note that the XRD reflection at 10.5° in the
graphene oxide paper prepared by vacuum filtering 1-PtOH dispersions is significantly broader
than the reflections observed in other samples. This breadth indicates that the dimension of an
ordered stack of graphene oxide in 1-PtOH is 2.6 nm (Table 6) corresponding to about 3 stacked
graphene oxide sheets, as calculated using the Debye-Scherrer equation'®’. This is smaller than the
dimensions of the ordered stack of graphene in the other systems which ranges from 8.9 in aqueous

systems to 28.4 nm in ethylene glycol systems.
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Table 6: XRD data

Graphene oxide paper Spacing between | Mean dimension of
two graphene an ordered stack of
oxide sheets (A) | graphene oxide (nm)

di d2 d1 d2

Vacuum filtered water 7.0 8.9

Vacuum filtered water + annealing 6.9 8.9

Vacuum filtered ethylene glycol 8.6 4.3 28.4 15.5

Vacuum filtered 1-PtOH 8.5 2.6

Photocured ethylene glycol 8.7 4.3 22.1 11.2

Photocured 1-PtOH 9.2 3.1

Photocured 1-PtOH + annealing 7.2 2.7

Photocuring increases the spacing observed between the graphene oxide sheets in the
samples prepared from alcohol dispersions slightly in the case of ethylene glycol (from 8.6 A in
Figure 6-3c to 8.7 A in Figure 6-3e), and significantly in the case of 1-PtOH (from 8.5 A in Figure
6-3d, to 9.2 A in Figure 6-3g). Annealing clearly makes a significant difference in the spacing
between graphene oxide sheets in the photocured paper made from 1-PtOH dispersion as the ~9.2
A spacing (Figure 6-3f) decreases to ~7.2 A ( Figure 6-3g). Evidently, a significant amount of the
dispersant remains in the samples prepared by photocuring and is evaporated by annealing,
bringing the graphene oxide sheets closer. This is consistent with the observations made by Lerf
et al’”® of the fact that the spacing between the sheets depends on the concentration of the

dispersant.
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Table 7: Mechanical properties of graphene oxide papers

Graphene oxide
paper

Nanoindentation (n=25)

Tensile testing (n=>5)

Er (GPa)

Tensile strength
(MPa)

Young's modulus
(GPa)

90%
confidence
interval*

Average

90%
confidence
interval*

Average

90%
confidence
interval®

Average

Vacuum filtered
water

0.46 0.02

4 2

0.8 0.2

Vacuum filtered
water + annealing

3.2 0.4

6 3

1.1 0.5

Vacuum filtered
ethylene glycol

2.8 0.5

1.3 0.5

0.5 0.1

Vacuum filtered 1-
PtOH

23 4

5 4

2 1

Photocured ethylene
glycol

1.2 0.2

1.0 0.8

0.3 0.2

Photocured 1-PtOH

1.9 0.6

1.7 0.6

0.5 0.3

Photocured 1-PtOH
+ annealing

2.0 0.4

4 1

1.5 0.7

Two-tail t-test

P-value**

P-value**

P-value**

Vacuum filtered
water w/ and w/o
annealing

6.2x107 1!

1.4x107!

3.2x10°!

Vacuum filtered
ethylene glycol and
1-PtOH

3.4x107

1.3 x10"!

8.1x107?

Photocured ethylene
glycol and 1-PtOH

5.7x1072

2.0 x10!

3.1x10!

Photocured 1-PtOH
w/ or w/o annealing

9.1x10!

1.1x107?

2.5x107

*909% confidence interval = t statistic value X

standard deviation

J/sample size

. For example, there is a 90%

probability that the true Er of the vacuum filtered water paper falls in the range 0.46 £+ 0.02.

** P-value is the probability that a null hypothesis is true. If the P-value comparing two sets of
data is 0.1, then one can have 90% confidence that the two sets are different.

The anisotropic nature of the graphene oxide paper studied here makes the mechanical

properties directional. Therefore, we use nanoindentation to measure the mechanical properties in

the direction normal to the graphene oxide sheets and we use tensile testing to measure the
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mechanical properties in the direction parallel to the graphene oxide sheets. The results of both
tests are in Table 7, which also includes the P-values of two-tail t-tests to assess the statistical
significance in key comparisons. We note that the modulus calculations used in nanoindentation
apply to isotropic materials while our graphene oxide paper is anisotropic. However, Hay et al*%!
demonstrated that for the Berkovich pyramid indenters, used in this work, the indentation modulus
is usually strongly biased toward Young’s modulus and provides a useful first-order approximation
of it. We also note that the small thickness of the graphene oxide paper involved in this study leads
to many challenges in the sample preparation for tensile testing which led to large error bars
relative to those in nanoindentation. This source of error makes it more difficult to determine
statistically significant differences in key comparisons with a similar confidence level to what we

can achieve when comparing nanoindentation data. In all cases, we observe substantial stiffness

and strength indicating solid samples.

Consider first the reduced moduli measured by nanoindentation (normal to graphene oxide
sheets). We observe an increase (>99% confidence) after annealing in vacuum filtered graphene
oxide paper prepared using water, from 0.46 to 3.2 GPa. This increase can be explained by the
reduction of oxygen containing groups by annealing as inferred from the XRD observations
(Figure 6-3a and b, and Table 5) which restores the structural integrity of the sheets closer to the

stronger graphene.

Further, we observe a much higher (>99% confidence) reduced modulus in vacuum filtered
graphene oxide paper prepared from 1-PtOH dispersions (23 GPa) than that of graphene oxide
paper prepared from ethylene glycol dispersions (2.8 GPa). This can be explained by the fact that
ethylene glycol reduces the functional groups on the graphene oxide sheets so significantly that

ordering is reduced (visible in Figure 6-3c and d), that there are much fewer functional groups to
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create bonds between the graphene oxide sheets compromising the formation of the liquid crystals,
as can be inferred from SEM images (Figure 6-2¢c and d) and mechanical properties are
compromised. Similarly, we observe a higher (>94% confidence) reduced modulus in photocured
graphene oxide paper prepared from 1-PtOH dispersions (1.9 GPa) than that of photocured
graphene oxide paper prepared using ethylene glycol dispersions (1.2 GPa). We have been unable
to observe any statistically significant difference in the reduced modulus due to annealing the
photocured graphene oxide paper prepared from 1-PtOH dispersions. Unlike vacuum filtered
graphene oxide paper, the functional groups in photocured graphene oxide paper are already
utilized in the photocured samples in the forms of crosslinks and are unaffected by annealing.
Notably, all the photocured samples are weaker than the ones prepared via vacuum filtration from
the dispersions using the same alcohol. This is likely because the vacuum forces lead to better
packing than our photocuring procedure. Finally, we note that the reduced modulus of photocured
graphene oxide paper prepared from 1-PtOH dispersions (1.9 GPa unannealed and 2 GPa
annealed) are comparable to our benchmark samples prepared using vacuum filtration of aqueous

dispersions common in the literature (0.46 GPa unannealed and 3.2 GPa annealed).

Next, consider the tensile strength and Young’s moduli measured by tensile testing
(parallel to the graphene oxide sheets). First, we note that the benchmark graphene oxide paper we
prepared by vacuum filtering aqueous dispersions have lower tensile strength and Young’s
modulus (4 MPa and 1.1 GPa respectively) than those prepared by Dikin et al''* (120 MPa strength
and 32 GPa Young’s modulus). This is likely because of the difference in the properties of the
starting graphene oxide such as lateral size and degree of oxidation; both are known factors directly

affecting the formation of liquid crystals and the resulting mechanical properties!?>!?, Figure 6-2h
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shows that the lateral size of our starting graphene oxide is 4.11 um, which is much smaller than

the ~30 pm commonly found in the graphene oxide, liquid crystal literature'!°.

Annealing the graphene oxide paper prepared by vacuum filtering aqueous dispersions
increases both tensile strength (from 4 to 6 MPa, 86% confidence) and Young’s modulus (from
0.8 to 1.1 GPa, 68% confidence). Additionally, graphene oxide paper prepared by vacuum filtering
1-PtOH dispersions has higher tensile strength (5 MPa, 87% confidence) and Young’s modulus (2
GPa, 92% confidence) than those prepared by vacuum filtering ethylene glycol dispersions (1.3
MPa strength and 0.5 GPa modulus). This increase is likely due to the reduction of the oxygen
containing groups by ethylene glycol compromising both ordering of graphene oxide sheets and
bonding as discussed earlier. Similarly, graphene oxide paper prepared by photocuring 1-PtOH
dispersions has higher tensile strength (1.7 MPa, 80% confidence) and Young’s modulus (0.5 GPa,
69% confidence) than those prepared by photocuring ethylene glycol dispersions (1 MPa strength
and 0.3 GPa modulus). Finally, unlike with the nanoindentation observations, the annealing of
photocured graphene oxide paper prepared from 1-PtOH dispersions significantly improves the
mechanical properties: tensile strength (from 1.7 to 4 MPa, >99% confidence) and Young’s
modulus (from 0.5 to 1.5 GPa, 98% confidence). Annealing removes a significant amount of the
remaining dispersant bringing the graphene oxide sheets closer as observed in SEM (Figure 6-2¢
and d) and XRD (Figure 6-3c and d). This closer packing leads to stronger bonds between the
graphene oxide sheets that improves the mechanical properties in the direction parallel to the
graphene sheets but does not affect those normal to the graphene sheets. Nonetheless, the tensile
strengths and Youngs moduli of all photocured samples are smaller than those of the papers
prepared using vacuum filtration of the same dispersant, indicating that there remains room for

improvement in the photocured sample preparation procedure. Finally, we note that the annealed
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photocured graphene oxide paper prepared using 1-PtOH has comparable tensile strength and
Young’s modulus (4 MPa and 1.5 GPa respectively) to our benchmark samples prepared using
vacuum filtration of aqueous dispersions common in the literature (Unannealed: 4 MPa and 0.8
GPa respectively, and annealed: 6 MPa and 1.1 GPa respectively).
6.4. Conclusions

We demonstrate that it is possible to photocure graphene oxide liquid crystals. The photocured
graphene oxide paper we prepared has comparable mechanical properties to benchmark graphene
oxide paper prepared by vacuum filtering aqueous dispersions in both directions relative to the
graphene oxide sheets: normal (reduced modulus measured by nanoindentation) and parallel
(Young’s modulus and tensile strength measured by tensile tests). There remains significant
potential to improve the mechanical properties of the photocured graphene paper by optimizing
the sample preparation procedure, the quality of the starting graphene oxide and exploring the use
of other alcohols as dispersant.

6.5. Experimental section
Graphene oxide (S Method, product #: GNOS0010) powder are purchased from ACS materials

and used as is. Ethylene glycol (99.5%), 1-phenylethanol (98%) and bis(4-methylphenyl)iodonium

hexafluorophosphate (photoinitiator, 98%) are purchased from Sigma Aldrich and used as 1is.

6.5.1. Sample preparation
Graphene oxide aqueous dispersions at a concentration of 3 mg/mL are prepared using di-ionized

water. Batches of 40 ml are sonicated and then vacuum filtered for 3 hours. This process is repeated
to make two layers. The sample is then peeled from the filter paper. Some samples were then

annealed at 120 °C for 2 hours.
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Graphene oxide paper prepared using alcohol dispersions followed a similar procedure but
with a concentration of 12 mg/mL, batch volume of 25 mL, and the samples were dried under

room conditions for 2 days before vacuum filtering overnight.

Photocured samples are prepared by first preparing a 2 wt% solution of photocuring initiator
in the alcohol. Batches consisting of 9 g of those solutions and 0.12 g of graphene oxide are
sonicated. Those dispersions were poured onto a filter paper and left to dry for 4 hours followed
by photocuring under a benchtop UVA lamp (Model: UVP XX-15 L, peak emission: 365 nm, light
intensity at sample surface: 4 mW/cm?). Samples prepared from ethylene glycol dispersions are
photocured until solid (72 hours per layer) and consist of 4 layers. Samples prepared from 1-PtOH
dispersions are photocured until solid (24 hours per layer) and consist of 2 layers. Samples were
then peeled from the filter paper. Some of the samples prepared from 1-PtOH dispersions are
annealed at 190 °C for 2h. Note that the number of layers is different for the two systems because
the samples prepared with ethylene glycol were too fragile to remove from the filter paper with
fewer than 4 layers. This is consistent with the differences in mechanical properties observed
(Table 7) which would have been amplified had they had the same number of layers.

6.5.2. Characterization
SEM was conducted with a Hitachi S-3400N Scanning Electron Microscope using a secondary

electron detector under high vacuum.

XRD is conducted using a D8 Advance from Buker AXS Inc with a Cu (1.5418A) source using
a voltage of 40kV and a current of 40mA. Measurements are performed with the Bragg-Breganto

geometry mode, in 0.02° increments and 1 second integration time.

Nanoindentation is used to provide indicators of thin film mechanical properties?*>and is

conducted using an STM microscope (Multimode 8 AFM) for imaging and a Hysitron Triboscope
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equipped with a Berkovich tip for the indentation. The maximum indentation force is 25 uN with
a 5-second hold period. We calculate the reduced modulus following Cheng and Cheng?®®, and
conducted 25 repeats at different locations on the specimen. The largest indentation depth observed
is ~100 nm which is much smaller than 10% of the thickness of the thinnest sample (0.07 mm)

indicating that we can ignore the influence of the substrate?*.

Tensile testing is conducted on razor cut ~40x12 mm rectangular samples using a Z5
Tensile machine from Hoskin Scientific using a preload of 0.2 N and a strain rate of 1 mm/min.
The length and width of the sample are measured using a ruler with a 1 mm resolution. Sample
thickness, measured by a micrometer, varied from 0.07 to 0.68 mm depending on the preparation
procedure used. The graphene oxide paper samples are glued on garolite bars that are clamped on
during the test as shown in Figure 6-4b. The gage length (between the two garolite sticks) is 20
mm, with the rest of the sample is glued to the garolite sticks (~10 mm for each side) to allow for
gripping. The machine controls the applied force and measures the change in length. The strain is
then calculated by dividing the change in length, as measured by the cross-head movement of the
machine, by the initial sample length (~20 mm). The tensile strength corresponds to the maximum
stress obtained and the Young’s modulus corresponds to the slope of the linear region in the stress-

strain curve (an example is shown in Figure 6-4a). At least five repeats are conducted.
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y Tensile strength

(b)

Figure 6-4: a) A typical stress-strain curve obtained from a tensile test of a graphene oxide paper
prepared from aqueous dispersion. b) a picture of the tensile test setup after sample fracture (the
green arrow points to the fracture site).

X-ray photoelectron spectroscopy (XPS) spectra are collected using a K-Alpha
ThermoScientific spectrometer with an Aluminum Ka, 1486.6 eV source. An X-ray beam size
with @400 um is used. To minimize the effect of possible charge on the sample surface, the flood
gun-generated, low energy electrons (plus Ar+ ions) are utilized to compensate for charging.
Survey scanning, to provide the information of element percentage (at.%) for all possible atoms
on the sample surface, is set up at a full energy scale, with a pass energy of 200 eV, a scanning
step size of 1 eV, and a dwell time of 50us, is an average of 5 scans. The high-resolution scanning
to provide the chemical state (bond) information for individual elements C and O, is set up at a
specific energy scale (Cls: 274.5 —298.5 eV; Ols: 524.8 - 544.8 eV), with a pass energy of 50 eV,

a scanning step size of 0.1 eV, and a dwell time of 50 ps, and is an average of 10 scans.
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7. Conclusion and Future Work

The ability to design structures unrestrained by manufacturing and assembly limitations is every

engineer’s dream, brought at our fingertips by the technology of 3D printing, and curtailed by the

lack of appropriate materials. For stereolithography 3D printing, those obstacles consist of the

photo-instability and the categorical weakness of photocurable epoxy resins. I pursue photostable

material by developing photoinitiators that are insensitive to sunlight on Earth. Additionally, I

pursue better mechanical properties by using graphene oxide as building blocks of photocurable

resin. While further distance remains in the path towards achieving a photostable and strong resin

for stereolithography 3D printing, this thesis constitutes multiple distinct steps forward.

Specifically, the contributions contained in this thesis are as follows:

1)

2)

The introduction of semiconducting nanoparticles as a class of initiators for the
photopolymerization of epoxy. One can simply choose from a myriad of widely available
metal oxide semiconducting nanoparticle material with standard synthesis to control the
wavelength of light that can trigger the epoxy photopolymerization reaction.'® Further,
semiconducting nanoparticles can be cheaper and less toxic than the currently used organic
photo initiators. However, the observed reaction kinetic is still too slow to be used in
applications.

The discovery of a TiO2(B) crystal structure in flame-made titania. Flame-made titania is
mass-produced to the tune of 2 million tons/year constituting a $4 billion/year industry
(data from 2003).%5 Many properties of semiconducting nanoparticles such as band gap
energy and catalytic behavior are dictated by the crystal structure(s) these particles consist

of. I have demonstrated that the interaction between the TiO»(B) and anatase crystal
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3)

structure makes flame-made titania 2-3 times better photocatalyst in photopolymerizing
epoxy than P25 titania, the gold standard of photocatalysis.'”

The introduction of flame spray pyrolysis as a mass production method for a range of silica-
embedded quantum dots. One can obtain flame-made quantum dots of any band gap energy
from UVC to dark red simply by choosing the metal oxide semiconducting material and
silica loading using the one-step flame spray pyrolysis process. The silica matrix improves
the mechanical, chemical, and thermal stability of quantum dots. This work generalizes the
approach originally adopted by Madler et al® for flame-made ZnO quantum dots and
applies it to a wider variety of metal oxide quantum dots.'® The next step in the pursuit of
photostable 3D printing resin is to verify that the flame-made quantum dots with bandgap
energies larger than 4.1 eV do not trigger an epoxy photopolymerization reaction when
exposed to UVA light but only when exposed to UVC light. Then, the photostability should
be tested by measuring mechanical properties of UVC-cured parts over time as they are
exposed to UVA light to monitor if there are any changes. Finally, optimization studies are
required to improve reaction kinetics to allow for use in stereolithography 3D printing and
other applications.

A demonstration of photocuring graphene oxide liquid crystals into paper-like structures
with comparable mechanical properties to literature benchmark samples prepared by
vacuum filtration. However, the measured tensile strength of the photocured graphene
oxide paper is still weaker than the currently available stereolithography resins (~32 to 54
MPa). Stronger photocured graphene oxide paper requires graphene oxide of much better
quality than the commercially available graphene oxide I used. This can be observed from

how the properties of the benchmark vacuum filtered aqueous dispersion samples prepared
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in this study are more than an order of magnitude weaker than those reported in the
literature prepared using the same procedure. As discussed in Chapter 2.3, the properties
of liquid crystals are dictated by parameters such as the size magnitude and distribution of
graphene oxide and its degree of oxidation. Next, the starting graphene oxide should be
optimized to improve the mechanical properties of the photocured graphene oxide paper.
Additionally, the fact that vacuum filtered graphene oxide paper prepared from 1-PtOH
dispersions are an order of magnitude stronger than the photocured ones using the same
alcohol indicates that there remains a wide room of improvement. Therefore, the sample
preparation procedure in photocured graphene oxide paper should also be further
optimized. Moreover, evidently the alcohol used dictates photocuring kinetics as can be
deduced from how 1-PtOH dispersions are much faster to photocure than the ethylene
glycol dispersions. Thus, research remains necessary to improve reaction kinetics by, for
example, exploring various alcohols. Finally, work should be conducted to create shapes
more complicated than “paper” of photocured graphene oxide liquid crystals using a

stereolithography 3D printer.

In addition to the next steps outlined above, the two tracks should merge to develop photostable

and strong stereolithography 3D printing resin. This will come with its own set of challenges.

Specifically, graphene oxide is in itself a semiconducting material with its own bandgap

energy, and titania has been shown to reduce graphene oxide when irradiated by UVA ligh

t.205

Perhaps, one way to navigate those challenges is by bandgap engineering using

multicomponent system, similar to the study by Chuang'?

6 et al, where the electrons are

blocked on the titania surface and prevented from reducing the graphene oxide. Flame spray
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pyrolysis will prove instrumental in the development of such multicomponent nanoparticle

systems at an industrial scale.
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8. Appendices

Appendix 1: Supplemental information for Chapter 3
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Figure 8-1: Single pulse 13C NMR of sample consisting of cyclohexene oxide, isopropanol and

P25 TiO2 showing a ketone peak in the 170-180 PPM region.
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Figure 8-2. Effect of particle coating. Sample consisting of epoxy, isopropanol (5 wt%) and P25
TiO: (5 wt%) uncoated (black square and dashed line) and coated with 2-EHA (grey circle, and
dash and dot line).
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Appendix 2: Supplemental information for Chapter 5
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Figure 8-4: HRTEM of ZnO (X=0.7) flame-made particles.
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Figure 8-5: XPS spectra of flame-made CuO (X=1, 0.7 and 0.1).
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Table 8: BET specific surface area.

Material X SSA (m?)
1 289
. 0.8 312
110 0.7 323
0.1 282
1 25
0.8 171
ZnO 0.7 168
0.3 387
0.1 567
1 162
0.7 234
0.5 268
310 0.3 340
0.2 344
0.1 354
1 107
0.9 131
0.7 215
0.5 256
Cu0 0.3 286
0.2 207
0.1 224
0.05 174
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