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Abstract

Throughout this thesis, methods for tailoring nanoparticles are broadly discussed and
demonstrated experimentally. The main objective of this work was to help bridge the gap between
fundamental materials science and global concerns by contributing to the development of
functional nanomaterial systems. First, water-soluble silicon quantum dots were prepared and
tested for their ability to detect nitroaromatic compounds in combination with a complementary
fluorescent protein to improve the sensitivity of detection. A method for differentiating various
nitroaromatic compounds was then targeted because nitro-based explosives and nerve agents both
quench silicon quantum dot photoluminescence. This was achieved by introducing a second sensor
consisting of a colourimetric enzymatic assay. In combination, the silicon quantum dot and
enzymatic sensors yielded the intended outcome of detecting nitroaromatic compounds and
providing a diagnosis of their inherent hazard class. Another study described within this thesis
involved the preparation of water-soluble carbon nanodots surface-functionalized with redox-
active molecules to yield a material that may find application in redox flow batteries. In addition
to showing a robust electrochemical response, these amorphous carbon nanodots also display

photoluminescence that could prove useful in tracking their movement within the battery.
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Chapter 1:

An Introduction to Functional Nanoparticles



1.1 A Historical View of Material Science

The history of human civilization has long been defined by the technologies or,
synonymously, the materials that reigned as advantageous to survival or economic development.
In the Stone Age (2,000,000 — 8,000 years B.C.E.) the need for more plentiful food supplies
incentivized the development of tools.! Accordingly, ancient humans utilized the available
resources and fashioned tools out of rocks, bones, and animal tusks to gather, hunt, prepare food,
and protect themselves. The discovery of flintstones, and the soon widespread availability of fire
that came along with them, set the stage for a revolution that would allow humans to begin creating
materials with unique properties, superior for applications compared to those present in the natural
environment. This experimentation with natural materials is considered “alchemy”; an early form
of the scientific method that we know and use today.? One of the first known examples of material
enhancement involved the high-temperature heating of clay/soil mixtures to form hardened, heat-
resistant ceramic materials.! Not only did these ceramics provide durable containers for cooking
and storing food and drink, they also represent the birthplace of the field of ceramics which is
active to the present day. In the eras that follow, passing through the Bronze Age (3,150 B.C.E.),
the Iron Age (1,200 B.C.E.), and the recent Silicon Age, attempts to understand and tune the
properties of materials have allowed scientists to realize applications which give us light (light-
emitting diodes), harness electricity (solar cells, piezoelectrics, batteries, supercapacitors),
construct sturdy buildings (steel, laminates, composites), and diagnose maladies
(sensors/biosensors), among others.!

Another example that will bring us closer to the topic at hand is the development of glasses.
Glasses are produced in similar ways to ceramics, however, they require higher temperature
processing to harden into non-porous, transparent, amorphous materials.? The ubiquitous materials

we commonly refer to as glasses are based upon silicates (Si, O matrix) or aluminosilicates (Al,



Si, O matrix). Adding small amounts of other compounds during synthesis (a process called
“doping”, which we will discuss later) allows the properties of the glass to be modified. For
example, adding a boron source (e.g., BoO3) increases the thermal shock resistance of glasses used
in kitchenware; Pyrex dishes are made of borosilicate glass.? As another example, adding transition
metal oxides can impart the glass with vibrant colours, which can be seen in the stained-glass
windows of churches proliferating from the 12" century.* Cobalt and iron complexes are perhaps
the most common colouring agents. Nano-sized elemental clusters (nanoparticles) can also interact
with incident light and thus produce a coloured glass when grown in or embedded into the molten
material. The Lycurgus Cup, presumably dating back to the fourth century A.D., appears an opaque
green if viewed with reflected light but becomes a rich cherry red when light is transmitted
through.’> The glass has been shown to contain suspended nanoparticles composed of gold and
silver, which are responsible for its striking optical properties.

Though nanomaterial utilization can be viewed as having its origins hundreds of years ago,
the study of nanomaterials (within the scientific paradigm) is much more recent; dating back to
only the 1960s (beginning with silica nanoparticles).® Indeed, it was only in 1959 that the
theoretical concept of functional, nanoscale technologies was introduced by Richard Feynman.’
Nanomaterials (or nanostructured materials) are defined as those in which one or more dimensions
are of the submicron length, typically less than 100 nm.® In this size regime, the material’s
chemical and physical properties may change, owing to the fact that there are too many associated
atoms to behave distinctly, while too few to behave as a bulk material. Nanomaterials, then, are
viewed as being an intermediate between atomic and bulk systems. The phenomenon responsible

for producing their unique properties will be discussed in the next section. This will be done



through the lens of one class of nanomaterial — the quantum dot (QD) — as these nanoparticles, and

their applications, are the focal point for the remainder of this thesis.

1.2 Properties of Quantum Dots
1.2.1 Defining a Quantum Dot

“Quantum dot” is a term originally coined for spherical, semiconductor nanoparticles with
dimensions smaller than that of the exciton Bohr radius of the bulk material.” To understand the
properties of quantum dots, it is useful to first consider the properties of bulk semiconductors and

the corresponding impact of reducing their particle size to the nanoscale.

1.2.2 Band Theory in Semiconductors

The electronic properties of semiconductors are intermediate between those of insulators
and metals. This can be understood in the context of differences in the band structures of these
materials. A band structure emerges when a crystal of an intrinsic semiconductor that is composed
of an increasing number of bonded atoms grows to eventually reach the limit of bulk dimensions.
The atomic orbitals (AOs) of each pair of atoms interact to form bonding and antibonding
molecular orbitals (MOs) (Figure 1-1. a, b).!"> As more atoms are added to the crystal, more MOs
are integrated and these similar-energy MOs cluster together to form quasi-continuous energy
bands (see Figure 1-1. ¢, d). It is important to note that the energy levels within a band are similar,
not identical, due to the complex perturbations caused by the variable atomic environment
experienced by each atom.!! The highest-energy band formed is referred to as the conduction band
(CB) and is empty; the second-highest energy band formed is the valence band (VB) and this is

where the valence electrons reside.!® If the CB and VB overlap, such that valence electrons can



freely access the CB the material is a conductor (Figure 1-2). In the case of a semiconductor, the
CB and VB are separated by a small energy difference, the band gap (Ez), whereby energy is
required to provide substantial access of valence electrons to the CB. An insulator, on the other
hand, has an E, that is large enough that the thermal energy required to increase electron mobility
would compromise the physical stability of the crystal (> 3 or 4 eV). Representative E; values for
each class, including common semiconductors, are shown in Table 1-1. In a pure crystalline
material, the Fermi level (Er), which is the energy up to which electrons would reside if the E; was
not energetically forbidden, lies approximately halfway between the CB and VB (dependent on

temperature, among other factors).>12
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Figure 1-1. Simplified energy diagrams showing the effect of crystal growth on electronic
structure, using silicon (Si) as an archetypal material. a) Atomic orbital diagram of the Si atom
valence shell, b) molecular orbital diagram of a Si-Si bond, c) band structure formed in a Si
quantum dot (SiQD), and d) the bulk Si band structure. AE denotes a HOMO-LUMO gap and E,
is a band gap (the use of colour denotes non-equivalent energies). VB, CB, and Er are the valence
band, conduction band, and Fermi level, respectively.
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Figure 1-2. Energy band diagrams of the electronic classes of materials (conductor,

semiconductor, and insulator). VB, CB, Ef, and E, refer to the valence band, conduction band,
Fermi level, and band gap, respectively.



Table 1-1. Band gaps (E) and exciton Bohr radii (aB,x) of common material classes.

Material Class Material E4 (eV)111314 apex (Nm)1ts
Conductors Cu, Mg, Na, etc. None
Intrinsic Si 1.12 3.88
Semiconductors
Ge 0.67 30.43
II-VI Semiconductors | CdS 2.41 1.50
CdSe 1.74 7.07
CdTe 1.52 7.14
ZnS 3.50 2.16
I1I-V Semiconductors | AIP 2.45 4.62
GaP 2.22 5.14
InP 1.35 12.69
IV-VI Semiconductors | PbS 0.41 18.24
Insulators C (diamond) 5.41 1.68




1.2.3 Band Structure at the Nano-scale

With a general understanding of the origin of energy bands in materials, it is somewhat
intuitive that the E; can be modulated by the number of atoms in a very small crystal. Viewed from
the perspective of nanomaterials, this concept can be readily extended to using particle size of a
QD to tailor E,. In a comparatively small particle, there are fewer bonded atoms and fewer MOs,
thereby “thinning” the CB and VB and widening the E,. In a comparatively large particle, the
added MOs “thicken” the bands to create a smaller Eg; The E; dictates how the nanostructure

interacts with light and defines material properties such optical as absorption and emission.

1.2.4. Quantum Size Effects and Photoluminescence

Although the Eg of a QD can be varied as described above, this does not explain how one
might predict the size at which a semiconductor will display size-dependent characteristics. The
exciton Bohr radius (apex) describes the physical distance that an electron can be displaced from
its original position, before coulombic attraction to the remaining positive vacancy (or hole) is
lost.!* In this context, excitons can be viewed as a quasiparticle comprising the negatively charged
electron and the positively charged hole.!* Typical apex for common semiconductors are
summarized in Table 1-1. Quantum confinement effects occur when the particle size is reduced
below the apex because under these conditions the size of the exciton is being spatially confined.
This confinement increases the likelihood of excitation (i.e., increased oscillator strength).!*
Subsequently, the numerous relaxation events (recombination of electrons and holes) release a flux
of photons bearing an energy equivalent to the Egz of the QD. This process is called
photoluminescence (PL) and is readily observed under ambient conditions. Figure 1-3 provides a

depiction of the qualitative relationship between QD size and the observed wavelength of PL.



Potential applications of these tiny luminescent semiconductor particles are vast and include use
in light-emitting diodes, photodetectors, photovoltaics, biomedical probes and carriers, catalysis,
environmental sensors, and battery technologies.’ The latter two will be explored in more detail in

subsequent chapters.

m
—p
m
Q

d=2"*ag
—

Figure 1-3. The effect of quantum dot particle size on the observed wavelength of

O O

Decreasing particle size

photoluminescence in a hypothetical material. Starting from a size where the particle diameter (d)
is twice the exciton Bohr radius (aB.x), decreasing the diameter results in quantum confinement
and tuning of the band gap. The corresponding band structure and band gap (E;) are shown above.

1.3 Discovery and Development of Quantum Dots
1.3.1 Quantum Dots in Glass

With this foundational understanding of the origins of materials science and the
fundamental properties of QDs, we now turn the focus of the present discussion to the discovery
of QDs. We begin our story with the work of two scientists, Ekimov and Efros. Working at the
Russian S. I. Vavilov State Institute and A. F. loffe Institute, they were exploring the effects of

doping silicate glass with semiconductors.!® To do this, glass precursors and semiconductor solids

10



were mixed and heat-treated.!”!® Decomposition of the semiconductors led to diffusion-limited
growth of particles yielding QDs embedded in a silicate glass. During the 1980s, these same
researchers successfully demonstrated that CdS, CdSe, CuCl, and CuBr QDs could be grown in
molten glass and that with prolonged heating progressively larger particles, eventually reaching

bulk dimensions (recognizable by absorbance spectroscopy), were realized.!”

1.3.2 Quantum Dots in Liquids

Transitioning away from glass-embedded quantum dots, around the same time period Brus
was exploring the behaviour of semiconductor particles suspended in a liquid phase at the
American Bell Laboratories.'® During CdS particle synthesis, he observed size-dependent changes
in the absorption spectrum of the colloidal material equivalent to those noted previously for glass-
embedded systems. He also noted sized-dependent photoluminescence, using a synthesis
developed by Gritzle and coworkers.?*?! Brus went on to characterize this phenomenon for
quantum dots composed of CdSe, ZnS, ZnSe, and PbS. Over time, Brus noted that the apparent
particle size of his solvent-borne quantum dots would increase, an observation he attributed to the
thermodynamic instability of the colloid, resulting in particle agglomeration.?> The mechanism of

this instability and ways to address it will be described shortly (see Section 1.4.1.1).

1.4 Methods of Tailoring Quantum Dots
1.4.1 Modifying QD Properties

Properties of QDs that are commonly experimentally manipulated include the absorption
and emission maxima, quantum yield or rate of radiative recombination, E; or electron

donor/acceptor abilities, and colloidal stability/particle solubility. While particle size has already
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been noted as an essential parameter in defining the QD optical properties, surface modification
and doping are two additional approaches commonly explored to modulate QD characteristics.
1.4.1.1 Surface Modification

Owing to the exceptionally small dimensions of all nanoparticles (including QDs), a
disproportionate number of atoms reside on the particle surface.'* This high density of surface
atoms leads to substantial surface reactivity that often necessitates a “capping agent” to be added
to reaction mixtures to prevent particle agglomeration. The surface reactivity arises because
surface atoms are less likely to have a fully satisfied valence shell owing to the restricted number
of nearest neighbours.!* These “unsatisfied” atoms possess “dangling bonds” which are the sites
of heightened reactivity. Surface reconstruction has been observed — whereby the bonding
geometries of surface atoms internally reorganize to achieve a full valence shell — however the
lowest surface energy is achieved when a dangling bond is bonded to an external moiety and a
near-ideal bonding geometry is preserved. This is the fundamental basis for surface
functionalization (also known as surface passivation).

The motivations for functionalizing particles extend beyond preventing particle
agglomeration to tailoring material properties of the QD. The aforementioned phenomenon of
surface reconstruction yields new electronic states, interrupting the Eg of the particle and leading
to loss (or diminishing) of their PL response.?® For many applications it is also often desirable to
work with QDs in a variety of solvents, with various polarities. Attachment of solubilizing groups
to the particle surface provides a straightforward way to tailor the solvent compatibility of QDs.
Chemical approaches toward surface functionalization involve assessing the available chemical
bonds at the particle surface and selecting a “ligand” with a compatible reactive group (along with

an initiator, or forcing conditions, if necessary). It should be noted that surface modification is the
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primary method employed in this thesis to tailor nanoparticle properties, although doping will also
be discussed for completeness.
1.4.1.2 Doping

When successfully achieved, doping a QD often provides a greater effect on material
properties than what is observed for doping the bulk material owing to the already limited number
of atoms within the QD.2* However, the general effect of dopants on QD electronic and optical
properties arising from modulation of the free energy carriers (electrons or holes) is independent
of particle size. Such modifications result in a shift in the band gap or Fermi level of the material.

Doping involves introducing an “impurity” to a material with the intent of influencing the
properties of the material in a specific way. As such, a common method for dopant selection is to
choose atoms with a different number of valence electrons than the “host” material atoms.!! When
bonded to the host, the dopant will then have unbonded, free electrons or too few electrons to
satisfy the host (viewed as free holes), respectively. In the former case, the free electrons occupy
“donor” states which reside just below the CB of the host, effectively increasing the Fermi level.
Oppositely, in the latter case, free holes create “acceptor” states near the VB, decreasing the Fermi
level. The doped materials are classified as n-type (excess negative charge carriers) or p-type
(excess positive charge carriers). As silicon is an elemental intrinsic semiconductor and its doping
has been extensively studied because of its electronics applications, more detailed information on
doping can be found in Section 1.5.2.2.

The thermodynamic stability of a perfectly ordered, pure crystal makes achieving a uniform
distribution of dopant atoms non-trivial because the dopant atom is a high energy “point defect”
site.* Regardless, there are two categories of doping strategies that are used today. Extrinsic

doping involves modifying the QD from the outside, for example by subjecting it to a reductant,
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electrochemical treatment or suitable surface modification.? Intrinsic doping attempts to modify
the QD from the inside, either by supplying dopant atoms during particle nucleation/growth or
letting dopants diffuse throughout the QD from a concentrated source (dopant core or external
solution).?> A more detailed discussion of doping is beyond the scope of this thesis and the reader

is directed to recent topical reviews.?6?’

1.4.2 Material Choice & Sustainability Considerations

Before discussing specific material classes of QDs, it is important to consider one
additional factor that contributes to the rational design of nanomaterials and is relevant to the work
described in this thesis. That is, considering the impact that our proposed materials will have on
scientists, producers, consumers, patients, and the environment. The ever-growing field of
“green” sustainable chemistry is dedicated to producing chemicals and materials with these
considerations in mind. In light of the far-reaching applications of nanomaterials, it is important
that their design must consider more than mere performance and look to safety and environmental

sustainability.
1.4.2.1 Toxicity

Prototypical QDs (primarily CdS, CdSe, and CdTe) and the precursors used to prepare
them are well known to pose toxicity risks.?®2° While this issue can be somewhat mitigated by
creating a benign shell around the QDs (e.g., a layer of ZnS), the best solution is to employ less
problematic materials. Solvents also play a role in determining the risk associated with a synthesis.
Certain solvents (especially organics, such as benzene) are known to be carcinogenic, so

intentionally using smaller volumes and safer alternatives when possible are desirable.*

14



1.4.2.2 Renewable Resources

Transitioning to a circular economy necessitates, in a best-case scenario the use of “waste”
as a precursor to something else of value. For this reason, turning biomass waste (e.g., egg shells,
leaves, fruit peels) into functional nanomaterials has become a popular synthetic strategy.>**! In

instances where new precursor materials must be sourced, it is important to consider the

sociopolitical and environmental impacts of obtaining them.
1.4.2.3 Life Cycle Analysis

Life cycle analysis involves considering the beginning of your chemicals and materials,
like we have just discussed, as well as where they will end up after having served their purpose.
Failure to do this can lead to global challenges decades later as is well demonstrated by the current
crisis of plastic pollution extending from the oceans to our bloodstreams. Research into
biodegradable polymers, or those that can be triggered to degrade at their end of life, has

exploded.*
1.4.2.4 Silicon and Carbon

In the context of the sustainability considerations presented above, it should be noted that
the two classes of QDs presented in this thesis (i.e., silicon- and carbon-based) were selected with
improved sustainability in mind. Silicon and carbon are both considered to provide QDs with
toxicity significantly less than traditional QDs.**~*” They are also of high natural abundance around
the globe (silicon and carbon are the most abundant element in the Earth’s crust and the biosphere,
respectively, after oxygen).*®*° While the presented syntheses could be improved (by reducing
energy expenditure, limiting solvent volumes, creating a life cycle assessment, etc.), they are a

step forward.
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1.5 Silicon Quantum Dots
1.5.1 Silicon Nanomaterials
1.5.1.1 Porous Silicon

The first documented, photoluminescent silicon nanomaterial was porous silicon,
published in 1990 (though the structure itself was known as early as 1956).*%*! Here, the
electrochemical and chemical non-homogeneous etching of bulk silicon was pursued to yield an
array of crystalline nanowires with diameters small enough to produce quantum confinement.*’
Since bulk silicon is intrinsically a poor emitter owing to its indirect Eg, harnessing quantum
confinement was an essential development to increase the favourability of radiative recombination.
Originally, it was thought that reducing the material dimensions to the nanoscale caused a shift to
a direct Eg. Later, it was theorized that the enhanced PL was due to a reduced three-body Auger
effect.®> The uniformity and chemical stability of structures produced by this method were less
than ideal to form a full physical understanding of nanostructured silicon.*> Regardless, this
seminal work demonstrated that bright PL was possible, paving the way for materials scientists to
begin exploring freestanding silicon quantum dots (SiQDs).
1.5.1.2 Silicon Quantum Dots

The earliest reports of freestanding (i.e., colloidal; suspended in a fluid) SiQDs involved
gas-phase syntheses.*> These methods were developed in an attempt to obtain monodisperse
nanoparticles and support the study of the size-dependence of SiQDs optical properties.** In 1993
an arc-discharge synthesis yielded a SiQD aerosol (in a flowing argon stream) that was
subsequently coupled with a radial differential mobility analyzer to select for SiQDs of narrow
size distributions.***> Around the same time, similar aerosols were also being produced by the

high-temperature pyrolysis of disilane diluted in helium gas.*¢ Exposure to oxygen gas resulted in
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a thin Si0; layer forming on the SiQD surface. Varied precursor concentrations (controlled by
flow rate to the furnace) and size-exclusion chromatography were used to select SiQD size,
allowing quantum confinement to be confirmed as the underlying photoluminescence
mechanism.*” Other more recent studies have shown similar results.*3%

By 1999, solution-phase syntheses were being reported for growing nanoscale silicon
crystals. Typical procedures involved a halogenated silane reacting with a reducing agent (e.g.,
alkali metal, hydride) under high temperatures and pressures.’® A method for increasing the size
control and monodispersity of the output SiQDs (inspired by other colloidal nanoparticle
syntheses) was to incorporate a surfactant into the reaction mixture to template the
nanostructures.’! Size control can also be obtained using sol-gel techniques, where thermal
processing solidifies molecular/polymeric silicon-based precursors into a silica matrix with

nanocrystalline silicon inclusions.*> In this method, size is controlled by the duration of heating,

after which the silica is etched away to yield solution-processable SiQDs.

1.5.2 Tailoring and Applying Silicon Quantum Dots

Size is arguably the most important parameter in tailoring SiQDs for target applications
because of its impact on optical properties. Reliable and tunable emission maxima are paramount
for the use of SiQDs as emitters in light-emitting diodes, bioimaging probes, and more. Other
parameters, though, expand the range of optical and physical properties and allow SiQDs to be
manipulated in a variety of environments. The techniques discussed thus far for preparing SiQDs
have primarily focused on the production of pure crystalline silicon (to study quantum
confinement) which bears an oxide- or hydride-terminated surface. However, modifications to the

bulk and/or the surface of the particle can be used to tailor SiQDs for various applications.
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1.5.2.1 Surface Modification of SiQDs

As early as 1999, the tunability of the SiQD surface by post-synthetic reactions was being
investigated. Much of this work drew inspiration from the seminal works involving porous silicon.
For example, SiQDs synthesized by reaction of an alkali silicide and halogenated silanes could
produce halogen-terminated SiQDs suitable for reaction with alkylithium or Grignard reagents.>*
Depending on the nature of the transferred alkyl group, these reactions create a hydrophobic
surface layer that imparts the SiQDs with favourable compatibility with organic solvents. Surface
functionalization also protects against oxidation, increasing the chemical stability toward ambient
conditions. Still, all syntheses and surface modification must be done in inert atmosphere to
minimize the impact of oxidation. The nature of the surface groups also influences the observed
emission from the SiQD, especially in the case of its oxidation.>> Hydrogen-terminated SiQDs,
such as those produced from sol-gel methods are commonly surface-functionalized with alkyl
chains using an alkene precursor in a reaction called hydrosilylation.’! This approach is very
versatile in that molecules of various polarities may be located opposite the C=C bond. When
biological applications are being targeted and water-solubility is preferred, alkenylamines,
alkenylcarboxylic acids, or alkenylglycols can be used.® These surface groups provide
hydrophilicity without adversely affecting particle Eg as can occur when placing electronegative
atoms close to the SiQD core.”®> Water-soluble SiQDs are also important for applications such as
sensing of water-soluble analytes, biomedicine, and semi-artificial photosynthesis, among
others.””%
1.5.2.2 Doping of SiQDs

Due to the wide-ranging utilization of doped bulk silicon in the electronics and renewable

energy industries, there has been increasing interest in creating doped SiQDs.®® Based on the
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electronic configuration of silicon, which includes four valence electrons, common dopants
include boron, aluminum, nitrogen, and phosphorous. The former two are considered p-type
dopants as they have one less valence electron than silicon and thus form sites in the crystal that
are relatively positively charged. Similarly, the latter two form relatively negatively charged sites
owing to an extra valence electron and are known as n-type dopants. The excess of free charge
carriers (holes and electrons, respectively) serves to increase the electrical conductivity of the
material %!

One of the most interesting applications for doped SiQDs is that of photovoltaics, in which
a p-n junction (a physical contact between p- and n-type doped material) is required for directional
current flow upon photoexcitation.’>%* Boron and phosphorous dopants can also be used to modify
the absorption spectrum of SiQDs, with especial attention being paid to near- and mid-infrared
absorption for potential application in sensing, laser radar transceivers, and alarm systems to name
a few.%+% Co-doping with both an n- and p-type dopant can be used when both free holes and
electrons are desired. For example, boron- and phosphorous-doped SiQDs formed by a sputtering
and annealing approach have been applied to photocatalytic water splitting. It is postulated that the
co-doped SiQDs display enhanced performance owing to oxidation resistance conferred by the
(primarily surface-localized) dopant atoms.®” Other elements have also been doped into SiQDs,

such as iron or manganese to impart magnetism for use in biotherapeutics.®>%
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1.6 “Carbon Quantum Dots”
1.6.1 Evolution of Carbon Nanoparticles
1.6.1.1 Fullerenes

Perhaps the earliest synthetic example of a spherical carbon “nanoparticle” was
Buckminsterfullerene — a hollow spherical molecule with sixty sp? carbon atoms (Ceo) — which
possesses a diameter of just over 0.7 nm.”” The HOMO-LUMO energy gap is around 1.84 eV
producing a notable PL after excitation.”! It is important to note that the optical properties are
governed exclusively by molecular energy levels and not by quantum confinement effects.
Buckminsterfullerene exists in nature, however, it was discovered in 1985 by mass spectrometry
of laser vaporized graphite and synthetic procedures were developed by 1990.7>7 The pioneering
work on fullerene structures by Curl, Kroto, and Smalley was later awarded the Nobel Prize in
Chemistry, 1996. Other fullerenes are possible (Cn , n = 36, 50, 70, 540, etc.), though stability is
variable and depends on the symmetry and degree of bond angle strain.’” The excitement generated
from the discovery of fullerenes eventually lead to many other forms of carbon being explored,
including carbon nanotubes, graphene, and variations of carbon nanoparticles as will be discussed
below.
1.6.1.2 Graphene Quantum Dots

Graphene, first isolated in 2004, is a two-dimensional arrangement of sp? hybridized
carbon atoms which form a highly electronically conductive and mechanically strong sheet.” The
Nobel Prize in Physics, 2010, was attributed to Geim and Novoselov for their characterization of
the unique properties possessed by graphene sheets. Graphene can be present as a single layer,
multi-layer, or as an extended stacked structure, more commonly known as graphite. Graphene

sheets, owing to their extended m-conjugated structure, lack a bandgap and are therefore not
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photoluminescent materials.”® However, similar to the manufacture of quantum confinement in
semiconductor materials, photoluminescence can be obtained by reducing the sheet length to
nanoscale dimensions or introducing defect states to electronically isolate sections of the sheet.
Both cases yield what are referred to as “graphene quantum dots” (GQDs). The defects themselves
may also give rise to photoluminescence, although the mechanisms of this are more complex.’®
1.6.1.3 Carbon Quantum Dots

Carbon quantum dots (CQDs) were also discovered in 2004, as a photoluminescent by-
product of a carbon nanotube synthesis.”””® Similar to GQDs, it has been suggested that the
photoluminescence of carbon quantum dots (CQDs) may be achieved through defect states at the
surface of the particle, involving radiative recombination of trapped electrons and holes (though
other theories exist, see below).”®” However, instead of the relatively flat geometry of GQDs
(only a couple of graphene sheets thick at maximum), CQDs are spherical or pseudospherical
particles.®® The ideal CQD is highly crystallized into layered sp? hybridized carbon domains.

If the degree of crystallinity in such a CQD is reduced so that the quantity of sp> hybridized
carbon (as well as heteroatom dopants) significantly impedes the ordering of sp? hybridized
domains, turbostratic carbon results. If the sp content is further increased, the particle takes on an
amorphous character. In both cases, these particles are no longer considered as CQDs, as the PL
properties are no longer easily attributed to the size of the particle, but rather as carbon nanodots
(CNDs) or carbon polymer dots (CPDs), which are used synonymously within the literature.®® For
these structures, it is most plausible that embedded molecular fluorophores or other non-crystalline
features are responsible for the observed PL. Note that “CND” is used in Chapter 3 to denote the

demonstrated amorphous character of the synthesized nanoparticles.
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It is worth clarifying that the PL mechanism of carbon nanoparticle systems is complex
and still poorly understood. There are several theories- 1) quantum confinement, 2) embedded
molecular fluorophores, and 3) surface states- to explain the PL and other optical properties (like
excitation-dependent emission) observed.” For this reason, the term “carbon quantum dots” is
used loosely, as they cannot be considered directly analogous to the semiconductor nanocrystals
that we have been discussing previously (e.g., SIQDs) which are known to produce PL by quantum

confinement.

1.6.2 Tailoring and Applying Carbon Quantum Dots

Though CQDs were discovered from “top-down” approaches to carbon nanomaterial
generation (e.g., laser vaporization of bulk carbon), today the majority of research is done on
“bottom-up” synthetic methods (e.g., hydrothermal processing of molecular precursors) which can
easily tailor the CQD properties.”
1.6.2.1 Surface Modification of CQDs

CQDs produced from hydrothermal treatment of precursors at sufficiently high
temperatures (>300 °C) are commonly described as core-shell structures where the core is sp?
carbon and the shell is an sp® matrix with numerous hydrophilic functional groups.®! This accounts
for the high water-solubility of CQDs. The precursors chosen for synthesis will determine which
surface functional groups are yielded; for example, citric acid/urea-derived CQDs will display
carboxylic acid, hydroxyl, and amine groups, among others. As a result, amide coupling and
esterification reactions are useful tools to covalently attach organic molecules to the CQD

surface.®” Non-covalent attachments (such as n-stacking with exposed sp? carbon domains) are
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also possible and especially useful for applications, like drug delivery, where reversibility is
desired.
1.6.2.2 Doping of CQDs

Heteroatom doping is common in CQD preparations, primarily with the aim of increasing
the PL quantum yield (the efficiency of photon emission).” This is commonly done by including
an additional precursor in the reaction mixture or selecting a carbon source that already contains
heteroatoms (e.g., cysteine for intrinsic nitrogen and sulfur doping). However, post-synthetic
surface functionalization with heteroatom-bearing molecules is also possible. Nitrogen doping is
a strategy well documented to increase the photoluminescence of CQDs.*%83% It has also been
shown that simultaneously incorporating an electron-rich dopant (nitrogen) and an electron-poor
dopant (boron), relative to carbon, can further boost the quantum yield.? Less commonly, metallic
dopants like manganese will be used. Improvements in the CQD optical properties are especially
useful for applications such as bioimaging and chemical sensing where detection of PL (or change

in PL) is necessary.

1.7 Thesis Outline

The present thesis describes the preparation of functionalized SiQDs and CNDs and their
application to the fields of chemical sensing and energy storage, respectively. This work was
undertaken with the aim of developing functional nanomaterial platforms to facilitate the
connection between these fascinating materials and their benefit to pressing societal problems.

In the second chapter, chemical sensing using photoluminescence quenching of SiQDs by
target analytes is discussed. We have explored the interaction between SiQDs and nitroaromatic

explosives and nerve agents and developed a secondary enzymatic method for differentiating
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between these molecules (which quench photoluminescence similarly). This two-fold detection
system represents a portable sensor that may be used in airport security and remote environmental
monitoring alike.

The third chapter relates to energy storage, specifically introducing the role of
nanomaterials in redox flow batteries. It presents a developed method of hydrothermal synthesis
of CNDs and post-synthetic functionalization for creation of an electrochemically active product,
suitable as an aqueous electrolyte. As CNDs are still a relatively novel research area, extensive
materials characterization has been recorded and discussed to promote an understanding of the
obtained nanostructures. These efforts revealed that the obtained CNDs possess an amorphous
structure with photoluminescence likely arising from embedded molecular fluorophores, and
redox behaviour suitable for the intended application.

To conclude the thesis, the progress in driving tailored, functional nanomaterials towards
practical application will be summarized and the prospective future directions for both projects

will be discussed.
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Chapter 2:

Water-Soluble Silicon Quantum Dots as Nitroaromatic Sensors
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2.1 Introduction

Nitroaromatic compounds (NACs) are molecules comprising at least one aromatic ring
bearing at least one nitro (-NO2) group. They can be categorized into several classes of hazardous
materials: many NACs are high energy materials (or explosives) — examples include 2,4,6-
trinitrotoluene (TNT) and 2,4-dinitrotoluene (DNT) — others, like fenitrothion, parathion (PT) and
paraoxon (PX) show adverse biological effects and act as nerve agents.!> Beyond the obvious
societal threats posed by explosives and nerve agents, these and other NACs are widespread
pollutants and can be environmental hazards. For example, NACs can be carcinogens, cytotoxins,
endocrine disruptors and/or reproductive toxins for a variety of organisms.? Complicating matters,
NACs are generally resistant to degradation and accumulate in the environment which

consequently increases the likelihood of harm to local populations.®

The potential risks noted above highlight the importance of developing cost-effective,
sensitive, and selective sensors that differentiate between the different classes of NACs. While
modern analytical instrumentation can identify molecular structures with precision, most are
costly, lab-based systems that require extensive, specialized training to operate.* Small, portable
sensors have emerged as an important research area because they can offer rapid, inexpensive, ‘in
the field’ NAC detection.’ Fluorescence-based, on/off sensors are attractive options that rely on
energy (or electron) transfer between the active sensing media and the target analyte that results in
a detectable modulation of the fluorescence intensity.® The electron-withdrawing nature of pendant
NO: groups on aromatic structural units make NACs electron acceptors (i.e., oxidizing agents) that
can predictably quench the photoemission from luminophores. Early work involving silicon
nanomaterial-based photoluminescence sensors focused on porous silicon.” Sailor et al.

demonstrated a vapor-phase porous silicon sensor for TNT, DNT and nitrobenzene that showed
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semi-reversible quenching.® Subsequently, Germanenko et al. demonstrated NAC quenching of
isolated, unfunctionalized silicon nanocrystals, or silicon quantum dots (SiQDs), prepared using
laser ablation.” Drawing on this and other foundational work involving porous silicon and SiQDs,
we demonstrated that functionalized, organic solvent-soluble SiQDs obtained from thermally-
induced disproportionation of hydrogen silsesquioxane (HSQ) provided probes for detecting
nitroaromatic explosives (NAEs). Next, we showed that water-soluble SiQDs prepared similarly
could detect nitroaromatic nerve agents (NANAs; PX and PT). In both cases, the luminescent
SiQD probes were interfaced with standard filter paper to provide a convenient strip sensor
platform.>!? In the case of the water-soluble SiQDs, we further extended our study by combining
the SiQD photoluminescence response with the persistent (i.e., non-quenched) luminescence of

2 To see the distinct

fluorescent proteins (FPs) to afford a sensitive, ratiometric sensor.
photoluminescence peaks for the SiQDs and the FPs used in the present work, refer to Figure 2-

Al in the Appendix.

The obvious chemical similarities of NAEs and NANAs (Figure 2-A2, Appendix) make
differentiating these hazardous chemical classes non-trivial as well as an important outstanding
challenge. Typical approaches toward distinguishing these chemically similar molecules involve
creating detection arrays comprised of complementary sensing species that are subsequently tested
against the same analyte; this approach provides a ‘fingerprint’ used to identify specific analytes.!'!"
13 Such fingerprinting systems are often complicated and require computer processing
infrastructure to evaluate output data. Herein, we demonstrate a sensing platform that
differentiates NAEs from NANAs using straightforward visible inspection (Scheme 2-1a). To
achieve this important advance, we have exploited the complementary virtues of materials

chemistry and biochemistry and, simultaneously, expand the scope of our water-soluble SiQD/FP
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sensor (see SiQD surface tailoring in Scheme 2-1b) by demonstrating NAE sensitivity.
Subsequently, to distinguish NAEs from NANAs, we constructed a literature-inspired enzymatic
acetylcholine detection assay that exploits the Trinder reaction to generate a readily detected red

quinoneimine dye.!'

Enzymes are highly specialized protein catalysts that exploit hydrogen-bonding as well as
hydrophobic interactions at their active sites to engage targets with exceptionally high selectivity.

In the past, enzymes have been combined and/or interfaced with nanomaterials to afford detection

15-17 18,19

of microbes,'>!7 glucose,'®!” and nerve agents.> 2°?> To our knowledge, no examples have
demonstrated the capacity to differentiate closely related analytes like the noted subclasses of
NACs (e.g., NAEs and NANAs). For our application, acetylcholinesterase was the enzyme of
interest because it is inhibited by NANAs (Scheme 2-1c¢). This allowed us to devise an enzyme-

based sensor for use alongside our SiQD/FP sensor— the combination of these two sensing motifs

provides clear differentiation between NAEs and NANAs.
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Scheme 2-1. a) Flow chart of the dual sensing platform presented in this work to differentiate
nitroaromatic explosives (NAEs) and nerve agents (NANAs). b) Surface-functionalization of
SiQDs for water-solubility. ¢) Assembly of the enzymatic assay involving acetylcholinesterase
(AChE), choline oxidase (CO) and horseradish peroxidase (HRP). Presence of a NANA
inhibits activity of AChE, preventing dye development.
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2.2 Experimental Details

2.2.1 Reagents and Materials

The following reagents were obtained from the suppliers listed and used as received unless
otherwise indicated. Hydrogen silsesquioxane (HSQ, in methyl isobutyl ketone; Fox-17, Dow
Corning) and aqueous electronics grade hydrofluoric acid (HF, 49 %, J.T. Baker) were used for
silicon quantum dot (SiQD) synthesis. 10-undecenoic acid (Mw= 184.28 g mol™, p =0.912 g mL"
1 and allyloxy poly(ethylene oxide) methyl ester (9-12 units of ethylene oxide, My ~ 250 g mol!,
p = 1.04 g mL"!, Gelest) were used for SiQD functionalization. mAmetrine and mCerulean3
(Campbell Group, University of Alberta), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES bufter; Millipore-Sigma) were added for the ratiometric SiQD/fluorescent protein (FP)
sensor. 2,4,6-trinitrotoluene (TNT; My = 227.13 g mol’}, in acetonitrile; Millipore-Sigma), 2,4-
dinitrotoluene (DNT; My, = 182.13 g mol’!, in acetonitrile; Millipore-Sigma), 4-nitrophenol (NP;
My = 139.11 g mol™'; BDH) and paraoxon (Millipore-Sigma) were tested as analytes. Phenol (M
=94.11 g mol ™), acetylcholine chloride (My = 181.66 g mol™), 4-aminoantipyrine (M, = 203.24
g mol™), acetylcholinesterase from Electrophorus electricus (AChE; lyophilized powder, 222 U
mg'), choline oxidase from Alcaligenes sp. (CO; lyophilized powder, 10 U mg™') and peroxidase
from horseradish (HRP; lyophilized powder, 327 U mg™') formed the enzymatic sensor. These
materials (all from Millipore-Sigma) were dissolved in HEPES buffer (pH 7, 0.1 M) to the

specified concentrations below. All solvents used were reagent grade.
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2.2.2 Thermal Processing of HSQ

An oxide composite containing silicon nanodomains was prepared from HSQ using
established literature procedures.?® Briefly, HSQ powder was transferred to a quartz boat and
heated in a standard tube furnace (1 h, 1100 °C, atmospheric composition: 5 % Hz : 95 % Ar).
After cooling to room temperature, the amber product obtained from the thermal processing step
was annealed (1 h, 1200 °C) in flowing argon to provide a brown/black composite containing
nanocrystalline silicon domains with approximate dimensions of 6 nm. Following mechanical

grinding, the composite appeared light brown.

2.2.3 Preparation of Water-Soluble SiQDs

0.300 g of the 6 nm Si/SiOx composite was etched for 90 minutes in a mixture of 3 mL
each 49 % HF, 100 % ethanol, and deionized water. Caution! Hydrofluoric acid is highly corrosive
and care should be taken to avoid skin contact or inhalation of vapours. The resulting hydrogen-
terminated SiQDs were extracted into ~10 mL of toluene which was transferred to test tubes and
the solid was isolated upon centrifugation (3000 rpm, 10 minutes). Subsequently, activated
molecular sieves were added (to remove trace water) and the SiQDs were resuspended in fresh
toluene. After transferring the suspension of H-SiQDs to dry test tubes, the centrifugation was
repeated, followed by decanting off the clear, colourless supernatant. The SiQDs were
subsequently redispersed in 2 mL of 10-undecenoic acid, transferred to an Ar-filled Schlenk flask
and 6 mL allyloxy poly(ethylene oxide) methyl ether was added. The reaction mixture was heated
with stirring to 170 °C for 4 hours. At completion, the resultant transparent product mixture

displayed characteristic red/orange photoluminescence upon exposure to a standard UV flashlight.
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After cooling to room temperature, deionized water (10 mL) and hexanes (10 mL) were added and
the mixture was transferred to a separatory funnel. After shaking, the organic layer was removed
and discarded. 10 mL of fresh hexanes were added to the separatory funnel, the extraction repeated
once more, and the aqueous phase transferred to dialysis tubing (12K MWCO). The aqueous
solution was dialyzed twice each against 95% ethanol and deionized water (30 mins for each step)
followed by four rounds of centrifugal ultrafiltration (30K MWCO filter, 5000 rpm, 30 mins each).
Once the filtrate from the ultrafiltration was free of blue photoluminescence (arising from the
PEG), upon exposure to UV light, the particles were resuspended in 2 mL of Milli-Q water. The
resulting aqueous stock suspension of functionalized SiQDs showed characteristic red/orange
photoluminescence upon excitation with a standard UV flashlight. The resulting functionalized
SiQDs were characterized using FTIR, XPS, TEM, TGA, ultraviolet, and photoluminescence

spectroscopy using standard methods. This data has been reported elsewhere.?*

2.2.4 Ratiometric Detection of Explosives using SiQD and FP Mixtures

The stock suspension of water-soluble SiQDs obtained from the synthesis/purification
procedure was diluted with deionized water by 10 x (v:v). Tests were performed using a standard
96-well plate; each well was charged with 10 pL SiQDs (i.e., 2.54 mg Si/mL suspension), 10 uL
of the FP solution of choice (i.e., mAmetrine®> or mCerulean32®; 0.405 ug mL™! stock solutions in
20 mM HEPES buffer, pH 7.0) and a predetermined quantity of target analyte (i.e., TNT, DNT, or
NP), ranging from 2.5 - 40 ug mL"'. Caution! Nitroaromatics may be explosive, flammable, and
damaging to human health. Store in a cool place away from ignition sources and work with low

concentrations when possible. Analyte concentrations were subsequently converted to molarity to
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allow for direct comparison. HEPES buffer (20 mM, pH 7.0) was added to each well to realize a
total final volume of 100 pL. Each experiment included a blank (no analyte), from which to
calculate the Lp. All measurements were performed in quadruplicate. Photoluminescence spectra
were acquired using a SpectraMax 13X (Aex = 365 nm, scan range = 395 - 850 nm, 2 nm step size).
The output was saved as a text file and subsequently processed in Microsoft Excel 2016. The
fluorescence intensities (Isiop and Irp) corresponding to the photoluminescence maxima for the
SiQDs (ApL = 665 nm) and mAmetrine (ApL = 525 nm) or mCerulean3 (ApL =475 nm) were selected
for analysis. The ratiometric data were assembled using a ratio of averages (RoA) approach;
averaging the quadruplicate data and taking the ratio (Irp/Isiop) of the averages for each
concentration of analyte in question. The standard deviation was subsequently calculated using
Equation 2-1. The ratiometric data were plotted in Origin 2021 and evaluated using linear

regression. The Lp was calculated from the resulting linear equation using Equation 2-2.

2.2.5 Calculations

2 2
Equation 2-1. Standard deviation of RoA,SD = \/( SDyFp ) + <5D1,SlQD )
Avej pp Aversiop
where:

SDyrp = standard deviation of the photoluminescence intensity at FP emission
maximum

Averrp = average photoluminescence intensity at the FP emission maximum

SDisigp = standard deviation of the photoluminescence intensity at the SiQD
emission maximum

Aveysigp = average photoluminescence intensity at the SiQD emission maximum
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3.290,
A

Equation 2-2.>” JUPAC minimum detectable concentration, L, =

where:
oo, = standard deviation of the blank

A = slope of the titration curve, F(x) =B + Ax

Table 2-1. Calculated Lp values for the indicated quencher molecules. Analyses were performed
for ratiometric sensors using mAmetrinel.2/SiQD and mCerulean3/SiQD combinations.

Lo of Analyte Quencher (uM)
mAmetrine/SiQD mCerulean3/SiQD
Target Analyte
TNT 1.86 4.00
DNT 4.67 3.65
NP 64.2 10.6

2.2.6 Enzymatic Detection Assay (Solution and Gel-Encapsulation)

Agarose powder (0.04 g) and HEPES buffer (1.6 mL, 0.1 M, pH 7.0) were combined and
stirred in a beaker followed by heating on a hot plate (~200 °C) to reach a rolling boil. The beaker
was stirred again and transferred to a separate hot plate that was preheated to 50 °C. Once cooled

to 50 °C, 4-aminoantipyrine (200 pL, 85 mM), phenol (200 uL, 440 mM), HRP (50 uL, 665
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U/mL), CO (100 pL, 38.1 U/mL), and AChE (50 uL, 1.57 U/mL) were added. After stirring
thoroughly, 200 pL of the gel mixture was pipetted into each well of a 96-well plate and cooled
for ~10 minutes at 4 °C. Subsequently, 10 puL aliquots (i.e., final concentration of 5 uM) of analytes
of interest (i.e., PX, TNT, DNT, NP) were placed onto the top of the gel and equilibrated for 5
minutes. Initial absorbance readings were acquired using a BioTek Epoch 2 after which, ACh (20
pL, 5.4 mM) was added and measurements were taken at 5 minute intervals up to 30 minutes
followed by every 10 minutes thereafter until a total time of 60 minutes elapsed. The experiments
were performed in triplicate, with the results averaged and plotted in Origin 2021. Precise enzyme

concentrations were determined using the Implen Nanophotometer P360.

2.3 Results and Discussion
2.3.1 SiQD Photoluminescence Quenching Induced by NAEs

Evaluation of the SiQD/FP combinations in the presence of dilute NAE solutions (i.e.,
TNT, DNT and 4-nitrophenol (NP)) was performed using a Molecular Devices SpectraMaxi3x
photoluminescence spectrometer (Figure 2-1). By evaluating the photoluminescence quenching of
the mixtures, we determined that the SiQD photoluminescence decreases linearly with increasing
TNT, DNT and NP concentrations. We also tracked quenching ratiometrically by evaluating the
ratio of the S1QD and FP emissions (Figures 2-1a,b). As expected, the magnitude of the quenching
response qualitatively correlates with the number of NO: functional groups bonded to the aromatic
ring of the analyte. These results were independent of the FP used. A visual representation of the
ratiometric quenching can be seen in Figure 2-1c. Using the linear plots and a standard ITUPAC

equation (Equation 2-2), the average detection limits (Lp) for the NAE were determined to be 1.9,

41



3.7,and 10.6 uM for TNT, DNT, and NP, respectively, depending on the SiQD/FP pairing (Table
2-1). The present Lp values are modest when compared with those achieved using other
fluorescence quenching systems;?® this performance has previously been attributed to limited
interaction between the SiQD surface and the NAE analyte and its optimization is the subject of

an ongoing investigation.*’
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Figure 2-1. Representative photoluminescence (PL) quenching titration plots showing the
dependence of the ratio of the photoluminescence intensities (i.e., Irp/Isiop) upon excitation at
365 nm. Analyte titrations were performed with TNT (black), DNT (red), and NP (blue) for

two ratiometric sensor FP/SiQD combinations: (a) mAmetrine (ApLmax =

mCerulean3 (Aprmax =

525 nm) and (b)

475 nm)(n=4). (c) Photographs of the photoluminescence quenching

response of the mAmetrine/SiQD sensor to TNT exposure, using (i) an excitation source that
selectively excites SiQDs, and (ii) a broadband UV source that excites the mAmetrine and

SiQD luminophores.
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2.3.2 Selectivity Testing of the Enzymatic Acetylcholine Assay in Aqueous Solution

Having demonstrated that the Lp of NAEs was consistent with that previously reported for
NANAs using the same SiQD/FP system (4.9 uM for PX),? we sought to design and incorporate
the NANA-specific enzymatic assay to provide a secondary test to differentiate unknown
nitroaromatics. Constructing the acetylcholine detection assay (See Section 2.2.6 for details) in-
solution verified that PX inhibited AChE activity and, thus, the formation of the red quinoneimine
dye. In contrast, TNT did not influence AChE activity and the red quinoneimine dye formed.
Clearly, visual detection of the appearance of the characteristic red colour of the dye provides
differentiation of TNT from PX and, by extension, NAEs from NANAs. To gain insight into the
rapidity with which NAEs and NANA can be detected and differentiated, quinoneimine dye
development was temporally tracked in the presence of PX and TNT (Figure 2-2). We note that
the AChE population utilized in the present study can be saturated at an analyte concentration of
5 uM so this concentration was used for all subsequent trials (Figure 2-2a). In solution phase, the
development time necessary to visually distinguish 5 uM PX samples from the control (PX 0 uM)
is 5 minutes. For context, this response time is approximately twice as fast as most recently
reported colourimetric detection systems.>*? Of important note, and as expected, TNT did not

show statistically significant inhibition (Figure 2-2b).
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Figure 2-2. Solution-phase AChE inhibition trials for (a) PX and (b) TNT analytes.
Inhibition is evidenced by an impairment of quinoneimine dye formation (Aabsmax = 510 nm),
as monitored over time. Measurements were performed in triplicate (n=3), plotting the
average and standard deviation.

2.3.3 Enzymatic Assay Protected in Agarose Gel

Recognizing the well-documented instability of enzymes under ambient conditions,> we
chose to address this potential limitation by immobilizing the aforementioned enzymes in an
agarose gel. Our data indicate that the performance of the AChE detection assay in an agarose gel
is near-identical to its performance in solution. TNT, DNT and NP behaved similarly, having no
effect on the quinoneimine dye development, while PX effectively inhibited dye formation (Figure
2-3a,b). Importantly, the absorption spectrum after gel development highlights the selectivity of
our approach and confirms that the increase in absorption at 510 nm can be solely attributed to the

formation of the quinoneimine dye (Figure 2-3c). The only notable difference from the solution-
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based assay, which we attribute to the increased viscosity of the gel medium, is that gel-
encapsulation slowed the dye development and extended the time necessary for visual
differentiation of PX and TNT to approximately 10 minutes. Furthermore, the added stability
provided by the gel scaffold increases the longevity and portability of the assay and is expected to

facilitate effective field deployment.
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2.4 Conclusions

To summarize, we have confirmed that our aqueous SiQD/FP photoluminescence-based
sensor is sensitive to NAEs such as TNT, DNT and NP. Further, a secondary, colourimetric
enzymatic assay was employed to obtain accurate and timely differentiation of hazardous
nitroaromatic explosives from chemically similar nerve agents. The photoluminescent sensor
responds immediately to indicate the presence of a nitroaromatic molecule and the colourimetric
sensor provides a diagnosis of the hazard class (NAE or NANA) of the analyte within 5-10
minutes. This proof-of-concept work demonstrates the advantage introduced by combining
sensing motifs from across disciplines— thus providing a portable sensing system capable of

visually differentiating nitroaromatic molecules.
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Figure 2-A1. Representative photoluminescence spectra of the fluorescent protein/silicon
quantum dots sensing solutions, analyzed on the SpectraMax 13X spectrophotometer. a)
mAmetrine (Aemmax = 525 nm) and silicon quantum dots (Aem,max = 665 nm). b) mCerulean3
(Aem,max = 475 nm) and silicon quantum dots (Aem,max = 665 nm).
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Figure 2-A2. Structural representations of the nitroaromatic molecules used in this work. Left to
right: 2,4,6-trinitrotoluene (TNT), 2,4-dinitrotoluene (DNT), 4-nitrophenol (NP) and paraoxon
(PX).
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Chapter 3:

Tailoring Carbon Nanodots for Application to Redox Flow Batteries
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3.1 Introduction

The scientific journalist Stephanie Pain put it perfectly when she said that “[t]he story of
human progress — from nomadic hunter-gatherer to smartphone-wielding urbanite — is the story of
energy”.! The drive of humankind for a continually increasing standard of living relies on our
ability to turn the resources accessible to us into useable energy. This is demonstrated by the
historical exploitation of coal, oil, and natural gas, however, consumption of these fossil fuels has
polluted our Earth to the point of alarm.! The flourishing field of clean (non-fossil fuel) energy
production technologies (e.g., solar cells) will not only help curb our impact on the Earth’s
ecosystems but will improve global health by reducing inhalable pollution from fossil fuel

burning.? Their potential, however, remains limited (e.g., by the intermittency of sunlight) without

parallel advancement in energy storage technologies.

External Circuit

Battery technologies that are compatible

with large- or “grid”-scale energy storage differ

greatly from those used for consumer electronics

and electric vehicles. They must be highly cost- |' .'
efficient, have a reliable performance over very long w M
lifetimes, and be derived from environmentally [ ng I ®

Storage  Electrolytic Separatory Electrode

conscious abundant materials.®> Redox flow batteries
Tank Chamber Membrane

(RFBs) are a promising technology with the Figure 3-1. Schematic of a redox flow

. . : battery.
potential to address these considerations. They Y

embody a straightforward design: mobile liquid electrolytes performing redox chemistry at
associated electrodes to generate electricity within an external circuit (Figure 3-1). The

electrolytes — catholyte and anolyte — contain dissolved redox-active molecules that may be
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inorganic or organic. In recent years, the latter has been receiving attention due to the high
availability, sustainability, and low cost of these materials.* A central issue in current RFB systems
is the efficacy of the separatory membrane.>® Highly selective membranes are cost-prohibitive
while inexpensive membranes fail to prevent leaking of redox molecules (termed “species cross-
over”) into the adjacent electrolyte chamber. This is undesirable as the catholyte and anolyte can
react and lower the energy capacity of the RFB over time. To favour marketability, researchers
have attached organic redox molecules to comparatively large polymer backbones/scaffolds to
prevent their permeation through inexpensive membranes. Examples of this approach generally

%10 and redox-active

fall into three categories: redox-active oligomers,”® redox-active polymers,
cross-linked polymer nanoparticles.!!"'> Notably, surface-functionalized nanoparticles have not yet

been introduced into this paradigm.

Carbon nanodots (CNDs) are pseudo-spherical, nanoscale particles primarily composed of
carbon that are typically soluble in water owing to their abundant hydrogen-bonding surface
functional groups. They offer ease of synthesis, tunable size, and display photoluminescence that
can provide tracking of their localization in the RFB. They may also bypass some drawbacks of
the aforementioned polymers, which increase the electrolyte viscosity through chain entanglement
— slowing diffusion to the electrodes.'” CNDs are synthesized using a variety of techniques
including arc discharge, laser ablation, or electrochemical etching of a bulk carbon (top-down
approaches), as well as pyrolysis, hydrothermal treatment, and templated methods (bottom-up
approaches).'® Importantly, these syntheses include inexpensive precursors and methods, and yield
CNDs that are environmentally benign and even biocompatible (in comparison to the common,
toxic semiconductor nanoparticle alternatives).!> Bottom-up solution-phase syntheses are

favourable for allowing precise control over the final composition of the CNDs, with greater
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uniformity and tunable surface functionalities. '* Exploiting CNDs (and similar carbon
nanoparticles) for energy applications has thus far involved utilizing CNDs as light harvesters and
redox-active components in photocatalytic systems.!>!® Though they have been finding
widespread application in emerging battery technologies, within the framework of redox-flow
batteries CNDs have thus far been confined to electrode design and modification.?*?? Synthesizing
CNDs through hydrothermal treatment of a carbon source and a diamine is a well-established
procedure that has been suggested to yield amine-capped CNDs, where the inherent nitrogen-
doping favourably impacts the photoluminescence properties of the particles.”> Primary amine
surface groups provide optimal locations to chemically modify the surface of the CNDs using mild
conditions like those found for amide coupling. Anthraquinones (AQs) are well-characterized
redox-active molecules that are currently under scrutiny as promising aqueous redox-flow battery
electrolyte materials.?*?® However, finding methods of increasing the water-solubility of AQs is

crucial to practical implementation.

Herein, we report a microwave reactor-mediated hydrothermal synthesis of CNDs from
citric acid and spermidine, the product of which we have characterized by materials and
electrochemical methods. Post-synthesis functionalization with anthraquinone-2-carboxylic acid
yielded CNDs demonstrating well-defined electrochemistry in 1.0 M NaCl solution and stability
over 250 cycles, suggesting that this material may prove a valuable anolyte for aqueous organic
redox flow batteries. This represents not only remediation of the issue of membrane permeability
by free electrolyte components (i.e., bare AQs) but simultaneously serves to increase AQ solubility

in aqueous solution.
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3.2 Experimental Details
3.2.1 Reagents and Materials

All reagents were obtained from Millipore Sigma and used as received unless otherwise
indicated. Citric acid monohydrate (My = 210.14 g mol ™), spermidine (My = 145.25 g mol’!, p =
0.925 g mL™"), anthraquinone-2-carboxylic acid (AQCA; My, = 252.22 g mol™!), N-
hydroxysuccinimide (NHS; My = 115.09 g mol ™) and N-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (EDC*HCI; My, = 191.70 g mol™') were used for the synthesis
of the functionalized CNDs. MilliQ water (mQH20; < 18.2 MQ.cm; from Millipore Direct-Q3)
was used as the sole reaction solvent, while standard deionized water (diH,0O) was used for
dialysis steps. Filter papers— VWR medium-fine (5-13 pm pore size) and Millipore GVMP
hydrophilic 0.22 um pore size— and dialysis tubing— Sigma-Aldrich 9 mm flat width, MWCO

2000 benzoylated dialysis tubing— were used for purification.

For electrochemistry, the following additional supplies were required: sodium chloride
(NaCl; My, = 58.44 g mol!; Fisher Scientific), sodium hydroxide (NaOH; My, = 40.00 g mol™),
silver wire (0.5 mm; Premion®, Alfa Aesar), 4 mm diameter glass tube, plastic shrink wrap, 3 mm
diameter porous frits, 2 mm diameter glassy carbon working electrode, a 2 mm diameter glassy
carbon rod counter electrode and alumina grit polishing paper (Siawat). mQH>O was again used

here for all experimentation.

3.2.2 Carbon Nanodot (CND) Synthesis

Bare CNDs were synthesized using a modified literature procedure.?’ Briefly, this method

will be detailed. All manipulations were done under ambient conditions. To a microwave tube,
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1.051 g of citric acid monohydrate (5.00 mmol) and 1.0 mL of mQH>O were added and dissolved
by stirring. 767 uL of spermidine (4.88 mmol) were added dropwise (exothermic processes occur)
with rapid stirring, resulting in a light yellow/orange solution. (Caution! Spermidine is corrosive
and care should be taken to avoid exposure to skin or eyes.) After cooling, the tube was capped
and placed into the microwave reactor (CEM Discover SP) for reaction. The vessel was pre-stirred
for 30 seconds then heated to 210 °C (200 W, 26.0 bar, high stirring) for 3 minutes. (Caution!
Heating a pressurized vessel poses an explosion risk. Do not attempt to override safety features
on the microwave system.) Afterward, the solution appeared deep, opaque brown with strong blue
photoluminescence upon exposure to a standard UV flashlight. The cap was removed in a fume
hood and the solution was diluted with 1.0 mL of mQH20O and gravity filtered through course grain
filter paper into an Erlenmeyer flask, rinsing with minimal mQH20. Next, this solution was
vacuum filtered through a frit equipped with a hydrophilic 0.2 pm filter, rinsing with minimal (1-
2 mL) mQH2O. The filtrate was finally transferred to small diameter dialysis tubing (MWCO
2000) and dialyzed against diH>O in a large (4 L) beaker with stirring for 8 days, changing the
dialysate once a day and qualitatively tracking the photoluminescence in the discarded dialysate
(none seen by the final day). The purified solution was transferred to a Falcon tube, frozen in a
-70 °C freezer, and placed on a lyophilizer (ZiRBUS VaCo 5-1I-D) for 3 days. Once completely
dry, the powder was massed (0.336 g) and the mass yield was determined to be 19.7%. In the solid-
state, the dark brown powder displayed yellow photoluminescence, while redispersion in water
restored the blue photoluminescence. This procedure was repeated to obtain more material for the

subsequent reaction.
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3.2.3 Carbon Nanodot Functionalization (CND@AQCA)

To a round-bottom flask equipped with a stir bar, AQCA (252.2 mg; 0.05 mmol) and NHS
(230.2 mg; 0.10 mmol) were added and dispersed in 50 mL mQH>O. Submerging the flask in an
ice-water bath reduced the solution temperature to ~5 °C. EDC*HCI (383.4 mg; 0.10 mmol) was
added and stirred cold for 20 mins yielding activated carboxylic acid moieties. Carbon nanodot
powder (500 mg; from Section 3.2.2) was massed and fully dissolved in 50 mL mQH>O. This
solution was added to the cold round bottom flask containing activated carboxylic acid and the ice
bath removed to allow the reaction mixture to warm to room temperature as it was stirred for 12
hours. The solution was then vacuum filtered to remove insoluble, unreacted AQCA. The filtrate
was transferred to dialysis tubing (2000 MWCO) and dialyzed against diH>O for 2 days (dialysate
changed twice a day) to remove coupling reagents and dissolved, unreacted AQCA. The purified
solution was transferred into Falcon tubes and lyophilized for 3 days. The dry powder was weighed

to obtain a mass yield of 0.218 g; 43.6% with respect to the original mass of carbon nanodots.

3.2.4 Materials Characterization

3.2.4.1 Transmission Electron Microscopy

Transmission electron microscopy (TEM) samples, prepared by dispersing the material in
question in deionized water and drop-casting on a carbon-coated copper grid, were imaged using
a JEOL JEM-ARM200CF S/TEM. The beam was set to an energy of 20 kV. An average shifted

histogram was obtained using an online tool by Buriak and coworkers.?®

3.2.4.2 Infrared Spectroscopy
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Fourier transform infrared spectroscopy (FTIR) was performed using a Thermo Nicolet
8700 FTIR Spectrometer (Thermo Fischer, USA). The lyophilized powder samples were mixed
with potassium bromide powder and pressed into a pellet. Baseline correction was performed.

The raw data were plotted using Origin 2021.
3.2.4.3 X-ray Photoelectron Spectroscopy

X-ray photoelectron (XP) data were obtained using a PHI 5000 Versa Probe III X-Ray
Photoelectron Spectrometer equipped with a monochromatic Al Ka source (50 W; 200 pm spot
size). The lyophilized powder samples were redispersed in deionized water, drop-cast onto
copper foil, and allowed to dry naturally at ambient. Survey spectra were measured with a pass
energy of 280 eV while high-resolution spectra used a beam energy of 55 eV. Charge
neutralization was employed when necessary. Spectra were processed using CasaXPS and
calibrated such that the most intense C 1s emission was set to 284.8 eV. It should be noted that
the quality of this data could be improved (e.g., by subtracting a background scan to account for
adventitious C contamination, using an internal standard for calibration). Subsequently, the
survey spectrum was quantified and the high-resolution C 1s and N 1s spectra were fit with a

Shirley-type background.
3.2.4.4 Powder X-ray Diffraction Spectroscopy

Powder X-ray diffraction (PXRD) data were acquired using a Bruker AXS D8 Advance
equipped a Cu Ka X-ray source (1.5418 A) and a Bragg-Brentano geometry. The lyophilized
sample powder was lightly ground (agate mortar and pestle) to homogenize and placed on a zero-

background silicon wafer supported on a PMMA sample holder. The experiment was set to the
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following conditions: 15 min run time, 20 = 5-90°, 0.019677° step size, 0.02 s exposure time, 40

kV voltage, and 40 mA current. The raw data were processed using Origin 2021.

3.2.4.5 Ultraviolet-Visible Spectroscopy

Steady-state ultraviolet-visible (UV/Vis) absorption spectra were collected on a Perkin
Elmer Lamba 2 Spectrometer under ambient conditions. All samples were measured in diH20,
using a 1 cm quartz cuvette and continuous background correction (of a solvent blank) using a

two-beam configuration. The raw data were plotted using Origin 2021.

3.2.4.6 Photoluminescence Spectroscopy

Photoluminescence (PL) spectra were acquired using a Varian Cary Eclipse Fluorescence
Spectrometer. All samples were measured in diH>O, using a 1 cm quartz cuvette. The excitation
wavelength was varied and noted in the presented figures. The raw data were plotted using

Origin 2021.

3.2.5 Electrochemical Characterization

3.2.5.1 Cyclic Voltammetry

A PalmSens4 Benchtop potentiostat (and PSTrace software) was used for all
electrochemical measurements. For cyclic voltammetry (CV) studies, a three-electrode cell was
utilized, equipped with a d = 2 mm glassy carbon working electrode, d =2 mm glassy carbon rod
counter electrode, and a silver/silver chloride (Ag/AgCl) reference electrode. This reference
electrode was assembled as follows: to a narrow glass tube equipped with a porous frit, 3 M

NaClag) solution was added (ensuring no bubbles), and a length of silver wire just greater than
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the length of the glass tube was inserted into the solution. The reference electrode was placed
frit-side down, into a vial of 3 M NaClg) to equilibrate prior to use and in between uses. The
working electrode was cleaned regularly with wetted alumina polishing paper, and blanks were
run in between trials to ensure the electrode remained free of contamination. See Appendix A for
the experimental setup. For CV experiments, a 5 mg/mL solution of the bare CND or
CND@AQCA was prepared in 1 M NaClg) (prepared with mQH2O) electrolyte. The solutions
were pH corrected with 0.1 M NaOHaq) to pH = 7.0. Experiments were run with the following
parameters unless otherwise noted: scan cycle 0.0 V2> -1.0 V2> 1.0 V = 0.0 V, step size of
0.01 V, scan rate 0.1 V/s, 5 scans (where the fifth was used as representative). Optimization
studies relating to electrolyte concentration and pH of CND@AQCA test solutions were

performed (data not shown).
3.2.5.2 Cyclic Voltammetry — Kinetics Studies

A best practices protocol was followed to assess the electron transfer kinetics of the
CND@AQCA sample (prepared above).? Briefly, CV was performed at variable scan rates (0.025
— 40 V/s and the redox peak separation (AEp) was calculated according to Equation 3-1 (peak
positions determined as ‘local maxima’ using Origin 2021). Cycling stability was then assessed by

running cyclic voltammetry for 250 cycles and measuring the change in peak current.

Equation 3-1. AE, = E

Where E; . and E, . are the anodic and cathodic peak potentials respectively
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3.3 Results and Discussion
3.3.1 Synthesis and Purification of CND and CND@AQCA

To realize redox-active CNDs, it was first necessary to develop a synthesis method. In this
case, a two-step approach was chosen to allow the CND synthesis and their subsequent
functionalization (with anthraquinone-2-carboxylic acid; AQCA). Citric acid and spermidine, both
containing multiple reactive functional groups, were selected to facilitate formation of a cross-
linked intermediate en route to CNDs (Scheme 3-1). CNDs incorporating citrate and spermidine
have been previously reported as an anti-bacterial material, however, to our knowledge they have
not been applied/explored in other contexts (e.g., energy storage).>*! Dialysis and lyophilization
were used to purify and isolate CNDs as a powder in a yield of 19.7% by weight. This synthesis
method yielded CNDs rich in primary amine surface groups (vide infra) that facilitate post-
synthesis surface functionalization through an amide coupling reaction with anthraquinone (AQ).
AQs have been demonstrated to modulate CND redox potentials when integrated into the bulk but,
thus far, we have not identified examples involving only surface modification.’> AQCA was
selected as it is a well-documented redox centre bearing a functional group suitable for an amide
coupling reaction with the CND surface. A summary of the synthesis procedure and conceptual

redox activity of the final product is shown in Scheme 3-1.

Scheme 3-1. A summary of the synthetic procedure targeting redox-active carbon nanodots and
the mechanism of redox behaviour.
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3.3.2 Physical and Structural Properties of CND and CND@AQCA

The successful acquisition of nanoparticles was confirmed using bright field TEM. A
distinct population of CNDs was observed possessing an average size of 12.8 + 2.3 nm (Figure
3-2). This product was then compared to its precursors using FTIR to confirm that the anticipated
chemical reaction had taken place and to characterize the functional groups present on the
surface and bulk of the bare CNDs. This analysis (Figure 3-3a) verifies that structural changes
have occurred as evidenced by the emergence of an O-H stretching absorption (3437 cm™). The

peak arrangement of the spectrum is also congruent with previously reported literature of similar

3

syntheses.’

N=352 (b)

T T T T T T

4 6 8 10 12 14 16 18 20 22
Diameter (nm)

Figure 3-2. a) Bright-field transmission electron microscopy of bare carbon nanodots using an
accelerating voltage of 20 eV. b) Average shifted histogram of measured particle size.
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Figure 3-3. Fourier transform infrared spectroscopy of carbon nanodot (CND) samples. a) The
bare CNDs compared to the precursors used- citric acid (CA) and spermidine (SD). b) The bare
CNDs with functional group assignment shown. ¢) Comparison of the bare CNDs to the same
sample after surface functionalization with anthraquinone-2-carboxylic acid (AQCA). Bending is
denotes by a subscript “b”.
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Other structural features can also be observed which characterize the CNDs. Weak
absorptions associated with carboxylic acid functionalities are evidenced by characteristic C=0O
(1767 cm™) and O=C-OH (3072 cm™') stretching frequencies. The spectrum of CNDs also shows
a shoulder on the broad alcohol-based feature consistent with N-H amine/amide stretching
(~3280 cm™)(Figure 3-3b). We also note N-H bending (1643 cm™') and O=C-NHj stretching
(1695 cm™) frequencies that would result from the incorporation of spermidine. These data lead
to two important conclusions. First, the CNDs likely contain accessible, surface primary amines
(as well as carboxylic acids and hydroxyl groups), that provide platforms for post-synthesis
modification. Second, the CNDs contain amide groups that likely arise from straightforward
condensation of carboxylic acids (citric acid) and amines (spermidine). The FTIR spectrum of
CND@AQCA appears largely the same as that for CND, owing to the lack of unique

functionalities (Figure 3-3c).

XPS results are consistent with the spectral features noted in the FTIR spectra with the
appearance of C, O, and N based emissions (Figure 3-4a). H, which is known to be present based
on FTIR results, cannot be detected by XPS and thus is neglected in the following compositional
analysis. The presence of Cu is due to the foil support and Si is a common contaminant in our
laboratory environment. The composition is similar for both nanodot samples, with a C:O:N ratio
of 73:16:11 for CNDs and 75:19:6 for CND@AQCA (Figure 3-4b). Though the role of
adventitious C contamination cannot be discounted in explaining the increased C and O content in
CND@AQCA, this result is consistent with functionalization of the CND surface by a molecule
exclusively containing C and O. C 1s high-resolution spectra display a series of fit emissions
corresponding to C bonded to an electronegative atom. For CND these peaks have energies of

284.8 eV (C-C/C-H), 285.8 eV (C-O/C-N), and 287.8 eV (C=0O/N-C=0) and were assigned based
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upon recent literature (Figure 3-4¢).>**> For CND@AQCA, the same assignments were made for
peaks at 284.8 eV, 286.0 eV and 288.1 eV (Figure 3-4d). Owing to the resolution limit of XPS,
meaningful distinctions cannot be made between O and N attachments to C here. N Is high-

resolution spectra provide a more detailed picture, confirming the presence of nitrogenous species

in CND and CND@AQCA (Figure 3-4c,d).

Fitting revealed components for CND at 399.3, 400.1, and 401.3 eV, that we assign to
primary amines (C-NH.), amides (N-C=0), and graphitic N, respectively.’® Similarly,
CND@AQCA had contributions at 399.3, 400.0, and 401.2 eV consistent with the same oxidation
states noted for the CNDs. However, closer inspection reveals that the relative proportion of
primary amines has decreased in the functionalized samples (i.e., CND@AQCA), while the amide
contribution has increased; this is consistent with successful functionalization. The graphitic N
content also suggests slight carbonization within the core of the CNDs, although a defined sp? C

peak was not identified in the C 1s spectrum.

Given the ambiguous evidence of graphitic (sp*> C) domains seen in XPS, PXRD was
performed to interrogate the physical structure of CNDs. PXRD shows a broad reflection at 19.2
degrees consistent with an amorphous arrangement of carbon atoms (Figure 3-5). This
diffraction angle (corresponding to a lattice spacing of 4.62 A) and likely relates to the (002)
plane of graphite. However, the significant shift to lower angles and broadening compared to
pristine, hexagonal graphite (26.6 degrees) indicates the graphitic planes are significantly
distorted and suggests the present carbonaceous material is highly disordered.?” In other words,
the CNDs represent an amorphous structure, similar to previously reported CND structures. -

The relative absence of the (100) reflection of graphite (which should appear at ~43.5 degrees)

further confirms that the degree of carbonization in the CNDs is minimal, consistent with the
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Figure 3-4. X-ray photoelectron spectroscopy of bare carbon nanodots (CNDs) and those
functionalized with anthraquinone-2-carboxylic acid (CND@AQCA). a) Survey spectra and b)
elemental composition. Fit high-resolution spectra of the C 1s and N 1s peaks for d) CNDs and ¢)
CND@AQCA.
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Figure 3-5. Powder X-ray diffraction pattern of bare carbon nanodots after background
subtraction.

low-temperature processing method used.** PXRD was not performed for CND@AQCA as

surface functionalization should not impact the internal structure of the CNDs.

It should be noted that nuclear magnetic resonance (NMR) experiments were performed
in an attempt to gain further information about the structure of the CNDs and CND@AQCA,
however initial experiments were inconclusive (data not shown). As NMR has been recently

documented as a key technique for characterizing CNDs and their purity, future investigations

will be performed.*!
3.3.3 Photophysical Properties of the CNDs

To further characterize the CND and CND@AQCA samples, and gain insight into their
photophysical properties, absorption (UV/Vis) and photoluminescence spectroscopy were
performed. Both samples display absorption features at 255 nm and 346 nm that we attribute to
n-m* transitions of graphitic (C=C) inclusions and n-n* transitions of carbonyl (C=0) or possibly

imine (C=N) functionalities (Figure 3-6a).>* Both also show a shoulder (~380 nm) on the 346 nm
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feature that tails off into the visible region of the spectrum, giving the solution a vibrant yellow
colour. Uniquely, CND@AQCA shows a series of peaks (252, 258, 265, 271 nm) superimposed

onto the 255 nm peak that we attributed to the vibrational fine structure of the aromatic rings in

AQ.

Upon excitation with UV light, aqueous solutions of CND and CND@AQCA produce
intense, blue photoluminescence. Photoluminescence spectroscopy was used to probe the emission
and it was found that surface functionalization did not impact the emissive behaviour of CNDs.
Both sample solutions produced showed an excitation maximum of 376 nm and an emission
maximum of 455 nm (Figure 3-6b). As discussed in the literature, the broad emission peaks and
excitation-wavelength-dependent behaviour of CNDs suggest photoluminescence is due to a wide
range of excitable sites.*” These may include embedded fluorophores, such as graphene-like
domains and nitrogen-containing heterocycles, and surface defect states.’® Here, excitation-
wavelength-dependence is clearly seen (Figure 3-6¢,d). The presence of embedded fluorophores
(or even “subfluorophores” such as C=0, C=N or N=0) is unsurprising given the amorphous
structure of the CNDs which excludes the possibility of photoluminescence due to a particle band

gap, as in the case of semiconductor quantum dots.>*
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Figure 3-6. a) UV/Vis spectroscopic data obtained for aqueous solutions of bare carbon nanodots
(CND) and those functionalized with anthraquinone-2-carboxylic acid (CND@AQCA). b)
Excitation (ex) and emission (em) maxima for the same solutions. ¢) Variable excitation
wavelength experiments for aqueous CND (c) and CND@AQCA (d) solutions.
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3.3.4 Electrochemical Performance of CND@AQCA
3.3.4.1 Electrochemistry and Surface Attachment

With previous data suggesting a successful surface attachment of AQCA to the CND
surface, electrochemical measurements were performed to confirm the imbued redox activity and
further interrogate the nature of the attachment. Figure 3-7a shows CND@AQCA (5 mg/mL; 1
M NaClg) displays a reduction/oxidation couple while the solvent/electrolyte (1 M NaCl(ag))
blank and the bare CNDs (5 mg/mL; 1 M NaClg)) did not show this activity. Due to the aqueous
solvent, negative potentials induce Ha(g) evolution, and positive potentials induce Oz(g) evolution,
yielding a potential window of roughly -0.9 — 0.7 V vs. Ag/AgCl (-0.7 — 0.8 V vs. SHE). Within
this window, the relevant redox pair is found at a half-wave potential (Ei2) of -0.495 V vs.

Ag/AgCl.

To investigate the impact of surface attachment on the AQ redox centre, comparative CV
was performed. Running a saturated, aqueous solution of AQCA yielded an Ei» =-0.589 V in
agreement with literature values (Figure 3-7b).*>** This represents a shift of -0.094 V compared to
CND@AQCA, suggesting surface attachment does slightly change the redox potentials of the AQ
electrochemical centre. However, this result alone cannot elucidate information on the mode of
association between the CND and AQCA (i.e., covalent bonding or physisorption). Therefore,
another solution was tested in which CNDs were added to the saturated AQCA solution
(AQCA+CND) and physisorption would be the only interactive force between CNDs and AQCA.
This test revealed that physisorption can modulate the peak potentials of AQCA, with
AQCA+CND measuring an Ei of -0.479 V (Figure 3-7b). Despite displaying a Ei similar to

AQCA+CND (-0.495 V vs. -0.479 V), CND@AQCA also has a peak current significantly higher
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than the physisorbed sample (ic = 3.89 pA vs. 2.38 pA). This supports the conclusion that covalent
bonding has successfully attached AQCA to the particle surface as the peak current is proportional
to the quantity of accessible redox centres. Therefore, covalent attachment has allowed AQCA to

exceed its solubility limit, though a small population of physisorbed AQCA cannot be ruled out.
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Figure 3-7. a) Cyclic voltammetry (CV) comparing carbon nanodots with (CND@AQCA) or
without (CND) anthraquinone-2-carboxylic acid (AQCA) functionalization and 1 M NaClag)
electrolyte blank (0.2 V/s scan rate). b) CV comparing CND@AQCA with a saturated AQCA
solution physically mixed with bare CNDs (AQCA+CND), and a saturated AQCA solution (1 M
NaClgq) electrolyte for all; 0.1 V/s scan rate).

3.3.4.2 Electrochemical Kinetics

Regarding the intended application of these nanodots as electrolyte materials in redox flow
batteries, it is also essential to interrogate the kinetics of electron transfer. As described in a recent
review by Buriak and coworkers, there are two primary characteristics that may be probed through

cyclic voltammetry: reversibility and diffusion.?” The former will be explored in the following
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subsection and, as will become apparent, the latter will be a future topic of study for the present

system.
3.3.4.2.1 Reversibility

At low scan rates (i.e., 0.025 V/s), CND@AQCA has a peak separation (AEp; see
Experimental for calculations) of 120 mV (Figure 3-8). Nernstian behaviour for a two-electron
process is defined as AE, = 29.5 mV, however deviation from this value is not uncommon in
aqueous organic redox flow battery literature. For example, 9,10-anthraquinone-2,7-disulfonic
acid at 1 mM has a reported AE, of 34 mV in 1 M sulfuric acid electrolyte.’* At higher
concentrations of active material, though, the AE; can increase by nearly 3x for the same AQ (50
mM, AE, > 100 mV).* The mechanism proposed for this is self-dimerization. This effect is less
in neutral electrolytes, however, given that the present study is working at the solubility limit of
AQCA in water it is not unreasonable that intermolecular attractions may impact electrochemical
performance. In fact, the same AE, (120 mV) is seen for free AQCA at 0.025 mV/s (Figure 3-9)
suggesting the slowed electron transfer is independent of the influence from attachment to the
CNDs. It should also be noted that initial attempts at electrochemical impedance spectroscopy
were unsuccessful — the Ohmic drop at the electrode interface cannot be compensated for which

may have inflated the recorded AE, values.”
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Figure 3-8. Cyclic voltammetry (CV) using variable scan rate (v) to explore the electrochemical
kinetics of carbon nanodots functionalized with anthraquinone-2-carboxylic acid (CND@AQCA).
a)v=0.025-0.2V/s,b)v=02-03V/s,c)v=02-1.0V/s,d) 1 —40 V/s.
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Figure 3-9. Cyclic voltammetry (CV) using variable scan rate (v) to explore the electrochemical
kinetics of anthraquinone-2-carboxylic acid (AQCA). a) v=10.025-0.2 V/s,b) v=0.2 - 0.4 V/s,
c)v=02-1.0V/s,d) 1 -40V/s.
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Figure 3-10. The peak anodic (ia) and cathodic (ic) currents measured for free anthraquinone

(AQCA) and that bound to carbon nanodots (CND@AQCA). Showing magnitude as a function of
the square root of scan rate (v) (bottom), with an expansion of the linear region (top, inset).
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Plotting the peak current (1) as a function of the square root of the scan rate, both AQCA
and CND@AQCA display non-linear behaviour (Figure 3-10). This, and the previous observation
of a non-Nernstian AE,, are congruent with quasi-reversible electrochemical kinetics. The lower
scan rate region (where diffusion limitations are negligible) is highly linear for CND@AQCA and
nearly linear for AQCA suggesting favourable behaviour at scan rates up to 0.4 V/s (Figure 3-10
inset). However, above this value, the non-linearity represents a complex mix of electron transfer
kinetics and diffusion limitations. At all scan rates it was noted that the current for CND@AQCA
was greater than that for AQCA alone, again supporting that surface functionalization increased

the aqueous concentration of AQ moieties.

In summary, the free and CND-bound AQCA appear to demonstrate quasi-reversible
electrochemical kinetics and it is the nature of the AQ in the chosen conditions that appears to be
limiting the performance of the hybrid as a redox-flow battery material- not the attachment.
Therefore, improvements in this system may be achieved by choosing an AQ with more robust

behaviour in aqueous solvents.

3.3.4.2.2 Cycling Stability

Lastly, cycling trials were conducted to analyze the cycling stability of CND@AQCA.
Within 250 cycles the redox activity was sustained without loss of features or emergence of
undesirable features (Figure 3-11a). Within 50 cycles the CV curves had equilibrated and, after
250 cycles, a capacity retention of 70.7% was measured from the plotting of peak current per

cycle (Figure 3-11b).

78



(a) (b)

4- 5.0 —i,
iB
2 —_ [~———
€ 25 T ——=—=
< e
ERS =
o
E 2 C E 0.01
g -24 ——Cycle 1
S ——Cycle 50 g
o] —— Cycle 100 P
Cycle 150 L e
Cycle 200
-6 Cycle 250
T T T T T T -5.0 T T T T l
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0 50 100 150 200 250
Voltage (V vs Ag/AgCl) Cycle (#)

Figure 3-11. a) Cyclic voltammetry of anthraquinone-2-carboxylic acid functionalized carbon
nanodots (in 1 M NaClag) run for a total of 250 cycles at 0.1 V/s. b) The peak anodic (i.) and
cathodic (ic) currents plotted against cycle number.

3.4 Conclusions

In conclusion, CNDs have been synthesized through a quick, straightforward microwave
reactor-based method to yield well-defined particles suitable for subsequent surface
functionalization with AQCA. The product displays the expected features through materials
characterization evidencing a primarily amorphous particle with high incorporation of O and N
functional groups and photoluminescence arising from small aromatic domains and incorporated
organic fluorophores. The functionalized particles display largely the same material properties as
the bare ones, however, electrochemistry reveals their imbued redox activity. CND@AQCA shows
more impressive peak currents than free AQCA, with behaviour that is stable over 250 cycles,
suggesting that the CND is acting as a water solubilizing platform to increase the accessible
concentration of AQCA at the electrode. Though the presented data is preliminary, with further
study it may be that CND@AQCA or similar redox functionalized CNDs will prove useful

materials for redox flow battery electrolytes.
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3.6 Appendix

Figure 3-A2. Dialysis setup used for purification of the CNDs and CND@AQCA.
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Figure 3-A3. Samples prepared for electrochemical analysis showing the appearance under
ambient lighting as well as during exposure to a standard UV flashlight.

Figure 3-A4. Electrode set-up derived for use with the PalmSens4 potentiostat. Showing the lead
attachment (left) and the appearance of the Ag/AgCl reference, graphite counter, and graphite
working electrodes (right).
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Chapter 4:

Conclusions & Future Work
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4.1 Thesis Conclusions

Throughout this thesis the tailoring of quantum dots (QDs) and related photoluminescent
particles (like carbon nanodots, CNDs) toward specific applications has been explored. In Chapter
1 a general foundation for understanding materials science, the evolution of QDs, and their
properties was established.

In Chapter 2, silicon quantum dots (SiQDs) were discussed in the context of nitroaromatic
sensing. It was shown that SiQDs can be rendered water-soluble by surface functionalization with
carboxylic acid and polyethylene oxide moieties and the photoluminescence (PL) of these SiQDs
can be quenched on exposure to various nitrotoluenes explosives. Additionally, pairing the SiQD
sensor with an enzymatic sensor can allow for differentiation of explosives from chemically
similar nerve agents.

Chapter 3 then turns to CNDs tailored by surface functionalization with anthraquinones.
This imbues the nanodots with redox activity suitable for use in battery applications. Owing to the
relatively young field of CNDs, extensive materials characterization was performed to elucidate
their structural and optical properties. Anticipating the utilization of the functionalized CNDs as
potential redox flow battery electrolytes, electrochemical experiments were detailed to investigate

the redox reactions, kinetics, and cycling stability of the materials.

4.2 Future Directions
The fields of SiQDs and CNDs will undoubtedly continue expanding into the future, as
the drive for sustainable, easily renewable, and affordable materials establishes itself within the

economy. The technological applications discussed in this thesis represent a contribution to the
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scope of possibilities for these materials, however, improvements remain to be made which will
better suit the material to our modern needs and values.

In light of the work done towards SiQD/enzyme tandem sensors (Chapter 2) it would be
useful to expand the scope of this system to differentiate various other chemically similar
hazardous chemicals. Additionally, acknowledging that natural enzymes are inherently unstable at
room temperature (and only marginally stabilized by gel-encapsulation), it may prove
advantageous to investigate “nanozymes”, or synthetic nanomaterial mimics of enzymes that can
be tailored to provide the same response but with increased stability.!* Finally, considering the
shift in our consumer environment towards a circular economy (where products are built to be
recycled), further investigation is needed to probe the possibility of a multi-use sensing system.
This may be achieved by, for instance, immobilizing the sensor components onto a scaffold which
can be rinsed to remove the quenching agents and restore PL for subsequent tests.* Such a system
would also be useful to confirm the quenching mechanism as an energy transfer as opposed to an
aggregation-induced quenching effect.

The work done in attaching anthraquinones to CND surfaces (Chapter 3) has yielded redox-
active, aqueous-compatible CNDs however the kinetics were shown to be less than ideal for redox
flow battery applications. An exploration of different anthraquinone ligands, for example those
bearing water-solubilizing groups (sulfonates, glycols, etc.) as well as more rigorous pH
investigations may prove useful for optimizing the redox characteristics of the final CNDs.”® In
the former case, water-solubilized precursor ligands may also allow for a higher rate of surface
functionalization which could increase the final concentration of redox centres available per CND
(increasing the current density of the respective battery). Of course, this also raises the point that

more robust methods of quantifying surface coverage should be established. Finally, beyond the
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intended application as a RFB electrolyte material, electrochemically-active (e.g., quinone-
modified) CNDs are currently a popular candidate for photocatalytic applications.” Once the CNDs
are optimized, it would be exceptionally useful to explore the versatility of these materials for

other avenues of renewable energy technologies.
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