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ABSTRACT

Jaksik, Jared R., Functionalized and Nanostructured Fibers for Photocatalysis and Energy

Conversion. Master of Science (MS), August, 2018, 103 pp., 2 tables, 24 figures, references, 167
titles.

Fiber-type / flexible materials present a unique opportunity for the incorporation of
photocatalytic / energy generating technology, as they typically have a broad surface area
exposed to light (clothing, curtains, carpet). In this work, several methods of harvesting incident
light striking a flexible substrate to perform useful work are examined. In the first section a gold
and silver nanoparticle augmented TiO> thin film textile coating is evaluated for its self-cleaning
/ UV-protective / anti-microbial properties, and stability of the film / substrate over time is
examined. In the second section a dye sensitized / hybrid type solar cell architecture based on
flexible carbon nanotube yarn is evaluated for its ability to convert incident light into electrical
energy. In the final section an entirely polymer / hybrid based solar cell architecture also based
on carbon nanotube yarn is evaluated and the relative strengths of flexible polymer-type cells are

discussed.
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CHAPTER I

INTRODUCTION

Demand for renewable and clean energy is ever increasing, and of the current sources of
renewable / clean energy, solar has seen the most consumer availability and widespread
utilization [ 1], likely due to solar energy being available everywhere unlike wind, geothermal, or
hydroelectric power generation which all require specific environments to be feasible. While
only 1% of global energy production was solar-derived in 2013, solar power is projected to
become the largest source of energy by the year 2050 [2].

The ubiquitous presence of solar energy means that many consumer products could
potentially be augmented to take advantage of solar power, however, many materials that are
used in day to day applications have flexibility as a requirement: inflexible clothing would be
infeasible, couches that remained rigid and unyielding when sat on would never sell, and carpets
made of inflexible materials would be uncomfortable. All these objects present ideal candidates
for the incorporation of photocatalysis / solar energy harvesting as they generally have a large
surface area directly exposed to ambient light, but creating flexible photocatalytically-active
devices presents unique challenges. Flexible substrates often have characteristics that make them
challenging to create photoactive layers on: the photoactive components must themselves be
either flexible, or on such a nanostructured scale that macroscale bending and stretching of the
material’s fibers does not disrupt them. In the case of clothing and textiles that will have direct

skin contact, biocompatibility is also a key concern. In the case of solar energy harvesting



devices, traditional crystalline / polycrystalline devices built on glass substrates are wholly
unsuitable for applications that require flexibility since they are built on a rigid substrate and
utilize thick layers of crystalline components. The purpose of this research is to investigate the
application of photocatalytic and solar energy harvesting technology to flexible, fiber-type
substrates.

The portion of the solar spectrum that makes it to the earth’s surface contributes 1366.1
W / m? of energy [3], most of which comes from photons with wavelengths that fall within the
“visible” region of the electromagnetic spectrum which extends from ~390 — 700 nm [4]. Thus,
for a photocatalyst to be efficient, it must absorb light strongly over and near this range. Once
light has been absorbed by a photoactive material, an electron / hole pair known as an exciton is
generated. In semiconductor materials separation of the electrons and the holes can take place,
which is desirable as recombination leads to thermalization of the photon’s energy rather than
harvesting to perform useful work. For example, in the well-known photocatalyst [5] titanium
dioxide, the photocatalytically generated holes are trapped at the surface of the TiO> within
picoseconds, and can survive for microseconds, providing sufficient time for oxidation of
organic species adsorbed on the surface to take place [6]. These holes are readily reactive, and if
sufficient organic material is present on the surface most of them will react within 3.3 ns. As the
hole is thus consumed in the oxidation of some adsorbed molecule at the TiO» surface, TiO2
itself is reduced by the photogenerated electron to Ti2O3, or even further to other intermediate
species or metallic titanium [7]. This reduction is reversible in the presence of atmospheric
oxygen due to titanium’s ready ability to be oxidized in air, which enable this cycle of reduction /
re-oxidation by atmospheric oxygen to continue indefinitely [7]. Furthermore, if there are any

hydroxyl-containing species adsorbed on the surface of the semiconductor, hydroxyl radicals can



be generated that have significantly longer lifetimes and can go on to oxidize other species [7].
Superoxide has also been detected on the surface of illuminated TiO; substrates, and the
combination of this superoxide with an additional free hole can produce singlet oxygen, an
extremely powerful oxidizer that is estimated to play an important role in the oxidation of many
relatively stable organic species [8].

Cellulose, or cotton, makes up the majority of consumer textile goods, so the creation
photoactive cellulose fibers could have a large impact on the consumer textile market. Solar
energy along with a suitable photocatalyst can be used to mineralize stains (successively
oxidizing the organic components of the stain all the way to water and carbon dioxide),
effectively removing the organic / hydrophobic portion of the stain that would otherwise require
detergents to remove and leaving behind only the hydrophilic components of the contaminant
which can be removed with a simple rinse in water. In this research, the photocatalyst under
investigation is a thin, uniform film of TiO,, which typically only absorbs UV / near UV light,
further sensitized with silver (Ag) and gold (Au) nanoparticles to absorb a longer wavelength
light / a higher percentage of the solar spectrum, thus harvesting more incident photons and
promoting photocatalysis more efficiently.

TiOz in its bulk phase absorbs UV and near UV incident light well, however without
modification its photocatalytic efficiency is limited due to its limited absorption range [9]. On its
own it has seen widespread testing however, having been shown to effectively mineralize a wide
range of organic substances under irradiation with broad-spectrum solar light, including
methylene blue [10], isothiazolin-3-ones [11], formaldehyde [12], acid orange [13], acid red
[14], phenol [15], ammonia [16], and even the chemical warfare agent Soman [17]. TiO: is such

a popular photocatalyst because its innate photocatalytic effectiveness is very high for the



reasons discussed above; a layer of TiO> under standard weak artificial room lighting has been
found to be able to completely mineralize a 1 pm thick layer of hydrocarbon every hour [18].

Gold and silver nanoparticles are potentially great sensitizers for enhancing the
absorption range of TiO2 / allowing the efficient utilization of more visible spectrum light. Au /
Ag nanoparticles have size-dependent and thus tunable absorption profiles due to the effects of
surface plasmon resonance [19]. As the size of the nanoparticles is increased, the Amax of the
particles increases since the effects of quantum confinement are diminished and the particles are
excitable by lower energy incident photons [20,21].

Silver nanoparticles have been demonstrated to reduce the incidence of electron / hole
recombination when combined with TiO; substrates [22], which should help improve
photocatalytic efficiency even further. In addition to acting as a visible light sensitizer and
potentially reducing the rate of electron / hole recombination, silver nanoparticles exhibit
antibacterial activity [23], and have been extensively investigated for their antibacterial effects,
even in combination with cellulose for use as a packing material [24]. While macroscopic
metallic silver and solutions of silver compounds have been known to have antibacterial
properties for some time, recent research suggests that small (~5nm) silver nanoparticles exhibit
antimicrobial activity enhanced over all other forms of silver [25]. While the mechanism by
which silver (and to some extent gold) nanoparticles exhibit bactericidal properties is at present
unclear, several possible mechanisms include disruption of cysteine / disulfide bonds in the
proteins on the exterior of bacterial cell walls leading to decreased cell wall integrity [26], direct
inhibition of ATP production [27], or through DNA degradation [28,29].

Gold nanoparticles can absorb even longer wavelengths of light than silver nanoparticles,

and in tandem with silver nanoparticles can help obtain more complete coverage of the visible



spectrum [20]. Gold nanoparticles have been demonstrated to lower the effective bandgap of
TiO> substrates, and allow for the photocatalytic mineralization of stable organics under UV-
filtered / visible only lighting conditions [17]. Like silver nanoparticles, gold nanoparticles have
also been shown to enhance the photocatalytic activity of TiO2 by acting as catalytic sites /
electron traps [30]. Finally, gold nanoparticles may serve an additional enhancement effect in
combination with TiO2 by improving the rate of oxygen reduction (which is consumed in the re-
oxidation of the Ti20; or further reduced titanium species produced when the photocatalytically
generated holes are consumed) [7].

The excitons generated from these photocatalysts can also be converted into electrical
energy provided that the electron and hole are separated and transferred to different electrodes.
Devices that accomplish this are referred to as solar cells, and many different types exist. The
traditional rigid silicon-based cells are unsuitable for use with textiles, clothing, or in other
applications that require flexibility, and this the development of flexible, fiber type cells is a
popular area of research.

In the 1960’s, it was discovered that illuminated organic dyes will produce electrical
current at the interface between themselves and a metallic oxide electrode, which led to the
construction of dye sensitized solar cells (DSSC’s) [31]. These cells have five basic components:
a dye which absorbs incident light to generate excitons, an oxide layer that transports the
electrons away from the excited dye molecules, an electrolyte that transports the holes away
from the dye, a working electrode that ultimately receives the electrons transported through the
oxide layer, and a counter electrode that completes the circuit with the electrolyte and supplies
electrons to reduce the holes [32]. The earliest cells utilized flat cell designs similar to modern

crystalline / polycrystalline panels. These cell designs require a transparent conductive counter



electrode to both allow light to penetrate through it to the dye / oxide layer, and to complete the
circuit with the electrolyte; transparent conductive oxides (TCO’s) are often used for this
purpose [32]. Transparent conductive oxides have several major drawbacks however, the most
apparent / quantifiable being their exorbitant price (TCO production requires vacuum chambers
and expensive input materials) [33], and their rigidity / ill-suitability to deployment in flexible
cell architectures. Traditional flat DSSCs also characteristically utilize I'/I3” redox mediators in a
liquid electrolyte. Liquid electrolytes present multiple problems in that they can leak as the cells
age, make the cells very prone to temperature-fluctuation induced wear, and they make
production of flexible DSSC’s more difficult as the electrolyte must be carefully contained.

The electrode materials used in DSSC’s and indeed all types of solar cells can have a
large impact on the total efficiency of the cell. The counter electrode material must demonstrate
high catalytic activity to reduce the redox mediator / push electrons back into the solar cell as
efficiently as possible [32]. Platinum counter electrodes lead to very high power conversion
efficiencies (PCE); however, the cost of using platinum commercially would make the
implementation of DSSCs expensive. The working electrode material must ideally be able to be
well coated with the oxide material and should be very conductive to allow the transport of the
photo-generated electrons with minimal resistance. A promising electrode material for use in
three dimensional wire-type DSSCs and other flexible solar cell architectures is carbon nanotube
yarn, which allows for facile chemical modification / functionalization, moderate to good
conductivity, and is innately significantly more flexible than metallic wires or even conductive
polymers (which tend to be somewhat brittle) [32]. The catalytic activity of carbon nanotube
based substrates can be enhanced by platinization / sputtering with a small amount of platinum,

and the conductivity of the working electrode, can be further enhanced with chemical techniques



such as chemical cross-dehydrogenative coupling [32]. Further enhancement of the working
electrode can be accomplished by introducing mesoporous TiO: structures which dramatically
increase the surface area and active depth of the oxide layer on the electrode surface [34]. This
enhancement of surface area / active dye / TiO2 composite depth is important because light
trapping is a major consideration for dye sensitized solar cells. If the layer of dye / TiO> isn’t
thick enough light will penetrate the layer uselessly. This problem is significant since the molar
absorptivity coefficient of the most common dyes used in DSSCs (which must have a broad
range of absorption that overlaps with the visible spectrum) is typically fairly low, and a fair
amount of research has been undertaken to develop dyes with higher molar absorptivity
coefficients [35]. This particular problem is a non-issue for the organic / polymer based solar cell
architecture discussed later.

For normal dye sensitized solar cells, the electrolyte / redox couple must be readily
reduced / oxidized, however temperature stability, volatility, and hazards to human health / the
environment must also be considered. Solid electrolytes are an emerging technology, however
early attempts at utilizing a solid-state electrolyte have been found to impair cell efficiency [36].
However, the development of solid or semi solid state electrolytes could allow for the ready
fabrication of wire-shaped DSSCs that have uniform performance regardless of the incident
angle of the light striking them due to their shape, a factor that is completely absent in flat
conventional solar panels [32].

Sensitizers can help improve cell performance over unsensitized DSSCs by allowing
higher-energy incident photons to react with higher bandgap materials thereby converting more
of their energy into electrical potential by avoiding the thermalization that occurs when high

energy photons strike low bandgap materials [37]. These sensitizers provide additional



“Jjunctions”, or sites where photons and electrons can be separated, which improve efficiency by
working around the Shockley-Queisser limit on single junction photovoltaics which predicts a
maximum of 33.7% efficiency utilizing a single junction material with a bandgap of 1.34 eV
[38]. This limit applies rigorously to flat junction dye sensitized solar cells even if a variety of
sensitizers with different bandgaps are distributed on a two-dimensional surface, so layering of
the sensitizers on the cell surface is important when trying to improve cell efficiency. Cells
utilizing multiple junctions are referred to as tandem solar cells, and theoretically a perfect
tandem cell with an infinite number of junctions could reach an efficiency of up to 86.8% under
concentrated sunlight [39]. Even if a particular cell architecture falls well short of the 33.7%
theoretical single junction efficiency, the incorporation of additional sensitizers can improve
efficiency.

The main “sensitizer” in DSSCs is the dye itself. The most popular dye currently is Di-
tetrabutylammonium cis-bis(isothiocyanato)bis(2,2’-bipyridyl-4,4’-dicarboxylato)ruthenium(II)
or N719. When combined with TiO it allows for rapid electron injection into the TiO- layer and
effective charge separation, and has demonstrated good compatibility with some solid state
electrolytes [40]. Theoretical and experimental absorption spectra for N719 indicate a wide
energy absorption range with a maximum absorption deviation of less than 0.1 eV over that
range, and it was concluded that the speed of electron injection from N719 into TiO2 can be
partially accounted for by the strong coupling between N719’s absorption spectrum and density
of TiO2 unoccupied states [41]. While this strongly indicates that N719 is perhaps the best dye
discovered to date for use with TiOz in terms of both absorption range and charge separation /
injection time, N719 is currently very expensive and alternatives are being sought to replace it in

DSSCs intended for commercialization.



Cadmium selenide (CdSe) quantum dots have shown promise as potential sensitizers for
DSSC’s and other organic based solar cells, as they decrease electron recombination and have
been shown to enhance electron transfer processes, both of which increase the PCE of cells [42].
Morphologically CdSe quantum dots are non-spherical with many edges and faces, and they
have been demonstrated to facilitate multiple electron injection (the conversion of high-energy
incident photons into multiple lower energy electrons) which is desirable as lower energy
electrons are less prone to thermalization than single high-energy electrons liberated by high
intensity photons [43]. Furthermore, because they are quantum dots their size can be tweaked to
alter their bandgap, which is usually around ~1.7 eV (< 770 nm) [43]. Cadmium sulfide quantum
dots have a bandgap of 2.25 eV ( < 550 nm), however they are more efficient at electron
injection into TiO; than cadmium selenide because the conduction band of cadmium selenide is
below that of TiO» [44]. The combination of these two sensitizers and their incorporation into 3-
D wire-type DSSCs could improve efficiency dramatically. Furthermore, both sensitizers could
be deployed in the layered, polymeric-type cell architecture, discussed below.

Polymer-based or “organic” solar cells are another important area of research that
promises to produce highly efficient three-dimensional wire-type carbon nanotube based solar
cells. By their nature they utilize conductive organic polymers or small organic molecules to
produce excitons and facilitate charge separation in much the same way as the above outlined
materials. Polymer-based cells offer unique advantages, mainly that if crystalline materials can
be entirely avoided the cells will have no components that are liable to be damaged by flexing. In
contrast to the above described DSSCs which require the use of a metallic oxide material,
polymer based organic solar cells built on carbon nanotube yarn could potentially avoid the

inclusion of oxides entirely. This type of cell architecture is composed principally of three main



components: the working electrode, counter electrode, and a pair of two polymers that act as a
photoactive layer and are themselves electron / hole transporters.

In organic cells the working and counter electrodes serve as electron acceptor and
electron donor respectively just like in the previously discussed DSSC cell architecture. In
cutting edge cell designs it is common to use an electron transport facilitating / hole and exciton
blocking layer between the polymer layer and the working electrode, to help prevent charge
recombination [45]. Other than this a high work function for the working electrode and a low
work function for the counter electrode is preferred to help establish a charge gradient across the
organic layers, but if utilizing a combination of polymers and a blocking layer (discussed below)
this isn’t entirely necessary, which means that carbon nanotube yarn can potentially serve as both
the working and counter electrode material in this type of cell design. Differentiation of the
working and counter electrode CNTs can be accomplished via platinization or other methods of
chemical modification to increase / decrease the work function of the carbon nanotube yarn as
well. It should be noted that surface morphology of the electrodes, while important, is not as
important for organic solar cells as it is for DSSCs which utilize oxide materials and typically
low molar absorptivity dyes [46].

The organic polymers used in the photoactive region of organic solar cells typically have
high molar extinction coefficients, which eliminates the need for an electrode or substrate with
complex surface morphology, as is necessary with traditional oxide based DSSCs. However, a
new problem introduced by this type of device architecture is the more amorphous / non-
crystalline nature of the polymer materials, which can dramatically shorten exciton lifetimes. In
order for excitons to dissociate they must reach an interface between the pure domains of the

polymer materials used in the photoactive layer, which can be an issue if the exciton is only able
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to diffuse a few nanometers within the polymer. To get around this problem while maintaining a
layer of polymer thick enough to absorb the majority of incident light, a bulk heterojunction
architecture was developed [47]. This architecture can be envisioned as a complex matrix of
interconnecting polymer domains generated by annealing / recrystallization of a homogenous
mixture of the two polymers into discrete domains composed of only a single polymer, that
ultimately terminate on the working / counter electrodes [48]. The two most polymers / small
molecules used for this type of device are Poly(3-hexylthiophene-2,5-diyl) (P3HT) and Phenyl-
C61-butyric acid methyl ester (PCBM), and the mechanisms behind their bulk heterojunction
formation and the morphology thereof have been investigated exhaustively [49-51]. Depending
on annealing temperature and time, the degree of polymer self-separation and the resultant size
of the domains varies, and optimization of these factors has allowed the production of purely
P3HT/PCBM cells with up to 5% power conversion efficiency [51]. But this “bulk
heterojunction” layer still constitutes only a single true junction, since there is only one type of
junction present.

Another key advantage that organic / polymer type cells have over the other types of cells
is modifiability of organic polymers to tune their bandgap, and thus the ready ability for
junctions of different polymers to be successively layered, all the way to the fabled infinite
junction tandem cell design discussed above. The recent record efficiency for a double junction
tandem cell was just set with 15%, which, at half the efficiency of polycrystalline type cells,
means that this type of cell design is becoming substantially competitive with existing solar cell
technologies [45].

In summary, the goal of this research was to generate flexible, photocatalytic and photo

energy harvesting materials utilizing a variety of substrates and methodologies. A thorough
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investigation of TiO2 / Ag / Au functionalized fabrics was conducted and the self-cleaning,
antimicrobial, and photoprotective effects of the produced functional textile material were
analyzed in depth. The methodology used for the preparation of the fabric was compatible with
modern paradigms of “green chemistry”, was wholly solution based / scalable, and sought to
minimize the number of steps required to produce a functional textile. Two sets of carbon
nanotube yarn-based dye sensitized solar cells utilizing cadmium sulfide (CdS), CdSe, PCBM,
P3HT, and a traditional TiO, / DSSC architecture were constructed and thoroughly
characterized. Finally, a set of novel carbon nanotube based DSSCs utilizing an advanced
electron facilitating / hole and exciton blocking layer, in tandem with a PCBM / P3HT bulk

heterojunction subject to optimized annealing conditions were constructed and characterized.
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CHAPTER II

REVIEW OF LITERATURE

Functionalization of Cellulose Fibers

The development of advanced textile materials has been a popular research topic in the
recent past, and textiles with a wide range of exceptional properties have been prepared
including: hydrophobicity [52], bactericidality [53], UV impermeability [54], and the ability to
self-cleanse organic stains [55]. Typically, the treatment methodology used to produce these
functional textile materials is complex, and poorly scalable. Furthermore, while a textile material
may be photocatalytic, or may possess bactericidal properties, materials that exhibit these
properties in combination are rare. It is the aim of this work to produce cellulose fibers
completely and uniformly coated with a thin film of TiO», and to enhance the photocatalytic
efficiency of the semiconductor layer with the addition of Au/ Ag nanoparticles.

Because TiO> is such a popular photocatalysts, a variety of methods have been studied
for the deposition of TiO2 thin films on a wide range of substrates. Three methods evaluated by
Yuranova et al. in 2007 involved pretreatment of the textile with radio frequency plasma,
microwave plasma, or vacuum-UYV irradiation to functionalize the outermost layer of the fibers
carboxylic acid groups that could strongly chelate the TiO2 and secure the coating to the surface
[55]. Another method employed in 2010 for the generation of a thin, uniform coating involved
the use of a TiO2 emulsion mixed with polymer-generating additives that was sprayed on the

textile before the material was heated to around 100 °C to generate the TiO; layer [56]. And yet
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another common method employs the direct growth of TiO2 on the surface of the textile material
from a titanium isopropoxide based precursor solution [57,58]. This final method of T1O:
deposition starting with a titanium isopropoxide based precursor solution and proceeding via a
room temperature sol-gel process was selected for this study as it is well developed / easy to
carry out, avoids the use of environmentally harmful halogenated organics or other toxic
materials, and utilizes solutions that have been observed to be stable for a period of several days,
all factors which suggests good industrial scalability compared to the other methods.

Titanium dioxide (TiOz) exists in three crystallographic phases: anatase, rutile, and
brookite [59]. In bulk / thermodynamically (after high temperature annealing), rutile is the most
stable phase [60]. The anatase and brookite phases are both metastable, however the brookite
phase is very seldom studied due to the difficulty of its synthesis [60], and there is debate over
whether or not some of the synthetic methods reported in the literature to produce “pure”
brookite were even successful [61]. Regardless, for this project anatase phase TiO: is the
synthetic objective given its apparently superior catalytic performance [60]. Despite rutile being
the most stable phase of TiO; in bulk, the photocatalytically superior anatase phase is more
thermodynamically stable in particles and films less than 11 nm thick due to crystallographic
effects [62], which is convenient as the low temperature annealing of the sol-gel produced thin
films can be used to ensure that the TiO> film / particles have reached their most
thermodynamically stable state / are mostly anatase.

A “sol-gel” process is a method used for the creation of solid materials from small
molecules, and it is essentially an inorganic polymerization reaction [63]. By starting with
molecular precursors and proceeding via hydroxylation-condensation reactions, it becomes

possible to control the morphology and structure of the produced oxide layer [63]; this method is
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also very useful given that it allows fine morphology control using solution-based chemistry
rather than more complex vacuum-based techniques. The parameters of concern for the sol-gel
coating process include annealing temperature, and the ratio of the alkoxide precursor (titanium
isopropoxide in this case) to solvent; using a higher ratio of alkoxide to solvent generates a
thicker, but more defect / crack rich film, while a lower ratio of alkoxide to solvent allows for the
creation of a thin, uniform, mostly homogenous film [64]. Such films have been found in
previous work to be scratch, acid, and alkali resistant [64].

The most common method used for the incorporation of noble metal nanoparticles into /
onto a film involves synthesizing the nanoparticles via a solution-based process, followed by
separating them and applying them to the substrate by dip coating the material into a stabilized /
well-dispersed colloidal suspension of nanoparticles [65], but while this method allows for the
fine-tuning and optimization of nanoparticle surface morphology and size [66], it requires an
additional synthetic step which makes it ill-suited for process scaling. A more straightforward
and scalable method for producing the nanoparticle decorated surface would involve the direct
growth of noble metal nanoparticles on the TiO; coated surface. It has been known since 1932
that silver nitrate and gold chloride, common precursors used to generate silver and gold
nanoparticles respectively, are readily reduced on the surface of illuminated photocatalytically
active oxides [67]. More recently it was discovered that noble metal nanoparticles could be
grown directly on the surface of certain polysaccharides, presumably with the native functional
groups acting to reduce the precursor compounds when exposed to UV irradiation [68,69]. The
authors found no nanoparticle growth when testing this method with glass / other inert substrates,
which suggests that the cellulosic medium plays a key role in the photoreduction of the precursor

salts, even absent any traditional photocatalyst. Thus, the combination of the photocatalytic
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activity of the TiO2 thin film with the apparent photo-activity of cellulose itself when under UV
irradiation should be more than sufficient to directly reduce the noble metal nanoparticle
precursors and produce TiO> coated / gold and silver nanoparticle decorated cellulosic fibers
directly, without the need for separate preparation of the nanoparticles.

Because this experiment wasn’t concerned with solar power generation, characterization
of the photocatalytic activity was performed utilizing two organic stain analogs: methylene blue
and Congo red. These two dyes show markedly different susceptibility to photocatalytic
mineralization; methylene blue is commonly used as a stain analog in photocatalysis experiments
because it is readily degraded, whereas Congo red is significantly more stable / resistant to
photooxidation [70]. Methylene blue is typically present as its monomeric, dimeric, and trimeric
forms which have Amax values of 673, 596, and 570 nm respectively [71], whereas Congo red has
a single Amax of 497 nm. The combination of these two dyes should serve as an appropriate
analog for a wide variety of colored, variably stable organic stains, and their strong absorption
should make quantitative analysis of the photocatalytic properties of the produced oxide / metal

nanoparticle coating straightforward via:
[C] )
In{——)=—kt
<[C lo
which assumes that the stain decomposition follows roughly first-order kinetics.
Flexible Dye-Sensitized Solar Cells
Flexible solar cell technology is a wide and varied field, with many approaches being

tried to address the fundamental problems encountered with flexible devices: finding flexibility-

compatible photoactive materials, achieving good fabrication yield (the ratio of the produced
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cells that function to those that are inoperable due to some fabrication-related defect), keeping
fabrication and material costs low, and producing devices that are stable over many hours of light
exposure and many flexing cycles [32]. Two major cell architectures were tested in this work,
one based on a more traditional dye sensitized solar cell architecture, and one based on a modern
organic / polymer solar cell architecture. Research into novel, non-silicon based cells is
progressing rapidly; the promise of cheaper and competitively efficient solar cells based on

newly developed materials (like carbon nanotubes) is very enticing (Figure 1).
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Figure 1: Research Trends Pertaining to Dye Sensitized Solar Cells, Carbon Nanotubes, Silicon

Solar Cells, and Solar Cells Generally (Jaksik et al.) [32].
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The choice of the material for the working electrode has a dramatic effect on the
flexibility of the final cell. Because electrons are injected into the working electrode, it must
itself be resistant to oxidation and degradation with prolonged use. Elemental carbon is an ideal
candidate for a working electrode material, given its high resistance to oxidation, flexibility in
certain forms, and somewhat facile surface functionalization / modification; carbon has been
deployed as a working electrode for DSSCs as a powder [72], as aligned nanotubes (increasing
electrode conductivity) [73], as freestanding nanotube arrays grown on graphene sheets [74], and
as nanotubes incorporated into a polymer-based matrix [75]. Typically, the performance of
carbon nanotube-based devices is reported treating the produced carbon nanotubes as a simple
homogenous bulk substance, and including a few SEM images and some morphological
characterization. This greatly complicates the analysis of the published results as the electronic
properties of carbon nanotubes can vary greatly depending on their exact chirality, average
degree of interalignment within the material / average bending degree of the individual tubes,
average number of “walls” per tube, whether or not residual solvents or other components are
trapped within the tubes during device fabrication, degree of coupling between the tubes, etc.

Carbon nanotube-based devices are typically compared to the more traditional device
architectures that utilize a metallic working electrode. With the use of a titanium based working
electrode, the TiO; layer morphology and thickness can be carefully controlled as the oxide layer
can be produced through simple anodization [76]. This type of metal-wire supported cell does
suffer some limits to its flexibility however, and repeated flexing can cause metal fatigue which
can weaken the working electrode. For example, TiO> / Platinum (Pt) wire based DSSCs have
been fabricated with PCEs of up to 5.4 %, and they were bendable / shapeable, however they

showed gradually diminishing PCE with repeated reshaping [77]. It is likely that cells based on
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carbon nanotubes would suffer this performance decrease with repeated flexing and reshaping
much less as metal fatigue and crystallographic effects within the bulk material of the working /
counter electrodes are a non-issue. Another type of device architecture based on metal wires is
the waveguide fiber-type structure with solar concentrators, and it has been explored in some
detail [78]. This type of cell has good potential for converting the light passing through windows
into electrical energy to help offset electricity, and with the use of concentrators overall cell
surface area / the costs of fabrication can be reduced while still allowing for a large area of
sunlight to be harvested.

A titanium wire based photoanode with a TiO2 micron-cone-nanowire array structure was
produced to help alleviate some of the typical efficiency reduction that occurs after repeated
flexing when utilizing a metallic working electrode [79]. While this device’s architecture reduces
the strain on the oxide layer with flexing, it is still metal based, however it was able to retain 96.6
% of its initial PCE (4.75 % max) after being flexed 100 times [79]. Another group prepared a
3D network of TiO: on titanium foil which retained 97.3 % of its initial PCE (4.98 %) after
twenty consecutive bends [80]. While whether or not the reduction in efficiency of 3.4 % after
100 flex cycles or 2.7 % after 20 flex cycles is low enough to allow for commercialization is
obviously debatable depending on the intended application of the cell, titanium wire / foil-based
cells remain popular for initial testing of novel TiOz based cell architectures.

The electrophoretic deposition of graphene-TiO: hierarchical spheres on titanium thread
was tested as a means to generate an oxide layer with more varied morphology to increase light-
trapping by allowing for reflection between the spheres [81]. This type of deposition technique
and surface morphology could be adapted to improve the PCE of other types of photoanodes. A

careful analysis of a basic titanium wire / titania core device architecture was performed and neat
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carbon nanotubes, core-sheath carbon nanotube (CNT) / reduced graphene oxide nanoribbon,
CNT / reduced graphene oxide composite, and reduced graphene oxide fibers were all evaluated
for their relative performance as counter electrode materials, and a PCE of 5.64 % was obtained
from the CNT / reduced graphene oxide nano ribbon electrode [82]. They also found that if this
material was platinized (a small amount of platinum deposited on the surface of the electrode by
physical vapor deposition / “sputtering”) they were able to improve the efficiency to 6.83 %.

The incorporation of platinum provides catalytic sites where the reduction of the
electrolyte can proceed more rapidly, however platinum is expensive and even when used
sparingly its inclusion can potentially make the cells prohibitively expensive to produce and
replacements for platinum are a key area of carbon-based solar cell research. CoNi2S4
nanoribbon can be grown on carbon nanofibers in a single step, and has been used in cells
producing up to 7.03 % conversion efficiency, which is competitive with cells utilizing platinum
wire counter electrodes [83]. The same research group also investigated porous titanium nitride
nanoplates as a potential surface coating for carbon fibers to improve electrolyte reduction rate /
overall PCE, and was able to obtain 7.20 % PCE [83]. Many different materials, such as other
metallic nitrides, carbides, sulfides, and oxides have all shown promising results when deployed
in traditional flat solar cell architectures, thus, progressive investigations towards new and facile
methods of coating these inorganic metal compounds onto the highly-curved surface
morphologies of carbon nanofibers will potentially lead to platinum free / less expensive fiber-
type DSSC architectures [32,83].

Carbon “nano-felt” has also been evaluated as a cost-effective DSSC counter electrode,
and a counter electrode composed of this material when utilized in a conventional DSSC system

was able to achieve up to 6.94 % PCE [84]. Carbon fibers are also good candidates for
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deployment as counter electrodes due to their extensive flexibility, which allows them to be
wrapped around other more inflexible substrates such as metal wire [85]. Carbon fibers are
readily functionalizable, and the exposed functional groups on their surface can be modified
through treatment utilizing a variety of methods [86]. Furthermore, carbon nanotubes can readily
be used as a substrate for growing nanocrystals for use in DSSCs. Cadmium sulfide nanowire
crystals were grown around a carbon fiber which served as the core electrode, and dye / polymer
layers were deposited over top of this to create a core-shell photovoltaic device [87]. While this
device architecture obtained only very low PCE, the successful growth of CdS crystals and
attempting to utilize them in a solar cell architecture which also includes dye / traditional
components of DSSCs in a type of hybrid cell is interesting. Cadmium sulfide on its own is a
notable photocatalyst and thus its inclusion can even further enhance cell efficiency.

These hybrid-type carbon nanotube-based cells have the potential to be substantially
competitive with silicon-based devices in the near future, however a major hurdle that still needs
to be overcome is the liquid electrolyte. The liquid electrolyte impairs cell stability over time and
also, more severely, limits the cells to being deployed in environments where the electrolyte
won’t be allowed to freeze, which is a massive drawback [88]. A cell architecture utilizing
carbon nanotube yarn as both the working and counter electrodes, and with a semi-solid state
electrolyte has been evaluated and achieved a max PCE of 2.57 %, with prolonged stability [89].
Through the incorporation of cadmium sulfide and cadmium selenide quantum dots they were
able to raise the PCE to 6.4 %, a notable achievement given the use of carbon-based working and
counter electrodes [89].

Quantum dots such as the cadmium sulfide and cadmium selenide utilized in the above

reference work are a current popular area of research, both for the development of new more
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powerful types of lasers / LEDS and for use in other physics-based applications [90], and for
their potential applicability to solar cells [91]. Quantum dots have several properties that make
them ideally suited for use as solar cell sensitizers, including generally high molar absorptivity
coefficients which helps minimize the thickness of the required active layer of the quantum dots
and thus promotes better charge separation, tunable band gaps based on quantum dot size, and
the ability to generate multiple charge carriers when absorbing light with a higher energy than
the bandgap of the quantum dot [92,93]. However, the efficiency of produced quantum-dot based
solar cells up to this point has been limited by charge recombination / the difficulty in utilizing
quantum dots in the traditional DSSC architecture which utilizes a porous or highly irregular
working electrode surface to increase the thickness of the photoactive layer.

Cadmium sulfide (CdS) and cadmium selenide (CdSe) are potentially good candidates to
replace the first generation quantum dot sensitizers which use lead compounds [92] that are toxic
to the environment and pose a significant safety hazard, and research into replacements for lead /
other acutely toxic heavy metals has been an important subfield within the green chemistry
movement for some time [94]. While cadmium is also a heavy metal and poses health risks, it is
markedly less prevalent in the environment and exposures must be larger than that of lead to
produce negative health outcomes [95,96].

The bandgap of quantum dots in general can be experimentally determined via analysis
of the band edge present in the UV-Vis spectrum of the material, and this information can be
used to approximate the size of the quantum dots, or vice-versa, via:
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Where R is the particle’s radius, € is the dielectric constant, and AE is the confinement-induced

shift in the energy of the conduction band (added to the bandgap of the bulk material to
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determine the bandgap of the quantum dots) [97]. It is readily apparent that as particle size is
decreased, the bandgap of the material is increased, and a variety of experiments have
demonstrated the size-dependence of the bandgap on small (< 50 nm) particles of
semiconductors [98]. Because the bulk bandgap of cadmium sulfide is ~ 2.25 eV and that of
cadmium selenide is ~1.7 eV, and because both of these bandgaps can be increased with size-
control of the nanoparticles, it’s obvious how a large range of bandgaps are accessible utilizing
just these two materials.

It should also be noted that cadmium sulfide nanostructures, depending on the synthetic
process used, can take on a wide range of morphologies, including nanoparticles, nanowires /
nanorods, nanobelts, and nanospheres [97]. Likewise, cadmium selenide also has a wide range of
accessible nanostructured morphologies available utilizing facile synthetic techniques [99,100].
A couple different cadmium sulfide preparation methods were attempted over the course of this

work with a focus on nanorods and nanoparticles specifically.

Organic / Polymer Based Hybrid Solar Cells

The last type of device architecture investigated in this work is the polymer-based or
organic solar cell, based on a bulk heterojunction. As discussed briefly in the introduction, this
type of device architecture is based entirely on small molecules / amorphous polymers which
should theoretically allow for complete device flexibility due to the lack of any crystalline /
polycrystalline materials. While great advances towards the achievement of flexible devices
based on crystalline oxide materials have been made, recent achievements in the field of organic
/ polymer-based cell technology make this type of device architecture more promising than ever

for the development of efficient, fully flexible, and stable cells that can be produced with good
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fabrication yields due to the more straightforward method of generating the photoactive layer
[45].

Polymers in general have garnered a great deal of interest among solar cell researchers as
they present a class of novel materials that can be used to improve the characteristics of
traditional device architectures. TiO2 based DSSCs built upon conductive plastic substrates via a
selective sintering method have been evaluated [101], and this laser-based fabrication method
could potentially be used to generate devices on a roll-to-roll scale. Flexible, ultrathin
polyaniline nanoribbons have been tested as a counter electrode material for TiO2 based DSSCs,
and cells utilizing them were able to achieve up to 7.23 % PCE [102]. UV-catalyzed cross
linkable polymers have also been evaluated as a way to replace the liquid electrolyte and
improve overall cell stability, and testing on polymer / metal mesh based DSSCs utilizing this
solid-state electrolyte yielded reasonable efficiency [103].

Thus, we’ve seen that polymers have been evaluated as to their potential to enhance the
characteristics of the working electrode, counter electrode, and the electrolyte. But the class of
cells known as organic or polymer solar cells utilizes polymers as the actual photoactive
material. As noted earlier the organic polymers used in this type of cell often have molar
absorptivity coefficients much larger than that of the organic dyes used in traditional DSSCs,
which means that a thinner layer of the polymers is necessary to absorb most of the incident
photons. However, due to the fairly amorphous and irregular nature of the polymer matrix,
exciton lifetime and thus diffusion distance is dramatically shortened. The increased molar
absorptivity is not sufficient to completely offset this reduced exciton diffusion distance, and

thus the bulk heterojunction cell morphology was developed [47].
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Figure 2. Schematic Cross-Section of Nanomorphologies of Bulk Heterojunction Colar Cells. (a)
Fine Mixture of Donor and Acceptor Molecules, (b) Bilayer Arrangement, (c) Theoretical Ideal
Morphology of Bulk Heterojunction Solar Cells and (d) Typical Morphology of a Solution
Processed Device (Scharber et al.) [47].

To generate the morphology apparent in Figure 2 (d) above, a fine mixture of two
polymers is prepared (in the case of this work P3HT and PCBM were used), and then the
polymer layer is annealed for a period of time to promote the self-separation of the intimate
polymer mix into pure domains intermixed with one another. Due to the complexity of the
produced layer and the parameters involved with the generation of the intermixed bulk
heterojunction architecture (including annealing temperature, duration, and solvent
characteristics / quantity), a great deal of research has gone into computationally modeling and
optimizing bulk heterojunction characteristics [104]. There is some debate over whether or not
bulk heterojunction layer morphology has a dramatic impact on cell efficiency in this type of
device or not, with some studies like the previously cited one being entirely focused on the
theoretical modeling of bulk heterojunction layer morphology and characteristics with the aim of
improving overall cell efficiency, and other studies [47] conceding that while nanomorphologic
considerations are important for optimization of a particular combination of materials, ultimately

they have little to do with the overall efficiency limit of this type of device.
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As per the Shockley-Queisser limit discussed earlier [38], the theoretical efficiency limit
of a single junction device is 33.7 %. However polymer-based cells have an additional advantage
over traditional DSSC / oxide based cell designs, and that is their ready amenability to multi-
junction cell architectures [45]. Through the pairing of different polymers, the effective bandgap
of the devices can be varied, in the above cited work, two different pairs of polymers were
utilized with the high-bandgap pair being placed in front of the low bandgap pair. Thus, incident
high energy photons are absorbed and usefully converted to electrical energy, while the lower
energy photons pass through this high bandgap layer to the rear cell where they are in turn

absorbed and converted by the low bandgap polymer pair.

The oxide layer in traditional cells serves to separate the working electrode, and the
already-injected electrons flowing along it, from the rest of the cell / electrolyte / recombination
sites. In organic solar cells 1,3,5-Tri(m-pyridin-3-ylphenyl)benzene (TmPyPb) is often employed
for this purpose as it allows the transfer of electrons but blocks the movement of holes and
undissociated excitons [105]. A further method for improving the degree of charge separation in
P3HT / PCBM based polymeric solar cells is the insertion of a blocking layer composed of pure
PCBM between the P3HT:PCBM layer and the working electrode, ensuring that the working
electrode is entirely in intimate contact with PCBM and not in contact with P3HT; the insertion
of this layer has been observed to increase overall cell efficiency from 3.57 % to 4.24 % for a

standard P3HT:PCBM cell architecture [106].

To replace the liquid iodine-based electrolyte typically used in flexible cells, poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS), a water-soluble conductive
polymer, can simply be coated over the exterior of the polymer-based cell [45]. This approach

works in polymer based cells because the outermost surface of the polymeric bulk heterojunction
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layer is fairly flat, in sharp contrast to the DSSC architectures where interpenetration of the
electrolyte into the complex morphology of the dye impregnated porous TiO> layer is vital to
ensure good hold diffusion / cell efficiency [107]. This is another fundamental difference
between DSSC and organic / polymer-based cell architecture, and another advantage that
polymer-based cells have in terms of potential for large scale manufacture prolonged device

stability in the environment.

On the topic of device stability however polymer-based bulk heterojunction devices do
have a key drawback. As already discussed, the bulk heterojunction layer is produced by the
thermal annealing of a homogenous mixture of the two organic molecules (P3HT:PCBM in this
case). This causes spontaneous phase separation, and localized pure domains of the two
components are generated via a process called Ostwald ripening [108]. Ostwald ripening occurs
because large particulates or domains are thermodynamically more stable than small ones in a
mixture of two components as large particulates minimizes the relative interfacial surface area
between different domains, which lowers the overall energy of the system. This process has a
couple negative implications for bulk heterojunction cells, namely that the pure domains in the
polymer mixture will continue to grow spontaneously and this rate of growth is dependent on the
amount of thermal energy present, thus making the cells somewhat innately temperature
unstable. It should be noted that the lower molecular weight component of the bulk
heterojunction layer (in this case PCBM) is more likely to diffuse, thus another important topic
of research for the production of polymer based solar cells has been the development of
polymers that effectively suppress fullerene (or lower molecular weight material generally)
diffusion [109]. This is beyond the scope of this work as standard P3HT:PCBM was used

however cell stability was considered.
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Of the synthetic techniques used to assemble the cells, the most important one used was
solution-based layer deposition, or dip coating. Dip coating has received a remarkable amount of
interest in the literature due to its ability to be easily scaled to produce devices on a roll-to-roll or
continuous assembly line [110]. Furthermore since the use of large vacuum chambers to
manufacture the FTO / ITO transparent conductive oxide glass substrates for traditional silicon /
polycrystalline solar cells accounts for 60% of their manufacturing cost [32], solution based /
scalable synthetic techniques are vital to reduce the manufacturing costs of the next generation of

solar cells.

The mechanism of dip coating can be theoretically approximated by considering a flat,
uniform, infinite plate being moved at constant velocity out of a vessel containing the coating
solution, a situation already examined in the literature [111] and now colloquially known as the
“Landau-Levich problem”. The thickness of a film produced by withdrawing of a submerged flat
substrate from a solution at constant speed can be approximated via:

2
(mu)3
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h = 0.94

where h is the thickness of the thin film, 7 is the viscosity of the coating solution, u is the
constant linear speed of withdrawal from the coating solution, y is the liquid-vapor surface
tension, p is the density of the coating solution, and g is acceleration due to gravity [111,112].
This relationship holds well when the withdrawal speeds are between 1 and 10 mm/s and the
viscosity of the coating liquid is relatively low [112]. From this equation we can see that
numerous variables influence the thickness of the produced thin films of liquid when an object is

coated via dip coating. Further complicating factors include the variability in solution viscosity
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when the material that is to be coated is dissolved (or dispersed in the case of suspensions used
for coating) in it, the variability in solution liquid-vapor surface tension (as well as viscosity)
when polymers of variable molecular weights are incorporated [113], and the innate problem of

surface effects caused by previously deposited layers of material.

This simplest approximation assumes that the substrate being withdrawn from the coating
solution is an infinitely large plate with negligible edges, however the substrate used in the
construction of the dye sensitized / hybrid polymer solar cells produced in this work is carbon
nanofiber yarn / thread, which is roughly cylindrical and thus, while this simple approximation
can yield approximate values for the final thickness of the thin films produced on this cylindrical
substrate, the theoretical analysis of the mechanisms behind dip coating on a cylindrical substrate
is complex [114]. Further complicating the theoretical analysis of the dip coating process on the
carbon nanotube yarn / thread substrates used in this work is the fact that the surface of the
carbon nanotube yarn, while roughly cylindrical, is both highly irregular and semi-porous due to
the interwoven nature of the individual carbon nanotubes that make up the yarn. Thus, the
parameters used to establish the thickness of the produced films will be based on the previous
work done in the field in cases of the photocatalytic TiO» thin film for the Ag-Au/Ti0,
functionalized cellulose [115-118], and the dip coating based deposition of colloidally
suspended TiO; for the porous oxide layer of the traditional architecture DSSC-based cells
[89,119—-121]. However, for the hybrid / polymer type cells a more careful analysis of the dip
coating process was carried out to generate the experimental parameters and predict the thickness
of the various layers, since the materials used in the preparation of the polymer-type cells were

fairly novel.
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Figure 3. Coating of a Solid Pulled at a Velocity /' Outside a Liquid Bath in a Plate (left) or a
Fiber (right) Geometry. The Liquid is Sheared in the Dynamic Meniscus, Whose Length is /. A
Film of Constant Thickness is Formed Between This Dynamic Meniscus and the Wetting Zone

(Rio et al.) [122].

From Figure 3 we can see that the dip coating process occurs over a series of four
“zones” [122]. Both the static and dynamic meniscus zones are responsible for determining the
thickness of the thin film present in the constant film thickness zone. The height of the static

meniscus is given by the equilibrium between hydrostatic and capillary pressures via:

hy = \/Elc
where /., the capillary length, is given by:
14
l.= |—
© Jrg

where v is the surface tension, p is the density of the liquid, and g is acceleration due to gravity
[122]. In the case of fibers however the static meniscus is also affected by the curvature of the

fiber itself, and if the radius of the fiber (b) is significantly smaller than the capillary length
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(predicted via the above equation), the height of the meniscus simply becomes h,,, = /2b since
the azimuthal curvature of the fiber has a greater effect than the vertical curvature at the fiber /
liquid interface [122]. To determine which radius of curvature has a larger effect on the
formation of the meniscus, we can calculate the Goucher number [123], which quantifies the
relative importance of the two types of curvature [122], via:

b

Go =
(0] lc

which for the carbon nanotube yarn / thread used in this work (with an outer diameter of ~ 100
um) in conjunction with a coating solution of chlorobenzene (which has a surface tension of

0.03299 N m™! at 25 °C [124], and a density of 1110 kg m™ [125]) is:

50 * 107 °m

0.03299 N
m

kg
m3

Go =16.6.

1100 =8 % 9.98 S%

Thus, even though the substrate is fiber-shaped, given the relatively low viscosity of
chlorobenzene / the coating solution the contribution of the azimuthal curvature of the fiber to

meniscus formation is negligible, so the simple approximation would be incorrect; in this case

the height of the static meniscus is better-approximated by h,, = V2.

While the height of the static meniscus is important, it is the characteristics of the
dynamic meniscus that ultimately determine the thickness of the film in the constant film
thickness zone [111]. The forces acting in the dynamic zone can be thought of as shear (viscous)
stress, and the force of capillary pressure [122]. The viscous stress gradient is balanced by the

capillary pressure gradient via:
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where [ is the length of the dynamic meniscus which is given by [P = \/h,l, for plates, since the

diameter of the fibers used in this work is not sufficiently small enough to warrant treatment as

fibers (in which case I/ = ,/hyb). With all this considered, we end up with:

which neglects density / gravity and is valid up to capillary numbers ( Ca = (%) ) of 103, To

test if this approximation is valid we can calculate the capillary number of chlorobenzene, the
solvent that was used to dip coat the TmPyPB and pure PCBM layers for the polymer / hybrid
type cell structure, knowing that the viscosity (1) of chlorobenzene is 0.753 mPa at 25 °C [124],
the linear speed of withdrawal from the solution is 1 cm s™', and the surface tension of

chlorobenzene at 25 °C is 0.03299 N m™' [124]:

[.753 + 1073 Pa s] * [0.01 %]

0.03299H
m

Ca= =2.28%10"*

thus, because the capillary number is smaller than 1073, the Landau-Levich regime is an

appropriate approximation for the dip coating carried out in this work.

Finally, the thickness of the thin film of chlorobenzene deposited on the ~100 pm

diameter yarn at a withdrawal rate of 1 cm s™! can be calculated as follows [122]:
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[.753 + 1073 Pa s] * [0.01 %] 3 0.03299 X
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With this information, we can calculate the concentrations required to produce the various layers
of the polymer / hybrid type solar cells via a completely solution-based dip-coating

methodology, as explained below.

For the polymeric / hybrid type cell architecture, there are four polymeric layers that must
be deposited on the carbon nanotube yarn / thread-based substrate via dip coating. The first layer
to be directly deposited directly onto the carbon nanotube yarn is the TmPyPB electron transport
/ hole blocking layer. In previous works this compound or close / relatively low molecular
weight analogs have been deposited via vacuum deposition [45], spin coating [126], and
ultrasonic spray coating [ 127], the latter two of which are solution-based methods, thus TmPyPB
should be amenable to dip coating onto carbon nanotube yarn. The target thin film layer
thickness to serve as a hole / back-recombination blocking layer without providing significant
resistance to electron transport (thereby impairing overall cell efficiency) is ~ Snm [45]. In order
to approximate the concentration of TmPyPB in chlorobenzene necessary to deposit an ~5nm
thick layer in a single dip coating step (assuming a low concentration of TmPyPB / negligible
volumetric change upon addition of TmPyPB to the chlorobenzene), we can use the above
information regarding the approximate thickness of the chlorobenzene thin film deposited with
those parameters (6.08 pm), the density of TmPyPB (estimated to be ~1.2 g cm™ based on
similar compounds [128]), and the molecular weight of TmPyPB of 537.65 g mol™ [129] to
calculate the amount of TmPyPB that should be used to prepare 10 mL of coating dip-coating

solution via:
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5%107°m s g
grams TmPyPB = 08+10°m * 10 cm® * 1.2 P 8.22 mg

The second layer is deposited over top of the TmPyPB is a pure PCBM layer to serve as
backing for the P3HT:PCBM bulk heterojunction layer, the use of which has been shown to
improve bulk heterojunction device performance in comparison with bulk heterojunction devices
whose architecture potentially allows a P3HT domain to come into direct contact with the
working electrode / electron transport layer [106]. The optimal thickness of this layer from
previous work was determined to be ~15 nm [106]. Once again, PCBM has been commonly
deposited via spin coating to ensure good coating homogeneity, however a simpler dip-coating
based approach is preferred with fiber-type substrates due to the inherent difficulty of spin
coating a three-dimensional substrate. Using the same assumptions as the dip coating of
TmPyPB, utilizing chlorobenzene as a solvent once against since it is a good solvent for PCBM
[130], and knowing that the density is PCBM is ~ 1.5 g cm™ [131] we can calculate the amount

of PCBM required to prepare 10 mL of dip coating solution via:

15107 m 5 g
grams PCBM = m * 10 cm” * 1.5 E = 37 mg

The bulk heterojunction layer (the mixture of P3HT / PCBM) will be prepared as a binary
mixture of P3HT (solubilized in chloroform) and PCBM (solubilized in chlorobenzene), since
this method of preparing the bulk heterojunction precursor solution has been demonstrated to
yield favorable results [130]. Despite some work showing that a variable weight ratio of
P3HT:PCBM (namely the use of additional P3HT relative to the weight percentage of PCBM)
could potentially increase efficiency [132], there are a number of theoretical and experimental

studies demonstrating that there is insufficient evidence to conclude that any weight ratio other
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than 1:1 will produce cells with optimal efficiency [133], so a 1:1 ratio of the two compounds
will be used. The optimal thickness of this layer, which is the main photoactive layer, is around
200 nm to ensure complete absorption of incident light [106,133], however this thickness is also
subject to optimization as excess thickness can impair charge transfer. We can estimate the
viscosity of a 1:1 by volume mixture of chloroform and chlorobenzene via the Gambill method

[134]:

1
3

1 1
n3 = 0.5 (753 * 1073 Pas)3 + 0.5 (.542 * 1073 Pas)3

and thus we obtain .641 mPa s for a 1:1 mixture of chloroform and chlorobenzene. Calculation of
the surface tension of a mixture of liquids is considerably more complex [135,136], however a
simple average is usually close if the surface tension of the components do not vary too widely,
thus the surface tension of the 1:1 mixture of chloroform and chlorobenzene can be estimated as
.02983 N m!. Because the mixture is similar to chlorobenzene it is assumed that the previous
approximations still apply. With the density of the 1:1 mixture being the average of
chlorobenzene and chloroform (1.11 g cm™ and 1.49 g cm™ respectively) the thickness of solvent

thin film produced by dip coating can be calculated via:

2
[.641 1073 Pas] * [0.01 %] ° 0.02983 N
ho = 0.94 * N * - m — = 510 um
0.02983 — 1300 —2 +9.98 2
m m S

With the density of the PCBM / P3HT mixture equal to the average of the density of the two
components: 1.5 g cm™ for PCBM and 1.1 g cm™ for P3HT thus 1.3 g cm™ for a 1:1 by weight
mixture, we can calculate the amount of PCBM/P3HT required for ten mL of the dip coating

solution:
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200« 10™° m s g
grams P3BHT/PCBM = ——— 10 cm® * 1.3

5.10 * 10~® m cm® >09.8 mg

this is a significantly larger amount of dissolved material than the other dip coating solutions,
and it is not immediately clear whether or not half of that amount of P3HT / PCBM will be
soluble in 5 mL of chloroform / chlorobenzene respectively [130]. P3HT solubility in chloroform
from the literature is estimated as 14.1 mg / mL which means that the solubility limit for 5 mL of
chloroform would be ~ 70.5 mg [130]. PCBM is more soluble in chlorobenzene however, with a
literature solubility value of ~59.5 mg / mL in chlorobenzene, meaning that ~ 300 mg of PCBM
could be readily dissolved in 5 mL of chlorobenzene [130]. To simplify the solution preparation
process however a series of four discrete dip coating steps will be performed, meaning that the
total mass of 1:1 P3HT/ PCBM required in the dip coating solution is just 127 mg, so 63.7 mg of
P3HT will be used, which is a small enough amount to ensure complete dissolution in the dip

coating solution.

The last layer that will be deposited for the polymer / hybrid type cell structure is the
PEDOT:PSS transparent / conductive counter electrode layer. In the literature PEDOT:PSS is
commonly deposited via a number of methods including dip coating [137], and its deposition is
fairly straightforward given its solubility in water. Thus, distilled water will be used as the
coating solvent for the deposition of PEDOT:PSS. The ideal thickness of this layer is ~50 nm to
ensure that charge transfer is adequate, but also that the film is thin enough to not block too
much incident light [45]. To ensure that the contribution of the azimuthal curvature of the fiber
was still negligible with water which is a more viscous solvent, the Goucher number was
recalculated for the carbon nanotube fiber / water system and is 6.93, which is still much larger

than one, so approximating the cylindrical fiber as a plate is still appropriate. Furthermore, to
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ensure that the Landau-Levich regime is appropriate the capillary number for water assuming a
withdrawal rate of 1 cm s™! was calculated and determined to be 0.000124, which is still less than
107 so this approximation is also still appropriate. Thus, the thickness of the thin film of water

resulting from dip coating of the carbon nanotube yarn can be calculated via:

2
[.8937 + 103 Pas] * [0.01 %] 3 0.07197 X
hy = 0.94 * N * " m — = 628 um
0.07197 — 1000 &+ 9.98 =
m S

and, with the density of dried coatings of PEDOT:PSS = 1.011 g cm™ [138], we can calculate the

amount of PEDOT:PSS required for 10 mL of dip coating solution via:

50« 107°m 5 g
grams PEDOT: PSS = m *10 cm” * 1.011 E = 80 mg
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CHAPTER III

METHODOLOGY AND FINDINGS

Functionalization of Cellulose Fibers

The functionalized cotton fibers were prepared as follows: acetone, 2-propanol, titanium
isopropoxide, hydrochloric acid, silver nitrate, and glacial acetic acid were purchased from
Sigma Aldrich. Gold chloride was purchased from Acros Organics. The raw cotton fibers that
were used for morphological characterization were obtained from an agricultural plot in the Rio
Grande Valley, Texas. Pure 100% cotton fiber was also obtained from the Rio Grande Valley,
Texas, United States.

The raw cotton fibers and the 100% cotton fabric were soxhlet extracted with acetone for
a period of 3 hours to remove any impurities that may be present like natural waxes and oils.
After washing, the cotton fibers and fabric were allowed to dry at room temperature for twelve
hours. The nanostructured interface was generated using the procedure reported in previous work
[57] which is as follows: the nanosol solution used for coating the fibers was prepared as two
separate solutions: (a) containing 50 mL of 2-propanol, 1 mL acetic acid, and 5.91 mL titanium
isopropoxide and (b) containing 50 mL of 2-propanol, 3 mL concentrated hydrochloric acid, and
0.72 mL of mili-Q water. Both solutions were stirred vigorously for a period of 30 minutes, and
then solution B was slowly added to solution A under vigorous (400-800 rpm) stirring. The

cotton fibers were immersed in the thus prepared nanosol solution for 30 seconds, and then
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allowed to dry for 24 hours. The nanosol solution was observed to maintain its integrity /
clarityfor one week before degrading and polymerizing / qualitatively appearing to precipitate
out TiO; and become opaque, which suggests that this coating solution would be ideal for re-use
and cost efficiency. Calcination of the fibers to remove residual solvent was then performed at 65
°C for ten minutes and then 90 °C for five minutes. The calcined fibers were hydrothermally
treated to remove excess oxide for a period of three hours. The pristine / control fiber samples
were subjected to the same calcination and hydrothermal treatment process; however they were
not coated with the nanosol TiO> solution.

With the TiOz coating applied, the gold and silver nanoparticle direct growth was
performed: 2 mM solutions of gold chloride (AuCls) and silver nitrate (AgNO3) were prepared
and serially diluted to create additional 100 mL solutions of 1 mM and 0.5 mM AuCl; and
AgNOs. The fiber samples were immersed in these solutions for thirty second and allowed to dry
in air at room temperature for 24 hours. Finally, the AuCls and AgNO; / TiO2 coated fiber
samples were exposed to 254 nm UV radiation in an Ultra-Violet Productions CL-1000
ultraviolet crosslinker for a period of thirty minutes. The gold coated samples were seen to take
on a purple coloration after the development of the nanoparticles under UV light, while the silver
nanoparticle coated samples took on a characteristic brown coloration. A total of sixteen fiber
samples were prepared, two each of: 0.5 mM AuTiOz, | mM Au-TiO2, 2 mM Au-TiO2, 0.5 mM
Ag-TiO2, | mM Ag-TiOz, 2 mM Ag-TiOz, TiO: only, and pristine cotton. Additional 5 mM Ag-
TiO2 and 5 mM Au-TiO: samples were prepared for UV-Vis characterization of the
nanoparticles grown on the TiO; fabric surface. Two replicates of each sample were prepared for

stain testing with Congo red and methylene blue separately.
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Methylene blue (0.001% w/v and 0.1% w/v) and Congo red (0.1% w/v) solutions were
prepared from Milli-Q water (ultrapure water produced from a Milli-Q Integral Water
Purification System) and the corresponding compounds (purchased from Sigma Aldrich). The
fiber samples were scanned via UV-Vis spectroscopy (methodology below) prior to staining, and
staining was conducted by simply immersing the fiber samples in a stirred solution of the dye for
ten minutes. Stain uptake was qualitatively observed to be slower for the TiO2 / nanoparticle
coated samples compared to the pristine fiber, likely due to the mild hydrophobic properties
imparted by the TiO2 coating, and so the ten-minute interval with stirring was necessary.
Staining of the fiber samples was performed multiple times to verify that the photocatalytic
activity of the TiO / nanoparticle coated samples wasn’t decreased with repeated staining events
followed by UV exposure. The two initial cycles staining of the methylene blue treated samples
were performed with the 0.001% w/v methylene blue solution while the third staining was done
with the 0.1 % w/v solution. The Congo red samples were stained only once with the prepared
0.1 % w/v Congo Red solution. Stain extinction was observed to be virtually complete between
staining events. For UV-Vis analysis the fiber samples were mounted on custom made rigid
plexiglass sample holders that easily mounted to the instrument and ensured that the same area /
orientation of the fabric samples was being scanned each time, and the fiber samples were kept
mounted on the sample holders during UV exposure to ensure uniform / flat exposure of the fiber
surface.

Exposure of the fiber samples to simulated solar light was carried out using a Honle UV-
Technology UVACUBE 400 USA. Stained fiber samples were placed in the solar simulator and
exposed to simulated solar light (AM 1.5), and then UV-Vis scans were performed to verify the

extinction of the stain. UV-Vis measurements were carried out using a Perkin Elmer Lambda
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950 UV-Vis-NIR spectrometer equipped with a 150 nm integrating sphere for reflectance
measurements. All scans were acquired over the full range of the instrument (2500-250 nm) with
1 nm resolution. Fourier-transform infrared spectroscopic analysis was carried out using a Perkin
Elmer Frontier FTIR spectrometer, and data was collected in absorbance mode over the full
range of the instrument (4000-450 cm™). Samples for FTIR analysis were prepared by
thoroughly mixing 25 mg of finely divided Au-TiO> and pristine cotton fibers with 25 nm of
optical grade potassium bromide (purchased from International Crystal Labs), and pressing of
the mixture into a thin, one-inch diameter pellet using a hydraulic press. The pellets were very
fragile and were directly transferred onto copper tape (to act as a rigid backing) with a hole such
that the IR beam was obstructed only by the pellet. FTIR samples were repeatedly exposed to
simulated solar light in the same solar simulator used for UV-Vis characterization and were
scanned at regular two-hour intervals.

SEM and EDS characterization of the Ag/Au-TiO: cotton fiber samples was performed
using a JEOL 7800F Field Emission Scanning Electron Microscope, equipped with an Electron
Dispersive X-ray Spectroscopy system (EX-37270VUP). Preparation for AFM characterization
of the Ag/Au-TiO: cotton fibers was carried out by stretching and gluing the cotton fibers to a
flat mica surface using double-sided tape. AFM imaging was performed using a Bruker Bio-
Scope Catalyst AFM microscope (Bruker, Santa Barbara, CA). Si cantilevers with spring
constants of 0.4 N/m and resonance frequencies of 300 kHz were selected for this measurement.
AFM height and deflection images were recorded using tapping mode at room temperature.
While height images provide quantitative surface topography information, the deflection images

exhibit a higher contrast of morphological details. Image processing of the data was performed
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using WSxM 5.0 (Nanotex Electronica, Spain) software. XRD analysis was carried out using the
D2 Phaser 2™ Gen X-ray diffractometer D5000 X-ray diffractometer (Bruker).

Verification of the anti-microbial properties of the Ag/Au-TiO; coated cotton fiber was
carried out using the Kirby-Bauer disk diffusion method. Agar plates were inoculated with
Escherichia coli bacteria. A 2 cm diameter rough disk, derived from the above prepared fiber
samples, was placed in the center of each plate. Plates were then incubated at 37 °C for a period
of 72 hours, and the zone of inhibition was measured in millimeters after the incubation period.

Analysis via SEM revealed that the TiO; coated cotton fiber samples were uniformly
coated, and the coating was thin enough so that the natural folds present in the cotton fibers were
still visible through the folds, although a slight decrease in the definition of the folds is visible
after the TiO; coating is applied (Figure 4-a,b,c,d). This is desirable as these folds increase the
exposed surface area of the fiber and can improve photocatalytic efficiency by allowing more
sites for photoreactions to take place and a large surface area for the anchoring of the gold and
silver nanoparticles, furthermore, it allows a large surface area for the absorption of the organic
stains or other organic matter that will be photocatalytically decomposed, which has been shown
to increase the rate of decomposition [139]. The growth of gold and silver nanoparticles on the
TiO: coated cellulose fibers was verified as successful as a number of small particulates were
present (Figure 4-¢,f,g,h). Additionally, although some loose aggregates / nanoparticle clusters
are visible in the high magnification images (Figure 4-f,h), they are not grafted to the surface /

fiber.
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Figure 4. SEM Imaging of the TiO2 Coated and Pristine Cotton Fibers at Low and High
Magnification: (a,b) Pristine Untreated Cotton, (c,d) TiO2 Coated Cotton Fiber, (e,f) Ag-TiO>

Coated Cotton Fiber with Non-agglomerated Ag Nanoparticles Marked (green arrows), and (g,h)
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Au-TiO2 Coated Cotton Fiber with Non-agglomerated Au Nanoparticles Marked (blue arrows).

The Scales for all Images in the Left and Right Columns are the Same.

Analysis via EDS mapping revealed that the TiO> coating was indeed uniform across the
entire surface of the fibers with no cracking (Figure 5-a,b,c), which is desirable as it protects the
underlying cotton fiber from staining or degradation by acting as a protective barrier.
Additionally, spot EDS analysis of the particulates that are clearly visible in Figure 5-f indicated
that they were silver particles that had been successfully grown on the fiber’s surface. Note that
because gold was sputtered on the yarns prior to EDS / SEM analysis the gold peak is present in
all of the collected EDS spectra. The heat mapping is the most important result obtained from the
EDS data as it helps verify that the coating process was successful, and that complete coverage
of the fibers was obtained. Furthermore Figure 5-c is presented to verify that no TiO or other
titanium-based contamination was accidentally applied to or already present in the pristine

control sample that was used to provide a comparison for the photocatalytic assessment.
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Figure 5. EDS Spectra of the TiO, Coated and Pristine Cotton Fibers. Heat Map Showing
the Distribution of Titanium on the Surface of the: a) Au-TiO2 Coated Fiber, b) TiO» Coated

Fiber, and c) Pristine Cotton Fiber.

The final morphological characterization technique used was atomic force microscopy
(AFM). AFM analysis was complicated by a number of factors, not the least of which being that
fibrous materials are exceptionally hard to stabilize for the purposes of performing AFM, which
depends on having an immobilized substrate to interact with the vibrating tip. However through

trial and error stabilized samples were obtained, and AFM analysis of the pristine and TiO>
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coated cotton fibers also revealed the TiO» coating to be uniformly deposited, however some
areas of aggregation of TiO2 on the surface of the treated fibers were visible (Figure 6-c,d).
These clusters of aggregated TiO» further increase the photocatalytic activity by increasing the
area for stain molecules to adsorb on the surface of the fibers [139,140], by promoting light
scattering and absorption across the surface of the TiO; coated fiber rather than penetration or
reflection [141], and by providing more sites for the anchoring of noble metal nanoparticles with
good interfacial contact between themselves and the TiO: layer, which is markedly important for
the enhancement of photocatalytic activity by the metallic nanoparticles [142]. In the AFM
images (Figure 6-a,b,c,d) the definition of the natural folds of the cotton fibers visible through
the TiO2 coating appear to be even more reduced than in the SEM, although this may just be due
to a difference in imaging technique / because AFM relies on having a completely immobilized
substrate to a large degree than SEM, the lack of complete immobilization may have reduced
detail contrast / definitely contributed to the slight blurring visible in Figure 6-d. Regardless, it is
evident that the TiO> layer has been evenly adhered to the fiber surface and covers the entirety of

the fibers.
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Figure 6. AFM Scans of (a,b) Pristine Cotton Fiber and (c,d) TiO, Coated Cotton Fiber.

With verification of the efficacy of the coating process (Figures 4-6), characterization of
the electrical / physical properties of the nanoparticle coated samples was performed using UV-
Vis spectroscopy. The samples coated with the 5 mM precursor solutions of AgNO3 / AuCl;
were analyzed after photoreduction of the precursors / development of the nanoparticles was
completed under UV light exposure (Figure 7). Using approximations based on the equation
relating nanoparticle size / bandgap presented in the literature review section, and other data
concerning the relationship between the physical size of gold nanoparticles and their electronic
properties, the gold Amax of 547 nm matches up with what would be expected if the gold
nanoparticles took on roughly spherical shapes [143], and had an average size between 60 and 80
nm [20,144]. More precisely from the work of Haiss et al., the nanoparticle diameter can be

calculated from:

47



——
1n(—S’”L1 %y

d= L

When d > 25 nm and where Ao = 512, L1 = 6.53, and L, = 0.0216 with less than 3% error [144].
Using the wavelength of maximum absorption of 547 nm we estimate that the gold nanoparticles
are, on average, 77 nm in diameter. Qualitatively based on the width the gold absorption peak
(Figure 7) it is evident that nanoparticles with a range of sizes were generated on the TiO2
coating, which is to be expected given the non-size selective nature of the synthetic method

employed.

The silver nanoparticle Amax at 440 nm closely matches what would be expected if the
average size of the nanoparticles was between 40 and 60 nm [21]. More precisely based on
available literature information it is like that the average size of the silver particle was close to 55
nm [25], however no convenient analytical chemistry equations relating nanoparticle size to Amax
have been derived in the literature. As in the case of the gold nanoparticles marked peak
broadening was present (Figure 7) suggesting that a range of nanoparticle sizes were generated

by the direct-reduction synthetic technique.
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Figure 7. UV-Vis Spectra of the Fiber Samples Prepared with 5 mM Precursor Solutions Prior to

Staining, with the Nanoparticle Peaks Visible.

XRD analysis of the fabric samples was also carried out, however the low proportion of
TiOz present in the thin film coating made the signal from the TiO> coating very weak, but some
semblance of peaks corresponding to anatase phase TiO: is visible when directly compared to the
pristine cotton fiber sample (Figure 8). Characteristic peaks corresponding to cotton fibers at
16.27°,20.67°, and 22.31° [145] are readily apparent on the XRD spectra, while additional peaks
29.38°,43.84°, and 56.05° due to the presence of anatase phase TiO» are visible upon close

inspection (Figure 8).

49



—— AgTiO, —— AuTiO,——TiO, — Pristine

A
o

_Intensity (AU)

10 20 30 40 50 60 70 80
20

Figure 8. XRD Spectra for (a) AgTiO2 Coated Cotton Fibers, (b) AuTiO, Coated Cotton Fibers,

(c) TiO2 Coated Cotton Fibers, and (d) Pristine Uncoated Cotton Fibers.

The UV-Vis spectra acquired from the stain extinction testing of the fiber samples clearly
show that the methylene blue stain is removed by the Ag/Au-TiO> coating at a faster rate than
that of the pristine cotton sample (Figures 9, 10). As discussed earlier methylene blue is present
as monomeric, dimeric, and trimeric forms with Amax values of 673, 596, and 570 nm respectively
[71]. The mineralization of the dimeric and trimeric forms can be seen to proceed more rapidly
than the decay of the monomeric form. Nonetheless, the breakdown of methylene blue proceeds
much more quickly for the fiber samples that have been coated with TiO», and further
improvement of the rate of decay is obtained when gold / silver nanoparticles are deposited on
the fibers. The rate of extinction for each type of sample was obtained by subtracting the pre-

stain UV-Vis spectra from the spectra obtained at each time interval and integrating the resulting
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subtracted spectra over the entirety of the range of the peak due to the methylene blue (or Congo

red) dye absorbance (475 to 750 nm in the case of methylene blue) (Figure 9).
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Figure 9. UV-Vis spectra of the TiO> / Nanoparticle Coated Samples after Staining with
Methylene Blue, and upon exposure to Simulated Solar Light: a) ImM Ag-TiO; Coated Fibers,
b) 1 mM Au-TiO> Coated Fibers, c) TiO2> Coated Fibers and d) Pristine Cotton Fibers. Note that

the Rate of Stain Extinction is Significantly Increased on the Nanoparticle / TiO, Coated

Samples Compared to the Pristine Fabric.

While the 1 mM precursor concentration data qualitatively demonstrates that the rate of
stain extinction was improved with the use of TiOz, it is more difficult to see the effect that the

noble metal nanoparticles had on the rate of stain extinction from Figure 9. The results of the
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variable concentration tests are presented in Figure 10, and from them it is apparent that with the
increasing concentration of noble metal nanoparticle the rate of methylene blue stain

mineralization was increased.
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Figure 10. UV-Vis Spectra of the TiO2 / Nanoparticle Coated Samples after Staining with
Methylene Blue, and upon Exposure to Simulated Solar Light: a) 0.5 mM Ag-TiO2 Coated
Fibers, b) 0.5 mM Au-TiO» Coated Fibers, ¢) 2 mM AgTiO; Coated Fibers, and d) 2 mM

AuTiO; Coated Fibers. Note That the Concentration of Metallic Nanoparticles on the Fiber

Surface is Increased from Left to Right.

Again, as noted earlier the mineralization kinetics are roughly first order so the standard
first order kinetic equation was used. Integrating these peaks and plotting them as first order

kinetic graphs allowed roughly linear fitting (Figure 10) and direct calculation of the kinetic
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constants. However, based on the tail ends of the kinetic graphs it is likely that the photocatalytic
mineralization isn’t exactly first order (as the plots appear to show some exponential
characteristics) however the extinction data for the pristine / untreated cotton fiber appears to be
exactly first order / linear. Regardless, the rate of extinction was reduced for the pristine sample

and increased for all the other samples (Figure 11).
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Figure 11. The Natural Log of the Ratio of the Methylene Blue Peak Area to the Initial
Stain Peak Area Upon Repeated Exposure to Simulated Solar Light for Au/Ag-TiO; Fiber
Samples: a) 1 mM Ag-TiO» Coated Fibers, b) ImM AuTiO, Coated Fibers, c¢) Fibers Coated
with TiO2 Only and d) Pristine Cotton Fibers. Note That The Rate of Stain Extinction is Much
Slower for the Pristine Fiber Sample, and That it Appears to Follow Absolute First Order

Kinetics.
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With this fitting it is even more apparent that the rate of methylene blue mineralization is
improved with the addition of an Ag/Au-TiO: coating. Kinetic data for the variable nanoparticle
concentrations is presented at Figure 12, and this data is more difficult to interpret. Due to the
somewhat second or higher order kinetics apparently involved with photocatalytic methylene
blue decomposition fitting and the obtaining of kinetic values is difficult. However, by
examining the relative final concentration ratio (the concentration ratio after 360 minutes of
simulated solar light exposure) it becomes apparent that increasing nanoparticle concentration
did have a positive effect (Figure 12-c,d) however quantitative analysis of this effect is difficult,
as will be evidenced by the tabulated methylene blue extinction data. It is likely that this non-
first order effect is due to interconversion between the monomer, dimer, and trimer of methylene
blue during the process of photocatalytic decomposition, and the subtly different molar
absorptivities that these different chemical species possess [146]. However an effort was made to
extract quantitative kinetic data from the experimental results, and this same issue was not as

prevalent with the Congo red staining data.
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Upon Repeated Exposure to Simulated Solar Light for TiO> / Nanoparticle Coated Fiber

Samples: a) 0.5 mM Ag-TiO; Coated Fibers, b) 0.5 mM Au-TiO; Coated Fibers, c) 2 mM Ag-
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TiO, Coated Fibers and d) 2 mM Au-TiO, Coated Fibers.

The tabulated data is somewhat difficult to interpret as noted above. Even though the
TiO2 / nanoparticle coated samples mineralized a large fraction of the stain after a set period of
time, the lack of exactly first order kinetic data makes comparison between the photocatalytically
active samples and the control somewhat skewed. Regardless in the case of methylene blue stain
mineralization the nanoparticle samples, particularly all the gold nanoparticle coated samples,
showed an improved rate of stain mineralization compared to the TiO2 only coating (Table 1).
Furthermore, all samples performed dramatically better than the pristine / untreated cotton

sample. Methylene blue is easier to mineralize than Congo red as stated above, so it is likely that
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the photogenerated electrons from the gold nanoparticles (which would have less energy than
those generated from the silver nanoparticles due to the gold nanoparticles’ higher Amax value)
were able to play a significant role in the mineralization of the comparatively easy to mineralize

methylene blue.

2 mM AgTiO,  0.02054
I mM AgTiO, 0.02917 -02356
0.5 mM AgTiO, 0.02699
2 mM AuTiO,  0.01799
| mM AuTiO, 0.02476 V2228
0.5mM AuTiO, 0.02411
TiO,Only  0.02591 .02591
Virgin Cotton  0.00998 .00998

Table 1. Tabulated Kinetic Data for the Mineralization of Methylene Blue by the Various Types

of Ag/Au-TiO; Coatings.

Staining with Congo red was also performed to evaluate the photocatalytic performance
with a different, less easily mineralized stain (Figure 13). In general, the extinction of the Congo
red stain was seen to proceed more slowly; the rate of Congo red removal on the pristine fabric

sample was roughly half the rate of methylene blue removal on the untreated cotton fibers.
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Figure 13. UV-Vis Spectra of the TiO2 / Nanoparticle Coated Fiber Samples after Staining with
Congo red, and upon Exposure to Simulated Solar Light: a) 1 mM Ag-TiO; Coated Fibers, b) 1

mM Au-TiO, Coated Fibers, ¢) TiO2 Coated Fibers, and d) Pristine Cotton Fibers.

Increasing nanoparticle concentration had somewhat indeterminate effects on the rate of
extinction in the case of the Au-TiO; coated sample, however it was seen to have some positive
effect on the rate of extinction in the silver nanoparticle coated sample, with qualitatively less of
the stain present after eight hours of simulated solar exposure in the 2 mM AgNOs coated sample
compared to the 0.5 mM AgNOs coated sample (Figure 14). It should also be noted here that in
the methylene blue extinction experiments data was collected out to six hours and complete stain
extinction was observed, however in the case of Congo red even after eight hours some portion

of the original stain still remains.
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Figure 14. UV-Vis Spectra of the TiO> / Nanoparticle Coated Fiber Samples after Staining with
Congo Red, and upon Exposure to Simulated Solar Light: a) 0.5 mM Ag-TiO, Coated Fibers, b)
0.5 mM 0.5 mM Au-TiO; Coated Fibers, c¢) 2.0 mM Ag-TiO, Coated Fibers, and d) 2.0 mM Au-

Ti0O; Coated Fibers.

Fitting of the kinetic data was simplified versus the fitting in the case of methylene blue,
as all of the evaluated samples showed much more linearity when plotted as first order kinetic
data. It is apparent however that the benefits of the nanoparticle / TiO2 coating over the untreated
fabric were markedly less when stained with such a stable / difficult to mineralize dye (Figure
15). Qualitatively the gold nanoparticle coated sample showed superior performance compared
to the silver nanoparticle coated sample. Congo red has its main absorption peak at 496 nm,
however it also has two absorption peaks in the UV region at 236 nm and 338 nm [147]. Because
of this, it is likely that some of the incident high-energy UV and near UV radiation was absorbed

by the Congo red dye itself rather than interacting with the Ag/Au-TiO> layer, which decreased
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the apparent efficiency of the coating. Organic compounds like Congo red which absorb high
energy incident radiation are a good example of why Au/ Ag nanoparticle-based sensitizers, or
rather sensitizers in general, are important for photocatalytic applications; by increasing the
effective absorption range of the photoactive layer, compounds which inherently absorb high-

energy incident photons can still be quickly and efficiently degraded.
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Figure 15. The Natural Log of The ratio of Congo Red Peak Area to Starting Peak Area Upon
Repeated Exposure to Simulates Solar Light for the TiO> / Nanoparticle Coated Fiber Samples:

a) ImM AgTiO; Coated Fibers, b) 1 mM AuTiO, Coated Fibers, c¢) TiO, Coated Fibers, and d)

Pristine Cotton Fibers.

Increasing the nanoparticle concentration had somewhat unclear effects with the Congo
red, with the higher concentration of gold nanoparticles performing worse (Figure 16), however

the gold nanoparticle coated samples did perform better than the silver nanoparticle coated
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samples in general. The improved performance of the gold nanoparticle coated samples could be
due to the overlap of the Congo red absorption maxima at 496 nm, 338 nm, and 236 nm with the
silver nanoparticle absorption maximum at 440 nm. The gold absorption peak was at 547 nm
however, which was far enough outside the absorption range of Congo red to not be interfered
with. The improved performance of the gold nanoparticle coated sample strongly suggests that
electron transfer is taking place between the gold nanoparticle and the TiOz coating, and that the

gold nanoparticles are acting as photosensitizers.

0 100 200 300 4000 100 200 300 400
Time (Minutes)
Figure 16. Natural Log of the Ratio of Congo Red Peak Area to Starting Peak Area Upon
Repeated Exposure to Simulated Solar Light for the TiO, / Nanoparticle Coated Samples: a) 0.5

mM Ag-TiO> Coated Fibers, b) 0.5 mM Au-TiO> Coated Fibers, c¢) 2 mM Ag-TiO; Coated

Fibers, and d) 2 mM Au-TiO> Coated Fibers.
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Tabulation of the kinetic data for the Congo red staining reveals that on average the
nanoparticle coated samples performed better than the TiO> only sample, and all samples
performed better than the untreated sample. The 1 mM Au-TiOz coated sample performed the
best out of the tested samples, which matches up with previous statements about gold
nanoparticles being a good sensitizer when the organic stain itself absorbs a fair amount of the
incident high-energy radiation that would usually be photocatalytically utilized by the TiO2

layer.

2 mM AgTiO,  0.00732
I mM AgTiO,  0.00588 00675
0.5 mM AgTiO, 0.00706
2 mM AuTiO,  0.00552
| mM AuTiO, 0.00864 -00758
0.5 mM AuTiO, 0.00858
TiO,Only  0.00670 00670
Virgin Cotton  0.00523 .00523

Table 2. Tabulated Kinetic Data from the Congo Red Extinction Fitting.

Another important metric for evaluating the performance of the catalytic coating is
stability over multiple staining events. If the gold or silver nanoparticles are truly stable when
integrated into the TiO> coating the rate of stain removal should remain consistent over multiple
cycles. It has been found in the literature that gold nanoparticles, particularly gold spheroid

nanoparticles, are very resistant to photodegradation whereas gold rods and prisms are
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vulnerable to degradation [148]. To determine the stability of the photocatalyst itself, multiple
cycles of staining and stain extinction were conducted on the | mM Ag-TiO: coated sample with

methylene blue dye, the raw results of which are presented in Figure 17.
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Figure 17. C/Cy Data for the | mM Ag-TiO, Sample Over Repeated Cycles of Staining and

Exposure to Simulated Solar Light. Note How Extinction Proceeds in the Same Way Each Time.

By examining the kinetic data from the results of Figure 17, we can see that the rate of
stain extinction is nearly the same each time (Figure 18). Furthermore, it is important to note that
the concentration of the stain on the surface of the fabric, at least within the range of
concentrations tested (0.001 % w/v to 0.1 % w/v) had no effect on the rate of stain removal. It is
likely that the produced photocatalyst would be able to handle very high levels of stain loading
given the aggregated TiO; clusters which act to increase the surface area / area for the stain

molecules to be adsorbed and mineralized.
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Figure 18. Performance of the | mM Ag-TiO> Coated Sample over Multiple Cycles of Staining
and Exposure to Simulated Solar Light. Note that the Third Staining was Performed using a 0.1
% w/v Methylene Blue Solution, and the First Two Were with a 0.001% w/v Solution of

Methylene Blue.

Apart from the stability of the photoactive layer, the stability of the underlying cellulose
is also of concern. The cellulosic substrate is not innately immune to photodegradation, and
indeed research into utilizing photoactive catalysts to degrade cellulose for use in biofuels or
other biomaterial related applications is ongoing [149]. Cellulose, however, is an intrinsically
robust biopolymer due to rigid long chains and intra-molecular coupling due to hydrogen
bonding [150]. To verify that no photodegradation of the cellulosic backbone was taking place,
FTIR spectra of the | mM Au-TiO; coated fiber sample were collected at regular intervals after
exposure to simulated solar light, and it can be seen that the spectra are effectively unchanged

(Figure 19).
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Figure 19. FTIR Spectra of the Au-TiO2 Coated Fibers After Repeated Exposure to Simulated
Solar Light for Exposure Times of: a) No Exposure, b) 2 Hours, ¢) Four Hours, d) Six Hours,

and e) Ten Hours. The Spectra are Essentially Unchanged Indicating no Photodegradation.

Apart from verification that no photodegradation of the underlying cellulosic substrate
was taking place, further insight into the structure of the functionalized cellulose can be gained

by analyzing the FTIR spectra of the various sample types (Figure 20). While no difference was
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noted between the Au-TiO2, Ag-TiO>, and TiO; coated samples, marked differences between the
pristine / control sample and the other samples were noted. Characteristic peaks that ban be
observed include a broad O-H stretching band at 3378 cm™', a C-H stretching bad at 2900 cm’!,
and the H-O-H bending band at 1650 cm™ [151]. The H-O-H bending band is observed to be
more intense in the Au-TiO: coated sample, although this could be due to the somewhat
hydrophobic nature of the potassium bromide (KBr) used to prepare the samples for FTIR
analysis, or just simply more water present in the Au-TiO; sample as a result of the synthetic
technique. The TiO> band is expected to appear at ~700 cm™!, and indeed the Au-TiO, absorption
spectra lack the “dip” observed in the spectra of pristine cotton near 700 cm™!, which suggests
that the TiO2 while not immediately visible is indeed present as a relatively broad peak [152].
Reduction of the intensity of the C-H stretching band at 2900 cm™ was also observed. Overall,
the consistency of the FTIR spectra suggest that the coated material possesses long-term

photostability.
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Figure 20. FTIR Spectra After Repeated Exposure to Simulated Solar Light for: a) Au-TiO»

Fibers with no Exposure, b) Au-TiO» Fibers After Ten Hours of Exposure, c) Pristine Fibers

With no Exposure, and d) Pristine Fibers After Ten Hours of UV Exposure.

Finally, the antimicrobial properties of the produced Au/Ag-TiO; fabric samples were
evaluated using the Kirby-Bauer disk diffusion method (Figure 21). The nanoparticle coated
fiber samples were expected to show antimicrobial properties via the same mechanisms that
grant them self-cleaning properties, and indeed the Ag/Au-TiO> coated fibers demonstrated
antimicrobial activity as evidenced by the zone of inhibition around the fabric samples after
inoculation and incubation of the plates. It’s also worth noting that the relative size of the zone of

exclusion was about equivalent for the Au-TiO, and Ag-TiO> coated samples. It was expected
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that the zone of inhibition would be present in the case of the silver nanoparticle coated sample,
as silver nanoparticles have seen wide spread utilization as antimicrobial agents [153], however
the apparent high activity of the gold nanoparticle coated sample was somewhat unexpected.
Gold nanoparticles have prompted a great deal of recent research into their antimicrobial
properties [154,155], and it appears that they do indeed have marked antibacterial properties
when deployed on a TiOz-based thin film. The TiO> and pristine cotton fiber samples exhibited
little to no bacterial inhibition, which is notable as some limited degree of bactericidal activity
would be expected simply from the oxidizing potential generated by the TiO; layer. While the
zone of exclusion was absent in the case of the plain TiO: coating, it is likely that bacteria
located directly on the illuminated fiber sample would be quickly destroyed, as E. Coli,
Staphylococcus aureus, and Pseudomonas aeruginosa have all been experimentally observed to
be killed rapidly on illuminated TiO; surfaces [156]. Furthermore, the toxic compounds

produced by the bacteria are themselves decomposed by the catalytic action of TiO, [157].
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Figure 21. Results of the Kirby-Baur Disk Diffusion Test with the Exclusion Zones around the
Fibers Clearly Visible for: a) Au-TiO; Coated Cotton Fibers, b) Ag-TiO2 Coated Fibers, and c)

Pristine Cotton Fibers.

Apart from the bactericidal mechanisms suggested in the introduction, direct free radical
generation and reaction has also been proposed as a key bactericidal mechanism for silver
nanoparticles [158]. The reaction between nanoparticles and the membrane structures of both
gram positive and gram negative bacteria are not completely understood, however the formation

of “pits” in the outer membranes has been observed due to the presence of silver nanoparticles,
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leading to increased membrane and ultimately cell death [158]. However despite these
observations there remains a strong argument for free radical generation being the principle
causal mechanism behind the bactericidal effects, as the inclusion of an antioxidant in one study
was found to eliminate the anti-microbial activity of silver nanoparticles [158]. Furthermore it
has been suggested that the evolution of silver ions produced from the silver nanoparticles via
their oxidation by the holes produced on the TiO layer may be another mechanism by which the
hybrid TiO> / Ag nanoparticle interface exhibits antimicrobial activity, as a similar mechanism
has been experimentally observed with TiO> / copper hybrid surfaces [159]. Our results suggest
that some combination of the above outlined mechanisms is responsible for enhancing the
antibacterial activity of the nanoparticle coated fiber samples, and further elucidation of the
mechanism could be had by testing the antimicrobial activity in the presence of an antioxidant.
Fine tuning of the nanoparticle surface chemistry could further improve the anti-bacterial
properties of the Ag/Au-TiO> coated fibers, and lend them increased activity against particularly

hazardous bacteria [154].

Flexible Dye-Sensitized Solar Cells

It has been demonstrated that the TiO; coating was successfully deposited on the
cellulose fibers, and that the coating was thin and homogenous and successfully functionalized
with Au/Ag-TiO; nanoparticles. As mentioned above, this type of coating procedure also has
applications for dye sensitized solar cells, as the coating process generates a nanostructured layer
ideal for the impregnation of dye molecules / other sensitizers for the fabrication of high

efficiency solar cells. Fabrication of cells of this type on carbon nanotube yarn was performed
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and the characteristics of the cells were suboptimal for a variety of reasons. The lessons learned
from the fabrication of these hybrid dye-sensitized solar cells were used to fabricate organic /

polymer-based hybrid cells (reported later).

Previous work on carbon nanotube based dye sensitized solar cells by Uddin et al. has
demonstrated that the incorporation of additional sensitizers (CdS / CdSe) has the potential to
increase the PCE of the traditional dye sensitized solar cell architecture markedly, up to 7.39%
[89]. Further work by Grissom et al. indicates that the deposition of a PCBM / P3HT layer can
increase cell PCE further to ~7.6%. This study aimed to further improve cell efficiency with the
use of low molecular weight P3HT to allow better penetration of the polymer layer into the
mesoporous TiO: layer, and attempted to test whether doping of the TiO; layer with graphene
could effectively act as a blocking layer [160] to prevent back recombination / enhance overall
cell efficiency. While the maximum obtained cell efficiency was low (~2% PCE), valuable
information about the kinetic properties of this type of hybrid cell architecture was obtained. The

fabrication methodology used for the preparation of the DSSC based hybrid cells was as follows:

All solvents and acids were purchased from Sigma Aldrich. All precursors were
purchased from Sigma Aldrich. Carbon nanotube yarn purchased from Nanocomp Incorporated
was thermally treated at 300 C under light air flow for two hours to degrade the polymer coating
that it was supplied with. Yarn was then sonicated sequentially in acetone, water, and
isopropanol. The yarn was then placed in a stirred solution of 10% w/v HNOs in distilled water
for twelve hours, washed sequentially with acetone, water, isopropanol, and sonicated in water.

The yarn was then rinsed with ethanol and allowed to dry.
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The working electrode of the cells was assembled by twisting together of six individual
carbon nanotube yarns, granting the final raw working electrode an outer diameter of ~ 75 um.
The solution for the deposition of the nanoporous TiO> layer was then prepared as follows: to 50
ml isopropanol 5.92 ml (0.02 mol) titanium isopropoxide was added under vigorous stirring. 1.39
ml (0.01 mol) triethylamine was then added to this solution to act as a stabilizer. In a separate
beaker, 50 ml isopropanol, 3.0 ml concentrated hydrochloric acid, and 0.72 ml distilled water
were added sequentially under vigorous stirring. The HCI containing solution was then slowly
added to the titanium isopropoxide containing solution under vigorous stirring and allowed to stir
for a period of thirty minutes. The carbon nanotube yarn working electrodes were immersed in
this solution for a period of thirty seconds, removed and calcined at 70 °C for five minutes and

then at 95 °C.

The mesoporous TiO; layer (that provides a thick porous substrate for dye adsorption)
was prepared as follows: 15 ml deionized water, 1 ml glacial acetic acid, three drops of
triethylamine, and 5.921 ml titanium isopropoxide were sequentially mixed under vigorous
stirring. A second solution containing 15 mL deionized water and 0.25 ml of 70 % nitric acid
was prepared, and both solutions were stirred separately for a period of five minutes. The HNO3
containing solution was slowly added to the isopropoxide containing solution and the mixture
was stirred for an additional five minutes. The mixture was then placed in a Teflon-lined
autoclavable pressure vessel and heated at 240 C for a period of twelve hours. Once removed
from the pressure vessel 2.6 grams of polyethylene glycol (20,000 g/mol) was added and half of
the total solution volume was boiled off while the polyethylene glycol dissolved. For the samples
that had graphene incorporated into the TiO» layer, graphene was added to this mixture at a rate

of 1.0 wt % to the final weight of the TiO2 (16 mg for this procedure). This mixture was dip
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coated onto the nanoporous TiO; coated carbon nanotube yarn working electrodes, followed by
calcination at 350 C for a period off five minutes. This dip coating and annealing process was
repeated four times. In hindsight it is likely that a final high-temperature or longer-term
annealing here would have been appropriate to remove any last trace of the polyethylene glycol
that may still be adsorbed in or on the porous TiO2 layer. Incomplete thermal evaporation /
mineralization of the polyethylene glycol here could leave residue on the porous TiO: layer

which would impair cell performance.

The thus deposited microporous TiO» layer was annealed to ensure homogeneity / good
interfacial contact between the nanoporous and microporous coatings as follows: A solution of
0.05 M TiCls in ethanol was prepared and the electrodes were submerged in this solution for
twelve hours. A final annealing of this layer at 300 C for a period of thirty minutes was

performed.

Both separate synthesis followed by deposition and direct growth of the cadmium sulfide
/ cadmium selenide quantum dot sensitizers was evaluated, and it was determined that in the case
of these cells the direct growth method produced superior results, likely due to the inherent
difficulty with incorporating already fully formed / insoluble quantum dots into the porous TiO>
layer via simple dip coating. Furthermore, more aggressive incorporation techniques such as
sonication run the risk of disrupting the morphology of the oxide layer or destroying it all
together. However, for the later reported batch of organic polymer / hybrid cells separate
synthesis and direct deposition onto the working electrode surface was performed. It should be
noted that, as was the case with the gold and silver nanoparticles grown directly on the surface of
the TiO; layer in the above work, such a process produces a larger range of nanoparticle sizes

and is less optimizable than fully solution-based synthetic techniques.
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Cadmium sulfide and cadmium selenide direct growth was carried out as follows: 50 mL
of 0.3 M cadmium nitrate in ethanol was prepared and stirred, and 50 mL of 0.3 M sodium
sulfide in ethanol was prepared and stirred. The TiO: coated working electrode was immersed in
the CdANOs3 containing solution for five minutes, followed by immersion in the NaS solution for
five minutes, and then was allowed to dry overnight. For the deposition of cadmium selenide,
sodium selenium sulfate was prepared by heating of 0.3 M sodium selenite mixed with 0.3 M
sodium sulfate in water for a period of eight hours at 70 C. A separate solution of 0.3 M
Cd(NO3): in ethanol was prepared, and the electrodes were dipped in this solution for five
minutes, rinsed with ethanol for one minutes, and then heated in the sodium selenium sulfate

solution for one hour at 50 °C.

Ideally the dye should have been deposited at this step rather than post P3HT / PCBM
deposition, however the stability / insolubility of the dye in the solvents used for P3HT / PCBM
deposition is questionable. If the dye were deposited prior to the deposition of the P3HT / PCBM
it would be more incorporated into the mesoporous TiO» structure, however solubilization by the
chloroform / chlorobenzene used for the polymer deposition it would impair cell efficiency
dramatically. This inability to deposit the dye prior to the deposition of the polymers (or even
prior to the deposition of the CdS / CdSe quantum dots) is a major limitation holding back this
type of hybrid DSSC / polymeric cell architecture. However deposition of N719 after the P3HT
/ PCBM depositions is likely acceptable as P3HT / PCBM have minimal solubility in highly

polar solvents like acetonitrile and tert-butanol [130].

The deposition of the P3HT / PCBM / N719 was carried out as follows: solutions of 5
mg/ml of P3HT in chloroform and 5 mg/ml of PCBM in chlorobenzene were prepared separately

and then mixed in a 1:1 ratio. The prepared working electrodes were immersed in this solution
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for a period off twelve hours. Finally a solution of 0.003 % by weight of N719 in a 1:1 mixture
of tert-butanol : acetonitrile was prepared, and the electrodes were immersed and allowed to soak

for 24 hours.

Preparation of the carbon nanotube yarn for the counter electrode was carried out using
the same above-listed polymer removal and washing steps, followed by platinization of the yarn
via sputtering with a platinum target at 1.5 kV and 5 mA for a period of 60 seconds. In order to
coat the yarn as evenly as possible it was then flipped and sputtered using the same parameters
on the opposite side of the yarn. Cell assembly was then performed by wrapping the counter

electrode around the working electrode at a pitch of ~ 15°.

The thus assembled cells were then saturated with electrolyte by immersing them in the
electrolyte solution for 2-3 seconds. The electrolyte was prepared as follows: .669 grams Lil,
1269 grams Db, and .624 ml of tert-butyl pyridine were mixed and brought up to 10 ml total
volume in 3-methoxy propionitrile, then 0.5 grams of poly(vinylidene fluoride-co-
hexafluoropropene) was added and the mixture was stirred and heated to dissolve all of the

electrolyte components.

Overall, six batches of cells were synthesized: containing graphene and P3HT purchased
from Sigma Aldrich, containing no graphene and P3HT purchased from Sigma Aldrich,
containing graphene and batch A of a low molecular weight P3HT sample, containing no
graphene and batch A of a low molecular weight P3HT sample, containing graphene and batch B
of a low molecular weight P3HT sample, and containing no graphene and batch B of a low

molecular weight P3HT sample. Five to six samples were ultimately prepared for each of the
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above stated batches, with six per batch being the initial number but various issues during the

lengthy cell preparation process led to the destruction of some of the cells.

Of the steps involved in the preparation of these cells, there are a few that likely
dramatically impair fabrication yield (the ratio of the number of working cells to the number of
non-functional cells). The dip coating process that involved the suspension of microporous TiO>
clusters in an aqueous, polyethylene glycol containing solution is very liable to generate uneven
coatings especially when performed by hand. This is further complicated by the fact that the cells
are composed of several twisted individual yarns which lend the cells a somewhat uneven
surface profile to which the coating is applied. Due to the viscosity of the coating polyethylene
glycol containing solution it is likely that the depth of the coating generated in the “valleys”
between the individual carbon nanotube yarns is greater than the thickness of the coating
generated on the “hills”. This high viscosity also makes analysis via the dip-coating equations
presented above difficult, and makes evaluating layer thickness a process of trial and error.
Furthermore, during annealing / the burning off of the ethylene glycol and water that was in
solution with the porous TiO», a thicker coating is generated on the bottom side of the cell than
on the top. In summary, depositing a uniform TiO; layer from a suspension of TiO> in water /
polyethylene glycol on an irregularly shaped cylindrical electrode is difficult and likely acts as a
major bottleneck to cell efficiency, as if the solid TiO» layer is more than 20 nm thick electron
injection through the oxide layer will be significantly impaired as will overall cell efficiency

[89].

A second major limiting factor with this type of cell architecture is the electrolyte. A
great deal of research has gone into developing solid phase electrolytes for the reasons discussed

above [107,161-163], and for such an electrolyte to generate high PCE it must be non-viscous
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enough to penetrate the microporous TiO; structure. However, for it to be solid state / stable
without additional sealing of the cell being required, it must be viscous enough or completely in
the solid state so that it won’t evaporate. Furthermore, for commercial applications the
electrolyte, if at all in the liquid state, must remain unfrozen to low enough temperatures to allow
for cell deployment in climates where cold external temperatures are common. High temperature
stability is also a problem; the electrolyte used in these cells, while indeed being “semi” solid
state, evaporates quite quickly under the intense heat of the solar simulator and this during
characterization continually rewetting of the cells is required to obtain peak efficiency. While
this problem could be overcome with additional sealing of the cell that is a difficult proposition

in cell architectures that are designed to be flexible.

The electrolyte used for this type of cell architecture has another unfortunate effect that
applies only to in-lab characterization but, in cells deployed for power-generation in the field,
likely wouldn’t be an issue at all. That is that the semi-solid-state electrolyte relies on diffusion
of the reduced / oxidized species to the dye / counter electrode respectively, and this diffusion is
a process that occurs on the order of seconds (Figure 22) rather than almost instantaneously as is
the case in silicon cells / cells built on crystalline materials. This effect makes characterization of
the cell’s incident photon-to-electron conversion efficiency (IPCE) impossible using traditional
instruments as they rely on a monochromatic light source that is rapidly switched on and off via
a chopper at a frequency of 10-60 hertz. A lock in current amplifier is then employed to amplify /
measure cell current that is detected fluctuating at the same frequency as the light source. This
allows for continual blanking as many wavelengths of the incident light are scanned through.
However, because of the liquid electrolyte and the slow cell response time such characterization

would require that the frequency be decreased to ~ 1/120 Hz to allow stabilization of the cell
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output at the incident wavelength. This would make a typical scan from 250-1100 nm at the
standard 1 nm resolution take 28 hours which, practical considerations aside, is further ruled out
due to the unstable nature of the unsealed electrolyte over long periods of time. Given the
importance of IPCE as a characterization technique for this type of cell, especially with the
utilization of multiple sensitizers, to gauge the effectiveness of the cell over a range of
wavelengths to determine which sensitizers are having a positive effect on overall cell efficiency,
the lack of this characterization technique effectively restricts the further optimization of this

type of cell architecture.
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Figure 22. Cell Kinetics of a DSSC With Semi-Solid-State Electrolyte. [llumination of One Sun

(AM 1.5) was Switched on at 60 Seconds, and off at 120 Seconds.
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For the electrical characterization cyclic voltammetry was performed using a Princeton
Applied Research VersaSTAT 3 with a scan rate 0.1 V/s and variable lower and upper bounding
voltages. [llumination of the cells was performed with a Honle UVA-Cube 400 under one sun
intensity of AM 1.5 solar spectrum irradiation. The cells were characterized at their full
operational length (~6 cm) and then cut down in 0.5 cm increments and characterized until the

cells were destroyed.

The synthesis of the flexible DSSC-based hybrid architecture cells was also carried out to
determine the applicability of graphene to this type of cell. The presence of contradictory
information in the literature stating both graphene’s effectiveness at preventing recombination
[160,164] as having a positive effect on overall cell efficiency, and stating that the introduction
of crystallographic defects provides more sites for charge recombination and reduced overall cell
efficiency [89] was a key issue this work aimed to resolve. Of the cells utilizing P3HT purchased
from Sigma Aldrich, graphene was observed to lower the average maximum (the average of the
maximum efficiencies obtained from each cell) from 0.57 % to 0.47 % PCE, of the cells utilizing
batch A low molecular weight P3HT, the average maximum efficiency was lowered from 0.44 %
to 0.36 % PCE with the inclusion of graphene, and of the cells utilizing a separate batch of low
molecular weight P3HT the average maximum efficiency was lowered from 0.97 % to 0.43 %
PCE. So, it is obvious from these results that the inclusion of graphene has a markedly negative

impact on the obtained cell efficiencies.

The other experimental parameter that was being tested with this batch of hybrid DSSC
architecture cells was whether the inclusion of low molecular P3HT could improve cell
performance, which is reasonable as lower molecular weight P3HT would be more able to

penetrate the porous TiO: electrode and would theoretically make better contact with the CdS /
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CdSe / dye molecules to better facilitate charge separation. It is clear from the results that batch
B of the low molecular weight P3HT produced significantly higher conversion efficiencies than
either the P3HT purchased from Sigma Aldrich (MW: 54,000 — 75,000 g/mol), and a cell made
from batch B of the low molecular weight P3HT obtained the highest efficiency of this study
with 1.83 %. Again, because of the lack of IPCE data, indeed the inability to obtain IPCE data,
further optimization of this particular cell architecture is complicated, as it is unclear which of

the sensitizers is contributing the most to the observed efficiency of the cells.

Despite the low overall efficiency of these cells, another interesting set of data obtained
from these was the observed efficiency of the cells when back-illuminated by placing a mirror
underneath them (Figure 23). Reflectors are a popular area of research due to their potential to
increase the efficiency of solar cells by allowing for the harvesting of light that would otherwise
be wasted due to either cell geometry or semi-transparency [165—167]. The ability to take
advantage of reflected light is another property enhanced in the case of three-dimensionally
structured cells and the data indicated that an additional 30% improvement in IPCE is obtained if
a reflector is placed behind the cell, allowing light entering the immediate area of the cell to be
reflected up and harvested by the areas of the cell that are usually in the shadow produced by the
top half of the cell. This improvement in IPCE suggests that properly designed reflectors could
dramatically increase the performance of three dimensionally structured fiber-type cells woven
together in a breathable mesh-like configuration, by allowing the light entering through the gaps
between the cells to be reflected and effectively harvested by the areas of the fiber-type cells that

are not exposed to direct illumination.
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Figure 23. Ratio Between Overall Power Conversion Efficiency (PCE) with and without Back

Reflectance of a DSSC / Hybrid Type Cell at Varying Cell Lengths.

Organic / Polymer Based Hybrid Solar Cells

The final experiment carried out as part of this work was the fabrication of the hybrid /
polymer based solar cells. The synthetic technique used to produce these cells was as follows:
the carbon nanofiber yarn purchased from Nanocomp Inc (OD ~ 25 um) was thermally treated at
240 °C for four hours to remove the polymer coating, washed with water, acetone, and
isopropanol, treated in a 10 % by nitric acid solution for a period of twelve hours under vigorous

stirring, then washed with water, acetone, and isopropanol once more. SEM was carried out on
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the raw, untreated yarn before and after the polymer-removal treatment to verify that the coating

had been successfully removed.

The TmPyPB electron transport layer dip coating solution was prepared from 10 mL of
chlorobenzene and 8.22 mg of TmPyPB (both purchased from Sigma Aldrich), and the six
carbon nanotube yarn twisted working electrodes were immersed in this solution, allowed to
become saturated with the solution for a minute, and then withdrawn from the dip coating
solution at a rate of 1 cm s™\. The PCBM layer dip coating solution was prepared from 10 mL of
chlorobenzene and 37 mg of PCBM purchased from Sigma Aldrich, the TmPyPB coated
electrodes were immersed in this solution and likewise withdrawn at a rate of 1 cm s™'. The bulk
heterojunction layer dip coating solution was prepared by dissolving 63.7 mg of P3HT in 5 mL
of chloroform (both purchased from Sigma Aldrich), and 63.7 mg of PCBM in 5 mL of
chlorobenzene. These solutions were then mixed to generate the dip bulk heterojunction layer dip
coating solution, and the TmPYPB / PCBM coated cells were immersed in this solution and
withdrawn at a rate of 1 cm s!. To generate the appropriate layer thickness of the bulk
heterojunction layer (~200 nm), the dip coating process was repeated three times (for a total of
four times). Finally the platinized counter electrode was wound around these cells, the
PEDOT:PSS (Sigma Aldrich) dip coating solution was prepared from 80 mg of PEDOT:PSS
dissolved in 10 mL of water, and the counter electrode wound cells were immersed in this

solution and withdrawn at a rate of 1 cm s™'.

Qualitatively, the deposition of the P3HT / PCBM layer over multiple dipping cycles
appeared to be impaired by the previous layers of P3HT / PCBM that had been deposited; the
successive dip coatings after the initial one did not appear to deposit the same thickness of bulk

heterojunction layer as the initial coating when prepared on FTO glass as analog cells for IPCE
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analysis. Furthermore, the layer thickness appeared to be constant after ~4 dip coating cycles into
P3HT /PCBM in 1:1 DCM / chlorobenzene, and remained unchanged with up to 8 total dipping
cycles. A nanoporous TiO> coating was applied to attempt to increase surface roughness /
porosity to allow the growth of the bulk heterojunction layer to proceed more uniformly, and this
appeared to increase the observed layer thickness of P3HT / PCBM. It is probable that over the
course of dip coating steps that occur after the initial couple of cycles, a similar amount of the
P3HT / PCBM layer is solubilized into the bulk dip-coating precursor solution as it deposited by
the evaporating solution that remains on the substrate after it is withdrawn. This issue could
likely be remedied to some degree by utilizing either spin coating (a technique that requires less
solution and presents less of an opportunity for solubilization), providing a nanostructured
scaffold so that the dip coating can be carried out in a single or couple steps and can generate a
layer of appropriate thickness, or by utilizing a well-mixed super-saturated colloidal suspension
of PCBM / P3HT at the above stated concentration for single-dip coating to be successful (509.8
mg to 10 mL 1:1 DCM / chlorobenzene). A representative I/ V curve of the totally polymer-

based cells obtained up to this point is presented below as Figure 24.
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Figure 24. Representative // V Curve for the PCBM / P3HT Hybrid Cell Architecture.

Furthermore, the kinetics of these polymer-type cells with a PEDOT / PSS based
electrolyte were observed to be much more rapid compared to the DSSC type cell architecture
cells with an iodine based redox couplet electrolyte, which means that they are well-suited to
IPCE analysis and further optimization. Another issue was that the PEDOT / PSS electrolyte was
highly conductive which led to the carbon nanotube-based cells being very prone to shorting out
due to imperfections in the applied polymer coating. This issue was likely compounded by the
fact that the working electrode design was initially kept the same as it was for the DSSC / hybrid
type cells (six carbon nanotube yarns twisted around each other), leading to many potential sites
of slight surface imperfections at the points where the individual carbon nanotube yarns came
into contact with one another. This issue was resolved in the case of the DSSC / hybrid type cells
via the inclusion of a microporous / relatively thick layer of TiO», however for the polymer type

cells this layer was not included. In subsequent experiments a nanoporous TiO: layer was
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included as the first layer for the carbon nanotube-based cells which led to the above referenced /
/ V curve (Figure 24), however the fabrication yield was still remarkably low for the previously

stated reasons.
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CHAPTER 1V

SUMMARY AND CONCLUSIONS

Fiber-type devices have the potential to open up an entirely new market of consumer
electronics; one composed of flexible textiles with integrated self-cleaning capabilities and on-
board power generation to meet the demands of the next generation of flexible, portable
electronic devices. Herein the self-cleaning ability of an Ag / Au nanoparticle augmented TiO»
textile coating deposited via a simple solution-based process was evaluated, and it was found that
the photocatalytic activity of the coating was considerably enhanced via the incorporation of Ag/
Au nanoparticles. The anti-microbial activity of this hybrid coating material was confirmed, and
the long-term stability of the coating and the underlying cellulose was examined via FTIR and

both were observed to be stable over multiple staining / detaining cycles.

Solar cells based on carbon nanotube yarn have great potential to be incorporated into
textile materials to provide power generation while themselves being flexible. A more traditional
DSSC / hybrid type solar cell architecture was prepared and evaluated, and it was found that the
microporous TiO> coating impaired the overall flexibility of the cells by introducing a relatively
thick crystalline element into the cell architecture. Furthermore, the redox-based iodine couplet

electrolyte has a couple innate disadvantages, namely it being only “semi-solid state” under
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normal atmospheric conditions, and it being reliant on a diffusion-limited process for charge

transfer. However, these cells produced acceptable results given their limitations.

Entirely polymer / hybrid type solar cell architectures are much more appropriate for
preparation of a flexible carbon-nanotube based substrate, as most or all of the cell components
are amorphous and thus flexible. Polymer-type solar cells composed of P3HT / PCBM with
TmPyPB and a PEDOT / PSS based electrolyte were prepared and evaluated, however a couple
of complications, namely the extreme conductivity of PEDOT / PSS and the difficulties
associated with depositing a sufficiently thick P3HT / PCBM layer via successive dip coating
cycles have led to a low fabrication yield up to this point. Further work towards incorporating
CdS / CdSe layered sensitizers into the P3HT / PCBM bulk heterojunction layer in completely
polymer-based solid-state cells based on carbon nanotube yarn could potentially open up a new

field of polymer / nanoparticle hybrid type cell architectures.

More broadly, with further tweaking of the synthetic process, and the continual
development of novel / cheaper polymers that lend themselves well to incorporation in polymer-
type solar cells, it is very likely that cheap, roll-to-roll manufacturing of entirely polymer and / or
hybrid-polymer type solar cells based on either carbon nanotubes or another flexible substrate
will become commercially viable / substantially competitive with more traditional silicon based
crystalline / DSSC type cell architectures in the coming years. The development of flexible,
photoactive materials will continue to be an important area of research to meet consumer demand

for novel, wearable electronic devices.
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