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Abstract

While renewable energy systems are currently on the rise, there are many projections
stating that fossil fuels will still remain the dominant energy source for the next few
decades. In order for the energy transition to take place promptly, the cost of
generating energy from renewable sources has to be in line or lower compared to
fossil fuels. Of the renewable energy alternatives that are available, solar energy is by
far the most abundant and widely distributed source of energy generation. However,
this type of energy is intermittent and has to be combined with energy storage

technology, which has, in the last decade, developed significantly.

In this thesis, research has focused on materials modification, synthesis, and
utilization for solar cells. At first, TiO2 1D (one-dimensional) nanomaterials were
synthesized, which are n-type materials, typically used for charge transportation
(electron extraction) in a solar device configuration. Properties of these nanomaterials
were modified by the addition of <12 nm gold nanoparticles (NPs), which can further
improve energy conversion efficiency. The choice of using NPs for TiO2 modification
was additionally expanded towards lanthanum and lithium metal ions, which were
separately combined for the creation of a composite material. Characterisation was
then performed using techniques that are widely employed for materials science
research. In addition, nanomaterials were implemented for solar devices, and two
different types were fabricated: dye-sensitized, and perovskite solar cells. Finally,
research was expanded towards the synthesis of perovskite nanocrystals, which were

produced using a novel, low energy, and scalable approach.

In this thesis, challenges in the field of photovoltaics are addressed by exploiting the

field of nanotechnology, with the aim to improve the performance of solar cells.



Impact Statement

This thesis focuses on the synthesis and characterisation of different types of
nanomaterials that can be implemented in various applications, particularly for
photovoltaics and light display technology. In the former case, conversion efficiency of
the solar energy into electricity, renders how viable the technology is for
commercialisation. Therefore, research efforts have been devoted towards obtaining
low cost and high performing solar devices. There are many projections claiming that
in near future, solar technology will lead renewable surge and transition of the energy
generation market. For that to occur, it is a prerequisite to develop more competitive
photovoltaic cells that would enable low carbon economy. In this research,
nanotechnology has been implemented to advance the development of solar cells with
the aim to improve their light conversion efficiency. Consequently, various types of
composite nanomaterials were synthesized and used within the solar cell
configuration. Research was also expanded towards developing novel and
sustainable synthesis pathways of nanomaterials, that find their application not only in

solar cells, but also for light-emitting technology.
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1. Introduction

1.1 Opening Remarks

In the last decade, research on solar energy generation has grown significantly. This
was mainly as a result of the discovery of a new light absorbing material (perovskite),
which has revolutionized the field. Following the implementation of a perovskite
material for solar cells, the variety of applications that use it successfully, has
expanded tremendously. In light of their unique characteristics, perovskites have
become a focal point in nanotechnology, and research is mostly targeted at their
nanocrystal (quantum dot) form. While they exhibit outstanding performance metrics,
there are still issues that need to be addressed before the technology can play a major

role on the market.

This thesis presents research work on improving the efficiency of solar cells, followed
by materials synthesis that can be used for optoelectronic applications. Solar devices
and materials characterization are discussed, and a range of different techniques

implemented.

1.2 Energy transition from fossil fuels to renewables

During the past century, energy systems were built on generating energy from fossil
fuels. While renewables are becoming increasingly more important, there are
projections that until 2050, the majority of energy will still be obtained by fossil fuel
combustion.[!l These type of fuels are non-renewable and the cost of extraction is

increasing; consequently, their price is predicted to rise.l? The established
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infrastructure worldwide is based on fossil fuels, which makes it challenging for other
technologies to compete or to replace them. Since it is a prerequisite to decrease the
greenhouse gas emissions in order to meet with the targets of the Paris agreement,
policy makers must provide their support in accelerating the transition of society into
more sustainable future. Approaches such as the elimination of import tariffs, on the
technical components that are required for power generation of renewables, will help
alternative technologies to be more competitive.

When price analysis between fossil fuels and renewables is being performed, the
comparisons are typically misleading. Calculations involving the cost of the energy
generated from fossil fuels, do not include factors such as environmental pollution and
their negative effects (including the cost perspective), which results in deceptive
conclusions and a wrong impression regarding how cheap such energy is.[
Therefore, to have fair comparisons in the pricing scheme, all factors should be
accounted for.

Other elements that make the competition unfair, are government subsidies for fossil
fuels; for instance, in the United Kingdom (UK) where subsidies are one of the highest
in Europe.! Consequently, this results in measures that deter investments in
improving energy efficiency and renewables. Hence, fossil fuel subsidies should be
eliminated, and environmental effects considered in the pricing scheme, in order for
renewable energy sources to be more competitive. Unfortunately, as the current global
economy relies too much on fossil fuels, a strong political determination is necessary
for changes to take place. Many countries have changed their approaches to solve the
issue by providing financial support to renewable energy companies.[l Consequently,
green technology has exhibited growth in the last few decades; however integrating

the technology into the electrical grid and replacing fossil fuels is more challenging.
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In recent years, there have been reports released about the transition from fossil
fuels,l® but these reports may be misleading: although there was a decline in coal
consumption and the greenhouse emissions did not increase, this does not
necessarily imply an energy transition to renewables is taking place. The
transformation in energy production occurs when energy generation from a new
energy source replaces the previous methods. If a new source is simply added to the
whole production to cover the expansion in energy consumption, this does not
constitute a transition. Over the last decade, energy generated from renewables did
not replace fossil fuel combustion, but instead served as an energy addition to the total
increase in energy consumption.®! The production of energy from non-renewable
established sources did not decrease, but remained stable (Figure 1.1). It should be
noted that in Figure 1.1, energy generated from solar or wind sources are not
illustrated, since the combined share was so low, i.e. 2% (in year 2017).61 Despite
recent expansion of the solar and wind energy sectors, the total energy contribution

worldwide is almost negligible.
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——o—biofuels —d—coal —#&—o0il —¥—gas —#—hydro -©—nuclear

Figure 1.1. Total energy consumption (as percentage) for various types of energy
sources. Reproduced with permission.[8! Copyright 2019, Elsevier.

Figure 1.2 shows energy consumption as a quantity per source. It can be seen that
none of the fossil fuel sources underwent any decrease in consumption, despite the
appearance of the new ones (nuclear). In fact, all sources both fossil fuel and
renewable have steadily grown over years and can therefore be considered as
additions (rather than transitions), from the established technologies. Hence, new
energy sources have enabled a higher total energy consumption without in any way
replacing the non-renewable sources. While there can be many reasons why different
energy sources struggle to compete with each other, the evident constant growth can
be mostly explained by our current system, which is driven by everlasting economic
expansion and the pursuit of profit, and where environmental issues are of a

secondary nature.
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Figure 1.2. Total energy consumption (in exajoules) for various types of energy

sources. Reproduced with permission.!l Copyright 2019, Elsevier.

Reports claiming the existence of energy transition are not only deceptive but can be
harmful, since they provide the false impression that fossil fuels are in decline and we
are moving towards a sustainable future. This is incorrect.

There are many studies on how the dominance of fossil fuels can be threatened. For
example, an effective approach can be the reduction of tariffs on renewables, as
reported by Zeidan et al.l’l Specifically, the elimination of tariffs on technological
components such as cylindrical roller bearings in wind turbines can be essential for
the wind industry to compete with fossil fuels. If such approaches can expand towards
all types of renewable technologies, a significant price reduction could result, which is
a requirement for a potential shift in energy production. Nevertheless, reducing the
price of renewables does not necessarily mean that green energy technologies will
automatically replace the current technologies. There can be side effects that are

difficult to predict, because the global economy is based on oil consumption and trade
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where disruptions can result in economic crisis or recession. Furthermore, many
economies were established on trading crude oil, and such countries will fight against
any transitions as this could notably influenced their economic power. Transitions
should therefore start with the countries that have the biggest influence on the global
economy. Strategies should include a combination of tariff reductions, elimination of
fossil fuel subsidies, and research investments into the areas that could make the
biggest impact worldwide. Overall, the long-term cost of climate change will be higher

than the current transition into the sustainable future.

1.3 Solar Energy Conversion

Sunlight can be converted into electricity with the use of solar cells. During the last few
decades, this technology has exhibited major growth as a potential replacement for
the use of fossil fuels. However, compared to other alternative technologies, sunlight
electricity conversion is relatively novel and was first demonstrated around 60 years
ago.l®l Initially, the technology was used for space applications, as the industry
required an independent energy source for satellites. These first solar cells were very
expensive, and as such, only suitable for a niche market of space investigations. The
first turning point for the technology occurred in the 1970s with the oil crisis, which
fueled research into alternative energy sources. Consequently, solar energy
conversion became focus of investigations for terrestrial energy generation. The
advantages for the implementation of solar cells, for instance, power generation in
remote areas, were quickly recognized and the photovoltaic industry became

increasingly more popular.
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Next, came the emergence of applications where solar cells were commercially used,
for example, in calculators and watches, followed by interest in large-scale power
generation. In the 1980’s, the industry exhibited significant advances as silicon solar
cell efficiencies increased rapidly, up to 20%.°! While such values were demonstrated
for laboratory scale devices, larger active areas were less efficient. Over the next few
decades, research was aimed towards improving the efficiencies of larger panels and
eventually large-scale devices were brought to the market with efficiencies ranging
between 15 — 20%. Over time, other types of solar cells were also subject to

technological advances, as illustrated in Figure 1.3.
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Figure 1.3. NREL chart of the highest performing solar cells between 1975 and 2020

for different types of photovoltaic technologies. Figure courtesy of NREL, Colorado,
USA.

Technological advances in the photovoltaic industry made the technology feasible for
commercialisation, and new markets emerged, resulting in more applications that are

powered by the sunlight than ever before.['% The range of applications powered by
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solar cells is vast, from low energy solar calculators to solar power stations that can

produce several megawatts of energy.

Energy from the sun is the largest energy source available on Earth and could cover
a whole year’s energy consumption in one hour.[*1 While the total reserves of oil on
Earth total 1.7 x 10%? Joules of energy, the sun supplies the same quantity of energy
in less than a week.['? The majority of this energy cannot be harnessed, and the
amount that can be used is only relevant if it is converted into electricity or usable heat.
For this, the most critical parameters are the efficiency of a solar cell and the ability to

supply the energy at low cost.

There are many factors that influence the efficiency of a solar cell, however one of the
most important parameters is related to the ability of a material to absorb light. The
electromagnetic spectrum (Figure 1.4) consists of three main regions of radiation,

namely:

- Ultraviolet (10 nm < A <400 nm)
- Visible (400 nm < A <700 nm)

- Infrared (700 nm < A <1 mm).
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Figure 1.4. The electromagnetic spectrum showing all classes of frequencies.
Reproduced from. 3]

The electromagnetic spectrum in Figure 1.4 shows all classes of radiation, however
not every frequency range reaches the Earth’s surface. In general, solar radiation
received by the surface consists mostly of infrared (52 — 55%), visible (42 — 43%), and
ultraviolet (3 — 5%) wavelength regions, which extend from approximately 290 nm to
2.5 ym.¥! Electromagnetic radiation can be exploited to yield useful work via three

main physical mechanisms:

- Conversion to electricity (solar cells).
- Conversion to heat (thermal collectors).

- Conversion to fuel (photosynthesis).

Conversion to electricity occurs when sunlight hits the surface of a solar cell, and
photons are absorbed by the light-absorbing material. Consequently, an electron-hole
pair is generated by the internal electric field. An electron is excited and separated

from the ground state. The excited electrons must remain at the higher energy longer
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than the thermal relaxation time so they can be collected. Negative carriers (electrons)
are then collected at one contact and positive carriers (holes) in the ground state at
another. Subsequently, they both separately travel to the external circuit to do

electrical work until they recombine.

1.3.1 Overcoming the Challenges

As illustrated in Figure 1.3, many types of solar devices exist where the competition
between the technologies in terms of efficiency and stability is fierce. While particular
types, for example, silicon or copper indium gallium selenide (CIGS) solar cells, have
undergone successful commercialisation, other alternatives have not yet been so
prosperous. For this thesis, research and discussion is focused on two types: dye-

sensitized solar cells (DSSCs) and perovskite solar cells (PSCs).

DSSCs have not yet been so successful in terms of commercialization, as there are
many drawbacks that have to be solved before the technology can become
competitive on the market. As previously noted, in the field of solar energy conversion,
efficiency is the key. Therefore, solar technologies have to be high performing. DSSCs
were first reported by Gratzel et al.l!¥ in 1991. During the last three decades, there
have been more than one thousand publications in the field; however, the highest
reported efficiency of cells is still at =13%, which was obtained under laboratory
conditions.*® When large area devices were fabricated (DSSC modules), the
efficiency decreased to =8%.1*"1 Compared with silicon modules, which can achieve a
minimum of 10% efficiency and be stable for 25 years, current DSSCs cannot compete
with them. Moreover, the cost of electrical energy that is produced by silicon modules

is =0.66 $ per watt.'®l For DSSCs to be comparable to such a price range, the
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efficiency of a module would need to be between 13.6 — 17.6%.[18 In addition, DSSCs
suffer from stability issues, whereby the maximum reported outdoor stability was =2.5

years.[19.20]

Typically, an iodine-based liquid electrolyte is employed as a hole transport material.
This has several disadvantages that lead to the decrease in solar cell efficiency; for
instance, electrolyte degradation occurs in the course of the operation, which results
in an open-circuit voltage (Voc) decrease. This phenomenon is predominantly induced
by the TiO2 interface or a platinum (Pt) counter electrode. Consequently, the device
properties may change after long periods of operation, resulting in a performance
decline. While alternatives exist, for instance, carbon-based counter electrodes, they

are less favorable, and the efficiencies of non-platinum cells are even lower.[?4

Preferably, the fabrication of DSSCs should be performed in a low humidity, and
oxygen-free environment, since water vapors can degrade light absorbing dyes,
affecting the performance and stability of devices. As iodine-based liquid electrolytes
are volatile, there is a need for encapsulation. In the course of long-term operation
(15-20 years), it can be challenging to prevent a liquid electrolyte from evaporating
from the cell. Therefore, efforts were aimed towards replacing liquid-based electrolytes
with solid-state or gel alternatives.l??l While certain drawbacks can be solved by
employing such approaches, the efficiencies that were obtained were notably lower.
Compared with silicon or CIGS solar cells, DSSCs possess certain benefits (i.e. cost
of fabrication), however, for them to be competitive on the market, major

breakthroughs would still need to be achieved.

In contrast to DSSCs, PSCs can achieve high efficiencies (< 20% on a laboratory-

scale and < 15% on large modules) together with low cost fabrication, which renders
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this type more appropriate to compete with other technologies.[?324 However, they
exhibit other drawbacks that impede their rapid commercialisation. One of the major
concerns is related to the long-term stability.?! Silicon solar cells typically have an
efficiency degradation rate of 0.5% per year.[?! Therefore, for a new photovoltaic
technology to be competitive, the degradation rate has to be at least similar or even
lower. Currently, PSCs do not exhibit such stability levels, as the perovskite material
is prone to degradation. There have been many studies investigating mechanisms for
the degradation and one of the main reasons has been attributed to thermal heating.2¢]
During operation, a solar cell device is heated as a result of solar illumination, which
degrades the material. While certain perovskite structures are more thermally stable
than the others, obtaining a perovskite material that sustains no degradation in the
course of =15 years has proven to be a difficult task. There were reports that cation
engineering (using double or triple cation structures, which are more stable), or the
use of carbon electrodes instead of metal layers, can result in superior properties;

however, none of these approaches yielded an acceptable performance.?”]

In addition to temperature related concerns, other factors, such as UV light, moisture,
and hysteresis, all present additional elements that negatively influence the long-term
stability. While under dark conditions and low humidity, exposure to oxygen does not
represent a significant issue, whereas the presence of illumination can cause the
device to degrade.[?® Excited electrons in the conduction band can react with oxygen,
forming superoxide (Oz2’), which can react with organic species (e.g. CHsNHzs"), leading
to the formation of undesirable products.[?®) The major source of oxygen is the
atmosphere. However, as reported by Jung et al.[2% oxygen ions can also come from
the metal oxide layer (e.g. TiO2). Upon illumination, they can diffuse through to the

perovskite film and affect device’s stability. Nevertheless, the ability to fabricate high
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performing solar devices at such a low price presents a major advantage compared to
the established photovoltaic technology and if the stability issues can be resolved,

PSCs could significantly disrupt the solar market.

1.4 Nanomaterials for Solar Cells Applications

The performance of solar cells can be improved with the implementation of
nanomaterials. The optoelectronic properties can be manipulated via nanometer scale
engineering, which has led to a variety of different applications employing
nanomaterials. They can be synthesized in various different forms, including
nanoparticles (NPs), nanofibers (NFs), and nanocrystals (NCs).31 Due to the large
surface area to volume ratios, they exhibit different characteristics compared to their
bulky counterparts. If the radius of a nanomaterial is smaller than the exciton Bohr
radius, quantum confinement can be observed, which means that the band gap can
be modified as a function of size. This phenomenon has led to many practical uses,
for example, gold NPs were shown to act as superior labelling agents in the healthcare
industry.®? In the field of photovoltaics, the small sizes of nanomaterials can decrease
the level of charge recombination.338! Therefore, such characteristics make them
appealing for the use in solar devices with the aim to increase the efficiency. Their
advantages also include increasing or extending optical absorption profiles. Since the
control over the shape and dispersity of nanomaterials is related to synthetic
approaches, novel methods of preparation are becoming increasingly more important.
On the other hand, much work has been done on tuning TiO2. Several approaches
have been implemented, for instance doping TiO2 with n-type dopants with the aim of

increasing the number of free electrons and consequently improving the conductivity.
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Alternatively, p-type dopants can be introduced to increase the number of holes. TiO2
can be modified by altering synthesis approaches via the incorporation of other
nanomaterials.l®4 Contrarily, its oxygen vacancy content can be modified by calcining
precursors in different atmospheres.[® A lot of the prior research has focused on
replacing the n-type layer of TiO2 with other metal oxides, for example: SnOz2, NiO (p-
type DSSCs), Nb20s, and ZnO. While all these materials have similar band gap values

and are non-toxic, the most popular and widely employed semiconductor is TiO2.

1.4.1 Nanoarchitectures

A semiconductor layer (typically n-type) has a very important role within a solar device
configuration. For example, in DSSCs it provides a surface area for the attachment of
dye molecules. A greater surface area allows more dye to be absorbed, which results
in better performance. In contrast, the role of the n-type layer in PSCs is mainly related
towards the charge transport of carriers. While many types of 1D structures exist, NFs
will primarily be discussed in the course of this thesis, as this type was synthesized
and used for solar devices. As opposed to NPs that consist of grain boundaries and
traps (charge recombination centers), NFs can provide a direct pathway for charge
carriers due to their 1D morphology (Figure 1.5).[36] As there are many factors that
have an influence on charge diffusion, including porosity, pore size, orientation, and
crystallinity, it is essential to synthesize NFs with the right crystal structure and fewest
defects possible. Furthermore, compared to NPs, they exhibit properties such as
higher diffusion coefficients, longer electron diffusion length, and the ability to scatter
light more efficiently, all of which are advantageous for DSSCs.[¥] NFs are generally

known for low Brunauer-Emmett-Teller (BET) surface areas (a drawback in terms of
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dye loading), however by combining them in a composite with NPs or with the

implementation of doping, the BET surface area values can possibly be increased.[3!

.' One-dimensional

5 hv <
Nanoparticles nanomaterials ‘
|

| e M

€

Random walk Direct transfer

Figure 1.5. The comparison in terms of charge transport ability of NPs and NFs.
Reproduced from[¢ with permission from The Royal Society of Chemistry.

1.4.2 Quantum dot nanocrystals

Quantum dots are crystalline semiconducting NPs that have, during the last few
decades, attracted substantial research attention. There are many types, for instance
binary type II-VI, IV-VI, llI-V, ternary type, or the most recent class of perovskite
guantum dots with a typical stoichiometry (not the only one) of ABX3 (A = caesium, FA
(formamidinium), MA (methylammonium), etc., B = lead, tin, etc. and X = chlorine,
bromine, iodine). Compared to their bulk equivalents, quantum dots exhibit superior
optoelectronic properties that are required for lighting applications, such as high color
purity and high photoluminescence quantum yields (PLQYSs).2° Therefore, their main
applications include light-emitting diodes (LEDs), lasers, and photodetectors./l
Quantum dots are additionally a popular choice for use in solar cells for several
reasons; for example, their band gap can be conveniently tuned via size effects or

composition control, which in photovoltaics can be used to fabricate multijunction solar
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cells. In addition to their high molar extinction coefficients, quantum dots exhibit non-
conventional properties (the generation of multiple excitons) that can lead to

overcoming the Shockley-Quessier efficiency limit for single-junction solar cells.!*%

While lead or cadmium-based quantum dots have already been widely explored,
perovskite quantum dot nanocrystals (QDNCs) only emerged a few years ago. Their
characteristics were shown to be very different, whereby the main dissimilarity can be
pointed towards the defect tolerance. Despite years of investigation, old classes of
guantum dots were not successfully commercialized; however, the perovskite type has
shown to be more promising and has become the center of research attention

worldwide.[42

1.5 Nanomaterials and Solar Cell Characterisation

Many techniques exist that can be used for the characterisation of nhanomaterials.
However, the discussion presented in this work focuses on the ones that were

employed in the experimental chapters of this thesis.

Absorption spectroscopy is used to evaluate the absorption characteristics of
nanomaterials over a desired wavelength range. Since radiation varies as a function

of wavelength, the differences in intensity can be recorded on the spectrum.

Fluorescence spectroscopy is employed to investigate fluorescence (emission of light)
from a sample. This involves the use of a monochromatic light beam that excites the

sample, causing an emission that is then recorded by the instrument.

Morphological features of nanomaterials are usually investigated using scanning

electron microscope (SEM) or transmission electron microscope (TEM). One of the
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main differences between these two techniques is the interaction of electrons with a
sample. In TEM, electrons are transmitted through the sample to form an image, as
opposed to SEM where electrons are scattered on the surface, where, based on their
interactions with atoms of the sample, an image is produced. With TEM, more
characteristics from a sample can be obtained, such as crystallization, stress, and

morphology; with SEM, it is mostly morphological features that can be investigated.

The elemental composition of a sample can be analyzed using X-ray photoelectron
spectroscopy (XPS). This is a surface-sensitive technique that generally provides

information on elemental identification, quantification, and their chemical state.

For phase identification, X-ray diffraction (XRD) is used. This is a crystallographic
technique that involves a monochromatic beam of X-rays that diffract from a crystalline
sample into the detector. By measuring angles of the diffracted beams, an XRD pattern

is produced as a function of their intensities.

Similarly to XRD, Raman spectroscopy is also a light-scattering technique. However,
here, light interacts with chemical bonds within a material. Most of the scattered light
is of the same wavelength as the laser, however a very small percentage of it is at a
different wavelength, which is what is measured for a material’s characterisation.
Information that can be provided from this technique includes chemical structure,

phase, molecular interactions, etc.

The nature of chemical bonds in nanomaterials can be characterised by employing
Fourier-transform infrared (FTIR) spectroscopy. This is a technique whereby light
absorption across a range of wavelengths is measured. A non-monochromatic beam

interacts with a sample, and a machine measures how much of the light was absorbed
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at a specific wavelength, producing a FTIR spectrum of either light emission or

absorption over different wavelengths.

Information about physical or chemical phenomena, for instance, absorption,
desorption, and thermal decomposition can be revealed using thermogravimetric
analysis (TGA). In this technique, mass of a sample is measured as a function of the

temperature range where time of exposure can be selected.

To determine the surface area of nanomaterials, the BET method is usually employed.
This technique is based on the physical adsorption of gas molecules, which yields gas
adsorption isotherms at the boiling point of a gas. Nitrogen is typically employed as a
carrier gas, however other gases, for example argon or carbon dioxide, can also be
used. The choice of carrier compounds is not restricted to gases only, since organic
vapors are likewise used (dynamic vapor sorption). The process of adsorption is
caused by Van der Waals forces that are created between the adsorbent (a substance
that adsorbs others onto its surface) and adsorbate (a substance that is adsorbed on
a surface of another substance). The latter process is termed as physical adsorption,
as opposed to chemical adsorption that involves a chemical reaction between the two
substances. From the number of adsorbed species at a constant temperature (BET
isotherm), the BET surface area can be determined. There are six different types of
BET isotherms that can be obtained during the adsorption process, which are

illustrated in Figure 1.6.
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Figure 1.6. Six typical BET isotherms. Reproduced with permission.[*3l Copyright
2019, Wiley.

Photovoltaic performance of the solar cell device is evaluated by current-voltage (I-V)
and incident photon conversion efficiency (IPCE) methods. The I-V curve is normally
used to determine the power conversion efficiency (PCE) of the solar cell under light
irradiation. From the latter curve, the main photovoltaic parameters are obtained. It is
important to perform measurements under specified conditions to allow comparisons

of the results from different researchers around the world. On the other hand, IPCE
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correlates to the number of generated electrons divided by the number of incident
photons. This measurement reveals information about the optical absorption spectra
of the device and must align with the generated current as obtained from the |-V

curves.

1.6 Aim of this work

The aim of this thesis is to focus on researching the drawbacks that prevent the
commercialisation of solar energy technology. To address these issues,
nanotechnology was employed. Synthesized nanomaterials were characterised

and/or used in solar devices.

Chapter 2 focuses on the topic of DSSCs. The purpose of the work has been to
enhance the efficiency of solar devices with the implementation of gold NPs that were
separately added to the n-type layer. TiO2 NFs (a type of 1D nanomaterial) were used
in conjunction with the gold NPs. Their advantage of offering a direct pathway for light
generating carriers was combined with using gold NPs, which exhibit a localised
surface plasmon resonance (LSPR) effect. Since the former characteristic is not the
same for all NP sizes, the influence of different sizes was studied. While studies
investigating a range between 12 and 100 nm have already been performed, no one
has explored the sub-12 nm size range. By implementing a novel synthesis method,
the following sizes were produced: 5, 8, 10, and 12 nm gold NPs and separately
combined with TiO2 NFs with the purpose of using the material for DSSCs. The
intention of using a composite nanomaterial was to decrease the charge
recombination level, improve the reaction kinetics of oxidation and reduction (iodine

electrolyte), and to make use of the scattering effect enabled by gold NPs.
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In chapter 3, a similar composite nanomaterial was assembled, however, the gold NPs
were replaced with lanthanum and lithium ions, which are known to exhibit favorable
characteristics in the field of photovoltaics. The metal ions were (separately) directly
added to the precursor solution to produce NFs, which is a cost-effective approach.
The composite hanomaterial was then used to fabricate DSSCs and PSCs with the
aim of increasing their efficiency, and to study the influence of lanthanum and lithium
ions on the performance of different types of solar cells, when they are employed in a

n-type layer.

Lastly, in chapter 4 the work was expanded towards nanomaterial synthesis:
perovskite QDNCs were synthesized. With the use of novel ligands, the synthesis was
performed at RT (room temperature) conditions, in non-polar solvents, and without the
use of an inert atmosphere. This method yielded high-quality QDNCs with the
performance metrics in line, compared to the hot-injection route. This novel approach

is cost effective and can be used for upscaling.

At the end of the document, the results and discussion are summarized, together with

the description of novel findings that emerged from this research project.
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Chapter 2

The influence of different-sized gold NPs on dye-

sensitized solar cells
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2. Theinfluence of different-sized gold NPs on dye-

sensitized solar cells

2.1 Introduction

TiO2 belongs to the group of metal oxides that have been widely investigated as
semiconductors in the last few decades .14l As a result of its favourable characteristics,
for instance durability, environmental friendliness, and low price, TiO2 has been used
in a range of different applications.*>48l |t is known to be a n-type material because
the majority of charge carriers are electrons. Therefore, in the field of photocatalysis,
TiO2 has the ability to oxidize oxygen or organic pollutants, and its use for artificial
photosynthesis has been extensively investigated.’-%91 However, one of the main
discoveries for the application of this material is in photovoltaics.5? DSSCs were the
first type to have TiO2 implemented as an electron transport material, then followed by
other related photovoltaic technologies.®52 The morphology commonly used in such
configurations are TiO2 NPs. Despite the many advantages that NPs exhibit, they
suffer from the following drawbacks, which can negatively influence the performance
of solar devices, including: (i) limited charge transport due to the grain boundaries, (ii)
low absorption of high-wavelength photons and (iii) high charge recombination that is
related to the presence of grain boundaries.>®! With the aim to resolve these
drawbacks and consequently obtain higher efficiencies, a lot of research work has
been devoted towards improving the semiconductor photoelectrodes via
nanostructuring.¥ To complement this, 1D nanostructures have been particularly
popular since disadvantages related to the charge transport in NP based

configurations can be reduced by replacing them with 1D nanomaterials.®! Such
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nanostructures (i.e. nanotubes, nanowires, and NFs) possess higher diffusion
coefficients and longer electron diffusion lengths, which together with the light-
scattering characteristics (improved light harvest), can improve the performance of
solar cell devices. Moreover, 1D nanostructures can also offer a direct pathway for
electrons travelling through the semiconductor layer to the conductive substrate.®3 To
synthesize NFs, electrospinning is typically employed, which is a cost-effective and
straightforward method that allows the preparation of various types of nanomaterials.
While NFs produced via this approach are typically randomly oriented, it is also
possible to electrospin them in an aligned orientation.5¢! The latter configuration
exhibited certain advantages. For instance, compared to randomly distributed NFs, it
improved photoluminescence quenching, which was attributed to better charge
separation efficiency leading to enhanced PCE. On the other hand, Du et al.l]
investigated DSSCs with both TiO2 and ZnO NFs and showed higher efficiency
compared to single type NFs. Since a significant disadvantage of NFs is their low BET
surface area, there were reports that utilised both, e.g. NPs and NFs. As shown by
Wang et al.[’8], the combination improved the photovoltaic performance. It should be
noted that during the electrospinning process, there is an effect of humidity on the
properties of NFs, which was explored by Tikekar et al.5% It was reported that extreme
conditions in terms of relative humidity (RH) are not favorable as this inhibits the fibre

formation.

On the other hand, the addition of noble metal nanostructures to the semiconductor
layer of DSSCs was also shown to be a successful approach for improving the
performance of related devices.[®¥ Noble metal NPs have various advantages and
consequently they have been widely studied for implementation in different types of

applications. Amongst several types of metal NPs, gold NPs have shown to be
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particularly beneficial as a result of effects that include: light-scattering and emission,
local field enhancement, and facilitation of the separation of charges and their
transfer.[61621 However, such characteristics can only be achieved in DSSCs by
modification of their constituent components. For instance, to enhance the
performance of DSSCs, previous studies have noted methods such as; (i) the addition
of gold NPs inside thin films (light-scattering effect), (ii) the inclusion of gold NPs to the
light absorbing films to improve light harvest, and (iii) doping of n-type layers to
enhance charge transport characteristics of films.[6263] The plasmonic properties of
gold NPs are tunable, which enables their wide usage in photovoltaic devices.
Therefore, in the field of DSSCs they have been incorporated into different layers of
the device configuration.[®4 However, despite being incorporated into the transparent
or a scattering layer, the improved characteristics commonly originated from the better
photocurrent density.[®2 While previous studies have suggested that enhanced
photocurrent density was a result of higher dye-uptake due to the improved surface
area coverage, recently the phenomenon was attributed to their plasmonic
effects.l626% |n addition, the amount of gold NP loading into the DSSC system, also
plays an important role in the resulting performance. Specifically, an excess can act
detrimentally, causing interactions with the electrolyte or leading to higher degree of
charge recombination, which negatively influences the performance metrics. It was
determined, that additions above 1 wt% lead to the increased probability of
aggregation of NPs (gold or silver) and the semiconductor film.[®¢] Despite the light
absorbing characteristics of gold NPs, a light absorbing compound that can cover a
large portion of the visible range is also needed for a sufficient light harvest of related
photovoltaic technologies. For the application in DSSCs, a ruthenium-based dye

(N719) with a strong absorption band at 530 nm is traditionally employed. It should be
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noted that non-ruthenium-based alternatives also exist, however they are not as
efficient.l8”1 Gold NPs sized between 5 and 50 nm exhibit strong plasmonic resonance
in the range 515-540 nm, which aligns well with the N719 dye. In addition to the
amount added, the size of gold NPs also has an important impact on the DSSCs
performance. As reported by Wang et al.l62, the separate addition of 5, 45, and 110
nm gold NPs results in different efficiencies. Particularly, 45 nm sized gold NPs
showed the highest values of photocurrent. Such a phenomenon was attributed to the
absorbance characteristics of 45 nm gold NPs that had the best overlay with a N719
dye. Therefore, the LSPR effect was the strongest for this combination, resulting in
enhanced light absorption and consequently high short-circuit current density (Jsc).
Nevertheless, the overall PCE was shown to be the highest for DSSCs with 5 nm gold
NPs.1621 While smaller sized NPs exhibit a reduced scattering cross-section compared
to a larger size, collectively, they can still scatter the same, or even more than a single
large gold NP. On the other hand, they show higher light absorption (absorption cross-
section). Such features can have a beneficial influence on electron collection and
therefore on the overall values of PCE. Typically, the combination of gold NPs and
TiO2 for photovoltaic technologies includes larger sized NPs, where smaller sizes are
considered to have photocatalytic properties.8 To synthesize < 12 nm gold NPs, the
use of non-conductive capping ligands is usually required; for instance polyvidone,©°]
poly(oxyethylene),®? polymeric stabilizers,[”® or thiol moieties.[’] The use of such
insulating ligands is typically limited in devices that require good charge transport
characteristics. However, as reported by Puntes et al.,[’? below 12 nm gold NPs can
also be synthesized without the employment of the aforementioned ligands, making

them suitable for use with TiO2 photoelectrodes.
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In this research, the beneficial properties of the two types of nanomaterials (TiO2 NFs
and gold NPs) were combined and used to fabricate TiO2 photoelectrodes. In this
configuration, the aim of TiO2 NFs was to scatter light, and the purpose of the gold
NPs was the LSPR effect, as seen in Scheme 1. The utilization of TiO2 NFs and
different sized < 12 nm gold NPs for the investigation of the performance of DSSC,
has been monitored to discover the optimal size limit for efficiency improvement in
DSSCs. A simple route to fabricate TiO2 NFs and combine these nanomaterials with
size controlled below 12 nm gold NPs is presented below, where the combination is

used for a scattering layer in a DSSC film configuration.

Limivyvwvi

Scheme 1. Schematic depiction of a TiO2 photoelectrode used for DSSCs. The layers
in a configuration are represented by: (I) FTO glass, (ll) a transparent layer of TiO2
NPs, (Ill) a light-scattering layer of gold NPs-NFs, (IV) a light-absorbing layer of N719
dye, (V) electrolyte and (V1) FTO/Pt counter electrode. Reproduced with permission.[”3!

Copyright, 2018 Elsevier.
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2.2 Experimental Section

All compounds for this study were obtained from Sigma Aldrich unless otherwise

specified.

2.2.1 Synthesis and growth of gold NPs

The synthesis of gold NPs was achieved in accordance with the method previously
published by Puntes et al.l’?l In summary, a 150 mL water solution of trisodium citrate
anhydrous (2.2 mmol/L), consisting of 0.1 mL of gallotannin (2.5 mmol/L) and 1 mL of
carbonic acid dipotassium salt (K2COs, 150 mmol/L) was calcinated to 70 °C under
magnetic stirring. After the solution was heated to 70 °C, 1 mL of hydrogen
tetrachloroaurate (HAuCls, 25 mmol/L) was introduced and consequently the colour
immediately turned from transparent, to black, to soft pink. This remained at 70 °C for
an additional 10 minutes to achieve the total reduction of tetrachloroaurate. At this
point, a small portion of the solution was separated and characterised, employing
UV/Vis and TEM to confirm synthetization of 5 nm sized gold NPs (their size always
refers to their diameter). Other sizes of gold NPs (8, 10, and 12 nm) were additionally
obtained from the vial with 5 nm gold NPs. To achieve this nucleation, the vial was
decreased in concentration by first removing and then adding 55 mL of the same
amount of aqueous solution of sodium citrate as described previously. The diluted
solution then underwent heating treatment to 70 °C, followed by two additions of 0.5
mL tetrachloroaurate solution (25 mmol/L) at 10-minute intervals. The same nucleation

steps were also undertaken for other particles sizes. The concentration of synthesized
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solutions was =7 x 103 NP mL. Each size was determined by counting 100 different

Au NPs from that specific batch in an image processing program (ImageJ).

2.2.2 Preparation of TiO2 NFs

TiO2 NFs were produced following the method by Macdonald et al.[®¥ In a typical
procedure, a sol-gel solution was prepared by combining tetrabutyl titanate (0.5g), a
polymeric binder (1-ethenylpyrrolidin-2-one — PVP, 1g), and ethyl alcohol (10 mL). This
sol-gel solution was then used to electrospin TiO2 NFs. It is noteworthy, that first PVP
has to be properly dissolved in ethyl alcohol by 24-hour vial stirring, before tetrabutyl
titanate is added. If the latter compound is added before the complete dissolution of
PVP, white agglomerates form in the solution, which cannot be used further. For
electrospinning of the TiO2 sol-gel precursor solution, a voltage of 10 kV with a flow
rate of ImL h'! was used. The collection plate, consisting of an aluminium cover, was
maintained in the range of 20 cm. After a sufficient amount of the product was
produced, fibre mats underwent a pyrolysis treatment to remove a polymeric binder

(PVP) at 500 °C for a few hours, resulting in a polymer-free TiO2 NFs.

2.2.3 Preparation of TiO2 NF photoelectrodes

To prepare control TiO2 NF photoelectrodes, TiO2 NFs (0.5 g) and ethanol (20 mL)
were blended together, followed by sonication until no solid clusters of NFs were
observed. This took approximately 2 hours, resulting in a homogeneous NF
suspension. This solution was combined with 2 mL of terpene alcohol, followed by

additional =15 min sonication. To prepare a slurry of TiO2 NFs suitable for a
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photoelectrode deposition, ethanol was removed by rotary evaporator. The resulting
paste was subsequently used to deposit a second layer of DSSC architecture. The
first layer had been deposited from a commercially available paste (Dyesol) of TiO2
NPs on a conductive glass substrate (FTO). The glass substrates subsequently
underwent calcination at 500 °C for the purpose of the suitable crystal phase
formation, and the elimination of all organic compounds that were present in a paste
of TiO2 NPs. It should be noted that the heating to 500 °C was achieved via intervals
of 10 min at 150 °C, 10 min at 325 °C and 30 min at 500 °C. Next, the photoelectrodes
underwent treatment in tetrachlorotitanium (TiCla, 40 mmol/L) aqueous solution for 30
min at =80 °C. The glass substrates were later rinsed with deionized water, followed
by pyrolysis at 500 °C as described before. Afterwards, the second layer of TiO2 NFs
(the paste described earlier) was deposited on top of the first layer of TiO2 NPs using
a doctor blading technique. Finally, the glass substrates were once more exposed to
pyrolysis at 500 °C, resulting in TiO2 layers with the appropriate crystal structures, but
without the presence of any organic compounds. For the photoelectrodes that
consisted of different-sized gold NPs (0.5 wt% - determined solely from the mas of
TiO2 NFs), every patrticle size (8, 10, and 12 nm) was added to the NF paste, followed
by the same procedure as described earlier. It is noteworthy that gold NPs were added
only to a light-scattering layer of TiO2 NFs. As previously reported by Kim et al.l6¢! the
loading of 0.5 wt% of gold NPs was determined to be optimal for light conversion
efficiency in similar systems. The amount of loading remained unchanged for all

photoelectrodes fabricated in this study, and their total cell area was 0.125 cm?.
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2.2.4 Fabrication of dye-sensitized solar cells

Directly after sintering, when photoelectrodes were still warm, they were immersed in
an ethanol solution of a Ru-based dye for 20 hours in a light insulated box. The dye
solution was prepared by dissolving Di-tetrabutylammonium cis-
bis(isothiocyanato)bis(2,2'-bipyridyl-4,4'-dicarboxylato)ruthenium(ll) dye, also known
as N719 (Solaronix, 0.5 mmol/L) in an ethanol solvent. After sensitisation, the area of
the photoelectrodes covered with TiO2 layers (0.125 cm?) changed colour from white
to dark purple and was subsequently rigorously rinsed with ethanol to eliminate any
solid dye aggregates from the sensitisation process. Afterwards, these
photoelectrodes were pressed onto commercially available counter electrodes that
consisted of a layer of a platinum metal (Dyesol) and were enclosed with a polymer
adhesive (Dyesol, MS004610). They were placed in a hot furnace (=110 °C) for =12
min to melt the adhesive polymer between the photo and counter electrodes. Finally,
the electrolyte was introduced between the secured and tight electrodes using a
desiccator connected to the vacuum. The electrolyte was pre-made and consisted of
diiodine (l2, 0.05 mol/L), lithium monoiodide (Lil, 0.1 mol/L), 1-propyl-2,3-
dimethylimidazolium iodide (DMPII, 0.6 mol/L), and 4-tert-Butylpyridine (TBP, 0.5

mol/L) in cyanomethane solvent.

2.2.5 Details of instrumentation used

UV/Vis measurements were carried out with a Perkin ElImer Lambda 950 instrument
(measurement interval was 1 nm). SEM was performed with a Carl Zeiss XB1540

Cross-Beam Focused-ion-bean microscope. For TEM, a JEOL 2010 TEM operating
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at 200 kV was used, where images were compiled with Gatan Digital Micrograph
software. Dimensions of NPs were determined using ImageJ software. For XRD
measurements, a Bruker D8 Discover X-ray diffractometer with a single wavelength
Cu Ka1 and Cu Ka2 emission (wavelengths of 1.54056 and 1.54439 A) was
implemented. For the XRD data analysis, CrystalDiffract software was used where the
obtained data was compared to the ICSD standard dataset. XPS was executed on a
Thermo Scientific K-alpha photoelectron spectrometer with a single wavelength Al-Ka
emission. The C 1s (285 eV) was the charge correction benchmark where the data
was analysed in CasaxXPS software. Measurements were performed by producing a
monatomic depth profile of the sensitized areas, via an ion beam to etch the surface
coverage. The process of etching took place for 400 sec resulting in 100 nm

penetration of the top area.

2.2.6 Photovoltaic characterisation

DSSCs were characterised under AM 1.5 standard spectrum conditions where a LOT
calibrated solar simulator was used with an integrated xenon lamp. DSSCs were
attached to a Keithley 2400 source meter for data collection. I-V curves were obtained
with a halogen lamp connected to a frequency of 188 hertz through a Newport
monochromator; a 4-point probe in connection with a lock-in amplifier. The single
wavelength laser was adjusted using a silicon (Si) photodiode, and the results were

evaluated using Tracer 3.2 software to obtain the (IPCE) ratios.
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2.3 Results and Discussion

2.3.1 Materials characterisation

To examine changes between different batches of gold NPs, they were characterised
using UV/Vis and TEM, as can be seen in Figure 2.1. Batches corresponding to size
increase of gold NPs, exhibited a bathochromic shift in absorbance (Figure 2.1a),
which is in agreement with the literature.[’d The LSPR peak for different sized (5 to 12
nm) gold NPs were located at 514, 515, 517, and 518 nm respectively, where all had
similar values of full-width at half maximum (fwhm). The concentration of solutions of
gold NPs was =7 x 1013 NPs mL*. The LSPR peaks for gold NPs slightly overlap,
compared to a solution of a N719 dye. Therefore, any increase in light harvesting
capabilities of photoelectrodes containing gold NPs, can be a characteristic of their
plasmonic effect. The size distribution of gold NPs in their related batches was
determined using TEM, and different points on the TEM mesh were analysed. It was
determined, that the average sizes of gold NPs, referred to here as 5, 8, 10, and 12
nm, were as follows, and the standard size deviations (o) are shown in brackets: 5.3
nm (o =10.3%), 8.8 nm (¢ =8%), 10.4 nm (o =7.5%), and 12.3 nm (o =8.4%),
respectively. Figure 2.2 illustrates TEM images of gold NPs that were taken from
various areas of the TEM grid and used for the particle size analysis. Furthermore,
TEM was also used to investigate shape and crystallinity of gold NPs (Figure 2.1b). It
was determined that they exhibited a spherical shape with a separation between lattice
planes of 0.23 nm, which corresponds to the {111} crystal plane of gold.[’¥ The gold
NPs also showed stability since they remained distributed in the solution for many

weeks, and no signs of agglomeration or precipitation occurred.
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Figure 2.1. (a) UV/Vis absorption spectrum of aqueous solutions of gold NPs (5, 8,
10, and 12 nm size) together with a N719 dye. (b) HR-TEM images of gold NPs,

validating their high degree of crystallinity.
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Figure 2.2. TEM images used for the size analysis of (a) 5 nm, (b) 8 nm, (c) 10 nm

and (d) 12 nm gold NPs, respectively. Based on these images, an average size

distribution for a particular batch was determined to be (a) 5.3 nm (o0 =10.3%), (b) 8.8
nm (0 =8%), (c) 10.4 nm (0 =7.5%) and (d) 12.3 nm (o =8.4%) with the corresponding

standard size deviations in brackets.
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To implement TiO2 NFs for DSSCs, screen printable pastes were made as discussed
previously. Different-sized gold NPs were separately incorporated into the pastes,
which were then doctor bladed on top of an initial layer of TiO2 NPs and labelled as a
light-scattering layer. The layers were assembled on a conductive transparent
substrate (FTO glass). A significant drawback related to the use of 1D nanomaterials,
such as NFs in DSSCs, is their BET surface area, which is related to the diameter of
NFs, where it decreases as a function of the diameter increase. However, compared
to NPs it is notably lower. Therefore, the purpose of a transparent layer that consisted
of smaller sized NPs was to provide sufficient area for the incorporation of dye
molecules. Scheme 1 (see above) shows the DSSC configuration that was used in
this study. Since the optimal thickness for both layers is critical to achieve high
performance in DSSCs, a cross-section SEM image of the photoelectrode used for
DSSCs was obtained and is illustrated in Figure 2.3a. It was determined that the total
thickness of both layers was 13 um, which is optimum for the production of efficient
DSSCs. The photoelectrodes consisted of three main parts (labelled in Figure 2.3 as
[, I, and IIl); I indicates FTO glass, Il is related to the 8 uym thick transparent later of
TiO2 NPs, and lll represents the 5 pm light-scattering layer of TiO2 NFs. The thicker
layer provided the surface area for the dye attachment, while the thinner light-
scattering layer improved sun harvesting via a light-scattering effect. To investigate
the diameters of TiO2 NFs, a high-resolution (HR) SEM image of a light-scattering
layer is shown in Figure 2.3b. The diameters were determined to be between 200 and
700 nm, while the length was several um long. Although efforts were focused on the
detection of gold NPs, they were not found to be visible via SEM. This was associated
with their quantity, since the amount added was only 0.5 wt%. However, in an attempt

to identify them, HR-TEM images were investigated. Figure 2.3c shows the elemental
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mapping of the photoelectrode. Although challenging, in order to reveal a single gold
NP embedded in TiO2 NFs, these gold NPs were undoubtably confirmed, as illustrated

with the corresponding colour of the mapped elements.

= —_ e e —"
A [ 100 nm . 100 nm

Figure 2.3. (a) Cross-sectional SEM image of a photoelectrode used for DSSCs. The
numbers assigned to each layer present: | = FTO glass, Il = transparent layer of TiO2
NPs, Il = light-scattering layer of TiO2 NFs. (b) HR-SEM image of TiO2 NFs with added
gold NPs. (c) TEM image of a TiO2 photoelectrode containing gold NPs with elemental
mapping inset. The corresponding images present mapped elements - gold is
represented by green, and titanium by red, respectively. Reproduced with

permission.[”3l Copyright, 2018 Elsevier.
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Further characterisation about the embedment of gold NPs within the TiO2 NFs was
carried out using XPS. The NPs were successfully detected, as illustrated in Figure
2.4. To confirm that they were also present inside the material, a monatomic depth
profile of the photoelectrodes was performed. This included the etching of the surface
layers of the photoelectrode with a calibrated ion beam for 400 sec, which resulted in
penetration in the range of =100 nm. Such measurements revealed sub-surface
information of the photoelectrodes, where gold NPs were added. Since NFs consisted
of TiO2, Ti 2p peaks were present at binding energies of 464.2 eV and 458.5 eV,
corresponding to Ti 2pw2 and Ti 2ps;2 spin-orbit components, respectively (Figure
2.4a). Moreover, gold NPs were successfully detected with binding energies present
at 83.7 eV and 87.5 eV, corresponding to Au 4fzz2 and Au 4fs2, respectively (Figure
2.4b). Such spin-orbit splitting of 3.8 eV is typical for gold in 4f regions. Since the
binding energies can reveal information about the oxidation states of elements, the
positions of the peaks were compared with the reports in the literature. For gold NPs
present on TiOz, previous studies have reported that for Au* 4f72 and Au®* 4f72, there
is a notable shift in the direction of higher binding energies, namely 84.4 eV and 86.5
eV, respectively.[’>781 Compared with the results of this study, only one species at 83.7
eV was present (Figure 2.4b). Since the metallic gold is commonly present at 84.0 eV,
the peaks obtained from the photoelectrodes with added gold NPs can be attributed
to the gold in zero oxidation state. While a negative shift of 0.3 eV is present for gold
4f712, it can be associated with the strong interaction between the gold NPs and TiO2
NFs.l’®l As can be observed from the XPS data (Figure 2.4b), the gold 4f spectrum
showed to be rather noisy. However, this was attributed to the low amount of added
gold NPs (0.5 wt%) and has already been reported elsewhere.[®3 TiO2 material can

exhibit various types of crystal structures (brookite, rutile, anatase).** To gain insights
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on what type was present in photoelectrodes, and whether the addition of gold NPs
caused any alterations, XRD analysis was performed. The results revealed that the
anatase crystal phase of TiO2 was present, which was confirmed based on the
standard XRD reference patterns (JPCDS card number 9852), as can be seen in
Figure 2.4c. Additional signals, not identified as the same phase, can also be observed
on the XRD pattern. Since TiO2 layers were deposited on FTO glass (photoelectrodes
were used for the measurements), these signals were assigned to the FTO layer. As
noted by other researchers,””! peak shifting can occur if metal NPs are incorporated
into the TiO2 framework, however in analysing the XRD results of this study, no peak
shifting was observed. Furthermore, due to the low concentration of gold NPs, no
characteristic XRD diffraction peaks were detected. On the other hand, if the gold
content was higher or if their particle sizes were larger, changes could potentially be

observed.[78
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Figure 2.4. XPS spectra for (a) Ti 2p and (b) Au 4f of a photoelectrode containing gold
NPs. (c) XRD patterns for photoelectrodes with and without gold NPs. Standard
anatase TiO2 phase is shown at the bottom in grey (JPCDS card number 9852).

XRD is usually implemented for studies of long-range structural arrangements,
chemical composition, and physical characteristics of various types of materials.["®l
However, to acquire information about the absorbance properties of photoelectrodes,
UV/Vis measurements were performed. As opposed to the UV/Vis absorption
spectrum for solutions of gold NPs (Figure 2.1a), no LSPR peaks appeared for
photoelectrodes with added gold NPs (Figure 2.5a). This was attributed to the low

concentration present (0.5 wt%), which did not cause any significant changes. To
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investigate if gold NPs had any influence on the band gap values of the
photoelectrodes, a Tauc plot was employed (Figure 2.5b). It was determined that the
addition of gold NPs did not alter the band gap values of the photoelectrodes, since
the same value, i.e. =3.15 eV was obtained for both samples. Additionally, optical
characterisation was also performed using Raman spectroscopy (Figure 2.5c).
Independent of the sample, TiO2 Raman active vibration modes Eg (143 cm™), Aig
(395 c1), B1 (514 cm™), and an overtone at Eq (639 cm™) were recorded. The same
technique also confirmed the TiO2 anatase phase for photoelectrodes with and without
gold NPs, via the identification of the vibrational mode Eg (143 cm™). It is noteworthy
that lower signal intensity and marginal peak expansion was observed for the
photoelectrodes with gold NPs, which was attributed to their addition.[”® To validate
such interactions, measurements were conducted at various points on the surface of
the photoelectrodes, with the result that all of them gave the same conclusions (the
height for both samples was kept constant during all measurements). Therefore, the
results indicated that gold NPs were responsible for a minor increase of crystal
imperfections within the framework.["®! As reported by Li et al.,[”®! these defects could
be beneficial with regards to capturing photoelectrons and decreasing charge
recombination. Furthermore, since gold is known to exhibit great conductivity
properties, its presence in the framework can facilitate photoelectron transfer, which

consequently reduces the level of charge recombination.
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Figure 2.5. (a) UV/Vis absorption spectra for photoelectrodes with and without gold
NPs. (b) Tauc plot as calculated from the UV/Vis absorption spectrum indicating their
band gap values. (c) Raman spectra for photoelectrodes with and without gold NPs.

The inset shows the Raman shift region between 100 and 180 cm™.

2.3.2 Photovoltaic characterisation

Photoelectrodes containing different sized gold NPs (5, 8, 10 and 12 nm), and a control
without them, were assembled into DSSCs and evaluated for their photovoltaic
operation under the AM 1.5 standard spectrum conditions. For every fabricated batch,
a separate synthesis of Au NPs was performed, including size measurements via
TEM. On the other hand, TiO2 NFs were synthesized in one batch, which was then

used for all device fabrications. All steps during repeated fabrications remained
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identical. Together with current density-voltage (J-V) plots, external quantum
efficiency (EQE) was also measured, which can be seen in Figure 2.6. The
corresponding photovoltaic parameters that were obtained from the J-V plots are given
in Table 2.1. EQE plots (the ratio of charge carriers accumulated by the solar cell to
the number of monochromatic photons that strike the solar cell from outside, not
considering photons that reflect) were obtained between the wavelengths of 400 — 800
nm. It is noteworthy that in Table 2.1, only the highest performing DSSCs are
tabulated. As is illustrated, the highest performing control DSSCs (no addition of gold
NPs) exhibited Jsc of 15.8 mA cm?, a Voc of 757.9 mV, fill factor (FF) of 54.7%, and
an overall PCE of 6.5%, respectively. In contrast, the addition of gold NPs improved
the photovoltaic parameters of DSSCs, and the optimal size was resultant as 8 nm.
The best performing device, containing 8 nm gold NPs, exhibited Jsc of 17.3 mA cm-
2, Voc of 745.7 mV, FF of 61.8% and PCE of 8%. The enhancement of PCE compared
to the control was approximately 18.7%, which was due to better Jsc and FF, and is in
agreement with the previous studies.!8%81 The value of Jsc improved by 8.7%, and FF
improved by 11.5%. The presence of 5 nm sized gold NPs also appeared to have a
beneficial effect on the same photovoltaic parameters (Jsc and FF). In contrast to this,
DSSCs containing 10 and 12 nm gold NPs displayed lower Jsc values, while FF was
still higher compared to the control devices. The advantage of photoelectrodes
containing 5 and 8 nm gold NPs was associated with their favourable surface areas.!®®!
As reported in the study of Wang et al.,[®? the inclusion of gold NPs in the TiO2
photoelectrodes, generates two features (light-scattering and the LSPR effect) that
both have a beneficial impact on the performance of solar cells, resulting in the PCE
increase. However, such characteristics are susceptible to the different sizes of gold

NPs. Previous studies where gold NPs (0.2 wt%) were added to TiO2 NPs, have
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reported a Voc increase with decreasing particle sizes.!62l While the results illustrated
in Table 2.1 do not show the same trends, the discrepancies were attributed to the
different amount of gold NPs added, which influenced the fermi level (EF) of TiO2
differently.l¥2 Since the band gap values were not influenced by the addition of gold
NPs, as discussed previously (Figure 2.5b), such trends were also anticipated. In
addition, it would be difficult to observe any influence of such small sized gold NPs,

where in other studies bigger sizes were added.6?

When compared with DSSCs without gold NPs, their addition noticeably increased FF
for all the added sizes. Such a phenomenon has already been reported, where it was
attributed to the reduction in charge recombination.l628% The presence of gold NPs
leads to longer electron lifetimes (free electrons spend more time in the conduction
band (CB)), which is beneficial for solar cells since this reduces the level of charge
recombination. Nevertheless, bigger sized gold NPs decrease electron effective
lifetime and the recombination resistance, which supports the trends in Table 2.1.[62
Despite this, compared to the control DSSCs, the total PCE was higher for all gold
NPs sizes. Specifically, for 5 and 8 nm sizes this was mainly due to the increase in Jsc
and FF, while for 10 and 12 nm sizes it was generally due to the better FF. To gain
additional information on the trends of Jsc, EQE measurements are presented in
Figure 2.6b. As anticipated, the addition of 8 nm gold NPs resulted in the highest EQE
value of 73%, which is a 13% increase compared to the control DSSCs. Therefore,
this suggests an improvement in light harvesting, and results in the overall
enhancement of PCE. Additonally, a minor bathochromic shift in the EQE peak
maximum can be observed for DSSCs containing gold NPs. This red shift was
attributed to the improved light absorption of the combination of gold NPs and dye

molecules (N719), where gold NPs caused a slight shift towards the higher band gap
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energy levels.[5% The enhancement of light absorption towards the higher wavelength

range has already been reported elsewhere, where gold nanostructures were added

to the scattering layer of a solar cell configuration. 83!
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Figure 2.6. (a) J-V results for control and gold NPs containing DSSCs. The

characterisation was undertaken under 1.5 AM (air mass) solar irradiation. The J-V

curves were obtained by sweeping between 1.0 V and -0.2 V. (b) EQE spectra of

control and gold NPs containing DSSCs.

Table 2.1 Photovoltaic parameters extracted from the J-V curves for the highest

performing DSSCs. The table shows 5 different devices.

DSSC Jsc (MA cm) Voc (mV) FF (%) PCE (%)
Control 15.8 757.9 54.7 6.5
5nm gold 16.1 763.4 62.9 7.7
NPs
8 nm gold 17.3 745.7 61.8 8.0
NPs
10 nm gold 14.5 758.9 63.9 7.0
NPs
12 nm gold 13.5 761.7 65.6 6.7
NPs

To justify the results discussed in this report, five separate batches of DSSCs were

fabricated. The average photovoltaic performance, together with their standard errors,
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are illustrated in Figure 2.7. Trends in photovoltaic parameters did not change
compared to the best performing DSSCs in Table 2.1, indicating high reproducibility
of results. The averages are depicted between their maximum and minimum values
(JIsc, Voc, FF, and PCE) and the standard error has been represented as error bars.
While Jsc and FF exhibited reasonable low standard error, the values of Voc resulted
to slightly fluctuate for all types of DSSCs. This was associated with the nature of
iodine-based electrolytes that are known to be evaporative and temperature
susceptible. Due to the notable Jsc and FF increase, the average PCE for DSSCs with

added 8 nm gold NPs was enhanced by 20%.
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Figure 2.7. The average values for (a) Jsc, (b) Voc, (c) FF, and (d) PCE of fabricated
DSSCs. The averages were obtained over 5 individual batches of DSSCs and the

standard error is illustrated as error bars.
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To further investigate trends of photovoltaic parameters, average shunt (Rsn) and
series (Rs) resistances determined from the J-V curves are presented in Table 2.2. Rs
has the main influence on FF, where high values are not advantageous. If Rs is very
high, this can also be detrimental to Jsc. It was found that for DSSCs containing 5, 8,
and 10 nm gold NPs, Rs decreased compared to the control. Among them, the lowest
value was determined for DSSCs with 8 nm gold NPs, which agrees well with its
highest photovoltaic performance. In contradiction with this, DSSCs containing 12 nm
sized gold NPs exhibited the highest Rs. While this did not result in low FF, such a
high value influenced Jsc and was consequently the lowest. On the other hand, it was
reported that gold NPs can display catalytic characteristics.[® Therefore, this can also
have an influence on Rs, and the decrease may indicate that 5, 8, and 10 nm gold NPs
were successful in catalysing the following oxidation reaction (occurs after dye
molecules are oxidized and hence have to be reduced to prevent charge

recombination).

3 5 + 2e 2.1)

As the catalytic characteristics of gold NPs are size dependent,[8% 12 nm gold NPs
could have resulted in being less effective. On the other hand, Rsn can influence Jsc
and Voc. Low values of Rsn increase power losses due to an alternate current path for
the light-generated charge carriers. Therefore, current going through the solar cell is
decreased together with voltage from the solar cell. The impact is particularly severe
when the generated current of a solar cell is low. Nevertheless, the results illustrated

in Table 2.2, did not show any trends in RsH, as the values were scattered within an
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order of magnitude. As the results indicate, Voc for all types of DSSCs remained
relatively coherent. For that reason, Rsu did not have notable influence on the
performance, whereas the opposite applies for Rs. Therefore, trends in PCE for
DSSCs containing gold NPs, can be together with other factors also attributed to the
values of Rs. In addition, characterisation about the dye uptake properties of DSSCs
containing different sized gold NPs was also undertaken, as can be seen in Table 2.2.
However, results indicate that their addition did not have any influence on dye
desorption, since the dye loading of photoelectrodes was within a similar range. These
conclusions agree with other studies in the field, where it has been reported that the

gold NP size or concentration have little impact on the dye uptake.[62:80

Table 2.2 Average RsH and Rs that were determined from the J-V curves for different
types of DSSCs.

DSSC RsH (Q cm™) Rs (Q cm?) Dye uptake (ug)
Control 365 12.6 135

5 nm gold NPs 765 10.3 130

8 nm gold NPs 433 9.6 132

10 nm gold NPs 530 9.8 131

12 nm gold NPs 826 13.5 132

The addition of below 12 nm gold NPs to the scattering layer of DSSCs was shown to
be beneficial and progress was noted in various aspects. As a result, the performance
increase for DSSCs was notable and the PCEs were some of the highest ever reported
for a pristine TiO2 NF-based scattering layer. Nevertheless, the performance did not
exceed values reported in the study by Chuangchote et al.,[®8 where their highest PCE
was 10.3% for a solar cell area of 0.05 cm?, and 8.14% for a solar cell area of 0.25

cm2, It should be noted that their DSSC configuration exhibited a thick 15 um layer of
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TiO2 NPs and a 1 uym thick layer of TiO2 NFs, which is quite different compared with
the thicknesses in this study. This suggests that their main performance enhancement
was a result of a NP layer that provided huge surface area for the dye uptake. In
addition, Naphade et al.,!®% also added gold NPs to TiO2 NFs, which resulted in a PCE
of 7.8%, a 15% improvement compared to the control DSSCs (a similar range as
reported in this study). However, compared with the work discussed here, they did not
mention the gold NPs size-dependent relationship. In this study, an assessment was
performed between the precisely controlled < 12 nm gold NP sizes and their impact
on the performance of TiO2 NF based DSSCs, in order to determine the upper and the
lower size limits. The results indicate that every size of gold NPs influenced the
performance of DSSCs individually. For instance, 5 and 8 nm gold NPs lead to better
light harvesting and charge transport characteristics of DSSCs together with lower Rs,
which altogether resulted in the increase of Jsc and FF. In contrast, DSSCs
incorporating 10 and 12 nm gold NPs showed a decrease of Jsc, meaning that the
light harvesting was not improved in this case. However, for all gold NP sizes, an
increase in FF was observed, which points to a reduction in resistive losses. While all
DSSCs that contained gold NPs exhibited better PCEs compared to the DSSCs
without them, the highest performing varieties included 8 nm sizes. Reasons for this
were attributed to the improvement in light harvesting due to the LSPR effect
(sensitized photoelectrodes only),%® low Rs, better charge carrier dynamics, and

improved injection rate.
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2.4 Conclusion

In this chapter, the addition of below 12 nm gold NPs to the scattering layer of a DSSC
photoelectrode has been presented. DSSCs containing different sizes of gold NPs
showed improved overall PCEs. The best size of gold NPs for photovoltaics was
determined to be 8 nm, since PCE increased as a result of higher Jsc and FF, which
was ascribed to better light harvesting, lower Rs, and improved charge transport and
generation rate. The highest PCE that was obtained was in the range of 8%, which,
when compared with DSSCs that did not contain any gold NPs, is a 20% improvement.
The results clearly indicate that the size control over gold NPs is essential for the
performance improvement of DSSCs. It is believed that the same conclusions can be
extended towards other types of photovoltaic cells, particularly perovskites, whereby
the use of gold NPs has already been reported, however their size was not controlled.
In addition, other classes of nanomaterials can also improve the performance of solar

devices, and this is explored in chapter 3.
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Chapter 3

The influence of lithium and lanthanum on the

performance of n-i-p solar cells
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3. The influence of lithium and lanthanum on the

performance of n-i-p solar cells

3.1 Introduction

Regardless of the extensive employment of a TiO2 semiconductor for various types of
applications, for example, self-cleaning windows,'®”! supercapacitors,® and battery
electrodes,® its optical properties are not ideal for use as a light absorbing material,
where the high range of the solar spectrum has to be covered. Therefore, much
investigation has been focused on materials modifications.?®! Specifically, as a result
of a wide band gap, TiO2 can only absorb the UV region of the electromagnetic
spectrum. Since only 4% of such high energy light reaches the surface of the Earth,
this characteristic presents a considerable disadvantage for photocatalysis (water
splitting and dye degradation, etc.).l°%:%2 Despite the band gap change with different
crystal structures of TiO2, where the most common ones include metastable anatase
(tetragonal), stable rutile (tetragonal), and brookite (orthorhombic), they all are active
only in the UV region (<400 nm). Moreover, these phases are known to exhibit different
charge transport characteristics, and the most relevant crystal phase for solar cells is

the anatase phase.l

To improve the charge transport properties of a TiO2 layer, researchers have
investigated different morphologies beyond the most widely used TiO2 NPs. The most
promising ones include 1D nanostructures (directionality), that have previously been
shown to decrease the charge recombination levels, due to a decrease of material's
defects, for instance grain boundaries.[®>-%! Therefore, the charge transport rate

resulted in being more rapid when compared with NPs, which was mostly due to the
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decreased free electron scattering. However, 1D nanostructures possess low BET
surface areas, an attribute that is not favourable for DSSCs as the performance heavily
relies on dye uptake. While in the literature there are many reports addressing this
issue, for instance, the fabrication of photoelectrodes that consist of NPs and NFs,
doping has also been a very popular approach.l®® Doping of TiO2 can be performed
through the addition of cations or anions with the aim of modifying the electronic
properties. Here, the type of ion that is added has a specific effect on the material's
characteristics and should, therefore, be chosen based on the modifications that are
required. For substitutional doping of TiO2, Ti** has to be replaced with a cation of a
similar radius; the same also applies for an anion (O%), where a non-metal has to be
used. Accordingly, different candidates have been used based on the modifications
that were required for a particular application. For example, in the field of organic dye
degradation, lanthanum compounds have been used to modify TiO2 as they have been
shown to improve its photocatalytic properties.°¢l Particularly, the absorption
properties of TiO2 were enhanced by lanthanum treatment, which was attributed to the
formation of oxygen vacancies. This phenomenon was explained by the formation of
La-O bonds, which compared to Ti-O bonds exhibit stronger chemical bonding.l”]
Additionally, the formation of oxygen vacancies also resulted in the improved charge
transport ability of the material.®’! Since 1D nanomaterials exhibit low BET surface
areas, treating them with lanthanum compounds can result in a better dye uptake,
which, together with an improved charge transport ability, can be beneficial for DSSCs.
Previous studies have also shown that the addition of lithium to TiO2 can improve
conductivity and charge densities.[® Li* ions have an influence on the CB edge of
TiO2, which results in improved electron injection and transport.[®® Since TiO2 NFs

have not been yet treated with lanthanum or lithium cations (this was only reported for

71



TiO2 NPs), such additions could show promise within 1D nanomaterials. Moreover,
nanostructuring can show influence on the physical and optical characteristics of metal
oxide semiconductors, therefore combining nanostructuring with cationic treatments is
important to study. In the past decade, PSCs have been an important topic of interest
because immense progress in photovoltaic performance has been demonstrated.®°!
Investigations of a n-type (electron transport) layer have mostly focused on NPs, but
other nanostructures have not been so widely covered.['°? One of the first reports of
using TiO2 NFs in a solar cell configuration was performed by Boix et al.,[*%1 where
research involved directly electrospinning them on a blocking TiO2 layer. Doping TiO2
NFs with other elements, (e.g. lead) was reported by Wu et al.['%? while Hong et al.[103]
used gold instead. Carbon nanotubes (CNTSs) in combination with TiO2 NFs were also
employed as a mesoporous layer in a PSC configuration, which resulted in a notable
performance improvement.[104195] |n contrast to this, lithium doping of TiO2 NPs is well
established within PSCs, as it reduces electronic trap states, resulting in enhanced
charge transport characteristics.[®8l However, no reports exist in the literature where

TiO2 NFs treated with lanthanum or lithium were used as an electron transport layer.

In chapter 2, gold NPs were synthesized and separately added to TiO2 NFs, which
were then used for DSSCs. Since this procedure requires two steps, where already-
formed gold NPs are added to produce TiO2 NFs, increased production costs can be
related to such a procedure, influencing the total price of DSSCs. To avoid this price
increase while maintaining high solar cell efficiency, cationic dopants can be directly
added to the TiO2 sol-gel precursor solution for NF production, as has been explored
here in chapter 3. Namely, lithium and lanthanum salts were added to the precursor
solution for electrospinning, in order to treat formed TiO2 NFs in one step,

consequently decreasing the cost of their production. Therefore, such an approach
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can result in more economically viable and industrially feasible production methods.
1D nanostructure materials were combined with metal dopants to exploit the
advantages of both. The resulting materials, that are labelled herein as lanthanum or
lithium treated TiO2 NFs, were characterised with several techniques. Spectroscopy
methods, such as XPS, XRD, UV/Vis absorbance spectroscopy, and Raman
spectroscopy, were implemented to characterise elemental and optical properties,
while surface area and porosity modifications were investigated with the BET method.
Additionally, the morphology of TiO2 NFs before and after the treatment was
investigated by SEM and TEM. Solar cells (DSSCs and PSCs) were also fabricated,
where for DSSCs, TiO2 NFs were implemented as a light-scattering layer, as opposed
to PSCs, for which they were used as a mesoporous layer. The employment of 1D
nanomaterials treated with lanthanum or lithium for solar cells, is the first example of
their use for such an application. Here, a procedure on how to treat TiO2 NFs with
cationic dopants in one step together with meticulous characterisation of their
properties is presented. Finally, the performance of the two types of solar cells

containing such materials, is investigated.

3.2 Experimental section

All chemicals that were used for this work were purchased from Sigma Aldrich (UK).

No further purification was undertaken for the obtained chemicals.
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3.2.1 Preparation of TiOz2 NF precursor solutions

The sol-gel precursor solution for control TiO2 NFs (no addition of metals salts) was
prepared as previously described in section 2.2.2. The lanthanum treated TiO2 NFs
were prepared by separately dissolving lanthanum trichloride heptahydrate (99.999%
trace metals basis) in 1 mL of absolute ethanol by sonication. Following the complete
solvation, the solution of lanthanum trichloride heptahydrate was added dropwise
(while stirring) to the sol-gel precursor solution (PVP in ethanol) for control TiO2 NFs,
and was left stirring for 24 h. Afterwards, 2.5 mL of tetrabutyl titanate was added in
moderation, with additional stirring. The precursor solution for lithium treated TiO2 NFs
was prepared by adding 1 mol% of lithium ethanate (>99% anhydrous) to the sol-gel
solution of dissolved PVP in absolute ethanol, followed by 24 h stirring. Tetrabutyl
titanate was then slowly added with an additional few hours stirring. The two prepared
sol-gel precursor solutions were subsequently used for electrospinning, which was
achieved via the parameters noted in chapter 2.2.2. Finally, the obtained TiO2 NFs

underwent a heating step at 500 °C for a few hours.

3.2.2 Preparation of TiO2 NF photoelectrodes

The TiO2 NF photoelectrodes used for DSSCs were prepared as previously described
in section 2.2.3, and lanthanum or lithium treated TiO2 NFs were implemented for a
particular type of device. The fabrication procedure for DSSCs was carried out as

described in section 2.2.4.
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3.2.3 Fabrication of perovskite solar cells

To deposit a mesoporous layer, a NF paste was first made by mixing the appropriate
type of TiO2 NFs with ethanol (30 mg mL™!). The mixture then underwent sonication
until no solid agglomerates of TiO2 NFs remained, which took approximately 2 h.
However, the amount of time required to obtain a uniform solution depends on the
sonication power. Subsequently, terpineol (4.9 g for each 1 g of TiO2 NFs) was added
to the mixture, followed by an additional 30 min sonication. To prepare photoanodes
for PSCs, commercially available FTO glass slides were etched with 2 mol/L
hydrochloric acid and zinc metal, followed by sonication in 5 different solvents for 10
min each, including: water solution of a detergent, deionized water, acetone, ethanal,
and isopropanol. Cleaned substrates were then exposed to oxygen plasma for 10 min
and immediately afterwards, a transparent layer of TiO2 NPs was deposited from a 1-
butanol 0.1 mol/L solution of diisopropoxytitanium bis(acetylacetonate) (75 wt% in 2-
propanol). The spin coating parameters included 3000 RPM for 20 sec. After the
deposition, the glass slides were transferred onto a hot plate (2 min), which was set to
150 °C and in air. To ensure, that the compact layer was without pinholes, the
deposition was repeated two more times. Since the most favourable TiO2 crystal
structure for solar cells is the anatase phase, the glass slides underwent pyrolysis
treatment at 500 °C (50 °C min?) for 25 min. A mesoporous layer was deposited from
the previously described NF paste on top of a compact layer at 4000 RPM for 30 sec.
The glass slides were then immediately transferred onto a hot plate and heated to 500
°C (50 °C min?) for 25 min. To deposit a perovskite layer, the glass slides were
subsequently moved to a glovebox. The precursor solution was prepared as reported
by Ahn et al;[*%l in summary, 461 mg of lead diiodide and 159 mg of methanamine
hydriodide were mixed with 600 mg of dimethylformamide and 78 mg of dimethyl
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sulfoxide solvents. These were stirred for 1 h at 65 °C until the solution became clear.
To remove any agglomerates, the solution was filtered prior to the deposition. A
methylammonium lead iodide layer was deposited via spin coating the filtered solution
on a transparent layer of TiO2 films at 5000 RPM for 30 sec. While the glass slide was
spinning for 7 sec, 0.5 mL of ethoxyethane was slowly added. The glass slide was
then placed on a hot plate at 65 °C for 2 min and 100 °C for 10 min, forming a solid
and uniform layer of CH3sNH3PDbls. A p-type material was made by mixing PTAA and
methyl benzene (10 mg mL?), followed by stirring until no solid traces remained (1 h
at 65 °C). Other compounds were subsequently added to the same solution, namely
7.5 pL bis(trifluoromethylsulfonyl)amine lithium salt (Li-TFSI)/acetonitrile (170 mg mL"
1) and 4 L of 4-(1,1-dimethylethyl)-heptane, which were left stirring for another few
minutes. The metal counter electrode was added via thermal evaporation of gold (80

nm).

3.2.4 Detalls of instrumentation used

UV/NVis, TEM, XRD, XPS, and Raman spectroscopy characterisation was performed
using the instruments and methods described in section 2.2.5. SEM characterisation
was performed with a JEOL JSM-6301F instrument. Photovoltaic characterisation was

performed using the equipment and methods described in section 2.2.6.
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3.3 Results and discussion

3.3.1 Materials characterisation

Potential changes in materials characteristics of treated TiO2 NFs compared with the
control (untreated) were investigated using SEM, which is illustrated in Figure 3.1.
Different types of TiO2 NFs are presented after the heating step that took place at 500
°C. Their length results varied across sizes up to at least =20 ym. Longer length sizes
were difficult to obtain due to breakages of NFs, which is a consequence of the heating
step that is necessary for the removal of a polymer (in this work PVP was used).[197]
On their surfaces, no visible defects were noticed. Despite the addition of metal salts,
no changes in morphology or diameter sizes were observed (Figures 3.1a, c, and e).
It was determined that their diameter was in the range of =120 nm. Structural
characteristics were further analysed with HR-TEM and all types of NFs were
evaluated as illustrated in Figure 3.1b, d and f. TiO2 NFs were assembled from many
TiO2 NPs that constituted a 1D nanostructure. In spite of the addition of metal salts to
the precursor solution, no evidence of their metal oxides, for instance LiOz2 (for lithium
salt) or La20s (for lanthanum salt), was identified. This was attributed to their low
concentration (1 mol%). Crystal phases of different types of TiO2 NFs were
characterised through the distance between the lattice planes, which were identified
to be 0.35 nm (inset of Figures 3.1b, d, and f), where the distance did not change upon
the presence of lanthanum or lithium salts. The highly crystallized areas of the three
types of NFs also had a comparable outline. It was determined that such values were
indicative of the (101) plane of the anatase TiO2.l%l Furthermore, selected area
electron diffraction (SAED) was also implemented to further characterise their nature.

Figure 3.2 shows the pattern that was obtained, with bright spots clearly visible and
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indicating good crystallinity. The bright spots on a SAED pattern are a result of crystal
diffraction, which is evidence of the material’s crystallinity. The lattice spacing values

(d-spacing) were measured and matched with the anatase phase of TiOz2.

| |
200 nm

Figure 3.1. Top-view SEM of (a) control, (c) lanthanum treated, and (e) lithium treated
TiO2 NFs demonstrating their morphology characteristics. HR-SEM of (b) control, (d)
lanthanum treated, and (f) lithium treated TiO2 NFs with HR-TEM insets illustrating

their lattice patterns with inter-planar spacing of 0.35 nm.
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Figure 3.2. A SAED pattern for TiO2 NFs.

Since neither SEM nor TEM were successful in detecting lithium or lanthanum in TiO2
NFs, additional methods were implemented. Specifically, for elemental identification
XPS, a characterisation technique known for its surface sensitivity was employed.
Figures 3.3a, b, and ¢ show the XPS spectra for a titanium element (control, and
lanthanum or lithium treated TiO2 NFs), which gave Ti2p peaks with notably split spin-
orbit components. The Ti2ps2 and Ti2pi2 peaks were located at 458.4 eV and 464.1
eV, respectively. The position of the binding energies indicated that titanium was in
the +4-oxidation state, which is consistent with TiO2 for all types of NFs. The
lanthanum element, where relevant, was additionally detected, due to the La3d region
having significant split spin-orbit components that are further split by multiplet splitting.
These are referred as satellite peaks. The main peaks were located at 834.6 eV, which
is associated with La3ds;2, and at 851.4 eV, associated with La3ds2 (Figure 3.3d).
From the position of these peaks, it was determined that lanthanum was in the
oxidation state of +3, which indicates a La2O3 compound. Moreover, the XPS results

indicated that the crystal structure of TiO2 remained intact with almost no substitutional
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or interstitial doping of La%*, and that La20s was only dispersed on the NFs. This
observation was further investigated via XRD, as discussed below (Figure 3.4a).
Furthermore, for lithium treated TiO2 NFs, lithium was detected on their surfaces, as
seen in Figure 3.3e. Since the signal was very weak, the same binding energy region
was compared to the control. While a weak signal for a Lils XPS region was observed
for lithium treated TiO2 NFs, nothing was present in that region for the control.
Consequently, this indicates the existence of lithium on the surface of the NFs, where
it was in the form of Li2O. Since lithium is one of the lightest elements, it is considered
challenging to detect using spectroscopy techniques. Therefore, the signal presented
herein can be acknowledged as considerable, verifying that lithium was present.
Moreover, compared with other reports, for instance, Giordano et al.,[%! the detection
range in Figure 3.3e is very clear. For all types of TiO2 NFs, no peaks at binding
energies that would be associated with Ti* surface states (linkage with oxygen
vacancies), were detected, which concurs with that reported in the cited work.[°®
Despite this, they investigated the formation of oxygen vacancies from the interactions
between lithium and oxygen based on the O1s spectrum, and claimed that their results
might suggest oxygen vacancy formation. It is noteworthy that using an O1s spectra
for the evaluation of interactions can be considered unreliable, since if samples are
not treated with the appropriate equipment, there is a high chance of oxygen
contamination. Based on the O1s spectra in this study for lithium or lanthanum treated
TiO2 NFs, potential interactions could be noticed, however the outcomes were
considered as uncertain, because lithium or lanthanum elements could be

contaminated by the atmospheric oxygen.
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Figure 3.3. Ti 2p XPS spectra for (a) control, (b) lanthanum, and (c) lithium treated
TiO2 NFs. (d) Lanthanum 3d spectrum for lanthanum treated TiO2 NFs confirming the
detection of a lanthanum element. (e) Lithium 1s spectra for lithium treated TiO2 NFs,

compared with the identical region of control TiO2 NFs, confirming the detection of a

lithium element.
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To evaluate the influence of lanthanum and lithium treatment on the crystal phase of
TiO2, XRD characterisation was carried out. Figure 3.4a illustrates XRD patterns for
individual TiO2 NFs. Since the calcination step was performed at 500 °C, NFs showed
the signals of the anatase phase of TiO2. The latter phase is as a result of the beneficial
charge transport characteristics, ideal for use in photovoltaics.% The addition of metal
salts had an influence on crystallinity, and lanthanum treated TiO2 NFs exhibited
broader peaks, which is an indication of an inferior crystalline material. On the other
hand, lithium treated TiO2 NFs showed the opposite trend and were therefore
considered as more crystalline (well-defined XRD peaks with lower fwhm values). As
discussed previously, XPS results indicated that lanthanum (lanthanum treated TiO2
NFs) was oxidized to La20s. However, the latter phase was not detected via XRD,
which was attributed to its low concentration (1 mol% of lanthanum precursor was
added). To further support the assumption from the XPS discussion that no lanthanum
insertion/substitution occurred, the positions of the peaks were investigated from the
corresponding control and lanthanum treated TiO2 NF XRD patterns. The
incorporation of dopants with larger ionic radii into a crystal structure results in a unit
cell expansion. This then causes a shift of the peaks in an XRD pattern to lower 20
angles.!? For the samples in this study, it was concluded that no shifts appeared upon
lanthanum treatment, suggesting that the crystal lattice of TiO2 remained unchanged
and thus no La3* substitution with Ti** occurred. Moreover, lattice parameters and
volumes for all types of TiO2 NFs were also determined, as illustrated in Table 3.1.
Since discrepancies resulted to be within an error range and thus no expansion of a
unit cell was recorded, this further suggested that no modification of the crystal
structures occurred. This phenomenon can be explained by the difference in the ionic

radius, where La®* (0.103 nm) is considerably larger than Ti** (0.061 nm). Crystallite
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sizes of TiO2 NFs were determined using the Scherrer equation. For that purpose,
(011) and (020) planes of the anatase phase located at 11.37 and 21.71 20 degrees
respectively, were used. It was determined that compared with the control, lanthanum
treated TiO2 NFs exhibited 43% smaller crystallite sizes. This was attributed to La3*
ions, which were not present in the crystal lattice (as discussed earlier) and
consequently, did not induce any defects, such as grain boundaries, that can hamper
the growth of crystals.[*% Contrary to this, for lithium treatment the crystallite sizes
increased (16%) when compared to the control. However, the location of the TiO2
anatase peaks remained the same as for lanthanum treatment, indicating that no
structural modifications took place. While the XRD peaks for control and lanthanum
treated TiO2 NFs matched the standard anatase TiO2 phase, additional peaks
appeared for lithium treated TiO2 NFs, which were not related to the same phase. It
was determined that those signals corresponded to the rutile phase of TiOx2.
Considering that all types of NFs were prepared in the same way, including the
calcination step at 500 °C, the identification of the rutile phase for lithium treated TiO2
NFs suggested that the presence of lithium salts promoted the development of the
latter phase at lower temperatures (the rutile phase usually forms between 600-800
°C). While this has not yet been reported for TiO2 NFs prepared via the procedure as
described herein, there are reports of lithium doped TiO2 NPs containing both
phases.[1% |t should be noted that for all types of NFs, signals related to the anatase
phase deviated to lower 2@ angles in comparison to the peaks of a reference TiO2
anatase phase (Figure 3.4). This can be explained by unit cell expansion, which

occurred due to the nanostructuring of TiO2 (NPs versus NFs).
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Table 3.1 The values of lattice parameters and volumes for the control, lanthanum,
and lithium treated TiO2 NFs.

Lattice parameter | Lattice parameter | Lattice volume
a(A) c (A) (A3)
Control 3.78 9.49 135.60
Lanthanum 3.80 9.46 136.33
treated TiO2 NFs
Lithium treated 3.79 9.43 135.24
TiO2 NFs

Optical properties of TiO2 NFs upon metal salt treatment were investigated using
Raman spectroscopy. The results for control and lanthanum or lithium treated TiO2
NFs are presented in Figure 3.4b. The vibration modes assigned to the anatase phase
of TiO2 for control NFs, namely Eig, E2g, A1g, B1, and Esg were identified at 142.4,
195.1, 394.7, 515.6, and 637.6 cm™.[”3l As revealed by the XRD measurements
(Figure 3.4a), the same phase was also present for lanthanum treated TiO2 NFs, which
was also confirmed by the Raman spectra (Figure 3.4b). However, the vibration
modes, for instance Eig (143.5 cm™?), B1 (517.7 cm™?), and A1g (398.8 cm™!) exhibited
a slight shift compared to the control. These shifts for a particular vibration mode,
revealed further information about the metal salt interactions. For example, the shift of
the main anatase mode (Eig) was a result of the crystallite size difference.[%
Specifically, as already observed by XRD (the Scherrer equation), lanthanum
treatment reduced crystallite sizes, which on the Raman spectra resulted in the shift
to higher wavenumbers by =1.1 cm, consistent with other reports.['%! The same
vibration mode (Eig), also displayed higher fwhm (inset of Figure 3.4b) compared to
the control, which is an additional characteristic of the crystal size contraction.[!11 As
discussed by Tanyi et al.,[2% such a feature can also be due to the increase of oxygen
vacancies. Since this was detected only for lanthanum treated TiO2 NFs, it can be

associated with their formation. On the other hand, the results of the vibration modes
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of the anatase phase for lithium treated TiO2 NFs are comparable with the control. In
spite of that, an additional signal appeared that was not detected for the control or
lanthanum treated TiO2 NFs (Figure SI1 in the Supporting Information). Specifically, a
weak vibrational mode (Eg) at 445.3 cm™ appeared. This signal was assigned to the

rutile phase of TiO2,[*12 which corresponds to the XRD analysis from above.
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Figure 3.4. (a) XRD patterns for lithium (red), lanthanum (blue), and control (black)
TiO2 NFs. The standard rutile and anatase TiO2 crystal phases are shown in dark blue
and grey, respectively. (b) Raman spectra for lithium (red), lanthanum (blue), and
control (black) TiO2 NFs, together with the inset in the region between 110 — 180 cm"

1

It was reported that the addition of metal salts to TiO2 can influence the band gap of
the material.'*3! Therefore, UV/Vis measurements were performed for TiO2 NFs to
investigate whether lanthanum or lithium treatment caused such changes (Figure 3.5).
A typical method to determine a band gap is based on a Tauc plot, which is illustrated
for all types of TiO2 NF photoelectrodes in the inset of Figure 3.5a. It should be noted
that data obtained from Figure 3.5 is presented in Table 3.2. By implementing this

technique, a band gap of =3.1 eV was determined for both the control and lanthanum
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treated TiO2 NFs, implying that La®* did not induce any changes. Contrary to this, for
lithium treated TiO2 NFs the determined band gap was =2.9 eV. Since this is an evident
decrease compared with the control, Li* ions were attributed as the cause for such a
bathochromic shift in the absorbance. As discussed earlier, lithium treated TiO2 NFs
consisted of two phases (anatase and rutile), compared to the single anatase phase
in the control and lanthanum treated TiO2 NFs. Since the anatase phase (3.2 eV) has
a wider band gap in comparison to the rutile phase (3.0 eV), the presence of the latter
phase was concluded to be the origin for the red shift. In addition, UV/Vis
measurements were also performed for TiO2 NF powders as shown in Figure 3.5b.
From Tauc plots (the inset of Figure 3.5b), it was determined that no considerable
changes occurred in the band gap values (Table 3.2) compared with the TiO2 NF
photoelectrodes, further confirming the trends discussed before. The band gaps of the
TiO2 NFs discussed herein are slightly lower than what is commonly reported for bulk
TiO2.[11% The reason for this is related to the nanostructuring (surface effects and

guantum confinement), and consequently, NPs and NFs have different surface

energy.[*1%
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Figure 3.5. Graph showing the UV/Vis absorption spectrum of (a) control, lanthanum,

and lithium treated TiO2 NF photoelectrodes together with Tauc plots as inset that
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were used for a band gap determination. (b) The same results as under (a) for TiO2

NF powders.

Table 3.2. Band gap for control,

lanthanum, and

lithium treated TiO2

photoelectrodes and powders as determined from Tauc plots in Figure 3.5.

Band gap Control Lanthanum Lithium treated
treated TiO2 NFs TiO2 NFs
Photoelectrodes 3.08 3.07 2.92
Powders 3.05 3.07 2.92

NF

Furthermore, nanostructuring also affects other properties, for example, the BET
surface area, where it is well known from literature that NFs exhibit lower values
compared to NPs.116l Such characteristics of NFs are notoriously detrimental for their
implementation in DSSCs due to the resulting poor dye absorption, which hinders
optoelectronic performance. To resolve these drawbacks, doping was shown to be
advantageous, since particular metal elements can enhance the BET surface area.!*'”]
To examine the influence on these values by lanthanum and lithium treatment of TiO2
NFs, adsorption measurements were performed with nitrogen (N2) being used as a
carrier gas. Physisorption isotherms that were obtained from the nitrogen uptake under
standard temperature and pressure (STP) conditions are illustrated in Figure 3.6. From
them, BET surface area and porosity were determined, as presented in Table 3.3.
Considering that TiO2 P25 NPs are one of the most commonly used photoelectrode
material for DSSCs, they were also included to serve as a comparison between control
TiO2 NFs and P25 NPs, which confirmed the assumptions of the BET surface area
increase with NPs; they exhibited 17.4 m?/g higher values. The same finding was also
identified for porosity, as the one of NPs was higher by more than 50%. Contrarily, a

substantial increase in the BET surface area occurred for lanthanum treated TiO2 NFs,
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which notably surpassed the value for the control TiO2 NFs and even exceeding that
of P25 NPs. In contrast, such an increase did not evolve for the porosity, which was
lower than that for P25 NPs. While the addition of La%* ions proved to be beneficial,
the same did not unfold for Li* ions. Namely, lithium treated TiO2 NFs had the lowest
BET surface area and porosity among all candidates. The BET surface area
decreased noticeably compared to the control TiO2 NFs, and nearly 3-fold compared
to lanthanum treated TiO2 NFs. An even greater decline was recorded for porosity, as
it was 19-fold lower than for the control, and 24-fold lower than for lanthanum
treatment. Such high BET surface area enhancement for lanthanum treated TiO2 NFs
may be justified from the XRD results (Figure 3.4a), where it was shown that their
crystallite size diminished, which consequently can result in particle aggregation
leading to the formation of nanopores.[118.1191 Other explanations of such trends can
also include the defective nature of nanocrystals, since imperfections can influence

the BET surface area and porosity of the material.
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Figure 3.6. Nitrogen adsorption isotherms for control, lanthanum, and lithium treated
TiO2 NFs. (n indicates the quantity of nitrogen uptake at 0 °C and 101.325 kPa

(standard temperature and pressure conditions).
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Table 3.3. The BET surface area and porosity for different types of TiO2 NFs as
determined from Figure 3.6. As a reference, P25 TiO2 NPs are also given.

BET surface area (m? g?) Porosity (cm3g?)
Control 45.6 0.252
Lanthanum treated TiO2 70.0 0.325
NFs
Lithium treated TiOz2 25.0 0.0133
NFs
P25 TiO2 NPs 63.0 0.551

3.3.2 Photovoltaic characterisation

Synthesized TiO2 NFs were additionally characterised for their optical characteristics,
by implementing them in solar cells that were fabricated following the procedure
described in the experimental section (3.2). Figure 3.7 shows an illustration of a DSSC

that was fabricated for this study, with the main parts being labelled accordingly.

Figure 3.7. An illustration of a DSSC that was used for the purpose of this study. The

main parts of the device are labelled on the figure.

In addition, PSCs were also assembled and characterised under one-sun solar
conditions. Schematics of both types of solar cells were identified from their SEM

cross-sections. Figure 3.8a shows a DSSC device configuration, which consisted of a
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transparent layer and a light-scattering layer. The former layer included TiO2 NPs,
while the latter layer contained TiO2 NFs. Both of them were measured, and it was
determined that their thicknesses were =8 um and =4 um, respectively. As reported
by Gratzel et al.,[*?% such dimensions are optimal for DSSCs. In contrast, PSCs
included thin layers, which can be seen in Figure 3.8b. Their thicknesses were
determined as follows: the first layer of TiO2 NPs =50 nm, the second layer of TiO2
NFs =200 nm, a light-absorbing layer of perovskite (MAPbI3) =400 nm, a p-type
polymer layer of PTTA (poly(triaryl amine)) =80 nm, and a metal (gold) counter

electrode =100 nm, respectively.

Figure 3.8. Cross-section SEM images of (a) a DSSC and (b) a PSC.

J-V curves of the best DSSCs implementing control, lanthanum, and lithium treated
TiO2 NFs can be seen in Figure 3.9, and their photovoltaic parameters are shown in
Table 3.5. The parameters revealed that the highest performing DSSCs were obtained
using lanthanum treated TiO2 NFs with PCE of 6.4%. Compared to the control, an
improvement of 17.2% was achieved. While lanthanum treatment increased all
photovoltaic parameters, the main reason for such an improvement in PCE was due

to the Jsc and fill factor (FF), which were 9% and 8% higher, respectively. To elaborate
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such trends further, dye-desorption tests were performed, as illustrated in Table 3.4.
As noted previously from the BET surface area measurements, lanthanum treated
TiO2 NFs produced the highest values, which is beneficial for the dye absorption
characteristics. The relation between the BET surface area and dye absorption was
further validated and the highest dye uptake was achieved for lanthanum treated TiO2
NF photoelectrodes. While there have been reports about the beneficial impact of
oxygen vacancies towards the dye uptake properties of photoelectrodes,®”! it was
concluded that the main explanation for such trends was the increased BET surface
area. Additionally, dye uptake measurements for control and lithium treated TiO2 NFs
were performed, however, dye absorption was within a similar range (Table 3.4). Not
surprisingly, the latter type of DSSCs also exhibited comparable Jsc, further supporting
the dye uptake measurements. PCEs were dissimilar to DSSCs; implementing lithium
treated TiO2 NFs demonstrated slightly higher efficiency, due to the improved Voc and

FF as illustrated in Table 3.5.

Table 3.4. Dye absorption results for control, lanthanum, and lithium treated TiO2 NFs.
The characterisation was performed on glass substrates that consisted of a relevant
layer of TiO2 NFs. Their area was 1 x 1.5 cm?.

Substrate type Dye absorption (ug)
Control 53.9
Lanthanum treated TiO> 66.6
Lithium treated TiO> 55.7

As reported by other authors in the field,[®® the rutile phase of TiOz2 is not favourable
for solar cell use. Moreover, if two TiO2 phases are present together, for instance the
rutile and anatase phases, that is not advantageous because the result of their

dissimilar band structures can cause charge recombination. From the XRD results
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discussed above (Figure 3.4a), it was determined that lithium treatment of TiO2 NFs
has induced the rutile phase formation at lower temperatures than what is typically
reported. Therefore, this was not beneficial for the current flow in DSSCs, since the
Jsc parameter was lower compared to the control. Contrary to this, Wang et al.[*24]
performed an investigation into lithium doping of different sized TiO2 NPs and their
influence on DSSCs. It was discovered that for NP sizes below 6 nm, the doping was
beneficial, while for sizes above 14 nm the outcome was the opposite. The origin for
such performance difference was attributed to the lithium insertion mechanism, where,
in the case of small sized NPs, they were present on the surface as opposed to the
bulk insertion for bigger sizes. Consequently, different lithium insertions influence the
photovoltaic properties individually.[*?1] However, as opposed to a negative impact on
Jsc, lithium treatment notably improved Voc, which was not observed for lanthanum
treatment, as the values compared to the control remained very much alike. The
reason for a Voc improvement in DSSCs containing lithium treated TiO2 NFs, was
associated with the alterations of Ves (flat-band potential) inducing an increase on Er
and CB.P% While metal ion modifications individually influenced Jsc and Voc, they both
caused an increase of FF, which agrees well with other reports in the literature.[®7.121]
It should be noted that the trends in photovoltaic parameters for the highest performing
DSSCs discussed herein, have been verified by fabricating separate batches of
devices, as compiled in Table 3.6, where no changes were observed compared with

Table 3.5.
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Table 3.5. Photovoltaic parameters for the highest performing DSSCs extracted from

the J-V curves in Figure 3.9.

Jsc (MA Voc (mV) FF (%) PCE (%)
cm2)
Control 12.8 735 56.8 5.3
Lanthanum 141 737.5 61.6 6.4
treated TiO2 NFs
Lithium treated 12.3 749.4 61.3 5.6
TiO2 NFs

Table 3.6. Average solar cell parameters for 5 separate batches of DSSCs with their

standard deviations in brackets.

Jsc (MA Voc (mV) FF (%) PCE (%)
cm2)
Control 12.8 (+0.3) | 738.1 (£3.3) | 56.2 (+ 1.0) 5.3 ( 0.07)
Lanthanum 13.8(£0.2) | 739.4 (+2.8) | 60.4 (+ 1.3) 6.3 (+0.2)

treated TiO2 NFs
Lithium treated 12.4(£0.2) | 749.4(£4.8)| 61.3(x1.5) 5.6 (x0.2)
TiO2 NFs

Further characterisation on the DSSC performance trends between different types of
TiO2 NFs was performed by analysing the average resistance measurements. Table
3.7 shows values determined for Rs measurements, where lower Rs are favourable
for obtaining high FF. As the results illustrate, the lowest Rs were obtained for DSSCs
containing lanthanum treated TiO2 NFs, which supports their highest FF (Table 3.5
and 3.6). Furthermore, the same finding also applies for lithium treated TiO2 NFs
where, compared to the control, lower Rs indicates higher FF. As reported by other
researchers,!'??l lanthanum doping can result in photocatalytic hydrogen and oxygen
evolution. Hence, lanthanum treatment of TiO2 NFs could also influence the oxidation
rate of iodine ions from the electrolyte at the photoelectrode, where the regeneration
of N719 molecules occurs, resulting in a decrease of Rs. However, to expose such
interactions, additional characterisation would have to be performed. As opposed to

low Rsresulting in lower FF, high Rsh typically results in higher FF. As the results in
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Table 3.7 indicate, the same trends were also observed where the control TiO2 NF
DSSCs exhibited the lowest Rsx and consequently the lowest FF. Moreover, Rsn can
also give an indication of power losses in DSSCs, which occur because of an alternate
current path for the light-generated current; thus, low Rsn causes high power losses.
Accordingly, high RsH are required for DSSCs since this indicates low current leakage.
Ideally, the value should exceed that of 6 x 10° Q cm?, since that would indicate that
the impact of Rsx on FF can be ignored.[*23 According to the results of this study, Rsh
values were always below 6 x 103 Q cm? indicating the presence of the current leakage

in fabricated DSSCs.
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Figure 3.9. Control (black), lithium treated (red), and lanthanum treated (blue) TiO2
NF based DSSCs. J-V curves were collected under AM 1.5 solar irradiation.
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Table 3.7. Mean Rsn and Rs for control, lanthanum treated, and lithium treated TiO2

NF based DSSCs. The values were determined from the corresponding J-V curves.

RsH (Q cm™) Rs (Q cm?)
Control 1147 16.8
Lanthanum treated TiO2 3387 13.4
NFs
Lithium treated TiO2 2351 16.5
NFs

Since there are many drawbacks related to the use of aqueous components in solar
cells, efforts were aimed towards developing all solid-state photovoltaic devices.1?4
Recently, PSCs have attracted immense attention as they showed promise of high
efficiency in combination with the use of all solid-state components.[*?5 Therefore, TiO2
NFs that were produced in this study were also implemented for a PSC configuration
as a mesoporous layer. It is noteworthy that as opposed to a mesoporous layer of TiO2
NPs, obtaining the same quality layer for TiO2 NFs is not straightforward. To achieve
a uniform layer that can be suitable for device fabrication, many steps are required,
which, among others, include the dispersion of NFs in a paste at the right concentration
and optimization of the deposition parameters for a glass substrate. How different
parameters affected the coverage characteristics of TiO2 NFs is shown in Figure 3.10.
Figure 3.11 demonstrates the coverage that was considered as optimal, and which

was used for the device fabrication.
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Figure 3.10. SEM images showing surface coverage characteristics for control TiO2
NFs that were spin coated on substrates under the following conditions; (a) 1000 RPM
for 20 sec and 2000 RPM for 5 sec (60 mg/mL), (b) 3000 RPM for 30 sec (30 mg/mL),
(c) 5000 RPM for 30 sec (30 mg/mL), and (d) 6000 RPM for 30 sec (30 mg/mL).

Figure 3.11. SEM image of control TiO2 NFs that were spin coated at 4000 RPM for
30 sec (30 mg/mL).
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Figure 3.12 demonstrates J-V curves for PSCs that delivered the best performance.
From these results, photovoltaic parameters were determined, as seen in Table 3.8.
As already observed for DSSCs, the best performing devices implemented lanthanum
treated TiO2 NFs. In comparison to PSCs that implemented control TiO2 NFs, PCE
notably improved, as a result of significantly enhanced Jsc, which increased by
approximately 10%. Such a big Jsc increase can be attributed to better charge
transport due to the presence of lanthanum treated TiO2 NFs. As discussed above,
lanthanum treatment induced the formation of oxygen vacancies (Figure 3.4b), which
are known to be advantageous against charge recombination.[?6! Therefore, these
point defects trapped electrons, which in turn inhibited the recombination between
electrons and holes in the mesoporous layer. In addition, oxygen vacancies can
minimize the aggregation of injected electrons in the n-type layer, thus further
hindering charge recombination. With the accumulation of electrons in defects, the
electron concentration increases, which consequently influences the material’s
conductivity.[*?6] Thus, the effect can also be recognized as n-type doping of the
material. Together with Jsc, lanthanum treated TiO2 NFs also influenced Voc, where
the parameter increased by roughly 4% (Table 3.8). In contrast, the same trend was
not identified for DSSCs. Since the changes in Voc are related to Fermi energy
alterations, it appeared that the effect was more pronounced in PSCs. To examine the
reproducibility of PSCs assembled in this study, five separate batches of devices were
fabricated, and the average performance parameters are illustrated in Table 3.9. It
should be noted that the trends discussed above did not change between different

batches of PSCs.
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Figure 3.12. Control (black), lithium treated (red), and lanthanum treated (blue) TiO2

NF based PSC. J-V curves were collected under AM 1.5 solar irradiation.

Table 3.8. Photovoltaic parameters for the highest performing PSCs extracted from

the J-V curves in Figure 3.12.

Jsc (MA Voc (mV) FF (%) PCE (%)
cm2)
Control 19.8 839 51.2 8.5
Lanthanum 21.9 871.7 60.2 11.5
treated TiO2 NFs
Lithium treated 17.4 865.3 55.8 8.4
TiO2 NFs

Table 3.9. Average solar cell parameters for 5 separate batches of PSCs with their

standard deviations in brackets.

Jsc (MA Voc (mV) FF (%) PCE (%)
cm™)

Control TiO2 19.8 (£ 0.2) 801.1 (= 54.6 (+ 3.85) 8.8 (x 0.5)
24.6)

Lanthanum 21.6 (£ 0.7) 850.8 (= 62.0 (£ 1.9) 11.4 (£ 0.4)
treated TiO2 NFs 15.7)

Lithium treated 17.4 (£ 0.6) 842.7 (= 50.8 (x 2.7) 7.5(x0.7)
TiO2 NFs 15.0)
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The beneficial influence of lanthanum treatment on PSC parameters also resulted for
FF, which was correlated with Rs and Rsu as shown in Table 3.10. PSCs with
lanthanum treated TiO2 NFs exhibited the lowest Rs and the highest Rsn, which
supports the trends of the highest FF. Since the Rsn did not exceed 6 x 10° Q cm?,
current leakage caused by the pinholes in the devices was present. However,
compared with PSCs with control or lithium treated TiO2 NFs, the current leakage was
reduced in the devices implementing lanthanum treated TiO2 NFs, resulting in
improved performance. Since control PSCs exhibited the lowest FF, Rsn was the
highest. While the Rs values did not support the trends of FF, it was concluded that

their impact was reduced, which was already noted by others.[”3l

Table 3.10. Average Rsn and Rs for control, lanthanum treated, and lithium treated

TiO2 NF based PSCs. The values were determined from the corresponding J-V

curves.
RsH (Q cm™) Rs (Q cm?)
Control TiO2 206 11.1
Lanthanum treated TiO2 289 15.7
NFs
Lithium treated TiO2 1392 8.8
NFs

PSCs with lanthanum treated TiO2 NFs exhibited superior photovoltaic parameters
(Jsc, Voc and FF) when compared to the devices with control or lithium treated TiO2
NFs. Consequently, their total PCE was markedly higher. However, if TiO2 NP based
PSCs are taken into account and compared to PSCs of this study, the performance of
the former type is significantly better.[*2”l This can mainly be attributed to the surface
characteristics, because the coverage with TiO2 NFs is more uneven and saturated

with defects, which in turn influences the perovskite crystal formation and charge
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recombination level.l'28] Therefore, the parameters, such as Jsc, Voc, and FF are
negatively altered resulting in lower PCEs. To further validate these statements, PSCs
with TiO2 NPs as a mesoporous layer were fabricated and compared to the highest
performing photovoltaic solar cells in this study. The results revealed (Figure 3.13) that
the photovoltaic parameters notably increased, yielding a PCE of 17.6%, which is
comparable to other reports in the literature.[1%¢! Nevertheless, compared to NPs, cell
configurations with NFs can also be high-performing as a result of their various
beneficial properties.l*??! Therefore, it is expected that the performance of NF based

photovoltaic cells can be improved further.
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Figure 3.13. A TiO2 NP based PSC.

Based on the results of this study, it was revealed that lithium treated TiO2 NFs, when
implemented for DSSCs and PSCs, show detrimental or very similar performance
metrics compared to the control. However, the addition of lithium, specifically its salt
named lithium bistrifluoromethanesulfonimidate (Li-TFSI), which is extensively used in

the field of PSCs for n-typel'3% and p-typel31.132 Jayers, is known to be advantageous.
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It's effects are related to the downshifting of the CB, which consequently improves
photovoltaic parameters.[®8l While it has been shown here that the addition of lithium
to TiO2 NFs facilitated the development of the rutile phase, which is unfavourable for
the use in solar cells, the same outcome does not arise through the incorporation of
Li-TFSI. As opposed to the direct addition of lithium salt (in this work lithium acetate)
to the precursor sol-gel solution for TiO2, Li-TFSI is spin coated on the already formed
TiO2 material.1130.133.134] For PSCs, there have not been any reports about detrimental
effects of lithium addition on photovoltaic performance, as opposed to DSSCs where
both favourable and negative effects were reported.[®8121.135] When beneficial
outcomes were claimed for lithium treatment, they were typically related to the
improved conductivities and charge densities, both of which can be associated with a
p-type dopant (Li-TFSI).[13¢] Therefore, Li-TFSI is typically added to p-type layers.
However, beneficial outcomes were also reported for n-type layers but only when
lithium was present together with a TFSI- anion (Figure 3.14). Such findings point
towards the anion having the main significance on the improvement, possibly due to
its conductivity.['3¢! Since the lithium salt that was used in this work did not contain

such anions, a detrimental impact was recorded.
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Figure 3.14. Structural formula of bis(trifluoromethanesulfonyl)imide (TFSI) anion.
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3.4 Conclusion

As opposed to the two-step TiO2 NF modification method in chapter 2, a one-step
approach is shown in chapter 3, where TiO2 NFs were separately treated with
lanthanum and lithium salts that were directly added to the precursor sol-gel solution
for electrospinning. Based on the characterisation results, it was concluded that
neither lanthanum or lithium induced any notable substitutional or interstitial defects of
the TiO2 material. This was attributed to their ionic radii, which are bigger compared
to Ti**. On the other hand, structural modifications were observed for lithium treated
TiO2 NFs, with the detection of the rutile phase at lower temperatures than typically
reported. While potential crystal structural changes were not identified for lanthanum
treated TiO2 NFs, their crystallite sizes were reduced, which consequently increased
their BET surface area. However, lithium treatment conversely influenced the
crystallite sizes whereby the BET surface area for lithium treated TiO2 NFs decreased.
In addition, lanthanum treatment induced the formation of oxygen vacancies, wherein
such a phenomenon was not detected for lithium treatment. To examine the
applications of synthesized materials, TiO2 NFs were used for solar cells as a n-type
layer and two different types were fabricated, namely DSSCs and PSCs. Photovoltaic
results revealed that lanthanum treated TiO2 NFs improved the performance of both
types of solar cells, while the same outcomes were not observed for lithium treated
TiO2 NFs. Compared to the control DSSCs, lanthanum treated TiO2 NFs showed a
performance improvement of =17%, while within PSCs the improvement was in the
range of =35%. In the former type, the enhancement in PCE was mostly attributed to
higher BET surface area, which improved dye absorption, whereas in the latter type,
improvement was associated with the presence of oxygen vacancies, which are
beneficial for the charge transport characteristics of the material. While chapter 3

102



covered the additive interactions on the performance of n-i-p solar cells, in chapter 4,

the study is extended towards material synthesis of other classes of nanomaterials.
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Chapter 4

Room temperature synthesis of perovskite

nanocrystals via phosphine-based chemistry
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4. Room temperature synthesis of perovskite

nanocrystals via phosphine-based chemistry

4.1 Introduction

In recent years, perovskite materials have attracted enormous research interests
worldwide.[*371 The original mineral was discovered in the 19" century and composed
of a CaTiOs crystal structure, known as perovskite.[138 While this specific material is
non-conductive, perovskite materials that share the same structure (ABXs), where
typically, but not exclusively, A-site cations are caesium, methylammonium, or
formamidinium, B-site cations are lead, or tin, and X-site anions are chlorine, bromide
or iodide, exhibit entirely the opposite characteristics.l'3? Therefore, these type of
materials emerged as a novel class of semiconductors and have been extensively
used for various types of optoelectronic applications.['4%! Perovskites were initially
used as light absorbing layers for DSSCs. In such photoelectrochemical cells, a liquid
electrolyte is typically employed as a hole-transport layer, however, it disintegrated the
perovskite material, which resulted in very unstable DSSCs. In contrast, when liquid
electrolytes were replaced with a solid-state alternatives (p-type layer), the
performance of all solid-state PSCs significantly increased, and within a few years
reached PCEs above 20%.[1411421 As a result of such exceptional material
characteristics, perovskites were also used for other applications, for instance
LEDs,!'#3 photodetectors,144 catalysis,['*®! and lasers.[**6] While for solar cells the
most frequently employed form of perovskites are thin films, these films without
passivation exhibit low PLQYs, which is a requirement for high performing LEDs and

similar type of devices.[*471481 On the other hand, high PLQYs (near unity) without the
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necessity for extensive passivation can be obtained with QDNCs.['*9! Perovskite
materials in a colloidal form were first synthesized in 2014.[15% The first type reported
was CH3NHsPbBrs QDNCs, then followed by other variations.'>1 Compared to thin
films, QDNCs typically achieve high PLQY values. Moreover, they exhibit many other
advantages, and many of their favourable characteristics cannot be obtained with bulk
materials.'52 For instance, the quantum-confinement regime, where the light emission
of QDNCs can be manoeuvred via different NP sizes.['53 Other methods of tunable
light emission include compositional changes, nanostructuring, post-synthesis anion
exchange, or exfoliation.['5*155] Another advantage of QDNCs is the possible
generation of multiple excitons, which for solar cells can result in overcoming the
Shockley-Queisser efficiency limit.[*%6] Furthermore, in the form of colloidal QDNCs,
specific perovskite phases can be obtained at RT conditions, for example cubic CsPbls
phase, which in the form of thin films transforms into the optically inactive orthorhombic

phase.[57]

In the past few decades, the most widely explored quantum dots were metal
chalcogenides-based, such as binary type 1I-VI, llI-V, and IV-VL[I58 With the
emergence of perovskite QDNCs, a new type of semiconducting colloids was
discovered, which possesses different characteristics compared to the former type.
While binary quantum dots are defect-intolerant, meaning that extensive passivation
of the core is required to achieve high performance, perovskite QDNCs are defect-
tolerant and can be bright emitters without the necessity for passivation.!*% However,
this does not mean that no charge recombination (non-radiative) centres are present,
where the opposite was reported,'%% but rather that the high-performance
characteristics can be obtained at a significantly lower price (no need for surface

passivation).
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Since the performance characteristics of perovskite QDNCs are advancing towards
the values required for commercialisation, a lot of research has been aimed towards
achieving synthesis conditions that will allow cheap, large-scale production. The most
popular and widely employed synthesis method is performed in non-coordinating
solvents with a combination of carboxylic acid and primary amines at high
temperatures between 120 - 200 °C (depending of the required size). This is a costly
approach that can be problematic for upscaling.l'611621 Furthermore, this synthesis
method requires conditions excluding moisture or oxygen, which additionally affects
the total price. Therefore, it is a prerequisite to develop new synthesis pathways that
can solve the aforementioned drawbacks. While efforts were aimed towards RT and
inert, atmosphere-free conditions, such synthesis routes (ligand-assisted
reprecipitation approach - LARP), typically require the use of coordinating solvents,
for example, dimethylformamide (DMF).[163] Since these solvents are toxic, the LARP
approach has several disadvantages that render it unfeasible for large scale
employment. Together with toxicity, there are further shortcomings from the use of
polar solvents, for example, a high solubility characteristic of DMF is that it can dissolve
or harm perovskite QDNCs.[*> Moreover, it was also reported that the interactions
caused by polar solvents can lead to the creation of flawed perovskite QDNCs.[164
While DMF can be typically removed from the compounds via high temperature
treatment, such conditions would result in perovskite phase transition, indicating that
the approach is unsuitable. Therefore, the objective is to perform syntheses at low
temperatures and in industrially compatible solvents. Although particular groups
reported on some synthesis approaches that meet the criteria, their techniques require
either the use of long chain ligand combinations (oleic acid/oleylamine), or individual

preparation of precursors at elevated temperatures. 1651661
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Herein, a new synthesis route is presented where high-quality perovskite QDNCs are
formed at RT, in air, without the use of a commonly employed ligand combination (oleic
acid/oleylamine) and using an industry compatible solvent (octadecene). For that
reason, phosphine-based ligands were employed, which allowed the synthesis of an
organic cation free perovskite (CsPbBrs3) and an organic-inorganic combination
(FAPDbBrs) of QDNCs. The characterisation revealed that this simple synthesis
approach yields high-quality QDNCs, which exhibit cubic phase structure with a high
degree of crystallinity. Furthermore, optical properties of QDNCs were of high-
performance, with the fwhm values below 20 nm for both types and the emission for
RT-FAPbBrs (room temperature formamidinium lead tribromide) QDNCs centred
between 530 — 535 nm. Such a region is in line with the Rec. 2020 colour gamut.[167]
To investigate how capping ligands interact with the NC core, spectroscopic methods
were used, which revealed that the surrounding phosphine ligands bind to the core via
a Pb-O-P bond. Since one of the main disadvantages for the use of QDNCs in
optoelectronic applications is the presence of insulating ligands, their binding strength
and the possibility of removal was further investigated. The results revealed that
compared to the reference combination of ligands (oleic acid/oleylamine), the
phosphine-based alternative was easier to remove. Therefore, the number of organics
was significantly reduced, which is a beneficial outcome for the use of phosphine

capped QDNCs in applications, for example LEDs, solar cells, and photodetectors.

4.2 Experimental section

All chemicals that were used for this work, were purchased from Sigma Aldrich (UK).

No further purification was employed for the obtained chemicals.
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4.2.1 Synthesis of RT-FAPbBrz quantum dot nanocrystals

RT-FAPbBrs QDNCs were synthesized by adding 0.052 g of formamidine acetate salt
into a vial, together with 4 mL of octadecene and 1 mL of diisooctylphosphinic acid
(DIOPA) resulting in 0.1 mol/L concentration (solution 1). In another vial of the same
size, 0.023 g of lead(ll) bromide, 0.333 g of trioctylphosphine oxide (TOPO), 1.7 mL
of octadecene, and 0.333 mL of DIOPA were added together (solution 2). To
completely dissolve the compounds, both vials were placed on a magnetic stirrer until
the solutions turned clear. Subsequently, 0.833 mL of solution 1 was quickly injected
into the vial of the solution 2, which resulted in an immediate formation of RT-FAPbBr3
QDNCs. They were separated from the reaction solution via centrifugation (7500 RPM
for 10 min), where the supernatant was disposed of, and the precipitates were
dissolved in 4 mL of non-polar solvent (toluene). Any excess organic compounds from
QDNCs were removed via purification treatment. The process of purification was
performed with the addition of an antisolvent (acetonitrile) to the solution of QDNCs in
the ratio of 3:1. Afterwards, the solution was centrifuged (7500 RPM for 10 min) and
the precipitates dispersed in toluene (4 mL). When syntheses were performed at
elevated temperatures, the required compounds were added to 3-neck flasks that
were in heating mantles and connected to the Schlenk line. Further steps were

repeated as described above.

4.2.2 Synthesis of Con-FAPbBrs quantum dot nanocrystals

Con-FAPDBTr3 (control formamidinium lead tribromide) QDNCs were synthesized by

loading 0.261 g of formamidine acetate salt into a 3-neck flask, together with 10 mL of
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oleic acid. The flask was then connected to the Schlenk line and heated under nitrogen
to 130 °C until the solution turned clear, without any solid agglomerates left.
Subsequently, the flask was cooled to 50 °C and dried for 30 min, followed by an

increase in temperature to 100 °C under nitrogen (solution 1).

In another 3-neck flask of the same size, 0.069 g of lead(ll) bromide was loaded
together with 5 mL of octadecene and heated under nitrogen to 120 °C, at which point
the solution was dried for 1 hour. The flask was then purged with nitrogen, followed by
the addition of 0.5 mL of dried oleylamine and 0.5 mL of dried oleic acid to solubilize
the lead salt. From this point onwards, the flask was always kept under nitrogen
(solution 2). After approximately 15 min, 2.5 mL of solution 1 was quickly injected into
solution 2, and after 5 sec the reaction solution was cooled by immersing the flask in
an ice-water bath to quench the nucleation of con-FAPbBrs QDNCs. These were
separated from the reaction solution via centrifugation at 12500 RPM for 10 min. The
supernatant was discarded, and the precipitates dissolved in 4 mL of toluene. To
remove excess organics, 1.25 mL of an antisolvent (acetonitrile) was added to the
solution, followed by another centrifugation at 12500 RPM for 10 min. Finally, the

supernatant was discarded, and the precipitates dissolved in 5 mL of toluene.

4.2.3 Synthesis of RT-CsPbBr3; quantum dot nanocrystals

RT-CsPbBrs (room temperature caesium lead triboromide) QDNCs were synthesized
by adding 0.0407 g of caesium carbonate into a vial together with 2 mL of octadecene
and 0.2 mL of DIOPA (solution 1). In a different vial of the same size, the same
quantities of lead(ll) bromide, TOPO, octadecene, and DIOPA as for RT-FAPbBr3

QDNCs were loaded (solution 2). To completely solubilize the compounds, both vials
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were placed on a magnetic stirrer and left there until both solutions turned clear. To
form RT-CsPbBrs QDNCs, 0.133 mL of solution 1 was quickly injected into solution 2.
They were purified via the addition of methyl acetate in the volume ratio of reaction
solution : antisolvent = 1 : 2.3. This solution was then centrifuged at 7500 RPM for 10
min. The supernatant was discarded, and the precipitates dissolved in a polar solvent
(4 mL of toluene), forming a colloidal solution of RT-CsPbBrs QDNCs. Where QDNCs
were not subject to purification, the reaction solution was centrifuged without the

addition of an antisolvent and the precipitates were dissolved as described above.

4.2.4 Synthesis of Con-CsPbBrs quantum dot nanocrystals

Con-CsPbBrs (control caesium lead tribromide) QDNCs were synthesized by loading
0.204 g of caesium carbonate into a 3-neck flask together with 10 mL of octadecene
and 0.625 mL of oleic acid. The flask, which was connected to the Schlenk line, was
heated to 120 °C and dried under nitrogen conditions for 1 h. The temperature was
then raised to 150 °C until all caesium carbonate was completely dissolved, followed

by decreasing the temperature to 100 °C (solution 1).

In an additional 3-neck flask of the same size, 0.069 g of lead(ll) bromide was loaded
together with 5 mL of octadecene. This solution was dried at 120 °C for 1 h.
Subsequently, 0.5 mL of dried oleylamine and 0.5 mL of dried oleic acid were added
under nitrogen so that the lead(ll) bromide salt completely dissolved. The temperature
of the solution was then raised to 140 °C (solution 2). To form con-CsPbBrs QDNCs,
0.4 mL of solution 1 was quickly injected and after 5 sec the reaction solution was
cooled by immersion of the flask into an ice-water bath. To purify QDNCs, methyl

acetate was directly added in the volume ratio of reaction solution : antisolvent = 1 :
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2.3, followed by centrifugation (7500 RPM for 10 min). Afterwards, the supernatant
was discarded, and the precipitates dissolved in 4 mL of toluene. Where QDNCs were

not purified, the procedure was identical as described above.

4.2.5 Details of instrumentation used

TEM, XRD, and XPS were performed with the equipment and using the methods that

are described in section 2.2.5.

UV/Vis characterisation was performed using the Perkin ElImer Lambda 950, where,
during the measurements. an interval of 1 nm was used. The colloidal solutions of

QDNCs in toluene were measured with quartz cuvettes that had a 1 cm path length.

PL measurements were performed using the Horiba FluoroMax-4 spectrofluorometer.
Fwhm values were determined using a Gaussian fit function, in Origin. PLQY
characterisation was performed using quartz cuvettes with a colloidal solution of
QDNCs, in an integrating sphere. To prevent saturation of the detector, and to have
the number of counts in the range of =1-10° a.u., a neutral-density filter and different
types of slit widths were used, together with the concentration manipulation of the
colloidal solution in quartz cuvettes. To calculate the values, the following equation

was used:

® = (Ec — Ea) / (Lb — Lc) (1.1)

112



In this equation, Lb (solvent — toluene) and Lc (QDNC solution) correspond to the
scattering data, and Ea (solvent — toluene) and Ec (QDNC solution) correspond to the
fluorescence emission data. The absorption of photons was determined from the
scattering peaks of a solvent and a QDNC solution, where the emission of photons
was in turn determined from the emission data of QDNCs. PLQY measurements for
FAPDbBrs QDNCs were performed on the same day as the synthesis, while for CsPbBr3
QDNCs measurements were performed one day after. For the measurements, the
excitation of 400 nm was used, and the data was collected in the region between 450

— 600 nm.

For photoluminescence decay measurements, a Delta Flex system (Horiba Scientific)
was employed. For excitation, a laser with a wavelength of 404 nm was used and the
signal was collected by PPD-900 (Horiba Scientific) detector. Quartz cuvettes with a

1 cm path length were used for colloidal solutions of QDNCs.

FTIR characterisation was carried out using a Bruker Spectrometer Alpha Il with an
attenuated total reflection (ATR) accessory. The FTIR spectra were recorded between
the 4000 — 400 cm? region and the samples were in a powder form. To obtain enough
material (QDNCSs) for the measurements, the synthesis was scaled up by a factor of
9. For RT-FAPbBrs QDNCs, the concentration of solution 1 (see section 4.2.1) was
increased to 0.25 mol/L and the injection was performed at an elevated temperature
(100 °C). The colloidal reaction solution of QDNCs was centrifuged at 7500 RPM for

10 min and the precipitates were dried for 24 h in a desiccator.

Thermal gravimetric analysis (TGA) was performed on a Perkin Elmer 7
Thermogravimetric Analyzer under nitrogen gas with a flowrate of 20 mL/min. The

heating rate used during the measurements was 5 °C/min in the region between 30
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°C and 800 °C. For the analysis, 7 — 10 mg of powder QDNCs were used, where the

synthesis was significantly scaled up, as discussed above.

4.3 Results and discussion

4.3.1 Synthesis of quantum dot nanocrystals and their

characteristics

In this section, a novel synthesis route consisting of a ligand combination that includes
TOPO and DIiOPA is presented, which replaces the use of oleic acid and oleylamine.
In a typical method reported by Kovalenko et al.,[*>% a ligand combination of oleic
acid/oleylamine is employed for the synthesis of perovskite QDNCs. The purpose of
the used ligands is to dissolve the precursor salts in octadecene, which is only viable
at elevated temperatures and is essential for the successful synthesis of
nanomaterials. For instance, to dissolve the cation (Cs* or FA*) precursor compounds
(Cs2CO0s3 or formamidinium acetate) in non-polar solvents, a fatty acid such as oleic
acid is used, and the solvation only occurs at temperatures above 100 °C. On the other
hand, for the solvation of anions of the perovskite crystal structure (Pb2* and halogens
— CI, Br or I') in octadecene, where the precursor compound is usually a lead salt, a
combination of two types of ligands (oleic acid/oleylamine) is necessary along with
temperatures of around =110 °C.[*5U While there were attempts to decrease the
synthesis temperatures, for example, an amine-free route made the reaction feasible
at =75 °C,[168] efforts aiming at RT conditions were unsuccessful. In this work, with the
employment of a DIOPA ligand as an alternative to oleic acid, the solvation of a

compound that serves as a cation source (Cs* or FA*) was made possible at RT
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conditions and in non-polar solvents. In addition, an oleic acid/oleylamine ligand
combination was replaced by TOPO and DiOPA, which allowed the solvation of a lead
salt (the source for both cations) and the formation of a clear solution at RT, in
octadecene. It is noteworthy that the addition of DIOPA is not required for the solvation
purposes as TOPO alone can dissolve the lead salt in octadecene. However,
experiments have shown that a combination of TOPO and DIiOPA yields QDNCs of
better quality, which can possibly be related to a better surface coverage of the QDNC

core.

By using an alternative ligand combination, two types of perovskite QDNCs were
successfully synthesized, i.e. FAPbBr3 (labelled in this chapter as RT-FAPbBrs) and
CsPbBrs (labelled in this chapter as RT-CsPbBr3) QDNCs at RT, in air, without the
protective inert gas environment and in non-coordinating solvents. While these
reactions occurred rapidly, the nucleation rates for particular type of QDNCs were
different. Specifically, when a precursor solution of formamidinium acetate was
injected into a precursor solution containing the lead salt, the formation of RT-FAPbBr3
QDNCs was instantaneous, as opposed to the injection of a precursor solution
containing Cs2COs, where a slightly delayed nucleation was observed (formation of
RT-CsPbBrs QDNCSs). As reported by other researchers in the field,[1%8] the nucleation
rate of nanomaterials is generally associated with their capping ligands. Since in this
study, the same type and quantity of ligands were used independently of the class of
QDNCs, different nucleation rates suggest that their growth dynamics were influenced
by the cation size. In particular, a smaller Cs* size was responsible for the delayed
formation of RT-CsPbBrs QDNCs, as opposed to the immediate formation of RT-
FAPDbBrs QDNCs, where the FA* size is bigger. The origin behind such a facile

formation of high-quality QDNCs can be related to their ionic bonding.[*%% Their shape
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and size characteristics were identified using TEM, as seen in Figures 4.1 and 4.2.
The average edge-length of cubes of RT-CsPbBrs; QDNCs (Figure 4.1) was
determined to be =14 nm with a moderate standard deviation (=12%), which indicates
the range of size variation among particular cubes. Furthermore, HR-TEM images
showed that RT-CsPbBrs QDNCs were highly crystalline with a separation between
lattice planes of =5.8 A (Figure 4.1c). This value is in line with the (100) crystal plane
of the perovskite cubic arrangement.[161 While TEM characterisation of RT-CsPbBrs
QDNCs was relatively straightforward, imaging RT-FAPbBrs QDNCs proved to be
challenging as they were unstable under the beam of electrons. Nevertheless, Figure
4.2 shows resultant TEM images, which reveal that compared with RT-CsPbBrs
QDNCs, RT-FAPbBrs QDNCs were bigger. Their average size was =38 nm with a
slightly higher standard deviation (=16%) and identical lattice spacing (=5.8 A) (Figure

4.2c).

Figure 4.1. TEM images of RT-CsPbBrs QDNCs. (a, b) Top-view revealing their size

distribution and shape. (c) HR-TEM image showing the separation between lattice

planes in a cube structure.
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Figure 4.2. TEM images of RT-FAPbBrs QDNCs. (a, b) Top-view revealing their size
distribution and shape. (c) HR-TEM image showing the separation between lattice

planes in a cube structure.

Furthermore, XRD was also implemented for their characterisation, and the results
were compared with their corresponding control QDNCs (labelled herein as con-
CsPbBrs and con-FAPbBrs QDNCs), which were synthesized at elevated
temperatures via the hot-injection approach (oleic acid/oleylamine ligand
combination).[*>1 Figure 4.3 illustrates XRD patterns that show the cubic perovskite
phases for both inorganic and organic-inorganic type. Compared to the control, RT
synthesized QDNCs have better-defined peak intensities. This finding indicates that

the level of crystallinity was higher.
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Figure 4.3. XRD patterns for (a) RT-FAPbBrs and RT-CsPbBrs QDNCs. (b) con-
FAPDBrs and con-CsPbBrs QDNCs. The standard perovskite phase for FAPbBr3 can

be seen in reference.l170

4.3.2 Optical characteristics of quantum dot nanocrystals

The absorption properties of QDNCs were investigated using absorption
spectroscopy. Figures 4.4a and b illustrate UV/Vis absorption spectra for RT-FAPbBr3
and RT-CsPbBr3 QDNCs. While for both types, a peak at the first excitonic transition
(around 500 nm) can be observed, RT-CsPbBrs QDNCs exhibited an additional
electronic transition located at around 375 nm, which is a characteristic of high-quality
nanomaterials.l'’l The same feature was already observed for CsPbBrz QDNCs by
other researchers in the field,[*5% however, it has not yet been reported for FAPbBr3
QDNCs, which is in line with the results presented herein. This phenomenon can be
related to bigger sizes of the latter type of QDNCs, which hinder the possibility of other
transitions being observed.!’? In addition, as already noted from the TEM
characterisation, RT-CsPbBrs QDNCs exhibited a more uniform size distribution,

which could be an additional factor causing the second transition to be more
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defined.l!73 Light emission characteristics of QDNCs were examined with a
fluorometer, as illustrated in Figure 4.4. Compared to the control (energy intensive
approach), RT synthesized QDNCs exhibited similar fwhm values, with emission line
widths of =19 nm for RT-FAPbBrs QDNCs, and =14 nm for RT-CsPbBrs QDNCs.
However, the cation type (size difference) affected the wavelength of light emission
with RT-CsPbBr3 QDNCs emitting at 519 nm, and RT-FAPbBrs QDNCs exhibiting a
bathochromic shift in the emission spectrum (532 nm). According to the International
Commission on lllumination (CIE) and the International Telecommunication Union
(ITU), there are three main emission peaks for display applications, which are located
at 467 nm, 532 nm, and at 630 nm.[*74 As the results here indicate, the emission peak
for RT-FAPbBrs QDNCs is explicitly in line with one of these three emission peaks,

which renders this type promising for future applications.
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Figure 4.4. UV/Vis (solid line) and PL (dotted line) characteristics of (a) RT-FAPbBr3
and (b) CsPbBrs QDNCs.

The quantum-confinement properties of QDNCs were investigated by performing

syntheses at various temperatures (between RT to 130 °C) to obtain different sizes. It
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is noteworthy to mention that both precursor solutions were at the same temperature
at the time of injection. Different sizes of QDNCs have different values of energy gap
(bandgap), which is a fundamental principle behind quantum confinement.[73 Bigger
sizes of QDNCs exhibit lower bandgaps compared with their smaller sizes with blue-
shifted emission. The extent of quantum confinement in perovskite QDNCs is related
to their cation type. For instance, light tuning in con-FAPbBrs QDNCs can be achieved
in the wavelength range of =65 nm, as opposed to the range of =35 nm for con-
CsPbBr3 QDNCs.[17®l However, RT-FAPbBrs and RT-CsPbBrz QDNCs did not show
any noticeable light emission variations at synthesis temperatures ranging from RT to
100 °C (Figure 4.5). This anomaly can be explained by their large sizes, where despite
being synthesized at low temperatures, the size was still higher than the exciton Bohr
radius. The requirement to access the quantum confinement regime is that the size of
a QDNC is within the same order as the size of the exciton Bohr radius, which via this

synthesis pathway was not possible to achieve.[%4
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Figure 4.5. PL spectra for (a) FAPbBrs and (b) CsPbBrs QDNCs synthesized at

different temperatures.
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Nevertheless, different synthesis temperatures influenced PLQYs for both types of
QDNCs, as shown in Figure 4.6. It was revealed that the high temperature conditions
negatively influenced PLQYSs, as higher values were obtained under RT. In addition,
a phosphine-based ligand combination resulted in being more favourable for RT-
FAPDbBrs QDNCs, since the values of up to 50% were obtained, as opposed to RT-
CsPbBrs QDNCs, where the highest PLQYs were in the range < 25%. When these
nanomaterials were synthesized at elevated temperatures of up to 100 °C, PLQYs
were significantly lower. Since the emission characteristics of QDNCs are closely
related, with the ability of capping ligands to passivate their surfaces, the results
suggest that elevated temperatures generate the creation of in-gap trap states, which

are known to induce non-radiative recombination processes and thus low PLQYs.[17]
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Figure 4.6. Trends in PLQYs as a function of the synthesis temperatures for (a)
FAPDBrsz and (b) CsPbBrs QDNCs.

To visualize the trends discussed above, Figure 4.7 shows the photographs for both
types of QDNCs synthesized at various different temperatures, under the excitation of

365 nm (Figures 4.7a and b) and without light excitation (Figures 4.7c and d). The
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resulting colloidal solutions turned out to be dissimilar, as an orange colloidal solution

formed for RT-FAPDbBrs and a lime green colloidal solution for RT-CsPbBrs QDNCs.

(a) (b)
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Figure 4.7. Photographs of (a, ¢c) FAPbBr3 and (b, d) CsPbBrs QDNCs synthesized at
different reaction temperatures, as illustrated in Figures 4.6. (a) and (b) show colloidal

solutions under light excitation (365 nm) and (c, d) without light excitation.

As reported by Manna et al.,[1”"] there is an influence of the concentration gradient of
the cation precursor solution on the QDNC surface ligand capping. Therefore, similar
experiments were performed herein, and Figure 4.8 shows how different
concentrations of the formamidinium acetate solution influenced PLQYs of RT-
FAPbBrs QDNCs. The results revealed that the concentration increase hindered
PLQYs and that the best performance was obtained with a 0.1 mol/L concentration.
The same measurements were also performed for RT-CsPbBrs QDNCs, however, as
Cs2CO0s is not highly soluble at low temperatures, clear agglomerate traces of the

undissolved powder were noticed at the bottom of the vials. Therefore, such synthesis
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conditions proved unreliable for observing possible concentration effects on PLQYs
and so the results are not presented in this work. Moreover, the influence of different
DiOPA concentrations in the anion precursor solution were also investigated, but no
trends in PLQYs were observed. Since other researchers in the field reported on
PLQYs of con-FAPbBrs and con-CsPbBrs QDNCs approaching near unity (high
temperature approach), values discussed in this report appear to be low.[*"8 This can
be attributed to non-ideal interactions between the surface ligands and the NC core,
which leads to poor passivation, and as such, the results are not surprising. As
reported by Milliron et al.l}7® for MgO NCs, TOPO as a capping ligand leads to lower

PLQYs when compared to other alternatives, for example benzyl ether.
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Figure 4.8. PLQYs as a function of the concentration of the formamidinium acetate
precursor solution for FAPbBrs QDNCs.

To explore the dynamic processes in QDNCs, time-resolved spectroscopy was
employed. In order to present data, tri-exponential and bi-exponential decay fittings
were used for RT and con-FAPbBrs and con-CsPbBrs QDNCs, respectively. Figure

4.9 illustrates the decay dynamics, and Tables 4.1 and 4.2 show time-resolved PL
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data. As reported by other authors,'8% the size range of QDNCs can influence their
emission decay lifetimes and for bigger sizes, higher lifetimes are obtained (small
sizes — lower lifetimes). This can be attributed to charge diffusion lengths, where
longer lengths exhibit slower bimolecular recombination and thus larger QDNCs will
have longer lifetimes.[180.181 The results of this study did not show any exceptions,
since both types of perovskite QDNCs synthesized at RT had longer average emission
decay lifetimes, as opposed to control QDNCs that exhibited shorter lifetimes. Their
size differences were determined from the XRD patterns (Figure 4.3) using the
Scherrer equation, which showed that RT-FAPbBrs QDNCs were =2.4 times larger
compared with their respective control, while RT-CsPbBrz QDNCs were =3.1 times
larger in comparison with con-CsPbBrs QDNCs. Therefore, average PL decay
lifetimes for the former type were 28.5 ns for RT and 12.2 ns for control, while for the
latter type they were 34.8 ns for RT and 9.7 ns for control. Since the synthetic
procedure to make RT QDNCs is undoubtedly easier and cheaper than a hot-injection
approach, and while having larger PL lifetimes is beneficial for optoelectronic

applications, they can be a good alternative for use in various applications.
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Figure 4.9. PL emission lifetimes for colloidal solutions of (a) FAPbBr3 and (b)
CsPbBrs QDNCs.
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Table 4.1. Time-resolved PL results for colloids of RT-FAPbBrs and RT-CsPbBrs
QDNCs. To fit the results, the following equation was used: (y = yo+A1e*™+A2e*¥ %+

Asze™™) and the average lifetimes were determined via: Y (aiti).

A1 T1(ns) | A2 T2(ns) | Az T3 (NS) Tavg (NS)
RT- 4189.0 | 2.8 3478.9 |18.7 1720.5 |110.9 28.5
FAPDLBIr3
RT- 2084.9 | 1.8 6066.2 |29.4 1803.9 |90.9 34.8
CsPbBr3

Table 4.2. Time-resolved PL results for colloids of con-FAPbBrz and con-CsPbBrs
QDNCs. To fit the results, the following equation was used: (y = yo+Aie¥+A2e*?)

and the average lifetimes were determined via: } (aiti).

A1 11 (NS) A2 T2 (NS) Tavg (NS)
Con- 10206.7 | 11.8 96.9 52.5 12.1
FAPDBTr3
Con- 11001.1 | 9.3 90.9 50.8 9.7
CsPbBrs

4.3.3 Composition and ligand binding of quantum dot

nanocrystals

To investigate the surface characteristics of QDNCs, XPS was used, which allowed
the determination of the elements present. Figures 4.10 and 4.12 illustrate elements
that were identified for RT-FAPbBrs QDNCs, and Figures 4.11 and 4.12, show similar
elements on the surface of RT-CsPbBrs QDNCs. Elements, for instance carbon,
nitrogen, oxygen, lead, bromine, caesium, and phosphorous were identified and

correlated with the capping ligands and the particular nanocrystal core.
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Figure 4.10. High-resolution XPS spectra of elements (a) N 1s, (b) C 1s, (c) Pb 4f,
and (d) Br 3rd, which were identified on the surface of RT-FAPbBrs QDNCs.
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Figure 4.11. High-resolution XPS spectra of elements (a) Cs 3d, (b) C 1s, (c) Pb 4f
and (d) Br 3rd, which were identified on the surface of RT-CsPbBrs QDNCs.
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Interactions between the capping ligands and the perovskite core were further
analysed using P 2p and O 1s spectra (Figure 4.12). P 2p spectra revealed that no
phosphorous in zero oxidation state was present, since no peaks were observed in
the range between 129 — 131 eV for both types of QDNCs. Nevertheless, a broad
band can be seen at higher binding energies (131 — 135 eV), which is an indication of
phosphorous being in a higher oxidation state. This broad band was deconvoluted into
two separate peaks, where each corresponds to a particular bonding. To obtain
information about the bonding mechanism, an O 1s spectrum was used, which was
likewise deconvoluted into two separate peaks (Figures 4.12b and d). The first peak
present at lower binding energies (at 531 eV for RT-FAPbBr3, and at 532 eV for RT-
CsPBBrs QDNCs), was identified as oxygen that did not participate in the bonding
between the capping ligands and the NC core, and was thus part of the P = O ligand
bond.['821 On the other hand, the second deconvoluted peak, present at 532 eV for RT-
FAPDBrs and at 533 eV for RT-CsPbBrz QDNCs, was determined to be part of the
bonding that was formed on the QDNC surfaces and was thus identified as the Pb-O-
P bond.['83 Therefore, these results suggest that the P=0O group (present on both
types of ligands) is the binding centre for the attachment of ligands on the nanocrystal
core, on the lead element of the QDNC structure. These interactions were further

investigated by implementing FTIR, as discussed in the sections below.

127



(a) (b)

RT-FAPbB, P 2p RT-FAPbBI , 01s

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

M

A
N "'vvv

T T T T T T T T T T T
136 135 134 133 132 131 130 129 128 127 536 534 532 530 528

(c) Binding energy (eV) (d) Binding energy (eV)
RT-CsPbBr, P 2p RT-CsPbBr, 0 1s

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

T T T T T T T T T T T T T T
135 134 133 132 131 130 129 128 127 540 538 536 534 532 530 528 526
Binding energy (V) Binding energy (eV)

Figure 4.12. High-resolution XPS spectra of elements (a) P 2p, (b) O 1s for RT-
FAPDBrsz and (c) P 2p, (d) O 1s for RT-CsPbBrs QDNCs.

As previously discussed, PLQYs for RT synthesized QDNCs were shown to be
temperature dependent. Therefore, XPS was used to investigate possible changes on
their surfaces at different synthesis temperatures. Elemental ratios between N:Pb and
Br:Pb on the surface of RT-FAPbBrs QDNCs can be seen in Figure 4.13. By increasing
the synthesis temperature, both elemental ratios increased, indicating that a higher
temperature reduced the amount of Pb that was present. These trends were further
examined via the atomic ratios of Pb:P. As opposed to the synthesis performed at 100
°C (Pb:P = 1:20), RT synthesis resulted in atomic ratios of 1:(2.9-3.9). Such results

indicate that the atomic ratios of the constituent elements of the perovskite crystal
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structure were modified as a function of temperature, which most likely influenced the

trends that were observed for PLQYSs.
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Figure 4.13. Atomic ratios of (a) N/Pb and (b) Br/Pb for RT-FAPbBrs QDNCs.

In contrast to, the atomic ratios of Br:Pb for RT-CsPbBrz QDNCs did not follow the
same pattern as above, meaning that a temperature dependency cannot be expanded

towards all types of perovskite QDNCs (Figure 4.14).
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Figure 4.14. Br:Pb atomic ratios for RT-CsPbBrz QDNCs.
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The strength of the ligand binding and the nature of the ligand removal after the
purification procedures, were both investigated by determining the atomic ratios of
Pb:P before and after the addition of an antisolvent. The atomic ratio (Pb:P)
determined for RT-FAPbBrs was (1.2-1.7):1, and for RT-CsPbBrz QDNCs was (1.8-
2.2):1. Compared to the ratios before the antisolvent treatment (see above), the
amount of organic ligands notably decreased on the surface of QDNCs after the
purification, indicating that the Pb-O-P bond can be considered highly dynamic and

easy to remove from the QDNC shell.

4.3.4 Interactions between quantum dot nanocrystals and

their ligands

In addition to XPS, interactions between the phosphine-based surfactants and the
QDNC core were also studied by implementing FTIR. Figure 4.15 shows the structural
formulas for both ligands that were used (TOPO and DiOPA), and their FTIR spectra

can be seen in Figures 4.16 and 4.17.

b
(a) 0 (b) 0
CeH177P~CgH17  CH3(CH2)6CHo~P—CHa(CHz)6CHs
OH CHa(CH2)6CH3

Figure 4.15. Structures of (a) DIOPA and (b) TOPO molecules.
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Figure 4.16. FTIR spectra for TOPO in the wavelength range (a) between 4000 — 500
cm® and (b) between 3050 — 2750 cm™*.
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Figure 4.17. FTIR spectra for DIOPA in the wavelength range between 4000 — 500
cm™,

The main signals were successfully identified, and the spectral assignments at

particular wavelengths can be seen in Table 4.3 for TOPO and Table 4.4 for DIOPA.

131



Table 4.3. Identified FTIR characteristic absorption peaks from the spectrum of TOPO,
where the symbols v, 8, and y refer to stretching, in-plane deformation, and out-of-

[{Pagl)

plane deformation, respectively. The subscripts “as” and “s” are related to asymmetric

or symmetric stretching, respectively.

Wavenumber 2950 2918 2869 2850 1464 1376 1197 1144 724
(cm™)
Group Vas(CH3) | Vas(CH2) | vs(CHg3) | vs(CH2) | 8(CH2) | 6s(CHs) | 8(CHy) | v(P=0) | y(CH>)

Table 4.4. Identified FTIR characteristic absorption peaks from the spectrum of DIOPA
that cannot be observed on the spectrum of TOPO.

Wavenumber 1654 956
(cm™)
Group v(P-OH) | P-OH

Further evaluation of the ligand binding to the perovskite core was performed by
analysing FTIR spectra for RT-FAPbBrs and RT-CsPbBrs QDNCs, as illustrated in
Figure 4.18. The results revealed that the main changes between the FTIR spectra of
ligands and FTIR spectra of QDNCs occurred for the signal assigned to the P=0O
stretching vibration, which is located around the region between 1100 — 1200 cm?. As
reported in other studies,[*® where TOPO was used as a binding molecule, the
formation of coordination composites from its P=0O functional group, results in the
alterations of the position for this signal; in particular, the position for the P=0
stretching vibration spans to lower wavenumbers. Such a red shift indicates that a
bond is formed through a TOPO functional group.[*”? The explanation for this shift is
related to the transfer of electron density from phosphorous to a more electronegative
element, such as oxygen. Based on the data from the FTIR spectra for ligands and
QDNCs, it has been determined that the P=0 stretching peak has broadened and

altered from 1144 cm™ (TOPO and DiOPA) to 1120 cm™ (QDNCs). This indicates that
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a bond was formed between them; specifically, a P=0O functional group was broken
and a new Pb-O-P bond was formed that attached a ligand to the QDNC core.[18]
While reports of such interactions are novel for perovskite QDNCs, a similar
mechanism had already been observed previously for cadmium-based quantum dots,

for instance, CdSel86.187] and CdS[*84 quantum dots.
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Figure 4.18. FTIR spectra for RT-CsPbBrs (blue lines) and RT-FAPbBr3 (red lines)
QDNC s in the wavelength range 4000 — 500 cm.

Compared to TOPO, the structural formula for a DIOPA ligand differs by having an
additional functional group (P-OH) attached to the phosphorous element. The
interaction of this group with the surface of QDNCs was further examined based on
their FTIR spectra. As illustrated in Table 4.4, two peaks (at 1654 cm™ and 956 cm™)
that are additionally located on the FTIR spectrum of DIOPA (Figure 4.17), became

altered on the spectrum of QDNCs (Figure 4.18). Specifically, they red-shifted and
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were identified at 1642 cm™ for the P-OH stretching and at 908 cm™ for the P-OH
bending (Figure 4.18). A DIiOPA ligand has previously been used for other
applications, for instance, in the field of supercritical fluids, where interactions with
copper complex compounds were reported (i.e. a shift of wavenumbers to lower
frequencies).[*®8 Since similar shifts have been seen in this work, it is concluded that
they are a result of the binding to QDNCs via lead. Furthermore, other peaks that can
be seen in Figure 4.18 were also investigated. For example, strong absorption
occurred slightly below 3000 cm, which was determined to be the result of C-H
absorption bands and bonding between sp? carbon and hydrogen. Figure 4.19 shows
a closer view of the FTIR spectrum range around that region. It can be seen that the
absorption bands present are very similar between the spectra of ligands and QDNCs
and were assigned to the stretching vibrations of —-CH2 and —CHs, respectively. The
absorption around 2954 cm and 2921 cm! was related to the dissymmetric stretching
vibrations of —-CHs and —CHz, and the absorption band at 2852 cm was a result of

the symmetric stretching vibrations of —CHa.
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Figure 4.19. FTIR spectra for RT-CsPbBrs (blue lines) and RT-FAPbBr3 (red lines)
QDNC s in the wavelength range between 3000 — 2800 cm™.

The peak at 1465 cm! (Figure 4.18) was attributed to the scissoring band of —CH>.[184]
FTIR analysis further revealed that the capping ligands consisted of at least four-
carbon chains, shown by the observation of an absorption peak at 720 cm. This can
be attributed to the presence of octyl groups from the ligands, which bind to the QDNC

core.

Since the hybrid organic-inorganic type of QDNCs (FAPDbBr3) consists of an organic
cation group, as can be seen in Figure 4.20, extra signals were observed on the FTIR
spectrum of RT-FAPbBrs QDNCs (Figure 4.18). However, it should be noted that a
different cation type did not have any influence on the position of absorption peaks
assigned to the organic ligands. In the frequency range 3400 — 3100 cm?, four signals
appeared that cannot be observed on the spectrum of RT-CsPbBrs QDNCs. They
were assigned to the quadruple N-H stretching vibrations of the FA* cation. Moreover,

a strong absorption band appeared at 1717 cm, which, as reported by Chaykovsky
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et al.,l® can be attributed to the symmetric stretching vibrations of C=N.
Nevertheless, in a recent computational study performed by Oliver et al.,[%! the same
peak was identified to be the C-N antisymmetric stretching vibration. Additionally, an
absorption band located at approximately 600 cm™ was associated with the N-H

wagging and C-H rocking of bonds.[291]

H

N

+*Ho,N” “NH,

Figure 4.20. A structural formula of the formamidinium cation.

To determine the affinity of ligand binding to the QDNC core, FTIR spectra of non-
purified and purified (the addition of polar solvents) QDNCs were obtained, as
illustrated in Figure 4.21. The results revealed that RT-FAPbBrs QDNCs signals
previously assigned to the -CHs groups at wavelengths of 3000 cm™* and to the -CH2
groups at =1460 cm, significantly decreased after the purification treatment.
Moreover, a signal at the absorption band of 720 cmt, which was a result of the long
chain organic compounds, essentially disappeared, which is an indication that the
amount of organics significantly decreased. The same was also noted for the P-OH
stretching peak at around 1640 cmt; however, the absorption band located at 908 cm-
1 (P-OH bending) can still be observed. Therefore, results indicate that the phosphine-
based ligands can be removed from the RT-FAPbBrs QDNC surfaces without difficulty,

and that their binding is highly dynamic.
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Figure 4.21. FTIR spectra for RT-CsPbBrs (blue lines) and RT-FAPbBr3 (red lines)

QDNCs in the wavelength range between 4000 — 500 cm™ after the purification

treatment (the addition of polar solvents).

As opposed to the organic-inorganic hybrid, ligands capped on all-inorganic (RT-
CsPbBr3) QDNCs were not removed to such a large extent after the addition of polar
solvents. Figure 4.22 shows the comparison between non-purified and purified RT-
CsPbBrs QDNCs. A slight decrease of peak intensities that were previously assigned
to the organic ligands can be observed, however all of them were still considerable.

This is the opposite to what was observed for RT-FAPbBrs QDNCs.
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Figure 4.22. FTIR spectra of RT-CsPbBrs QDNCs that were not subject to purification
(blue lines) and the spectra of QDNCs that were purified (black lines).

In addition to the FTIR measurements, thermal gravimetric analysis (TGA) was
performed to investigate the removal characteristics of phosphine-based ligands after
the addition of polar solvents. Therefore, purified control (oleic acid/oleylamine) and
phosphine-capped QDNCs were compared (Figure 4.23). Both types of QDNCs were
purified using the same quantities and types of polar solvents, as described in the
experimental section. As can be seen in the TGA curves in Figure 4.23, there is a
noticeable mass difference between them in the temperature related profile, and
phosphine-based ligands were easier to remove. Up to approximately 450 °C, only
organic ligands disintegrate; whereas a temperature increase above 550 °C causes
the decomposition of the perovskite structure. As the results indicate, con-FAPbBr3
and con-CsPbBr3 QDNCs lost noticeably more weight than the same type of QDNCs
capped with the phosphine-based ligands. Specifically, for FAPbBrs QDNCs there was
a mass difference of 12.5%, while for CsPbBrs QDNCs it was 12.9%. Therefore, an
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oleic acid/oleylamine ligand combination is more potent in antisolvent washing
compared to the combination of TOPO/DIOPA. Such observations are in line with the
findings obtained by implementing the XRD technique, where a higher level of
crystallinity was observed for the phosphine capped QDNCs. While the removal of
insulating ligands from the surface of QDNCs can be an advantage in terms of charge
transport properties for optoelectronic applications, it is only beneficial if the
performance metrics do not diminish. Since PLQY s for both types, namely control and
RT synthesized QDNCs, decreased after the ligand removal, this suggests that there
is a need to find alternative ligand combinations that will allow good charge
conductivity, together with retaining high optoelectronic performance. Nevertheless,
the findings presented here can be valuable for future work in the field of QDNC ligand
exchange studies, which will aim towards having total control of the surface ligand

binding in QDNCs.

(a) (b)
100 Con-FAPbBr, Con-CsPbBr,
1 —— RT-FAPbBr, 1001 —— RT-CsPbBr,
. 804 80 4
R =<
[¢] ]
© 60 g 60
_(:\} (0]
5 5
w
2 40 @ 40
= =
20 20 4
04 04
T T T T T T
T T T T T T T
100 200 300 400 500 600 700 100 200 300 400 500 600 700 800
Temperature (°C) Temperature (°C)

Figure 4.23. TGA graphs for purified (a) con-FAPbBrs and RT-FAPbBrs QDNCs,
together with (b) con-CsPbBr3 and RT-CsPbBrz QDNCs.
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4.4 Conclusion

In summary of this section, a new synthesis approach was developed to allow FAPbBr3
and CsPbBrs QDNCs to be synthesized at RT using a ligand combination of
TOPO/DIOPA, instead of typically employed amines and carboxylic acids. Moreover,
phosphine-based ligands enabled the solvation of precursor compounds in an
industrially compatible solvent, for instance, octadecene. While RT synthesis routes
already exist (LARP approach), they typically require the use of toxic polar solvents
(DMF), preventing them from being used in the production of large batches of QDNCs.
Experiments have revealed that it is also possible to synthesize phosphine capped
QDNCs at elevated temperatures; however, compared to the RT approach
optoelectronic performance metrics deteriorate and thus RT synthesis is considered
more beneficial. Furthermore, phosphine-based ligand interactions with the QDNC
core were investigated using various types of characterisation techniques, which
revealed that a Pb-O-P bond was formed, attaching ligands to the perovskite core.
When RT synthesized QDNCs were purified with polar solvents, their PLQYs
decreased. However, as opposed to the approach that uses a ligand combination of
carboxylic acids and amines, phosphine-based ligands are easier to remove from the
QDNC surfaces, indicating that their binding is highly dynamic. Overall, the possibility
to synthesize such high-quality QDNCs at RT offers several advantages over the

traditional hot-injection approach.
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Chapter 5

Conclusion
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5. Conclusion

5.1 Summary of results

To tackle greenhouse gas emissions, converting solar energy into electricity to replace
fossil fuel combustion is a mandatory approach that will have to take place imminently.
Since this is a clean and environmentally friendly method of energy generation, using
it to replace the consumption of oil or coal can solve many ecological problems
worldwide. With the discovery of DSSCs approximately 30 years ago, many
researchers at that time predicted that, by now, this type of solar cells would have
already been commercialized and widely employed to generate clean energy. As a
result of their low-cost fabrication, it was expected that DSSCs could compete with
other solar technologies. However, despite more than a thousand scientific
publications and extensive research funding, their progress has not been as expected,
and thus there are still severe limitations that impede their commercial employment.
Over the last decade, silicon or CIGS solar cells were further improved and became
more efficient at a decreased cost of fabrication. Therefore, the performance of DSSCs
in comparison with other technologies became even more inferior. Currently, the main
disadvantages preventing their further development are low efficiency and lack of long-
term outdoor stability. While the theoretical efficiency limit is predicted to be around
30%, in reality the highest that has been obtained is significantly lower, i.e. =13%. On
the other hand, factors that have an influence on low stability are related to
technological components. For instance, as a hole transport material, an iodine-based
liquid electrolyte is normally used, which is known for its high volatility and affects the
design of a cell (it has to be properly encapsulated to prevent leakage). This can

consequently lead to the decrease of the operational performance.
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For these reasons, research in this thesis was aimed at improving efficiency by
employing specifically designed nanomaterials, decorated with other compounds that

are known to exhibit favorable properties in photovoltaic performance.

In chapter 2, research focused on a n-type material that is used in the course of device
configuration. The purpose of the n-type layer is charge extraction and transfer of the
electrons that are generated by a photoactive dye. Normally, TiO2 NPs are used for
that purpose, specifically two layers of different sized NPs. The aim of the first layer is
the attachment of dye molecules (small NPs — high BET surface area), while the
second layer consists of bigger sized NPs (light-scattering effect). TiO2 NPs were
replaced with an alternative material of TiO2 NFs, which are 1D nanostructures. As
such, they offer direct transport of charge carriers since their morphology does not
involve any grain boundaries; the resulting amount of defects is notably lower.
Therefore, it was expected that due to the decrease in charge recombination level, Jsc
will increase, yielding higher efficiency. On the other hand, gold NPs are noble metal
nanostructures that possess many favorable characteristics (light-scattering,
fluorescence, and facilitation of charge separation and transfer) and have previously
been used for solar cells to enhance their efficiency. However, as with many other
nanomaterials, their characteristics are size dependent. To combine the advantages
of both nanomaterials (NFs and gold NPs) and make a composite containing the
superior properties from each one, TiO2 NFs were used together with gold NPs as a
n-type layer for DSSCs. However, as different sized gold NPs do not exhibit the same
properties, a size dependent study was performed to investigate their effects on
DSSCs. For that purpose, 5, 8, 10, and 12 nm sizes of gold NPs were synthesized
and embedded in TiO2 NFs. Characterisation revealed that NPs were present in NFs

in zero oxidation state (metallic gold), and that they did not cause any phase
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transformation, since the anatase phase of TiO2 was observed for all types of samples.
In addition, there were no changes in absorbance and the band gap remained the
same, independently of the presence of gold NPs. However, when such a composite
material was used for DSSCs, a notable difference in the performance was observed,
influenced by the size change. Results revealed that the most beneficial size range of
gold NPs was 8 nm. Compared to the control devices, efficiency of the DSSCs that
included 8 nm gold NPs, increased by 20%. While particular sizes of gold NPs had a
detrimental effect on the device’s Jsc and Voc, they all had higher FF compared to the
control. This was attributed to the decrease in Rs as obtained from the J-V curves.
Overall, results of this study have revealed that precise control over the size of gold
NPs is required when being used for solar photovoltaic technology. If the size is too
large, their presence will have a detrimental effect on the efficiency and thus the

optimal size should be around 8 nm.

In chapter 3, research was extended towards other types of solar cells. Specifically, in
addition to DSSCs, PSCs were fabricated. PSCs are the latest generation of
photovoltaic technology, which have, in the last decade, attracted substantial research
interest within the photovoltaic community. Their efficiencies were subject to a
remarkable increase, especially in the last five years, reaching values at least as high
as 20%. While PSCs can offer an ideal combination of low cost and high performance,
they suffer from other issues, for instance, poor stability, use of lead, and I-V
hysteresis, all of which have influenced the prospects for commercialization. Since
they evolved from DSSCs, their device configuration and operation are comparable.
Therefore, similarly to chapter 2, TiO2 NFs were used as a n-type layer, replacing
commonly used TiO2 NPs. As opposed to chapter 2, gold NPs were replaced with

lanthanum and lithium ions, which were individually added directly to the precursor
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solution for electrospinning, and yielded NFs with metal ions already embedded. Prior
to using this material for a device configuration, the NFs were first characterised. It
was revealed that the metal ions (lanthanum and lithium) did not cause any substantial
doping, since they were present on the surface and did enter the TiOz2 crystal structure.
This was attributed to the large difference in ionic radius when compared with the
cation in TiO2. However, the addition of lithium caused the formation of the rutile phase
of TiO2 at lower temperatures (500 °C), which would otherwise typically take place
between 600-800°C. On the other hand, with the addition of lanthanum, no difference
in crystal structure compared to the control was observed. Nevertheless, both metal
ions influenced the sizes of TiO2 crystallites. It was determined that the addition of
lanthanum ions caused their sizes to be smaller, as opposed to adding lithium ions
where the impact was the opposite. Hence, the size of crystallites affected the BET
surface area and lanthanum treated TiO2 NFs exhibited the highest one, even higher
than the one measured for P25 NPs. On the other hand, the lowest BET surface area
was measured for lithium treated TiO2 NFs, which can be explained by their large
crystallite size. When nanomaterials were used for solar cells, the trends between
DSSCs and PSCs did not change. Specifically, photovoltaic parameters revealed that
the best performing devices consisted of lanthanum treated TiO2 NFs, because the
main source of the efficiency improvement was high Jsc. For PSCs, the improvement
was considerable, and the efficiency increased by =35% compared with the control.
As anticipated, PSCs proved to be better performing and the highest efficiency
obtained was 11.5%. In addition, and as already noted for gold NPs, the presence of
lanthanum and lithium ions was favorable in terms of FF, which can be associated with
the trends of Rsn. While the efficiencies reported in this study are far below 20%, the

results and materials/device characterisation are of importance, as new fundamental
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understanding has been acquired, and the role of lanthanum and lithium has been

illustrated for two types of solar cells.

Typically, perovskite materials employed for photovoltaics are in the form of bulk thin
films. However, they can also be in the form of QDNCs, which possess particular
characteristics that cannot be achieved in bulk. The most relevant properties for solar
energy conversion include: a high molar extinction coefficient, the quantum
confinement effect, improved thermal stability, and the possibility of multiple exciton
generation that can theoretically result in highly efficient solar cells. Therefore, QDNCs
can be an appealing choice for a light absorbing material, and as such they have been
widely used for solar cells. Moreover, there were reports regarding tandem devices
consisting of both perovskite bulk material and QDNCs. Nevertheless, the main
applications for QDNCS are based around light emission, for instance, LEDs, since
PLQYs can reach values near unity. These materials are generally synthesized via the
hot injection approach at elevated temperatures. While synthesis can be performed at

RT, such routes mostly employ the use of toxic polar solvents.

In chapter 4, a novel synthesis approach for QDNCs was explored. They were
synthesized, (CsPbBrs and FAPDbBr3) at RT, in non-polar and industrially feasible
solvents, and without the need of an inert environment (oxygen and water vapor free).
Ligands (carboxylic acid and amine) were replaced with a phosphine-based alternative
(TOPO and DIiOPA), which allowed the solvation of lead salt and caesium carbonate
without the need for heating. Furthermore, characterisation revealed that both types
exhibited a cube-like structure, where RT-FAPbBrs QDNCs were notably bigger. The
crystal structure was identified as the cubic perovskite type. Their photoluminescence
emission peaks were in the green portion of the electromagnetic spectrum and RT-
FAPDbBrs QDNCs featured a particular bathochromic shift in emission, not seen in RT-
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CsPbBr3 QDNCs. The level of color purity was very high, with fwhm values between
14 — 19 nm, which is in line with the range that resulted from synthesis performed at
high temperatures. Moreover, in terms of PLQYs, the synthesis performed at RT
(using TOPO and DIOPA) is more beneficial, as there is a decrease in the quality and
brightness of QDNCs if they are synthesized at elevated temperatures. It was
determined that the average PL lifetime of phosphine-capped QDNCs was
considerably higher than the control, which was attributed to their bigger sizes.
Therefore, they did not show any quantum confinement effects, since the size was
reasonably bigger than the exciton Bohr radius. The investigation on the surface
ligands and nanocrystal core interactions showed that organic ligands bind via a Pb-
O-P bond, and that their P=O group acts as a binding center to attach to the lead
element of a perovskite structure. However, the strength of the bond is not very high,
and ligands can be easily removed from the NC core after the addition of polar solvents
(purification). While this can be advantageous in the use of such materials for
optoelectronic applications (i.e. better charge transport), the light emission should not

decrease.

Nevertheless, the results discussed in chapter 4 may be helpful for future ligand
exchange studies, and investigation into how to manipulate the ligand interactions with

the NC core.

5.2 Novel findings

Work discussed in chapters 2 and 3 focused on improving the efficiency of solar cells

via nanostructuring, metal addition (ions, NPs), or the combination of both.

147



While the addition of gold NPs to the n-type layer of DSSCs is known to improve the
performance, the influence of the addition on the performance metrics had not been
investigated prior to the start of this project. In addition, gold NPs have not been
combined yet with TiO2 NFs to exploit the advantages of both in a composite material

(chapter 2).

In chapter 3, novelty can be found in the one-step modification of TiO2 NFs by the
direct addition of lanthanum and lithium ions to the precursor solution, which is a cost
effective and industrially feasible approach. Furthermore, characterisation revealed
that metal ions did not cause any substantial interstitial or substitutional doping of TiOz2,
which has not previously been reported for 1D nanostructures. In addition, results
showed that lanthanum treatment influenced the BET surface area of NFs and that the
values even exceeded the ones for P25 TiO2 NPs. Finally, both types of NFs were
used for two types of solar cells (DSSCs and PSCs), where it was shown that they

influenced the device’s performance metrics.

In chapter 4, two types of QDNCs were synthesized for the first time in RT conditions,
without the use of polar solvents or the need for an inert atmosphere. To achieve this,
phosphine-based ligands were employed instead of carboxylic acids or amines.
Surface ligand interactions were investigated, and it was revealed that the Pb-O-P
bond was formed, binding ligands to the NC core. Additionally, when syntheses were
performed at elevated temperatures this influenced PLQYs, as the values decreased

with increasing temperature.
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5.3 Future outlooks

The main drawbacks preventing DSSCs being commercially viable are related to low
efficiency and poor long-term stability. Future research should therefore focus on
developing new dyes with extended absorption profiles that would enable better light
harvesting. Since the use of volatile liquid electrolytes is related to long-term stability
issues, new alternatives, ideally in a solid-state form, need to be discovered.
Furthermore, efficiencies of =16% must be obtained across large area modules for the

technology to be competitive with other alternatives.

In contrast to DSSCs, PSCs were shown to be highly efficient. However, they exhibit
significant stability issues that prevent them from becoming an important player on the
solar energy market. Once modules with stabilities of =20 years can be obtained, the

technology can notably disrupt the market.

As with PSCs, QDNCs also suffer from stability issues. However, remarkable
optoelectronic performance has been illustrated with PLQY's approaching near unity.
Nonetheless, due to their highly ionic nature, the emission decreases with time. The
stability of bright emitters, particularly LEDs, is currently far from commercial standard.
Future research should target ligand alternatives that can bind strongly to the NC core

and would not detach over time.

Nanotechnology can play an important role in progressing the field of solar and light
display technology. The implementation of nanomaterials has opened the path
towards more efficient and stable solar cells. Considering the progress that has been
achieved in the last decades, aspirations towards a more sustainable future are
promising. The developments presented in this thesis advance the field of

photovoltaics by elucidating fundamental properties of nanomaterials that can improve
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the PCE of solar cells. Their size limit was optimised where for particular elements it
was shown that their effect was detrimental. Contrarily, other candidates proved to be

beneficial, which can be helpful for further development of this field.
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7. Supporting Information
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Figure SI1. Inset of the Raman spectra between 390 - 520 cm? for lithium (red) and
control (black) TiO2 NFs.
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