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ABSTRACT

According to the late Nobel Laureate Richard E. Smalley, energy is one of the biggest
problems to be faced by humanity over the next 50 years. At the dawn of the 215t century,
with the rapid development of industrialization and globalization, worldwide energy
demands have rapidly increased. Different forms of fossil fuels represent over 80% of the
worl dos ener gy Uinsited avatthbilityeffassil fuelst tbhgether with climate
change and environmental pollution dictates a transition towards sustainable, clean and
carbon-neutral energy sources, including wind power, hydroelectric and solar energy.
Amongst different sources of renewable energy, solar energy is one of the cleanest
energy resources to be considered as a viable alternative to fossil fuels since sunlight is
the most abundant of all available carbon-free energy sources. A solar cell is an
optoelectronic device that directly converts the energy of light into electricity by the
photovoltaic (PV) effect. Silicon (Si) solar cells currently constitute the most widespread
commercial product in this field due to their high conversion efficiency and relatively long-
term stability compared to other solar cell technologies. However, their high production
cost and environmental impact are restricted to the terrestrial PV market. In recent years,
dye-sensitized solar cells (DSSCs) have been regarded as a promising alternative to Si
solar cells. DSSCs are considered as a promising future technology due to their appealing
features, including a simple fabrication process, eco-friendly materials, colour choice and
transparency. DSSCs must pass three main filters for large-scale commercialization:
power conversion efficiency (PCE); long-term stability; and production cost. Although the
design of new and modified devices that are structured to fabricate highly efficient cells
are widely investigated, thus far the long-term stability and production costs have rarely
been investigated and reported in the field of DSSCs.

The first part of this thesis demonstrates the effect of adding carbonaceous materials, in
particular multi-wall carbon nanotubes (MWCNTS), on the stability of DSSCs under
continuous simulated sunlight, indoor and ultraviolet (UV) light irradiation. After light
aging, DSSCs are characterized by different techniques, to document the degradation
mechanisms. The results indicate that MWCNTSs can act as a strong conductive support

and reinforcement of the titanium dioxide (TiO2) matrix, which is able to significantly



improve the long-term stability of DSSCs under continuous simulated one sun and indoor
light by 22% and 42%, respectively. Based on UV stability measurements, MWCNTSs, as
an efficient absorbing and blocking agent for UV light, can successfully stabilize DSSCs
for long-term operation with a 24% improvement in UV stability.

The second part of this work describes an investigation into the effect of incorporating
MWCNTSs in the thermal stability of DSSCs. Under identical measurement conditions
(aging at 80°C for 240 h in the dark), standard DSSCs present a significant loss in PCE,
dropping to 59% of their initial value, while a composited device with MWCNTSs attained
a promising thermal stability with only a 20% reduction. This loss in cell performance in
standard DSSCs is mainly associated with a dramatic reduction in short circuit current
density (Jsc). The composite anode exhibited excellent microstructure stability due to the
bonding between MWCNTSs and TiO2 nanopatrticles. Furthermore, transient photovoltage
decay and electrochemical impedance spectroscopy (EIS) measurements confirm the
higher electron lifetime and reduction in charge recombination in the composite network

due to the excellent conductivity of MWCNTS.

The final part of this work describes a simple and low-cost approach to preparing a
nanocomposite film of copper sulfide-graphene (CuS-G) as a transparent conducting
oxide (TCO) and platinum (Pt)-free counter electrodes (CEs) for DSSCs. Different
measurements verified the structure and the composition of a nanocomposite of CuS-G
with uniform distribution of graphene between the CuS particles. The results
demonstrated that the addition of graphene improves the PCE of the DSSCs (~12%)
compared to the DSSCs based on CEs made of pristine CuS. The prepared CuS-G
nanocomposite thin films that exhibit good catalytic performance towards the reduction of
the tri-iodide electrolyte exhibited an impressive PCE of 4.83%, which is comparable to
that of using the Pt CE (5.14%).
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Introduction

In 2007, the Norwegian Nobel prize committee awarded for the first time the Nobel Prize
for Peace to an important scientific consortium, the aim of which is to investigate and
provet he rapid environment al and econamehiso- chang
called i ®bal Warminga The increase int h e w enmelgydd@rmand due to the rapid
growth of population hasnotonlyaccel erated the depletibuh of tF
has also resulted in environmental contamination and the greenhouse effect. Thus, the
development of renewable and green energy sources is crucial towards a sustainable
future. The American Recovery and Reinvestment Act in the United States has set a goal
that greenhouse gas emissions should be reduced by 28% by 2020 [1]. In this context,
the PV device that converts solar energy into electricity is a clean and renewable
technology with considerable potential. However, this technology is not yet widely
deployed; optimization of PV efficiency, long-term stability and cost reduction are the
major challenges that hinder its widespread use [2i 4]. Breakthrough developments in
materials are needed to address these challenges. Since Grat z e | and OO6Regan
reported this new type of solar cell in 1991 [5], DSSCs have represented a promising
solar technology due to appealing features such as a simple fabrication process, eco-
friendly production, low production costs, colour choice and transparency [1,6]. Since
then, this field of research has made considerable progress and is beginning to make

significant inroads into solar energy [1,6].

DSSCs possess the ability to surpass the above mentioned challenges, in particular
efficiency, stability and production cost for large-scale commercialization. During recent
years, the research community has made significant advances on different components
of DSSC including the anode, dye, electrolyte, and cathode, to improve PCE [1,6,7].
Progress in the design of device architecture has enabled the production of stable,
reproducible cells and contributed to boosting the PCE up to ~ 14.7% [8]. However, there
is still room for improvement, such as achieving long-term stability and decreasing

production cost, both of which are crucial challenges for large-scale commercialization.



Various stability issues are generally associated with DSSCs, such as thermal stability as
well as UV and visible light stability [97 13]. There are already interesting reports on
improvement in the PV performance of DSSCs with the addition of carbon nano materials
[147 19]. However, questions have been raised about whether this composite of carbon

materials has any effect on the stability of DSSCs.

The CE, which is another important component in DSSCs, is generally made of Pt coated
FTO [20i 24]. While the overall fabrication cost of DSSCs is comparatively low, Pt and the
TCO glass account for more than 40% of the total device cost [251 27]. Therefore, design
and fabrication of TCO and Pt-free CEs for DSSCs without reducing electrocatalytic

activity is the subject of much current interest in the field of DSSC research.
Objectives of the thesis

In the framework of this PhD project, DSSCs were fabricated in different configurations
incorporating carbon nanomaterial composite structures in order to improve stability and

decrease the production cost of the device.

Chapter 1, entitled 6 &ar energy and solar cellsg is useful for understanding the basic
concepts related to capturing solar energy and transforming it into electricity. The basic
operational principle of PV is then discussed. An in-depth discussion on device structure
and a theoretical description of the phenomena within the cell are also presented. The
last section of this chapter provides t h e necessary foundati ons

investigation methods.

In Chapter 2, materials and experimental techniques, together with all of the used
materials and experimental techniques for device fabrication and characterization, are

described in detalil.

The contribution of MWCNTSs to the TiO2 anode is investigated in Chapter 3. The focus
of this section is a comparison of the long-term stability of two devices made of (i) bare
nanocrystalline TiO2 and (i) MWCNTs-TiO2 composite anode, exposed to continuous
visible and UV light irradiation.

The focus of Chapter 4 is directed to long-term thermal stability, as a major challenge that

needs to be addressed for this technology to become commercially viable. The main



subject of this section focuses on the effect on the thermal stability of DSSCs of

incorporating MWCNTSs.

Chapter 5 describes a simple, low temperature and solution-processable approach to
preparing a composite film of CuS-G as a TCO and Pt-free CE for DSSCs.



CHAPTER

Solar energy and solar cells

During the last two decades, as a result of rapid development and industrialization,
worldwide energy demands have shown a remarkable increase. All predictions indicate
that this growth will continue by over 50% before 2030 [3,4]. According to the International
Energy Agency (IEA) report, energy usage by nations with emerging economies, such as
those in Southeast Asia, the Middle East, South America and Africa, will increase at an
average annual rate of 3.2% while developed countries, including North America,
Western Europe, Japan, Australia and New Zealand, will grow at an average rate of 1.1%
[28,29]. Different forms of fossil fuels, including coal, oil and natural gas, contribute up to
80% of t he wor[BldAGerieseoinmeasgrgmenissoieatmospheric CO:2 levels
demonstrate a relentless increase, year after year. The atmospheric CO2 concentration
has risen from 300 to 380 ppm in the past 50 years. This unacceptable rise in the
atmospheric CO21 e v e | I ncr eases t heitheffeatstom dglobal dineatep er at u
such as higher levels of atmospheric water vapor, changing weather patterns and rising

sea levels from the melting of polar icecaps [30,31].

As a consequence, the limited availability of fossil fuels as a non-renewable energy
source requires societies to make changes to their current energy management for
sustainable living [3,4]. Energy management has led policy makers and industrialists to
identify efficient means of energy shift to the utilization of new energy sources. Renewable
energy sources have several advantages, such as being sustainable and nature friendly
as well as their ability to reduce carbon emissions to the atmosphere [3,4]. An important
decision faced by governments and businesses concerns which renewable energy source
is the best choice since future generations are dep e nd e n't on todnahisbs dec
sense, different factors have to be evaluated and compared, including: the availability and

type of renewable sources; the efficiency of energy conversion; land requirements; water



consumption; and social impact [3,4]. Amongst various renewable energy sources,
including solar, wind, hydroelectric, biomass, geothermal, hydrogen and ocean energy,
solar energy is one of the cleanest and most abundant [2,28]. The amount of solar energy
reaching the earth® surface per second is more than the total energy that people have

used since the beginning of time [28].

Solar energy is directly related to the light and heat generated by the Sun. The Sun can
be considered as a black-body emitting radiation at 5500 K with a broad spectrum,
stretching out from UV up to radio waves with a peak at 525 nm (2.36 eV), as shown in
Figure 1.1 [32]. As can be observed, half of the solar spectrum falls in the infrared region
(responsible for warming the Earth), 40% is in the visible region while the remaining 10%

is in the UV region.
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Figure 1.1 Solar irradiance spectrum (yellow: atthetopofthe Ear t hés at mosphere; red:
through the atmosphere) comparison with spectrum of black body radiation at 5250°C (grey line)

[32].

Solar energy can be captured through passive and active solar systems. Passive solar
system merely collects the Su n éesergy without converting it into other forms: for

example, maximizing the use of light and heat through green building design. Active solar



energy technology refers to the converting of solar energy into other forms of energy that
can be classified into three groups: (i) solar cell; (ii) chemical energy; and (iii) solar thermal
[2,28,33].

1.1 Photovo ltaic s

The French scientist, Edmond Becquerel, first discovered the PV effect in 1839 [34]. The
solar cell is an electrical device that converts the energy of sunlight directly into electricity.
This subject has created a new road for renewable energy sources with the potential to
replace a significant percentage of fossil fuels. The conversion of solar energy into
electricity by a solar cell is based on three primary mechanisms: (i) the absorption of a
photon and generation of a charge-carrier; (ii) charge-carrier separation; and (iii) charge-

carrier collection [35,36].

PV devices mainly exploit a semiconductor material that works as a light absorber. As
can be seen from Figure 1.1, the region between 400 and 1100 nm has the highest photon
density in the solar spectrum. Therefore, an ideal light absorber (semiconductor) is a
material that can absorb sunlight between 400 and 1100 nm. Upon absorption of photons
with energy equal or greater than the band gap of t he semi com)danct or
electron/hole pair is generated. The electron and hole can then be effectively separated
and diffused toward the n-type semiconductor and the p-type semiconductor, respectively
(Figure 1.2) [32]. Electrons flow through an external circuit and generate an electric

current.

anti-reflective coating

external n-type
load front & back contacts

Figure 1.2 Schematic of p -n junction based solar cell  [32].



1.2 Classification of solar cells

In 1883, Charles Fritts first reported the fabrication of a complete solar cell by a sandwich
structure, consisting of selenium and gold, whose PCE reached less than 1% [37]. In
1954, Darly Chapin, Calvin Fuller and Gerald Pearson built the first silicon-based solar
cell at the Bell Telephone Laboratories, reporting a PCE as high as 6% [38]. From that
time until now, researchers have been trying to develop a simple structure and low cost
technology by applying new materials, approaches and concepts. Martin Green
categorized solar cells in three different generations based on the nature of the material,
PCE, and cost effectiveness [39]. Figure 1.3 graphically shows energy conversion
efficiency ranges and possible module production costs per unit area for the three

generations of technology [39].
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Figure 1.3 Efficiency and production cost projections for three generation s of solar cells [40].

1.2.1 First generation

First generation PV is based on extremely purified crystalline silicon (c-Si). This
generation features a quite high conversion efficiency (~24%) thanks to a broad

absorption spectral range. Unfortunately, manufacturing processes that are applied to



growing highly pure c-Si are inherently expensive, thus raising the cost of devices. Thus,
first generation is characterized by high production costs as well as moderate efficiency
[32,39]. The first generation of solar cells consists of monocrystalline and polycrystalline
silicon solar cells. The value of conversion efficiency for monocrystalline (~ 24%) is higher
than polycrystalline silicon (~ 20%) solar cells, due to high rate exciton recombination at
the grain boundaries [32,39]. However, production of a multicrystal wafer is easier and

cheaper compared with polycrystalline.

First generation solar cells are also known as conventional and traditional cells. Solar
cells based on the II-IV and IlI-V groups are also classified under the first generation
category. First generation PVs account for 86% of account for 86% of the solar cell market
due to high conversion efficiency and a large amount of purified Si production by well-
developed semiconductor industries.

1.2.2 Second generation

Second-generation solar cells, which were introduced to reduce the production cost of
first generation whilst maintaining the PCE, are based on thin film technology. There is
no doubt that, while second generation PVs certainly address the high production cost
issue of first generation PVs, their efficiencies are lower than first generation [32,39].
Second generation are more applicable to purposes such as windows, cars, and building
integrations because there are no fingers in front. As an advantage of solar cells, these
thin films can also be grown on flexible substrates and in large areas, up to 6 m? [41]. The
most common second generation solar cells available on the market are [41]:

1 Amorphous silicon (a-Si), with 10.1% conversion efficiency

1 Copper indium gallium selenide (CIGS), with 19.9% conversion efficiency
1 Copper indium selenide (CIS) , with 12.5% conversion efficiency

1

Cadmium telluride (CdTe), with 16.7% conversion efficiency.



1.2.3 Third generation

In recent years, third generation PVs have been designed to combine the advantages of
first and second generation devices. Any cells that are not grouped into first and second
generations belong to third generation PVs, including polymer (or organic) solar cells,
DSSCs, quantum dot sensitized solar cells (QDSSCs) and perovskite solar cells. This
generation can perhaps represent the future of solar cell technology with a higher PCE
and lower cost of device fabrication. Thermodynamics show that the limit on the
conversion of sunlight to electricity for a single junction solar cell is 31%. This so-called
Shockley-Queisser limit assumes that absorption of an individual photon results in the
formation of a single electron-hole pair and that all photon energy in excess of the energy
gap is converted into heat [39,42]. The best record and history of PCE of all types of solar
cells is presented in Figure 1.4 [43].
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Figure 1.4 Best research -cell reported by the National Renewable Energy laboratory [43].

During the last three decades, DSSCs have attracted great attention in both industry and
the scientific community working in the solar cell field as a possible alternative to the
conventional crystalline silicon and thin-film solar cells, due to the following selling points
[6,42]:



1 Much lower investment costs compared with conventional and traditional PV
technologies
Low production cost (short energy payback time [<1 year])
Relatively better performance than competitors under real outdoor conditions at
diffused light and higher temperatures
Design options, such as transparency and multicolor opportunities
Ability to outperform competitors for indoor applications

Flexibility and light weight.

1.3 Dye-sensitized solar cells (DSSCs)

1.3.1 Brief history

The dye-sensitization process on wide band gap semiconductors, including ZnO and
SnO2, was reported in the late 1960s [44,45]. Gerischer studied the effect of dye
adsorption on the stability of large band gap semiconductors under a visible region [44].
Most of these works reported fundamental concepts and novel materials used in DSSCs,
such as dye-sensitization of semiconductors, electrolyte redox chemistry and electron-
transfer processes [46,47]. The obtained cells were characterized with low conversion
efficiencies (1-2%) due to the poor dye anchorage on the semiconductor surface and
weak light absorption [45,48].

Since 1991, DSSCs have attracted great attention in the solar cell field, following the
breakthrough wor k b ywh®idirBdeagedtine maesombrouS straudture ofl
theTiOzcand a t-bi gy ( 2-daybBxgldte) ruthedmium (I) dye as a light harvester,
and reported a record PCE of around 8% [5]. Subsequent to this pioneering work,
researchers have been racing to further improve both the PCE and stability of DSSCs for
large scale commercialization by optimizing the different components (metal oxide, dye,
electrolyte and CE) of the device (Figure 1.5) [49]. Recently, a PCE greater than 14% has
been reported for DSSCs [8]. Although this is still lower than the PCE of the Si based

solar cells (~25%) [2], it has an edge over them at some points: (i) DSSCs show high
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efficiency in diffuse sunlight or cloudy conditions; and (ii) performance is less sensitive to

the incident angle of light radiation [6,42].

iy
(=2]
L

13.0% (SM315)
Titanium oxide
Graphene Nanoplatelets
11.7% (C106) Cobalt(li/11)
Titanium oxide
Pt/(triiodide/iodide)

T

12.3 % (YD2-0-CB+Y123)
Titanium oxide
Pt/Cobalt (I1/in)

-
F =Y
1

11.18% (N719)
Titanium oxide
Pt/(triiodide/iodide)

-y
N
L

10.0% (N3)
Titanium oxide

Pt/(triiodide/iodide)
11.5% (CYC-B11)

Titanium oxide
Pt/(triiodide/iodide)

-h
o
L

10.0% (N719)
Titanium oxide

Pt/(triiodide/iodide)

Power conversion efficiency (%)
o
Il

7.1-7.9% (trimeric Ru dye)
Titanium oxide
Pt/(triiodide/iodide)
1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014
Year

Figure 1.5 Selected PCE landmarks in DSSCs [49].

1.3.2 Cell architecture

DSSCs are made in a sandwich configuration of different materials that are trapped
between two pieces of conducting glass. A schematic of a complete cell is presented in
Figure 1.6. The main components of the DSSC are: a semiconductor, dye, transparent
electrode, an electrolyte and a CE. The photoanode is constituted of a 10-20 um thick
layer of a wide band gap metal oxide semiconductor (usually TiO2, ZnO and SnOx2)
deposited on a transparent conducting oxide substrate. Among different types of
semiconductors, TiO2 nanostructure is the most efficient material to be used as a
photoanode. A TiO2 photoanode is composed of two different layers: (i) an 8-14 um

mesoporous film of 20 nm sized TiO2 nanoparticles called the fi a ¢ t i v ;a&andl(iipayde

6 um layer of 200-400 nm sized nanoparticles calledthei s c at t e r. Dye goldcudey e

serve as antennae to harvest the sunlight (photons). The light enters the device from the
photoanode side, so that good transparency of the substrate is necessary. The CE is
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typically made with a platinized (5-10 nm Pt thin layer) transparent conducting glass. The
space between the dye sensitized photoanode and the CE is filled by a liquid electrolyte
[5,501 52].

1.3.3 Basic Operating Principle of DSSCs

DSSCs are quite different from conventional p-n junction solar cells by their basic
construction and the physical processes behind their operation. The typical configuration
of DSSCs combines two solid and liquid phases, while other solar cells are based on the
solid phase [5,6,36,501 52]. All the components and a complete cycle to conversion of
light into electrons in DSSCs are shown in Figure 1.6. The overall PCE of DSSCs can be
evaluated based on three factors: (— = —abs+—inj+—coll) [53]. One cycle of a DSSC operation

is completed in five steps, as described below:
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Figure 1.6 Schematic of t he working principle of a DSSC and time scale of the processes within a
device [54].
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Light Absorption

In DSSCs, sensitizer molecules are adsorbed on the surface of metal oxide
semiconductors (e.g., TiO2 and ZnO) and act as light harvesters. The ideal sensitizer
should meet several requirements. These include: (i) the sensitizer should be able to
harvest more light of the solar spectrum; (ii) the sensitizer must carry a carboxylate or
phosphonate group to make a chemical bounding to the surface of the semiconductor;
(iii) the lowest unoccupied molecular orbital (LUMO) of the sensitizer must be higher than
the conduction band of the semiconductor; (iv) the highest occupied orbital (HOMO) of
the sensitizer must be sufficiently low to accept electron donation from an electrolyte; and
(v) there should be chemical and thermal stability in the electrolyte media and during
exposure to solar radiation [6]. Due to the absorption of light, the dye molecule is excited
from the ground state (S) to the excited state (S*). In this condition, an electron jumps
from the HOMO to the LUMO of the dye molecule (Step 1) [6,36,42].

Charge separation

Charge separation in DSSCs is fundamentally different from the p-n junction solar cell.
Due to the concentration difference between the p and n type semiconductor in a
conventional photovoltaic built on a p-n junction, the holes move to the n region and the
electrons to the p region. In DSSCs, the excited electron must successfully inject from the
LUMO of the dye molecule to the conduction band of the semiconductor (Step 2). The
electron injection typically occurs on a time scale of femtoseconds. The next step for
charge separation is hole transfer from the HOMO to the electrolyte (Step 3) [6,36,42].
After transferring the hole from dye to electrolyte (reducing the dye), the positive charge
is now moved to the redox couple and the negative charge, or electron, is injected into
the conduction band of the semiconductor, which creates a charge separation between
the hole and the electron [36,50,55].

In metal based dyes, the electron excitation occurs via a metal to ligand charge transfer
mechanism. Under the absorption of photons, electrons are shifted from the metal part of
the dye molecules to the ligand. This shifting of the electron leads to oxidation of the metal
and a reduction of ligands. The dye molecules are covalently bonded to the surface atom

of the metal oxide (e.g. TiO2, ZnO, SnO2) via carboxylic groups in the ligand species. This
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bonding leads to significant overlapping between the LUMO level of the dye and the
conduction band of the metal oxide that is necessary for electron injection from the LUMO
level of the excited dye molecules to the conduction band of the metal oxide
semiconductor [56,57].

Charge -carrier transport

After charge separation, the hole and the electron travel through the electrolyte (Step 3)
and mesoporous metal oxide layer (Step 4), respectively. DSSCs are majority carrier
devices where electrons and holes are separated into two chemical phases. Although
many theoretical and experimental investigations have been carried out to understand
the exact mechanism of electron transport through the mesoporous metal oxide, diffusion
via a trapping/detrapping mechanism along localized energy levels below the conduction
band edge seems the most realistic [36,50,55]. Under illumination, the injected electrons
to the conduction band of metal oxide particles generates a potential gradient within the
particles and appears to be the main driving force for transport in the mesoporous film
[42]. After diffusing in the nanocrystalline semiconductor network to the conductive
coating of the substrate, electrons can be transferred to an external circuit.

After the injection of the electron from the LUMO of the excited dye molecule to the
conduction band of the semiconductor, the hole is left in the HOMO of the oxidized dye
molecules. For current generation, the dye must be reduced by taking the electron from
the redox couple electrolyte. The oxidized electrolyte then diffuses to the CE and is
reduced back to the iodide by the collected electrons from the external circuit (Step 5)
[36,50,55].

Recombination processes

The main source of the losses in the performance of DSSCs is non-radiative carrier
recombination [42]. This reaction can occur via two channels: in the conduction band of
mesoporous metal oxide and in the LUMO of the excited dye. The first process is the
recombination of electrons in the conduction band of the semiconductor with acceptors in
the electrolyte (Step 6). The probability of occurrence of this process is higher compared
with other existing recombination processes because the liquid electrolyte has good

penetration inside the mesoporous film, which leads to intimate contact with the metal
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oxide nanoparticles. Recombination can occur both at the semiconductor/electrolyte
interface and at the part of the conducting substrate that is exposed to the electrolyte
[42,55]. However, electron back reaction at the conducting substrate/electrolyte interface
can be suppressed by deposition of a compact blocking layer [42]. Recombination of
electrons with oxidized dye molecules is another possible reaction (Step 7). This reaction
competes with the regeneration process of dye molecules with electron transfer from the
conduction band of the semiconductor to oxidized dye molecules, which usually occurs
on a time scale of about 1 ps [42]. The last recombination process takes place in excited
dye molecules by re-combining of the electron in the LUMO with a hole in the HOMO of
the dye molecules (step 8). This recombination process competes with the process of
electron injection into the conduction band of the semiconductor that occurs in the
femtosecond time range and which is much faster than the electron recombination
[6,42,50,55].

1.4 Characterizations of photovoltaic performance

The most important measurement of a solar cell is the current density-voltage (J-V)
characterization curve under standard conditions (temperature, spectral irradiance, total
irradiance) to report the performance of the cells [36]. In order to be able to compare
performances of solar cells, the J-V curve is measured under standard illumination
conditions (see the standard test conditions section). The J-V characteristics are
monitored under illumination or dark conditions by applying an external potential (altered
from Jsc to Voc) between two electrodes. Since no oxidized dye is present in dark
conditions, the dark current gives information about the electrons moving in reverse, from
the semiconductor nanoparticles to the oxidized species of the redox couple, which is a
recombination of the oxidized redox species [1,6,36]. An example of a J-V curve under

illumination is shown in Figure 1.7.
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Figure 1.7 Typical current -voltage curve of a photovoltaic cell

1.4.1 Short circuit photocurrent density

Short circuit photocurrent density (Jsc) is the photocurrent divided by the active area of
the device (mA cm?) when the device is short-circuited or, in other words, when the
external output voltage is zero. In DSSCs, Jsc depends on several factors such as: the
light intensity; electron generation and injection efficiency; recombination resistance; and
the efficiency of charge transport [35,36]. Graphically, Jsc is determined by the intersection

with the y-axis (when V = 0), as shown by the J-V curve.

1.4.2 Open circuit voltage

The open circuit voltage (Voc) is the maximum voltage obtained from a solar cell under
open circuit conditions when no external load is connected. Graphically, Voc is determined
by the intersection with the x-axis (when J = 0). For DSSCs, the Vo is given by the
difference between the Fermi level of the semiconductor and the redox potential of the
electrolyte [58].
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where Ecs is the conduction band edge energy level, Ncs is the effective density of states
in the semiconductor, and g is the elementary charge of the electrons. For a defect-free
semi conduct or[58nais the nunabkr offelectrons in the conduction band of
the semiconductor that is determined by the balance between electron injection and
electron recombination [58].

1.4.3 Fill Factor

The fill factor (FF), which is a parameter related to the maximum power point (MPP), is
often described as a measure of the fsquarenessoof the J-V curve. The general formula
for electric power is P =J V. The FF value is determined by the ratio of the current and
voltage at the MPP (Juwp-Vmp) and the parameter of the cell (Jsc-Voc), with a value between
0 and 1[1,6].
* 6 - . oy
‘00 6 Al "TTHI B i
The FF is dependent on the Rs and Rp of the solar cell. Rs in a solar cell is the result of
contact resistance and charge transfer resistance that reduces the FF affecting the
maximum power output. To obtain a higher FF, an improvement in the Rp is required
(Figure 1.8) [1,6,59].
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Figure 1. 8 Evolution of simulated  J-V curves with the change of (a) overall series resistance and (b)
parallel shunt resistance [59].
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1.4.4 Efficiency

The overall performance of a solar cell is evaluated by the solar-to-electrical energy
conversion efficiency (=), which is determined by the ratio of the maximum obtainable

power (Pout) to the power of the incident light (Pin) [1,6,36].
0 - ° 00 AT THBI
® 0 0
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—

1.4.5 Incident photon to current conversion efficiency

The incident photon to current conversion efficiency (IPCE) gives information about the
efficiency of the solar cell in converting sunlight at a particular wavelength into an
electrical current. In DSSCs, the IPCE factorized into different parameters such as light
harvesting efficiency (-Lne), electron injection efficiency (—inj), the efficiency of dye
molecule regeneration (—eg), and photo-generated charge collection efficiency (—coi) [60].

S S S S s Al THTBT T
The IPCE is also defined as the ratio of the output electrons to the incident photons at a
particular wavelength (1):
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where Pin is the input power and 1 is the illumination wavelength [1,60].

The IPCE can be used as a useful technique to cross-check the result obtained with the
J-V measurements. The Jsis the integrated sumofthel PCE (&) measured ove

solar spectrum:

* ] 00 610) 1 Q Al THTBT T

where ) 1 is the incident irradiance as a function of the wavelength.
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1.4.6 Standard test conditions

To compare photovoltaic performance, solar cells are measured under a set of standard
test conditions: (i) the temperature of the cell should be 25°C; (ii) the total input power
density of solar radiation must be 100 mW cm [35,36]. All the photovoltaic parameters
(PCE, FF, Jsc, and Voc) depend on the temperature and the intensity of illumination light.
The sund spectral power distribution is characterized as air mass (AM), which measures
the reduction in the spectral content and intensity of solar radiation as it passes through
the atmosphere, mainly caused by the scattering and absorption of the light by air

molecules and dust particles. The air mass number is given by [35,36]:
| HOA OG- Al THT BT
0 ¢+

where —is the angle of incidence (Figure 1.9).
Sun at Zenith

Atmosphere

Z
S
\ 1 / Earth surface

Figure 1.9 Typical i llustration of air mass

The standard for comparing solar cell performance is a spectrum normalized to a total
power density of 100 mW cm2, AM1.5 at —= 48.2°. AMO is then the value for the solar
i rradiati on | us ttmosphesewberetthe eadidfi@ rintersidy $s alzout 130
mW cm2. AM1 corresponds to the shortest possible path length when the sun radiation

is coming at an angle of 0° [35,36].
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1.4.7 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a powerful tool for investigating the

kinetics of charge transport and recombination in DSSCs. EIS is widely used in these

fields because of its sensitivity to electron diffusion and recombination at the interfaces of

the metal oxide/electrolyte, CE/electrolyte and TCO/electrolyte interface [61,62].

Moreover, EIS is a non-destructive technique for analyzing the degradation mechanisms

of DSSCs, including electron transport resistance in the different interfaces [63].

The equivalent circuit of a complete DSSC is represented in Figure 1.10 (a) [59]. The key

parameters of the equivalent circuit are:

l

= =4 4 4 A -

Mesoporous TiOz2 film is the most characteristic element of the transmission line;
its electron transport resistance is Ri=riL (L as the thickness of the nanoporous
TiO2). The interfacial charge recombination resistance and the chemical
capacitance in the nanoporous film are Rct= re/L and Cu= cylL, respectively.
Charge-transfer resistance Rct and the interfacial capacitance Cp: at the Pt CE and
the electrolyte interface are other important elements in the DSSC model.

Rrco is the charge-transfer resistance at the TCO and the electrolyte interface.
Crco is the capacitance at the exposed TCO and the electrolyte interface.

Rs is the sheet resistance of the TCO.

The capacitance of the semiconductor layer and the TCO contact is Cco.

Rco is the resistance at the contact of the TCO and the semiconductor layer.

Zd4 and R4 are the impedance and diffusion resistance of the redox species in the

electrolyte.

Under high-illumination intensity, due to the electron excitation and injection from dye

molecules to the semiconductor nanoparticles, the transport resistance becomes

negligible and the equivalent circuit can be simplified (Figure 1.10b) [59].
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Figure 1.10 (a) General transmis sion line model of DSSCs and (b) simplified model at high
illumination intensities  [59].
The Nyquist plots of the complete DSSC can be represented in three semi-circles, as

shown in Figure 1.11.

1 The semi-circle that appears at high-applied potentials is related to the charge
transfer resistance at the CE/electrolyte interface.

1 The second semi-circle at medium-applied potentials represents the behaviour of
the charge carrier at the metal oxide/dye/electrolyte interface.

1 The third semi-circle at low-applied potentials reports information that represents
the response of the diffusion resistance of the electrolyte.

1 Information can be obtained about the Rs of the complete cell from the distance

between the origin and the first semi-circle.
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Figure 1. 11 Typical impedance spectra (Nyquist plot) of a complete DSSC .

EIS is a well-established electrochemical method designed to study the electron lifetime

z of DSSCs. This measurement can be performed by two different methods:

1 The second semi-circle of the Nyquist plots reports some information about the
chemical capacitance, charge transfer and recombination resistance of the
injected electron to the conduction band of the semiconductor. Based on Equation
1.7, these parameters allow the calculation of the electron lifetime at each applied

bias [59,61,64].
z 2 # AT THTBT T

1 The EIS results can also be represented in Bode plots in terms of phase angle
versus frequency (Figure 1.12). The electron lifetime can be evaluated with Bode

plots by using the following equation [65]:

4 P Al THTBT 1
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Figure 1.12 Typical Bode plots of a complete DSSC .
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AExperiments arghe only means of knowledge at our disposal.
The rest is poetry, imagination.

Max Planck
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CHAPTER

Materials and experimental techniques

This chapter includes a description of the materials, cell fabrication procedures and
device characterization by various techniques.

2.1 Materials

2.1.1 Transparent conductive oxide electrode

A schematic representation of the structure of DSSC is shown in Figure 2.1 [55]. In the
case of the front side, the substrate should be highly transparent in the visible-IR region,
but blocking the UV light. On the other hand, the backside of the substrate should have a
high reflection to enhance light absorption by reflecting back the transmitted light into the
dye. Moreover, other requirements for a good DSSC substrate are low sheet resistance,
high transparency, thermal stability up to 450-500 °C, and ability to prevent impurities
such as water and oxygen from entering into the cell. TCO-coated glass is generally used
as the substrate for DSSCs. Indium doped-tin oxide (ITO) is one of the most well-known
TCO materials for solar cell application, bu t it has a | ow ther
resistance also increases with temperature). Fluorine-doped tin oxide (FTO)-coated glass
is commonly used as the TCO substrate for DSSCs ( a r 0 u n @ém?2. OtheY materials
developed for working as a substrate for DSSCs include plastic foils and metal sheets to
overcome some of the disadvantages of glass, such as fragility, rigidity, heavy weight and
a high price. Conductive plastics are lightweight and flexible but they have low
temperature tolerance, high Rs ( a r o u n decm®),0and\ncertainties considering the
oxygen and water penetration. While metals are also mechanically robust, their main

problem is corrosion behavior when in contact with an electrolyte. Stainless steel and
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titanium have shown enough chemical stability in the iodine electrolyte, but their price is
higher than glass [32,35,36,66].

In the present work, FTO glass substrate has been used for solar cell fabrication with
sheet resistance in the range of 10-15 Y cm2 (Figure 2.2).
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Figure 2.1 General structure of DSSCs  [55].
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Figure 2.2 SEM image of FTO glass substrate .

2.1.2 Anode

The DSSC revolution actually started from the application of a mesoporous anode with a
high surface area. The primary role of the mesoporous layer is to provide adequate
surface area for loading sufficient amounts of dye molecules since monolayers of
semiconductors lead to an intrinsic limitation. A monolayer of dye bound to the surface
can inject electrons into the semiconductor. During the last few years, different
semiconductors have been used for the working electrode of DSSCs. Figure 2.3
illustrates the band positions of several semiconductors [7]. The conduction band edge
of the metal oxide semiconductor should be below the LUMO level of the dye. Metal oxide
semiconductor must be chemically stable when in contact with the electrolyte, has a
lattice structure suitable for dye bonding and be available in nanostructured form to

enable high enough dye loading [6,50,55].

TiOz2 is the most efficient material to be used as photoanode, with a large band gap (3-
3.2 eV). The thickness of the electrode is determined by the absorption coefficients of the
dye molecules and electron diffusion length of the electrodes. To produce high-
performance DSSCs, electrodes are prepared from small nanopatrticles (10-25 nm, 10-
18 micron thickness) and a scattering layer consisting of large nanocrystalline TiO2
particles (250-300 nm, 5-10 micron thickness) [6,7,32,50].
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Figure 2.3 Band positions of different semiconductors in contact with aqueous electrolyte at pH 1.

The conduction band (red colour) and the valence band (green colour) are presented along with the

band gap in electron volts (eV) [7].

In this work, commercially available paste of TiO2 nanoparticles is used as a metal oxide
semiconductor. TiO2 paste (18 NR-T) contains highly dispersed and stable anatase
nanoparticles of 20 nm size as an active layer (Figure 2.4-2.6). The scattering paste
(WER2-0) contains 150-250 nm sized anatase particles. These pastes are provided by

Dyesol (Australia). TiO2 nanoparticle paste is deposited on TCO glass substrates by the

doctor blade method. Figure 2.7 shows the anode structure of the DSSC.
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Figure 2. 4 TEM image of TiO , anatase nanoparticles.
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Figure 2.5 EDS spectra of the TiO, anatase nanoparticles.
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Figure 2.6 XPS spectra of the TiO, anatase nanoparticles.

Figure 2. 7 Cross -sectional SEM image of mesoporous and scattering TiOz layer: (a) low and (b) high
magnification .

2.1.3 Sensitizers

Unfortunately, because of their wide band gap, metal oxide semiconductors absorb only
the UV part of solar emission, which represently about 4-5% of the total. To optically
enhance the light absorption in the visible-infrared region, dye molecules are chemically
bound to the surface of the semiconductor. There are generally different kinds of

adsorption modes, but for DSSCs the chemical bounding of the dye to the semiconductor
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surface needs to be stable. For a strong linking of the dye to the semiconductor surface,
most dyes have an anchoring group that reacts with the semiconductor surface and
creates a chemical bond, over which charge transfer takes place. Usually commercially
available dyes, such as N719 and black dye, have a carboxylic acid anchoring group that
can coordinate to the oxide surface of the semiconductor in three different modes, namely

unidentate, chelating and bridging bidentate, as shown in Figure 2.8 [67].

R R R

Lo L L

@) 0 @) 0
| N/ ]
Ti Ti

(a) (b) (c)

Figure 2.8 Various binding modes for a carboxylate unit on the TiO 2 surface as an example of a
metal oxide semiconductor: (a) monodentate (b) bidentate chelating (c) bidentate bridging [67].

The most efficient and stable dye molecules in use are ruthenium (lI) based dyes.
However, they come with several drawbacks, especially a high cost and a limited amount
of noble metals (Figure 2.9). The different forms of ruthenium-complex dye molecules that

are commonly used in DSSCs, and which provide particularly high PCE, are shown in

Figure 2.10 [55].
In this work, Ru (Il) based dye coded N719 is applied as the light harvester.

Absorption (a. u.)
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Figure 2.9 UV-visible absorption of N719 dye molecule photosensitizers for DSSC  s.
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2.1.4 Electrolytes
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In DCCSs, the space between the photoanode and the CE is filled with an electrolyte that

works as a hole transporting medium. In general,

there are liquid, semi-solid and solid

electrolytes [53,68i 70]. However, liquid electrolytes, which are based on organic solvents

(ethanol, acetonitrile and acetonitrile/valeronitrile),

have higher stability and are the most

commonly used. In addition to transferring the positive charge to the CE, the electrolyte

should contains ome MAbl ocki ng

a g e nanapartitlds arn thosedssrface b s

sites not occupied by the dye molecules in order to prevent electron leakage from the

electrolyte and recombination. Moreover, for dye regeneration, the electrolyte must have

a more negative electrochemical potential than the oxidized dye. Since the Voc in DSSCs
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is determined by the difference between the quasi-Fermi level of the semiconductor and
the redox potential of the electrolyte, the redox potential of the electrolyte should be as
positive as possible [1,35,36]. The electrolytes must have negligible absorption in the
visible spectral range. In addition, electrolytes should have good chemical and thermal
stability, low viscosity, negligible vapour pressure, non-flammability, and high ionic
conductivity. In terms of cell efficiency, the most commonly used electrolyte in DSSCs is
the iodide/triiodide redox couple; however, attempts to use alternative redox mediators
have been made [68,69,71,72]. There have also been attempts to replace the organic
solvent (acetonitrile-based electrolytes) with water, since the ionic behavior makes them
ideal in terms of stability. However, the problem of these electrolytes is the rather large

viscosity of ionic liquids, which causes mass transport issues [36,53,68,69,71,72].

In this work, the iodide/tri-iodide redox couple in acetonitrile is used as an electrolyte.

2.1.5 Counter electrode

In DSSCs, the CE has the important task of collecting electrons from the external circuit
and catalyzing the oxidized species of the redox. An ideal CE should have low electrical
resistance, because the charge transfer resistance at the CE and the electrolyte interface
directly affect the FF of the device [69,72]. The most common CE used for the
iodide/triiodide redox system is FTO glass coated with a layer of a catalyst. The most
successful trials were achieved using thermally deposited or sputtered Pt, due to high
catalytic activity, chemical stability in the electrolyte and near transparency. However, Pt
suffers from few limitations such as a higher production cost, high temperature sintering
and resource scarcity. These limitations of Pt lead to a demand for the development of
an alternative low cost, chemically stable CE with good catalytic property, including

carbonaceous materials, metal sulfides (MS) and conductive polymers [49,69,721 74].

In this work, a platinized (10 nm Pt thin layer) FTO glass is used as a CE (Figure 2.11).
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Figure 2.11 SEM image of Pt thin film layer on an FTO substrate.

2.1.6 Sealant

The DSSC sealant acts as a spacer between the photoanode and the CE. For long-term
stability and large scale application, the sealing material must be: (i) chemically inert
towards the corrosive liquid electrolyte; (ii) thermally stable; and (iii) able to adhere well
to electrodes to prevent electrolyte leakage as well as water and gas entering from the

atmosphere.

In this work, Meltonix 1170-60PF films (from Solaronix), with a thickness of 60 um, are
used as a sealant.

2.1.7 Carbon nanomaterials

Carbon has various forms, namely diamond, graphite, and nano carbon encompasses
fullerenes, nanotubes and graphene. Since ancient times, diamond and graphite are well-
known allotropes of carbon forms. Fullerenes was discovered in 1985 by Kroto et al. [75].
In 1991, lijima reported experimental results of carbon nanotubes (CNTSs) [76]. Geim was
awarded the 2010 Nobel Prize in Physics jointly with Novoselov for groundbreaking
experiments regarding the two-dimensional material graphene [77]. Graphene is a single
layer of the graphite crystal, pure covalently bonded carbon in a honeycomb lattice, and
of one atom thickness. Single graphene layers can be detached from graphite; however,
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it is extremely strong in tension and can very easily bend. CNT can be described as a
graphene layer rolled into a cylindrical shape with axial symmetry [51,78]. Depending on
the number of walls, CNTs usually exist in three forms: (1) single-wall CNT (SWCNT),
consisting of only one graphene layer; (2) double-wall CNT (DWCNT); and (3) multi-wall
CNT (MWCNT), consisting of a nested coaxial array of SWCNTs [79]. During recent
years, various forms of carbon nanomaterials have attracted a great deal of interest
because of their unique structure and properties in different types of solar cells (see
Figure 2.12 and Table 1) [79,80].

Armchair

Zigzag

Carbon

.'I‘

Figure 2.12 Polymorphs of carbon materials [80].
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Table 2.1. Properties of carbon allotropes  [80].
Crystal Hybridization Conduction BG WF
structre type (eV) (eV)
Amorphous carbon - sp3+sp? Semiconductor 0.2-0.3 4.9
Diamond Cubic sp® Insulator 5.5 5.45
Graphite Hexagonal sp? Conductor 0 5.0
Fullerene Cubic sp?+sp? Semiconductor 1.6 4.6-5.0
CNT Cylindrical sp?+sp? Metallic/ 0.3-2.0 45-5.1
Semiconductor
Graphene - sp? Semi-metallic/ 0-0.3 5.0

Semiconductor

To improve performance and stability while decreasing the production cost of DSSCs,

carbon nanomaterials have attracted great attention for use in various components due

to their unique structure, excellent conductivity, good transparency, high catalytic activity,

low cost and abundance [51,78,79,81]. The active layer of the DSSC has three main

disadvantages: (i) significant recombination of the injected electrons; (ii) slow electron

transport due to a large number of grain boundaries; and (iii) ineffective light harvesting

[51]. During recent years, several research groups have developed composites of carbon

nanomaterials, including graphene and CNT, as charge transport channels to improve
cell performance (Figure 2.13) [51,78,79].

36



TiO,

0D nano particle

Q photoinduced
electrons

Charge
Transfer route

1D nano materials

2D graphene
bridges

Figure 2.13 Electron transport across nanostructured semiconductor films :(@)and (c) CNT and (b)
and (d) graphene composite electrodes  [19].

According to various research studies, carbonaceous materials can be used to replace
the platinum catalyst. Carbon nanomaterial based composites are used as a CE in
DSSCs due to their high electrical conductivity, extremely large surface areas and
controllable defect edges that could facilitate the electron kinetics associated with
electrolyte reduction. The main advantage of using a carbonaceous material composite
as a CE is that these nanomaterials (CNT and graphene) act as an active site for the
electrocatalytic process as well as a spacer in the matrix, which speeds up the diffusion

of the electrolyte, thus creating a brilliant electroderi electrolyte contact [1,51,78,81,82].

In this work, MWCNTSs and graphene are used as composite materials in two different
components of the cell: the anode and the CE (Figure 2.14).
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Figure 2.14 TEM images of the MWCNTSs : (a) low and (b) high magnifications

2.2 Device Fabrication

TiO2 paste is composed of 20 nm anatase nanoparticles (18 NR-T, purchased from
Dyesol). A TiO2 blocking layer (Ti-Nanoxide) solution was purchased from Solaronix. All
materials were used as received, without further purification. Prior to layer deposition, the
FTO glass substrates were ultrasonically cleaned in acetone, methanol and deionized
water, then dried in flowing nitrogen gas. The blocking layer was deposited onto pre-
cleaned FTO substrates by spin coating in two steps: Step one at a rotation speed of
3000 rpm for 20 seconds and Step two at a rotation speed of 6000 rpm for 40 seconds,
under ambient conditions, followed by annealing at 500°C for 30 minutes in air. The TiO2
paste was then tape cast onto FTO glass substrates that were coated with the blocking
layer. The photoanodes were subsequently dried for 15 minutes in an ambient
atmosphere and temperature, then for 6 minutes at 120°C in an ambient atmosphere.
After drying, the samples were annealed at 500°C for 30 minutes in an ambient
atmosphere. Before device fabrication, the annealed samples were dye-sensitized by
immersion into a 0.5 mM ethanolic solution of a commercial Ru-based complex molecular
dye N719 (from Solaronix) for 24 h. After washing the samples with ethanol and drying
with nitrogen, the DSSCs were fabricated by using a Pt CE and | /I ' redox couple
electrolyte, with 60 em thick spacers (from S
Pt CE (Figure 2.15).
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Figure 2. 15 (a) DSSC fabrication steps and (b) a complete DSSC [83].

2.3 Characterization methods

2.3.1 X-ray diffraction

X-ray diffraction (XRD) is employed to determine the crystal structures and phase
transformation of the material. Figure 2.16 illustrates the working principle of XRD, based
on Brag[@ds | aw

€ _ cQYQE — Al THTBT T
where (d) is the distance between two parallel planes periodically arranged, (_) is the
wavelength of a monochromatic X-ray source and (=} is the diffraction angle. In this

research, the crystallinity and phase transformation of the films are investigated using the

XoPert P r oa ByuReD D8aAdlvcince X-ray diffractometer equipped with Cu Kuy
radiation.
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Figure 2. 16 Schematics of diffraction of X -rays [84].

2.3.2 Scanning electron microscope

Scanning electron microscopy (SEM) is used for studying the morphology and structure
of different electrodes. In SEM, a beam of the electron scans over the surface of the
sample in a vacuum chamber to extract structural and chemical information based on the
three types of electrons: secondary electrons, backscattered electrons, and elemental X-
ray (Figure 2.17) [85]. For SEM measurement, the sample needs to be electrically
conductive in order to prevent accumulation of electrostatic charge at the surface. In this
thesis, field emission scanning electron microscopy (FESEM) using a JEOL JSM7401 F
FE-SEM equipped with an energy-dispersive X-ray spectrometer (EDS), with acceleration

voltage in the range of 2 to 20 KV, is used to record the images.

Primary electron Beam
Backscattered elections BSE

Secondary electrons SE

X-tay photons
Photons of Visible light CL

Sample surface

Continuum x-rays
Secondary fluorescence
BSE spatial resolution

X-ray spatial resolution

Figure 2 .17 Electrons interact with a sample's atoms  inthe SEM [85].
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2.3.3 Transmission electron microscopy

Transmission electron microscopy (TEM) was used for material analysis in the current
work. In this technique, a high-energy beam of electrons is shone through a very thin
sample (100 nm thick). Due to the interactions between the accelerated beams of
electrons and the atoms in the sample, different information, such as the crystal structure,
can be taken from materials. A rich variety of interactions takes place between the
electron beams and the sample in the TEM, including directly transmitted electrons,
secondary electrons, backscattered electrons, characteristic x-rays and Auger electrons
(Figure 2.18) [86]. Moreover, TEM can be used to study the defects in different materials
including semiconductors [87,88]. High resolution TEM has been used to study the
structural properties of carbon nanomaterials (graphene and CNT), including their
diameter, chirality and number of layers, as well as to detect potential defect sites within
them [89]. In this research, TEM and selected area electron diffraction (SAED) are
performed using a JEOL JEM-2010 TEM.

Spread
e-beam

Transmitted
electrons
modulate image
pixels

Figure 2 .18 Electron beams interact with a sample's atoms in the T EM [86].

2.3.4 Atomic force microscopy

Atomic force microscopy (AFM) has three different modes of operation, namely; contact
mode, non-contact mode and tapping mode. In AFM, imaging relies on the measurement
of the forces, either attractive or repulsive, between a fine sharp tip attached to a flexible
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cantilever [90]. An AFM probe is used to scan the specimen surface. The major difference
between AFM and electron-based microscopes is that AFM does not use beam
irradiation. Therefore, it does not suffer from a limitation in spatial resolution due to
creating a vacuum and preparing a chamber for guiding the beam. Figure 2.19 shows the
experimental setups of AFM. In this work, surface morphologies are examined by an
Enviroscope AFM (Digital Instruments) operated in tapping mode at room temperature in

ambient air.

4 quadrant
photo detector

Cantilever
deflection
meaasurament

Laser

vel
antile
AFM €

sample
sample stage

Figure 2 .19 Experimental setup for a typical AFM [91].

2.3.5 X-ray Photoemission spectroscopy

XPS provides valuable quantitative and chemical state information from the surface of the
material with approximately 10 nm average depth of analysis. The XPS method is used
to determine the kinetic energy and number of electrons that escape from the surface of
a specimen by the irradiating X-ray having a constant energy, h 3in an ultra-high vacuum

[92]. The kinetic energy can be determined by the following equation:

0 0 0 %o AT THTIBT

where O is the binding energy, O is the photon energy of the X-ray source and

%ois the spectrometer work function. Figure 2.20 shows an experimental XPS set-up [93].
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Here, XPS was performed on a VG Escalab 220i-XL recorded for a Twin Anode X-ray

Source.

Raster Scanned Ellipsoidal
Micro-Focused Quartz Crystal
X-ray Beam Monochromator

1\ Raster Scanned
\ Electron Gun
\\

g Al Anode
Sample

Figure 2 .20 Experimental setup for a typical XPS [93].

2.3.6 Raman spectroscopy

Raman scattering is one of the most effective optical methods of studying vibrational
spectrum of materials in various phases, whether solid, liquid or gas. Investigations into
Raman scattering by phonons in different materials such as semiconductors allows to
obtain new information on molecular vibrations and crystal structures. This technique has
some unique advantages, including: (i) non-contact and non-destructive analysis; (ii) no
sample preparation needed; and (iii) capacity for in situ measurements. In Raman, the
laser light (in the visible, near infrared, or near ultraviolet range) interacts with molecular
vibrations, resulting in the energy of the scattering laser being shifted up or down. It relies
on the shift in energy that gives information about the vibrational modes in the system
[941 96].

When light interacts with a molecule, it could induce a transition to a higher or virtual
energy state (Figure 2.21). The first condition for the molecule relaxing to the initial ground
state is Rayleigh, or elastic, scattering, which occurs in a single step by releasing the
same amount of energy as that of the incoming photon. Rayleigh scattering does not yield
any information about the molecules because no energy is transferred to the molecule.
The second condition is Stokes scattering, where the energy can be transferred to the

molecule from the incident photon. The third mode is anti-Stokes Raman scattering, when
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the energy of the scattered photon is higher than that of the incident photon. Stokes and

anti-Stokes are known as Raman scattering [94,97].

Virtual
energy states

Vibrational
energy states

1 . :

Infrared Rayleigh
absorption Scattering

Figure 2.21 "Jablonski" style diagrams of different forms of energetic transitions in Raman
scattering .

2.3.7 UV-visible (UV -vis) Spectroscopy

UV-visible (UV-vis) spectroscopy is an indispensable tool that is used to evaluate the
optical properties of materials. Absorption of light with a precise amount of energy is
associated with excitation of electrons from lower to higher energy levels, in both atoms
and molecules. The UV-vis spectral range is approximately 190 to 900 nm. In this
research, the UV-vis absorption spectrum is conducted using a Cary 5000 UV-visible-NIR
spectrophotometer (Varian). During measurement, the sample is irradiated with light and

the absorbance is defined as an intensity of light before and after illumination [98,99]:
= NoO& 'O 7 T 7
0 a¢& ' AT THTIBI |
(@]
If the sample compound absorbs the light of a given wavelength, then “Qs less than O,

However, if the sample does not absorb light, ‘G= 'O
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2.3.8 Electrochemical impedance s pectroscopy

Electrochemical impedance spectroscopy (EIS) is a steady-state technique for evaluating
the kinetics and energetics of electron transport and recombination in DSSCs. As a non-
destructive technique, an important advantage of EIS, over other techniques is the
possibility of in situ measurement during and after working the device. EIS is carried out

by applying an AC potential V(] ,t) with a certain frequency range ("Q —), then

measuring the current I( ,t) of the electrochemical system. Thus, the impedance Z( ) of

the system can be expresseda c cor di n glaw[61,1@h mo
w] M

0B ATTTHTBT T
Q

W]
In this work, the EIS measurement was conducted under dark conditions and at room
temperature, using a SOLARTRON 1260 A Impedance/Gain-Phase Analyzer, by
applying an AC amplitude of voltages from 0 to 600 mV. The tests were recorded over a
frequency range between 10 mHz and 300 kHz, and the AC signal was 10 mV in
amplitude. All impedance measurements were analyzed using an appropriate equivalent

circuit model with Z-View software (v3.5, Scribner Associate, Inc.) [62,101].

2.3.9 Cyclic voltammetry

Cyclic voltammetry (CV) is a type of powerful and popular electrochemical measurement
that is used to investigate reduction and oxidation reactions. In DSSCs, CV is used to
analyze the catalytic activities of the CE. In this present work, CV was carried out in a
Solartron Sl 1287 potentiostat galvanostat using a three-electrode system including a
working electrode, an Ag/AgCl reference electrode and a Pt plate as CE in the electrolyte
[1027 105].

2.3.10 Photovoltaic characterization

To provide a controllable indoor test facility under laboratory conditions, a solar simulator
is used for the testing of solar cells. A solar simulator is a device that provides illumination
that approximates natural sunlight. A SS50AAA solar simulator (class AAA), which
consists of a high-pressure Xenon Lamp (Xenon Short Arc) at AM 1.5G (100 mW cm),
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is used in the experiments in the present work. The current density-voltage (J-V)
characteristics of the cell under both light illumination and dark conditions were obtained
by applying external potential bias to the cell and measuring the generated photocurrent
using a Keithley 2400 Source Meter.

2.3.11 External quantum efficiency

External quantum efficiency (EQE) refers to the incident photon to converted electron
ratio. Since the energy of a photon is inversely proportional to its wavelength, EQE is the
ratio of the number of charge carriers collected by the solar cell over a range of different
wavelengths. Relative and arbitrary unit EQE measurements can be quite easily obtained
when the user pays attention to the details of test conditions for each device, such as

illumination intensity, device temperature and the effective active area [36,106].
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CHAPTER

Role of carbon nanotubes to enhance the long -term stability of
dye-sensitized solar cells

This chapter mainly focuses on the concept that the integration of MWCNTSs in
commercially available TiO> nanoparticle paste can beneficially affect the long-term
stability of DSSCs under continuous simulated one sun, indoor and UV light. To
understand the degradation mechanisms that underpin these changes in device
performance, both standard and composite devices were characterized using various
techniques. The results indicate that the MWCNTSs can act as strong conductive support
and reinforcement of the TiO> matrix in the photoanode, which prevents a reduction of
electron lifetime and a higher recombination rate. UV stability measurements indicate that
MWCNTSs are an efficient absorbing and blocking agent for UV light, thereby preventing
degradation.
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3.1 Introduction

Overtheyears, t he worl|l dds demand for energy
development of industrialization and globalization. It is predicted that the world energy
consumption rate will increase by over 50% before 2030 [4,33]. In contrast, the limited
sources of fossil fuels and their related issues, including climate change and
environmental pollution, dictate a transition towards renewable energy sources such as
wind power, hydroelectric and solar energy [4,107]. Amongst various renewable energy
sources, solar energy is one of the cleanest energy resources; it neither compromises
nor adds to global warming and is considered as a viable alternative to fossil fuels
[2,4,28,108].

In this context, PV converts the solar energy into electricity. Amongst all third-generation
solar cells, DSSCs are considered as a promising future technology due to their appealing
features, including a simple fabrication process, eco-friendly production, and low
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production costs, and also offer an excellent choice for indoor applications such as

windows and sunroofs [1,6].

A DSSC typically consists of: a wide band gap semiconducting oxide (e.g. ZnO, TiO2 and
Sn0Oz2) film coated on a FTO transparent conductive glass; dye sensitizer molecules
anchored to semiconductor nanoparticles as a light harvester; a redox couple electrolyte
as hole transport; and a Pt coated FTO as a CE [78,79,109].

Major efforts have recently focused on improving the PCE that can be addressed using
new nanomaterials. In particular, carbon-based nanomaterials such as MWCNTs and
graphene are considered promising for DSSC applications, due to their unique structural
and optoelectronic properties as well as low cost. Within the scientific and manufacturing
communities, carbonaceous nanomaterials have been very well known due to several
reasons. As examples, Y o u n g 0 sus vatueofiihdividual MWCNTSs (0.27-0.95 TPa) is
about a hundred times stronger than steel, and with about 1000 times more electric
current than copper wire and carbon-based materials displays the highest measured

thermal conductivity of any known material [79,110,111].

Among different components of DSSCs, the photoanode is considered as the heart of a
device because it provides light absorption, charge collection and transport to FTO. The
photoanode of DSSCs is generally fabricated by nanostructured mesoporous film of a
wide-band gap metal oxide semiconductor with high internal surface area for
chemisorptions of dye molecules. One of the main strategies used for improving electron
transport and suppressing recombination is the addition of carbon nanomaterials that can
work as charge carriers [78,79,111]. The effect of MWCNTs on the performance of
DSSCs is reported in [15], which presents a fast and effective procedure for the
preparation of hybrid MWCNT-TiO2 photoanodes by dispersing commercial MWCNTS in
a commercial TiO2 paste. PV performance analysis indicated that the PCE of the device
in the case of MWCNTSs-TiO2 (0.010% wt.) films is approximately 25% higher than that of
a device based on TiO2. Dye loading measurements confirmed that the average number
of dye moles per volume unit is increased more than three-fold in the composite sample
(TiO2-MWCNTSs) compared to bare TiO2. This condition creates an optimum combination

to obtain light absorption exclusively from dye molecules and higher photoelectron
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excitation to semiconductor nanoparticles, resulting in improvement of photocurrent
generation and overall PCE. Moreover, analysis of the transient photovoltage decay and
of the corresponding electron lifetime result in increased electron collection and
recombination resistance. The results of this research strongly indicate that the
incorporation of MWCNTSs in the TiO2 matrix has the overall effect of favoring electron

conduction and inhibiting the recombination process.

These results on the improvement of the PV performance of DSSCs with the addition of
low concentration of MWCNTS raised the question of whether the composite photoanode
might improve long-term stability. Various stability issues are generally associated with
DSSCs, such as: the thermal stability of the dye molecules; stability of the CE; the particle
bonding strength of the anode; leakage of the electrolyte; thermal stability of the sealing
layer; the UV and visible light stability of the dye molecules and the electrolyte; and the
mechanical stability of the photoanode and sealing layer [11,73,113,114]. Typical
methods used to test the long-term stability of DSSCs involve light soaking tests,
continuous UV radiation exposure and thermal stability. Under these conditions, the
devices can experience several degradation mechanisms, which still remain unexplored,

requires further investigation and characterization.

This chapter reports on comparative studies on the long-term stability of DSSCs based
on TiO2 nanopatrticles with and without MWCNTs under continuous visible and UV light
illumination. It is shown that the presence of 0.010 wt% of MWCNTSs in TiO2 nanoparticles
leads to a significant improvement in the long-term stability of DSSCs under continuous
simulated one sun and indoor light by 22% and 42%, respectively. The results of UV light
illumination indicate that MWCNTs can successfully stabilize DSSCs for long-term
operation with a 24% improvement. This observation is confirmed by various
characterizations, including J-V measurements, transient photovoltage decay and EIS
measurements. In addition, FESEM and Raman spectroscopy are used to investigate the

a n o d modpkology, composition and degradation mechanism.
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3.2 Experimental

Mesoporous TiO2 photoanodes are composed of two layers: (i) TiO2 paste, composed of
20 nm sized anatase (18 NR-T from Dyesol); and (ii) the TiO2 scattering layer composed
of 150-250 nm sized particles (WER2-O from Dyesol). MWCNTs were purchased from
Sigma-Aldrich (10 um average length and 12 nm average diameter). All materials were
used as received, without further purification. The blocking layer (Ti-Nanoxide from
Solaronix) was deposited onto pre-cleaned FTO substrates by spin coating in two steps:
Step one, at a rotation speed of 3000 rpm for 20 seconds and Step two, at a rotation
speed of 6000 rpm for 40 seconds. The prepared samples were subsequently annealed
at 500°C for 30 minutes under ambient conditions. The MWCNTs-TiO2 composite
photoanodes were prepared in accordance with a previous report [15,115]. A suspension
of MWCNTSs was prepared by dispersing 6 mg of MWCNTSs in 15 mL of ethanol followed
by a three-hour bath sonication. The TiO2-MWCNTs composite was then prepared by
mixing 0.010 wt% of MWCNTs with the TiO2 paste. The mechanically mixed TiO2-
MWCNTs composite paste was then tape casted on the blocking layer. Similarly, one
batch of bare TiO2 photoanodes was prepared as reference. After deposition, the
photoanodes were dried for 15 minutes at ambient temperature and subsequently for 6
minutes at 120°C. All dried samples were annealed at 500°C for 30 minutes in an ambient
atmosphere. Afterwards, the annealed samples were immersed with a 0.5 mM ethanolic
solution of a commercial Ru-based complex molecular dye N719 (from Solaronix) for 24
hours. After dye sensitization, devices were fabricated by using a platinized FTO CE (a

10 nm thin film of Pt sputter-deposited on FTO), and a redox couple iodide/triiodide redox

couple electrolyte, with 60 em thick spacers

and the Pt CE. The PV parameters of the fabricated devices were measured by a Keithley
2400 Source Meter under simulated sunlight using an ABET2000 solar simulator at
M1.5G (100 mW cm'?).

The stability tests in this study were performed with continuous simulated sunlight, indoor
light and UV light illumination over different periods at room temperature. The light source
with one sun intensity was used without any additional UV filtration and a UV lamp
[wave | engt h ( &) 36 5cmniwak alse usedh Th€ morphotoyy and structure
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of the photoanodes were investigated by SEM (FE-SEM, JEOL JSM-6900 F). EIS was
conducted in the dark using a SOLARTRON 1260 A Impedance/Gain-Phase Analyzer by
applying a bias from 150 to 600 mV. The tests were recorded over the AC signal (10mV)
in amplitude and frequency range between 10 mHz and 300 kHz. The obtained
impedance spectra were fitted with Z-view software (v3.5, Scribner Associate, Inc.) and
an appropriate equivalent circuit model. The completed cells were characterized by
Raman spectroscopy using a 514 nm excitation source, at room temperature, in the 50-
2900 cm* region.

3.3 Results and discussion

We investigated the effect of adding MWCNTSs in the photoanode on the PV performance
of DSSCs. Figure 3.1 displays the J-V curves obtained under simulated sunlight at
AM1.5G (100 mW cm?) of DSSCs with and without MWCNTs. All PV parameters,
including Jsc, Voc, FF and PCE of both devices are reported in Table 3.1. The results show
that the addition of 0.010 wt% MWCNTs to the TiO2 nanoparticles leads to a ~30%
improvement in the PCE compared to the control device, consistent with previous reports
[15,115].
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Figure 3.1 Current density -voltage curves of solar cells under simulated one sun at AM 1.5G (100
mW cm®) fabricated using TiO > mesoporous films with (red circles) and without MWCNTSs (black
squares) .

Table 3.1. Functional parameters of DSSCs with and without MWCNTSs

anode structure PCE (%) FF (%) Voc (MV) Jsc (MA cm ?)
TiO2 5.310.2 68+2 718+10 10.8+0.3
TiO2+MWCNTSs 7.0£0.2 68+2 738+10 14.0+0.3

3.3.1 Long -term stability under simulated sunlight illumination

Stability experiments were performed on two series of cells with and without the presence
of MWCNTSs in a TiO2 mesoporous film, while keeping the other components identical,
including the dye molecules, the redox couple electrolyte, the cathode and measurement
conditions, to obtain statistically relevant information on the long-term stability of the
devices. Figure 3.2 shows the variation of the PV parameters of different devices under
continuous simulated sunlight at AM 1.5G (100 mW cm'?) at room temperature. All PV
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parameters were normalized using the initial value of the cells. The results demonstrate
that the degradation rate of the PV parameters in the composite cell with MWCNTs was
effectively suppressed compared to the device without MWCNTs. While the Jsc (MA cm-
2) of the composite device illustrated only 6% loss compared to its initial value, the cell
without MWCNTs decreased to a larger extent (21%). Similarly, in the cell without
MWCNTSs, there is an 18% degradation of the Voc (V), whereas the cell with MWCNTs
declined by only 6%. This could be related to an increased recombination at the
TiOz2/dye/electrolyte interface [15,64,116,117]. The FF of both devices stayed
approximately stable during the long-term test. The FF is largely responsible for the
charge transfer resistance at the CE (related to the stability of the catalyst material) and
the sheet resistance of the substrate (FTO). These results indicate that there are no
apparent changes in the series connected resistances, hence no degradation of the FTO
and Pt-catalyst layer [11,11671 118]. The overall PCE of the composite device with
MWCNTSs decreases slowly (only 10%). However, the device without MWCNTSs shows a
considerable reduction (32%) under the same test period and measurement conditions,
which could be mainly attributed to the simultaneous reduction of Jsc (MA cm?) and Voc
(V). Several reasons can be invoked to explain the effect of MWCNTSs on the long-term
stability of the DSSC.

A mesoporous photoanode film with bonding between TiO2 nanoparticles is considered
necessary for the efficient transport and collection of the photogenerated electrons. Thus
decreased bonding by crack formation in the photoanode film could be one of the main
reasons for the reduction of Jsc (MA cm?) [119,120]. Tributsch et al. [121] suggested that
the fabrication of a device exhibiting high efficiency and long-term stability should be
possible with increased adsorption of dye molecules because the dye molecules are the
weakest component in DSSCs. It is believed that a porous photoanode with lower
agglomeration of the nanoparticles is an important prerequisite for absorbing a higher
number of dye molecules because their penetration is higher in mesoporous structures
[109,12271 124]. Alternatively, high porosity of the metal oxide could present many
opportunities for charge recombination of the photo-injected electrons and electron
transfer reduction [17,125]. Several reports have shown that CNTs can act as a useful

dispersing agent for decreasing the agglomeration of nanoparticles in a photoanode
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[15,109,122,123]. This explanation suggests that CNTs not only develop a highly porous
morphology while preventing the agglomeration of TiO2 particles that act as dye
anchoring, but also work as an excellent electron transport carrier in the hybrid structure
of the photoanode [15,18,109,122,123,126i 128]. Previous results indicated that the dye
loading increased more than three-fold in the TiO2-MWCNT composite sample compared
to the bare TiOz2 [15]. When a higher number of dye molecules are present, the stability
is expected to improve, as is referenced from (Figure 3.4 a-d). In this modified composite
structure with a very large active surface area, there are sufficient dye molecules to
capture photons and electron injection, therefore the ruthenium complexes have not been
irreversibly destroyed and the photocurrent can be sustained [11,120,121]. These
reasons could account for why the stability of DSSCs based on the MWCNT-TiO2/dye
photoanode is higher than a standard TiO2/dye photoanode and how the high porosity of

the anode affects stability.
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Figure 3.2 Functional properties of DSSCs in cases with and without MWCNTSs under a continuous
function of soaking time
(b) J-V curves of DSSCs with MWCNTSs ; (c) Jsc (MA cm2); (d) Vo (V); (€) FF (%); and (f) PCE (%).

one sun light irradiation as a
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Electron recombination at the TiO2/dye/electrolyte interfaces is another possible reason
for the PV performance degradation that impacts the Jsc (MA cm2) as well as Voc (V)
[63,64,129,130]. The considerable loss in efficiency during the prolonged stability test
indicates that they suffer from undesirable carrier recombination [131]. It has been
suggested that the optimization of the working electrode structure in order to delay
interfacial charge recombination dynamics and improve electron transport is a crucial
factor in improving the PCE and stability of DSSCs [132]. Bisquert et al. [64] reported that
measuring the transient photovoltage decay allows monitoring of the (4, which can be
defined as Equation (3.1) [64]:

T — T — A1 THTBT T

where T is the absolute temperature, kei s Bol t z man n 0 sistbhecelermentary t

charge. The obtained photovoltage decay and W curves of DSSCs in cases with and
without MWCNTSs, tested under continuous light irradiation, are shown in Figure 3.3. The
results show that the phot owoflthé degce baded onay
TiO2-MWCNTSs hybrid photoanode remained stable under long time continuous one sun
illumination, while the devices based on bare TiO2 nanoparticles exhibit a significant loss
under similar conditions. In the composite sample, the presence of MWCNTSs in TiO:2
reduces the charge recombination, due to their action as excellent conducting networks
inside the photoanode [109,130]. In this respect, the investigations undertaken by Belcher
and coworkers [131] confirm that photo-induced electrons are transferred to the carbon
nanotubes from the TiO2 nanoparticles, then rapidly transported to the anode substrate

without either recombination or a back reaction, as can be observed from (Figure 3.4 Q).
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Figure 3. 3 Transient V o decay and obtained electron lifetime (  (): for cells without MWCNTSs (a ) and
(b) and cells with MWCNTSs (c ) and (d), measured at different times under one sun irradiation

Another hypothesis to explain the degradation of DSSCs under continuous illumination is
based on increasing the temperature of the device and related thermal stress. The
created stress could produce some micro cracks in the photoanode and break the
interconnection between the TiO2 nanoparticles, consequently causing a decline in
electron transport [Figure 3.4 (g) and (h)]. Previous studies have demonstrated that CNTs
can work as a strong support among TiO2 nanopatrticles due to the formation of intimate
contact with them [17,109,125,133,134]. Moreover, the addition of CNTs might improve
the stability of the working electrode under thermal stress because of their excellent
thermal conductivity [111,131,135]. The presence of MWCNTs could decrease the
thermal stress of the photoanode and prevent its degradation [Figure 3.4 (e)].
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Figure 3.4 Schematic of : (a) and (b) enhanced dispersion of TiO » particles and preventing
agglomerating with MWCNT addition ; (c) and (d) greater quantity of dye molecules are adsorbed to
the highly porous morphology ; (e) MWCNTSs act as act good support and reinforcement for TiO 2; (f)
micro -crack formation in the photoanode because of intense light soaking and thermal stress ()
MWCNTs act as a strong conductive network , preventing charge recom bination ; (h) loss of
electrical contact between the TiO , particles and decrease in electron lifeti me and recombination
resistance .

3.3.2 Long -term stability under indoor light illumination

DSSCs designed especially for indoor applications and working under low light intensities.
Hence, it is important to measure the stability of the device under indoor light illumination.
The cells were tested for a period of 150 days under continuous artificial fluorescent light
(30 mW cm?). Figure 3.5 illustrates a systematic comparison of the PV parameters of the
devices based on the TiO2 photoanode with and without MWCNTSs. The results indicate
that the Jsc (MA cm?) of standard devices sharply declines (63%), while the Voc (V)
decreases by only 9% over the test period, meaning that the crucial factor that determines
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the degradation of the devices is the decrease of Jsc (MA cm?). The rapid decreasing of
the Jsc (MA cm) could be mainly related to the degrading of dye molecules under the
test conditions [109,116,121]. On the other hand, the small reduction of Voc (V) indicates
a limited recombination of photo-produced electrons. As discussed in the previous
section, intense illumination under simulated one sun intensity (100 mW cm2) and the
related stress may be a possible reason for breaking the bond between the TiO:2
nanoparticles. However, in this test under indoor conditions, the intensity of the light is
about three times lower than simulated sunlight, hence the related stress should be
reduced. The PCE of the cell without MWCNTSs rapidly decreases with 67%, while for the
cell with MWCNTs only 25%. These results confirm that the addition of MWCNTs

significantly improves cell stability, mainly by stabilizing Jsc (mA cm2).
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3.3.3 Long -term stability under UV light

To gain more insight into the effect of MWCNTSs on the long-term stability, the cells were
tested under continuous UV light illumination. UV light is generally considered to be a
damaging factor for DSSCs [120,121]. However, the effects of UV light over a long-term
period on the functional parameters of DSSCs and related degradation mechanisms are
not yet well understood because UV cut-off filters are often used to measure long-term
stability [136]. Figure 3.6 illustrates the changes in functional parameters of DSSCs in

cases with and without MWCNTSs under UV light illumination.
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As can be observed from Figure 3.6, the degradation rate of cells under UV irradiation is
higher compared with simulated sunlight, which means that the components of the DSSC
device are more sensitive to UV light than one sun illuminated light [9,11]. The result
indicated that the PV performance of both samples (with and without MWCNTSs) gradually
decreased during the first 50 h of the UV illumination, which means there is a similar
degradation mechanism over this test time. According to Hinsch [120], UV light soaking
always has a strong negative effect on the molecular structure of the electrolyte, therefore
the PV performance of the cell could decline due to electrolyte degradation. Under UV
light aging, iodine in the redox couple iodide/triiodide is irreversibly consumed, which
reduces the electrolyte redox cycle (oxidation/reduction) rate at the CE. Moreover, photo-
oxidation of the electrolyte is another undesired side reaction under UV soaking
[63,120,137]. Between 50 to 350 h of UV aging, a minor decrease (-7.9%) in the PCE of
the cell with MWCNTSs is shown, compared to the test results of the device without
MWCNTSs, which shows a considerable reduction (-30.3%). This difference demonstrates
that adding MWCNTSs significantly improves stability of the cell under UV light. Snaith et
al. [136,137] reported that, upon UV light illumination, both electrons and holes are formed
at the surface of TiO2 due to the band gap excitation. However, the UV light might
introduce crystalline defects (energetically deep electron traps) in the TiO2z, which was
identified as a limiting factor for electron diffusion [138]. The energy level of these sites
was determined approximately 1 eV below the conduction band, which means that the
electrons cannot escape from them to reach the conduction band [138]. Thus, charge
recombination between the trapped electrons and the electrolyte can be produced
[136,137]. After electron-hole recombination, these sites tend to again trap the electrons
(Figure 3.7). In addition, UV light can lead to dye desorption or dye decomposition, thus
resulting in substantial deterioration of device operation [9,11,121,139]. Although DSSCs
based on TiO2 photoanodes are very sensitive to UV light, there are limited solutions to
overcoming this problem: for example by preventing UV light from reaching the TiO2
nanoparticles [136,137,140]. Previous studies have confirmed that CNTs can efficiently
absorb and hence block UV light [122,128,140]. As a result, MWCNTSs can increase the
stability of DSSCs under UV light soaking.

65



Electron-donating site

CB cB
l leV
.................... uv
3.2eV ®
\ | \ |

Figure 3.7 Schematic illustration of the band structure model for the TiO 2 that form s deep electronic
traps. Under UV light illumination, the injected and photogenerated electron can be adsorbed
through deep electron -donating sites. The electron in this site can  then undergo direct
recombination with a hole in the electrolyte

3.3.4 Microstructure eva luation

In DSSCs, a good porous photoanode film with continuous bonding between TiO:2
nanoparticles and without any cracks and/or defects is necessary for efficient electron
collection and transport [63,119,141]. The degradation of the PV parameters of DSSCs
under illumination can be associated with some defect formation in the photoanode.
Figure 3.8 shows a microstructure evaluation of the photoanode before and after 200 h
of continuous simulated sunlight (100 mW cm?) soaking and 70 days storage under
continuous indoor light (30 mW cm). As shown in Figures 3.8 (a and b), the working
electrodes are composed of TiO2 nanoparticles with a porous structure, completely crack-
free for electron transport. Previous reports indicated that the presence of MWCNTSs in a
TiO2 matrix result in a structure with a more uniform dispersion of nanoparticles and,
consequently, the formation of a more porous film [18,51,109,122]. In this study, in the
composite anode, it was not possible to observe the MWCNTs due to their very low
concentration and the low contrast of carbon-based materials [78]. The FESEM images
of the samples after the stability tests [Figures 3.8 (c) and (d)] indicate that after the
stability tests, the cell without MWCNTSs shows micro-crack formation in the photoanode,
which reduces electron transport and increases the charge transport resistance [51,63].
In contrast, the composite device shows a stable structure with no defects or cracks that
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could be related to the interaction between the MWCNTs and the TiO2 particles. These

results highlight the role of MWCNTSs in improving the mechanical and thermal properties

of the photoanode [111,135].

Figure 3.8 FESEM images of synthesized photoanodes: (a) without MWCNTSs and (b) with MWCNTs
at different magnification s before aging. Solid and dashed ovals highlight the agglomeration and
porosity of the TiO » particles, respectively. (c) Photoanode without MWCNTs and (d) photoanode

with MWCNTSs after aging .
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3.3.5 Raman spectroscopy measurements

The subsequent stage in the present work focuses on the effect of illumination on the
degradation behaviour of the device using Raman spectroscopy. Figure 3.9 displays the
Raman spectra of the assembled DSSCs, accessed from the photoanode side by
focusing a laser beam at the anode/dye/electrolyte interface. A comparison of the Raman
spectra from the two cells before illumination shows similar trend that can confirm the
uniform distribution of MWCNTSs in the anatase matrix [Figure 3.9(c)]. However, careful
peak fitting allows spectral decomposition at 1605 cm* in the composite photoanode to a
series of two Raman peaks at 1599 cm and 1610 cm. The appearance of an additional
peak at 1610 cm™ demonstrates the bonding between the TiO2 and MWCNTSs since, in
the Raman spectra of MWCNTS, there is no peak at 1610 cm™ [15,141,142]. Raman
modes of the pure anatase phase of TiO2 are found at: 144 cm™ (Eg1), 395 cm™ (Big), 514
cm™? (Aig), and 641 cm™? (Egs) [142i 147]. The Eg mode at 142 cm (vibrational mode of
the anatase phase) exhibits the anatase structure of both samples. When comparing the
Raman spectra recorded from both samples, it is observed that, in the composite sample,
the Eg mode shifts from 142 to 150 cmL. The shift of the Raman band in the sample with
MWCNTSs is of particular interest because it is attributed to the adsorption of more dye
molecules by the TiO2 nanoparticles [142,146,148]. However, all the other TiO2 peaks are
absent in the observed spectra of the two samples, most likely due to the adsorption of
the dye molecules on the TiO2 surface [149i1 151]. Some reports previously indicated that,
under light illumination, a large number of photo-produced electrons are injected into the
conduction band of TiO2 nanoparticles so that their surface charge dramatically increases
[149,150]. The increase of the surface charge tends to change the interface layers from
semiconducting to metallic, thus eliminating the TiO2 bands. Under light irradiation the
dye molecules degrade, so that less charge-transfer takes place from the LUMO of the
dye molecules to the conduction band of TiO2. Therefore, the anatase phase can then

recover its semiconducting nature and its peak will appear.

After aging for 200 h under continuous one sun light irradiation (100 mwW cm2) and 70
daysostorage under continuous indoor light (30 mW cm), the TiOz line at 394 cm is

present in the spectra of both samples, but the peak intensity of the sample without
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MWCNTSs is more than three times higher than that of the sample containing MWCNTS,
which means that the degradation of the dye is suppressed in the composite sample. In
addition, the spectra after aging indicate a sharp increase in intensity and a red shift for
the band at 168 cm™, which is several times higher in the sample without MWCNTs
compared to the sample with MWCNTs. This transformation can be attributed to
desorption of the dye molecules from the surface of nanoparticles and their interaction
with the electrolyte and the formation of an oxidized form of dye, which leads to a
degradation of device performance [113,149,1511 153]. Previous studies have reported
that two Raman peaks, including C-C at 1260 cm™ and C-O at 1310 cm™*, are the most
important features to distinguish desorption or adsorption of the dye molecules on the
TiO2 substrate [13,151,154]. In other words, there is a direct relationship between the
intensity of C-C and C-O peaks and dye desorption. As can be observed after illumination,
the intensity of these peaks of the standard sample are increased compared with the
initial intensities, which confirms desorption of the dye molecules. However, the
composite device was stable, because the peaks show no discernable changes. As
mentioned in the previous section, MWCNTSs develop a larger number of attached dye

molecules on the surface area of the TiOx.
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Figure 3.9 (a) Schematic overview of a DSSC under Raman setup for Raman characterization
; and (c) Raman spectra of cells in cases with

and without MWCNTs at 514.5 nm before and after aging

complete fabricated DSSC for Raman measurement

3.3.6 EIS analyses

EIS is a useful technique for investigating the reasons for DSSC degradation
[61,101,155]. EIS was measured for cells before and after light illumination over 100 h
with continuous one sun light (100 mW cm™) irradiation and 70 days storage under
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continuous indoor light (30 mW cm-?). Figures 3.10-12 show the Nyquist and Bode plots
of the two cells in cases with and without MWCNTSs, before and after aging. The results
indicate that the Rs, which is mainly caused by the sheet resistance of the two conductive
substrates, remains almost the same for both samples, before and after aging. The similar
Rs is consistent with the stability of the FF over the test period. Therefore, both electrodes
are very stable and are not responsible for any loss of PV parameters. The size of a well-
defined semicircle of the cell with MWCNTSs is lower than the cell without MWCNTs
(Figure 3.12). This difference in semicircle size confirms that the cell with MWCNTSs has
lower Rct than the control sample [see Figure 3.12 (b)] since the presence of MWCNTSs
promotes efficient electron transport and connection between the TiO:2 particles [15,171
19]. Moreover, Rct increases with light aging, but the increasing rate is lower in the
composite cell. The increasing of electron transport resistance in the photoanode could
be related to the reduction of bonding between the TiO2 particles due to micro-crack
formation, which could be one of the main degradation mechanisms of the cell [1551 157].
It has been reported that the W of the device is given by: U= 1 / faxd fmax ib the phase
angle corresponding to the maximum frequency [17,65,120]. Based on this equation, the
W of the cell with MWCNTSs is longer than the cell without MWCNTS, in agreement with
previous work [14,15,106]. In the cell without MWCNTSs, the peak shifts to higher
frequency with light soaking [Figure 3.10(e)], suggesting that the decrease of the Wis due
to degradation. However, in the cell with MWCNTSs, the frequency peaks remained at
approximately the same position [Figure 3.11 (e)].This result confirms that adding
MWCNTSs significantly improves U of DSSCs. In addition, the comparison between the
two devices indicates that a higher W can be obtained in the composite sample than in
the cell without MWCNTSs [Figure 3.12 (c)-(e)], which is consistent with the W obtained
from transient photovoltage decay. Therefore, from the electrochemical results, the
MWCNTSs increase the long-term stability of DSSCs by developing a conductive network
between the TiO2 nanoparticles in the photoanode and preventing crack formation in

order to improve charge transport and suppress electron recombination.
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Figure 3.10 (a)-(d): Electrochemical impedance spectroscopy analysis of fresh and aged cells
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MWCNTSs; and (f) equivalent circuit of the transmission model.
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3.4 Conclusions and Perspectives

This chapter presents the experimental study of the effect of MWCNTSs on the long-term
stability of DSSCs. Two different types of DSSCs based on TiO2 and TiO2-MWCNTSs
nanocomposite anodes were assembled and characterized by different techniques in
order to document the degradation mechanisms. The results demonstrate that a small
amount of MWCNTs (0.010 wt%) can significantly improve the long-term stability of the
DSSCs under continuous simulated one sun and indoor light by 22% and 42%,
respectively. In addition, the results of UV light soaking indicate that MWCNTs can
successfully stabilize the DSSCs for long-term operation up to 24% improvement.
Transient photovoltage decay and EIS measurements confirm the higher & and reduced
recombination in the TiO2-MWCNTs composite network compared to the standard device.
These results as presented in the chapter provide a low cost, simple and straightforward
way to improve the long-term stability of DSSCs, which is a major challenge for this

technology.
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A | fact, researchers have settled on what they believe is the magic number for true expertise:

ten thousand hours. o

Malcolm Gladwell
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CHAPTER

Incorporation of multi -wall carbon nanotubes to boost the long -
term thermal stability of dye sensitized  solar cells

This chapter is adapted from the peer reviewed publication by Mahyar
Mohammaznezhad, Gurpreet Singh Selopal, Zhiming W. Wang, Barry Stansfield,
Haiguang Zhao and Federico Rosei, ChemPlusChem, 2018, 83, 682 -690.

In this chapter, the effect of MWCNTSs on the thermal stability of DSSCs is discussed. The
results of this work demonstrated that, under identical measurement conditions (aging at
80°C for 240 h in the dark), DSSCs based on a bare TiO2 anode present a significant loss
in PCE, dropping to 59% of their initial value, while DSSCs based on a TiO>-MWCNTs
nanocomposite anode attained a promising thermal stability with only 20% reduction of
the initial PCE. This degradation of cell performance is mainly associated with a dramatic

reduction of the Jsc.
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4.1 Introduction

As described in Chapters 1 and 3, the world energy demand has rapidly increased; all
predictions indicate that this growing trend will continue in both developed and developing
nations [4,108]. Since different forms of fossil fuels, namely coal, oil and natural gas, make
up 80% o f t he wor,litddésdremeln ienpogant to search for clean, carbon-
emission-free energy sources [4,28]. In this scenario, solar cells are investigated as a
solution to this situation [3,28]. During recent decades, different types of solar cells have
been explored and developed. In this regard, DSSCs attract much interest and are
considered as a viable alternative to silicon based solar cells due to their simple and low
cost of fabrication [51,79].

Degradation analysis of DSSC is not yet well established due to fewer efforts devoted to
this important subject [9, 116]. Thermal aging and related stress is one of the most

important external factors that should be considered since under sun illumination devices
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