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No man can attain freedom from activity by refraining from action; nor can he

reach perfection by merely refusing to act.

*Srimad Bhagavad Gita, Chapter 3, Verse 4

“Progress is made by trial and failure; the failures are generally a hundred times more

numerous than the successes, yet they are usually left unchronicled.”

-WILLIAM RAMSAY, 1852 - 1916
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ABSTRACT

With the tremendous increase in the global population, the inflation of energy consumption is
inevitable, which will lead to a dark era with no energy resources. Therefore, to avoid the
situation of energy crisis, it is important to select an energy source which we can rely on for a

long time and is cheaper and eco-friendly, the answer is Solar and Photovoltaic.

PV technology is a renewable power source with the capacity to fulfil the energy needs of the
world population with the least impact on the environment. Among the third generation of PV,
the Dye sensitised solar cells have succeeded in gaining attention due to their easy fabrication
process, low production cost, and use of eco-friendly materials. The DSSCs are so far the most
economical and eco-friendly with an efficiency of 15%. Though the efficiency is low, unlike
other PVs, it holds the capacity to operate under low light conditions, i.e., indoors.
Supplementarily, the performance of DSSC is divided among its components, therefore,
medium to low-purity materials can achieve reasonable efficiency which makes them
competent in the solar market. Contrastingly, the performance of Si-based solar cells relies on
the purity of Si used, hence Si-based solar cells are expensive and consume more energy during

the manufacturing process.

Due to the flexibility of DSSCs, they are used in wearable solar panels like backpacks and bags.
In addition, large modules of DSSCs are built-in tents for military purposes with 1 kW of energy
enough to operate a few lights and communication devices. However, the commercial success
of DSSCs demands better efficiency with a better understanding of ageing and the cause of
degradation under different stress factors with time which is the focus of the research.

The first stage of my work aims to understand the dye anchoring modes of the dyes of my
interest N719, on the TiO. substrate using Angle-Resolved XPS and FTIR. FTIR being a
chemically sensitive technique helps in identifying the dye conformation and anchoring modes.
Further, the application of ARXPS which is a surface-sensitive technique provides insights into
the concentration profile of the dye-TiO> configuration. A better clarification of available and
possible anchoring modes of dye will unveil a better understanding of the interfacial properties
N719-TiO, configuration of interest. The application of the procedure to understand anchoring

can be applied to a wide range of absorbent and absorbate.

The second stage of this work targets to establish a technique that can be applied to understand
ageing in DSSCs better. The study aims to investigate the application of different surface

analytical techniques to observe the change introduced in the dye-TiO; interface and dye-TiO»-

Vi
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electrolyte interface with ageing. Initially, an effective approach to accessing the cell interface
was developed. A procedure for opening the cell and rinsing off the electrolyte layer to excess
of the dye layer was used. Further, the impact of the procedure on the dye layer was
investigated. The rinsed-off solution was tested by drop-casting the rinsed-off solution onto the
blank TiO2 substrate. The alterations induced into the photoanodes by the methods were
quantified using surface-sensitive techniques such as XPS, MIES, and UPS. The results
conclude that the ethanol rinsing procedure has negligible impact on the photoanodes. Thus, a
systematic methodology for investigating changes made at the cell interface over time is also
devised, which will aid in correlating the decline in cell performance with interfacial
deterioration. The study focussed on the application of various techniques to understand
different aspects of ageing. The techniques include JV characterisation to track the changes in
the PV performance overtime followed by XPS, UPS, MIES, and NICISS to observe the
changes in dye/TiO: interface. Thus, after establishing an effective ageing technique, an ageing
investigation was performed on sample cells under two stress factors: dark and light. The main
target of the study is to identify the main causative for the decrease in cell performance under
different stress factors and to understand the impact on the cell interface. The device-level
performance was traced down by the application of JV characterisation. Additionally, the
change in the interfacial impedance was tracked by the application of EIS. The changes in the
elemental and chemical composition of the aged sample were investigated using XPS.
Furthermore, via the application of UPS, the changes in the DOS of the aged photoanode were
explored. Followed by the implementation of NICISS to examine the changes in the
concentration of electrolyte and dye elements overtime. Likewise, the change in the dye
functional group was determined by the application of FTIR and the impact on dye absorption

was observed using UV-Vis DRS.

Overall, the main reason for cell degradation was identified as the penetration of | species into
the dye-layer. The I function at regenerating the dye and itself during the cell operation. Over
time especially under light irradiation, the iodine species penetrates and gets stuck into the dye
layer resulting in some irreversible reaction which impedes the photo generation by the dye

molecule and thus, results in efficiency loss of the cell.

vii
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Keywords: Dye Sensitised Solar Cells, Dye anchoring, Ageing, Stability, Degradation, XPS,
UPS, MIES, FT-IR, NICISS, EIS, UV-Vis DRS, Interface, Impedance, Resistance, lodine,
N719, Formic Acid, Phenyl isothiocyanate, TBA-Br, Adsorption.
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ABBREVIATIONS

Acronym What (it) Stands For

A

AD Auger De-excitation

AMU Atomic mass unit

AN Acetonitrile

AN* Auger Neutralization

ARXPS Angle-resolved X-ray Photoelectron Spectroscopy
ASF Atomic Sensitivity Factor

ATR-FTIR Attenuated Total Reflectance- Fourier Transform Infrared
B

BE Binding Energy

C

CB Conduction Band

CE Counter Electrode

CNT Carbon Nanotube

D

DFT Density Functional Theory

DOS Density of states

DRS Diffuse Reflectance Spectroscopy

DSSC Dye Sensitised Solar Cells

E

EIS Electrochemical Impedance Spectroscopy

ESCA Electron Spectroscopy for Chemical Analysis
EXAFS Extended X-ray Absorption Fine Structure Spectroscopy
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F

FF
FTIR
FTO

GUuNCS

HOMO

IEC
IMFP
loT

ITO

Jsc

KE

LUMO

MIES
MLCT

N
NICISS
NIR
NMBI

Fill factor
Fourier Transform Infrared

Fluorine doped tin-oxide

Guanidinium thiocyanate

Highest Occupied Molecular Orbital

International Electrotechnical Commission
Inelastic mean-free path

Internet-of-things

Infrared Region

Indium doped tin-oxide

Short circuit current

Kinetic Energy
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CHAPTER 1 DYE SENSITISED SOLAR CELLS- AN
OVERVIEW

1.1 Introduction

Dye-sensitised solar cells (DSSCs) are featured as a cost-effective, flexible, stable, eco-friendly
substitute for traditional silicon cells and have indeed attracted a lot of scientific and
technological interest since the breakthrough in 1991 . After intensive research for more than
two decades, the highest efficiency recorded is 14.3% 2 which was broken recently achieving
15.2% 3. Unlike other photovoltaic (PV) cells, the performance of DSSCs is not limited to one
component but divided among the components, a porous wide-gap semiconductor photoanode,
a sensitising dye, and a redox electrolyte. Hence, the use of medium to low purity of materials
can still achieve reasonable efficiency 4. In addition, the DSSCs have shown promising
outcomes on repeated electric erasure and re-sensitisation of cell components with 90.98%
efficiency even after being recycled six times, thus minimising the cost and waste promoting
reuse and reduction °. DSSCs, with the capability to use high energy photons and to operate
under low light conditions, meet the two essential requirements of the multijunction solar cell.
Unlike, other solar technologies, the energy region in DSSCs can be easily tuned using varied
chromophore designs with molecular-level control °. Further, the DSSCs components can be
tuned to obtain desirable absorption width, varied thickness of the active layer and chromophore
adsorption, to calibrate output photocurrents for minimal thermal loss. This state-of-the-art can
be combined with any other technology that uses lower energy photons to develop a high-
performing multijunction system ©. Due to their ability to operate indoors, under low light
conditions, these cells are successful candidates in wearables like caps, bags, bag packs,
military tents, and other internet-of-things (1oTs). To compete in the existing solar market these
cells need to excel in efficiency and stability. DSSCs are vulnerable to many degradations
introduced in different components used in their configuration under various stress factors. Heat

and/or light have always harmed the cell's performance with time.

1.2.  Operation of DSSCs

The basic operation of DSSC is based on photoexcitation of the sensitiser molecule which
injects electrons into the semiconductor film and leads towards the external circuit . The
operation of the DSSC significantly depends on the relative kinetics of different charge transfer

processes occurring in the cell. Thus, it is very crucial to understand the electronic processes
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taking place at the photoanodes together with the dynamics of charge transport and charge
separation at the interface. The charge transfer phenomena occur from the excited dye to the
semiconductor layer of TiO2 nanoparticles, from the electrolyte to the dye layer and from TiO-

to the charge collectors, Figure 1.1.
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Figure 1.1: Charge transfer kinetics in a typical DSSC during operation. The efficient electron
pathways and the electron loss pathways are represented by solid and dashed arrows
respectively &° Modified and reprinted with permission from the American Chemical Society.

The charge transfer kinetics of DSSCs, diagrammatical illustrated in Figure 1.2 can be

distinguished into the following processes:
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Figure 1.2: Diagrammatic representation of charge transfer process in DSSC (1) Photoinduced
excitation, (Il) electron transfer from photoexcited dye towards the semiconductor film, (I11)
electron transfer through the semiconductor towards the conducting electrode (1V) reduction of
electrolyte redox species (V) dye regeneration by the oxidised electrolyte species (V1) radiative or
non-radiative decay of photoexcited dye (VII) reduction of photoexcited dye by electrons from
conduction band (E,) of the semiconductor (VII1) reduction of electrolyte species by electrons
from the conduction band (Eg,) of the semiconductor (1X) reduction of electrolyte species from
the photoexcited dye °. Modified and reprinted with permission from the Royal Society of

Chemistry.
1.2.1. Photon absorption and excitation

The dye molecule adsorbed on the semiconductor substrate on photon absorption gets excited
from the highest occupied molecular (HOMO) level (S) to an excited (S*), least unoccupied
molecular orbital (LUMO) level, refer to Figure 1.2 (I) for the charge transfer and Equation 1.1

for the reaction.

S+hv—-S§* Equation 1.1
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The dye or chromophore acts as a light harvester and upon photo exposure, the dye molecule
excites from its ground state which further decomposes into a dye cation and an electron. The
phenomenon of electron injection from the excited dye molecule to the mesoporous TiO>
depends on many factors. One of the factors is the magnitude of electron injection relative to
the decay rate of the excited dye molecule to the ground state. High stability in the oxidised
state and long-lived excited state is advantageous and increases the rate of electron
injection 112, The typical rate of decay of dye molecules can range from picoseconds to

nanoseconds (see Figure 1.1).
1.2.2. Interfacial charge transfer

The electron is ejected from the excited dye molecule into the conduction band (CB) of the
semiconductor see Figure 1.2 (11) for the charge transfer and Equation 1.2 for the respective

reaction.

S* > ST + e (TiOy) Equation 1.2

The electron injection is further influenced by electron coupling between the LUMO orbital of
the dye molecule and energetically accessible band states in the mesoporous TiO2 and the
number density of these states near the dye molecule. The electron injection rate for typical dye
is reported as less than 1x10'2 st 13, Furthermore, the electron injection depends upon the
energy of TiO2 CB relative to the oxidation potential of the excited dye molecule which is
further dependent on the concentration of excessive ions that determines the potential of the

electrolyte &,
1.2.3.  Electron transport

The electron is then transferred through the semiconductor by a series of trapping and de-
trapping shown in Figure 1.2 (111). Meanwhile, some of the electrons are lost to lower energy
states by radiative or non-radiative processes like photon relaxation illustrated in Figure 1.2
(VI) and Equation 1.3.

S*—hv—-S Equation 1.3

Effective charge collection demands a faster time constant for electron transport to the
collection electrode than the charge recombination on the injected electrons with the redox. The
electron transport through the mesoporous TiO2 occurs via a series of trapping and de-trapping
in localised sub-bandgap states, which is dependent on the position of the Fermi level of the

TiO> layer. The charge separation and charge collection kinetics are highly affected by the
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energy losses involved during the cell functionalisation which significantly decreases the

Voc 4,
1.2.4.  Electrolyte-to-dye electron transfer or Dye Regeneration

Electrons from the redox mediator continuously reduce the oxidised dye molecule. The iodide

ions are oxidised to give elementary iodine and an electron (see Equation 1.4).

2 > 1, +e” Equation 1.4

The oxidised dye molecule accepts the electron to regenerate the dye at the ground state shown
in Figure 1.2 (V) and Equation 1.5.

St+e —>S Equation 1.5

At that instance, the redox mediator diffuses towards the counter electrode (CE) where it gets

reduced as shown in Figure 1.2 (IV) and Equation 1.6.

I3 +2e” - 31 Equation 1.6

As the phenomenon of electron loss, the electrolyte species gets reduced by the photoexcited
dye see Figure 1.2 (1X).

Systematic dye regeneration demands the rate of re-reduction of dye cation by redox to be
higher than the charge recombination of the injected electrons with these dye cations. Here, the
rate recombination reaction depends on the electron density in the semiconductor layer, which
is further affected by the spatial separation of the dye cation (HOMO) orbital from the
semiconductor layer. The regeneration reaction is directly influenced by the dye-electrolyte
system, like the concentration of iodine, the viscosity of the electrolyte and the dye structure.
The rate of regeneration for N719 and I7/15” electrolyte system in AN solvent is determined as
equivalent to 1 ps 4, which is fast enough to compete for the recombination reaction ensuring

the effective regeneration to happen.
1.2.5. Electron loss

The electron in the CB of the semiconductor may either get back transferred and captured by
oxidised species of electrolyte or dye molecule as shown in Figure 1.2 (V1I1) (see Equation 1.7)

and Figure 1.2 (V1) (see Equation 1.8) respectively.
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I3 +2e - 31 Equation 1.7

St+e —>S Equation 1.8

1.3. DSSC Components

TCO

= Pt coated CE

1 % .— Sensitiser/Dye
i :;.-— TiO,

Electrolyte

TCO

Figure 1.3: A typical device structure of DSSCs.

The dye solar cell comprises five main components: namely, a transparent conductive substrate,
a semiconductor film, a sensitiser, a redox electrolyte, and a CE. The schematic diagram of a
typical DSSC is shown in Figure 1.3. There is a lot of research done to enhance cell performance
and improve cell stability either by introducing an entirely new component or altering the
physical or chemical properties of the used components. Some of the techniques applied are

listed below:
1.3.1. Photoanodes

The transparent conductive oxide glass is taken as electrodes, especially the indium-tin oxide
(ITO) and fluorine-tin oxide (FTO) are the short-listed candidate. The nature of transparent
conducting oxide (TCO) glass and the resistivity offered also influences the cell performance.
When investigated with similar cell conditions the use of FTO was favoured due to smaller
losses as the thermal treatment soared the resistivity in the ITO whereas for the FTO it remained
almost unchanged %6, Many plastic substrates are gaining attention with the outlook of
rendering features like flexibility, light weight, and mass production but still need further
improvements especially due to their low melting point *’.

Metal oxides deposited on the transparent oxide-coated glass substrate are the photoanodes for

the DSSCs. The photoanode plays a dual role; as a substrate for dye and electrolyte and, as a

6



Ph.D. Thesis Chapter 1

charge-transferring medium by accepting and transporting electrons from the adsorbed dye
molecule 1. The charge transfer in the TiO, mainly occurs through the process of electron
trapping de-trapping and diffusion 8, With the development of DSSCs, different materials have
been tested as a replacement for TiOz photoanode. Metal oxides like ZnO 192, Nb,Os 2+,
Al,03 224 SN0 % Fe,03 27728, Zr0, 22 or ternary compounds SrTiOs 3, Zn,Sn04 3222 or
doped TiO, 3 are tested as photoanodes for DSSCs. The use of semiconducting metal oxide is
not limited to DSSCs. They are also a popular candidate as photo-electrode in
photoelectrochemical cells for water splitting, n-based and p-based semiconductors as

photoanode and photocathode respectively *.

(a) (b) (c)

Figure 1.4: The unit cell of TiO, crystallites (a) anatase, (b) rutile and (c) brookite .

TiOz is by far the most used photoanode for DSSCs because of its stability, easy availability,
less toxicity, low cost, bio-compatibility, and favourable energetics *'. For different types of
electrolytes being used, only stainless steel and TiO2 have been proven to be chemically stable
with the traditionally used corrosive iodine electrolyte ®. There are three polymorphs of TiO;
namely, anatase, rutile and brookite (see Figure 1.4). The use of mesoporous TiO> especially of
anatase crystalline structure for soaking the sensitiser is expected to enhance the performance
of the cell due to its larger band gap in comparison to the rutile phase. In addition, the faster
electron transport in the anatase layer due to inter-particle connectivity of densely packed
particles results in improved photocurrent 3°. Brookite is not an alternative in DSSCs application

due to the complexity of its preparation “°.
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Figure 1.5: The TiO.-dye interface before TiCl, treatment (A) and after treatment (B) “.
Reprinted with permission from AIP Publishing.

To further improve the functionalities of TiO> substrate different techniques are used to elevate
the overall cell performance which includes the construction of nano-architecture like
nanoparticles, nanotubes, and nanorods just to name a few, different treatments- TiCls
treatment #!, heating treatments #2, acidic treatments *3, interfacial engineering, doping, light
scattering layer ** and composites which are better described in the review by Fan et al . Figure
1.5 illustrates the effect of TiCls treatment in shifting the CB of the TiO2 and hence reducing
the recombination consequently improving the cell performance. The factors affecting dye

performance due to the TiO, substrate are mentioned below:

1.1.1.1 Morphology

The increase in net surface area of the TiO2 deposited on FTO increases the dye loading
subsequently enhancing the Jsc “6. The increased surface area as an outcome of the formation
of surface structure results in promoting surface defects thus, developing the trap sites 4’ which
adversely affects the cell performance. In addition, for a given porosity and pore size, the
increment in thickness of the deposited TiO> film leads to improved Jsc value owing to an
increase in internal surface area with enhanced dye adsorption 4’-*3. However, a further increase
in TiO, thickness increases the distance to the back contact, thus elevating the chances of
recombination 4. Likewise, with certain resistance of TiO- that increases with thickness, results

in an increase in the electron path length, which ultimately improves the dye absorbance “°.
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Similarly, the cross-section also influences dye adsorption. On one hand, a cross-section smaller
than the area occupied by the sensitiser is unable to adsorb incident light and therefore limits
the photo injection. On the other hand, multi-layer deposition of dye does not promote
absorption, thus, TiO2 with a larger surface area enhances light absorption and improved
performance . Different treatments of TiO; result in a decrease in porosity with an increase in
the surface area of TiO. consequently increasing the average particle diameter 301,
Nevertheless, a further decrease in porosity provides limited space for dye adsorption as well
as limits the diffusion kinetics in the electrolyte #’. Additionally, the crystallinity affects the cell
performance, the presence of rutile type TiO2 leads to stronger scattering than anatase type

owing to the higher refractive index of rutile “°.

1.1.1.2 Electronic Structure and Trap State

The electronic structure and trap state distribution influence the electron transport and the
recombination reaction in DSSCs, and therefore different techniques of surface modification of
the deposited TiO> layer are employed which include adding a layer of metal oxide on TiO>
substrate or doping TiO2 with certain metal. The purpose of these surface modifications is
upward shifting in the CB edge *! and decreasing the surface trap states to hinder the electron
recombination at the interface by suppressing the dark current and the recombination reaction
sites and enhancing the Voc 552, The surface trap states can be reduced by modification of the
TiO, surface however, it is difficult to get rid of the bulk trap state which is responsible for the
deceased cell performance of DSSCs for the treated photoanodes as the electrons in bulk traps
exchange electrons in the CB and participate in recombination through the surface trap state 4.
Thereupon, it is important to passivate the trap states from bulk and surface during the

preparation of the photoanode °2.

1.3.2. Sensitiser

DSSCs also known as excitonic solar cells are based on dye adsorbed on a photoanode substrate.
The dye adsorbs on the substrate via chemisorption and physisorption 3. Physisorption is a
weak interaction between the adsorbent and the adsorbate via van der Waals forces and hence
chemisorption, being stronger interaction, is preferred >*. The dye or sensitiser acts as a light
harvester. The charge separation takes place at the semiconductor-dye interface. Therefore, the
optimisation of spectral properties can be done through the modification of the dye alone .
Since 1991, different types of dyes have been synthesised and used as a chromophore to

enhance PV performance and make DSSCs commercially viable.



Ph.D. Thesis Chapter 1

The general properties an efficient dye possesses are:

a. An extended absorption ranging from the whole visible region to IR or NIR region
with a molar extinction coefficient high enough to enable efficient light harvesting with a
thinner semiconductor layer .

b. The LUMO is localised near the anchoring group and above the CB of the
semiconductor electrode for efficient electron ejection .

C. The HOMO is located below the redox potential of the electrolyte to promote efficient
dye regeneration 8,

d. The donor, as the site for the localisation of positive charge resulting after electron
ejection from the dye must be located far from the semiconductor surface to avoid
recombination of injected electrons with the oxidised dye *°.

e. The hydrophobic periphery of the dye minimizes the contact of the dye with the
electrolyte. Consequently, prevents water-induced dye desorption and increases stability *©.

f. The dye should not aggregate to avoid the non-radiative decay of the dye ©°.

Based on research interest and sensitiser synthesis, the dyes can be classified into the following
broad classes; 1. Organo-metallic dyes especially, Ru-based dyes and porphyrin dyes 2. Metal-

free Organic dye, and 3. Natural dyes.

Ru complexes are gaining interest basically due to their favourable photoelectrochemical
properties, high stability in the oxidised state, long-lived excited state, and metal-ligand charge
transfer (MLCT) in the visible region 1. Many different types of Ru-based sensitisers have been
synthesised and used in DSSCs. From the original prototype N3, many other dyes such as N719,
Z907 and black dye with different ligands were made. The change in the type of ancillary
ligands can influence the PV performance of the DSSCs *’. The introduction of hydrophobic
ligand to the Ru complexes decreases the chances of dye desorption due to the traces of water
and thereupon, the amphiphilic heteroleptic Ru-complex Z907 was seen stable under light
soaking test at 55-60 °C for 25000 hrs ®1. The substitution of bipyridyl ligand with alkyl-
thiophene or carbazole tuned the HOMO-LUMO level to extend the absorption spectrum of the
dye 623, The use of a cyclodextrin unit attached to an ancillary ligand was found to improve
the dye regeneration in iodide, and tri-iodide redox 4. Additionally, the use of thiocyanate
ligand and triarylamine donor group improved the excited state lifetime and henceforth reduced
recombination %, The series of dyes JK, synthesised with di-methyl fluorenyl amino moiety
with bipolar character, provide stability against light and temperature and prevent degradation

correspondingly the presence of thiophene units with the aliphatic chain provided resistance

10
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against water present in the electrolyte and a cyano acrylic acid moiety as an acceptor and
anchoring group maintained stability with solvent-free electrolyte ’. The incorporation of a
terthiophene donor unit to the Z907Na dye increased the molar extinction coefficient with a red
shift in the metal to ligand charge transfer (MLCT) transition with remarkable stability under a

full-light soaking test 8.

Furthermore, the performance of the cell can also be altered by the concentration of dye, use of
solvent, and dipping time ®. In N3-derived dyes, the protonation also affects the electronic
property of the dye; a fully protonated species showed the smallest HOMO-LUMO gap,
whereas a fully deprotonated species showed large excitation energy. Thus, mono-protonated
and di-protonated dyes are of good choice due to the compromise between the light-harvesting
capability and excited state alignment with the CB edge of the semiconductor - ®°. Besides, the
presence of a carboxylic anchoring group in dye promotes efficient charge ejection °. The
reason for incorporating the carboxylic group in the ligand is to increase the molar extinction
coefficient, to facilitate anchoring of the sensitiser to the substrate, and to ensure high electronic
coupling between its excited-state wave function and the CB of the semiconductor *’. The dye
with a high molar extinction coefficient K19 was found more stable and maintained 92% of
stability under both thermal and light stress for 1000 hrs °. An organic dye C203 with a high
molar extinction coefficient and a di-thienothiophene unit provided low energy for solvation in
high polarity electrolyte and was stable with solvent-free electrolyte .

Table 1.1: The PV parameter of dyes with different cations present in the molecule adapted

from 72. Reprinted with permission from John Wiley and Sons.

Dyes Eff [%] | Jsc [mA/cm?] | Voc[mV] | FF
2TBA" (N3,2H") 8.45 14.9 797 0.71
Na* (N3,2H%) 7.6 15 777 0.66

Likewise, the type of counter-ion/s present in dyes influences the cell performance as shown in
Table 1.1. This is possible because of the influence of counter ions on dye adsorption. N3 dye,
with 4H" counter ions, adsorbs faster than the N719 dye with three TBA™ and one H* ion on
the photoanode substrate 1. The replacement of 2H* by 2Na* in N3 dye maintained 99% stability
under light soaking for 1000 hrs "2. Among many other factors, the anchoring mode of the dye
to the semiconductor surface also affects the stability of the dye. Through Fourier Transform
Infrared (FTIR) study, the bidentate chelating and bidentate bridging modes of attachment of

the carboxylic group to the TiO> substrate showed better stability than the unidentate mode.

11
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Moreover, the attachment of phosphonic acid was stronger than the carboxylic acid group and

so was more stability in the presence of a trace of water in-situ ",

The other factor seen to influence the activity of the sensitiser is the pH value, the acidic
environment blue-shifted the absorption spectra and thus, with a decrease in pH value Jsc
improved "4, Farther decreased pH resulted in a decrease in performance parameters due to
defect formation on the photoanode and dye-leaching from the photoanode substrate under a
strong acid environment °. On the contrary, the increased pH value facilitates the conductivity
which is attributed to the formation of strong polar bonds with improved dye adsorption.

However, this phenomenon is limited to the acidic environment °.

As Ru is an expensive and rare element, metal-free organic dyes appear as cost-effective, and
environment-friendly alternatives. The gaining interest in metal-free organic dye synthesis is
due to their tuneable absorption and electrochemical properties through molecular designing,
cost-efficient and eco-friendly, comparatively higher extinction coefficient than the Ru-dyes,
and higher efficiency *°. Some of the popular metal-free dyes include hemicyanine dye,
polyene-diphenyl aniline dye, thienyl fluorene dye, phenothiazine dye, thienothiophene-
thiophene derived dye, phenyl-conjugated polyene dye, N, N-dimethylaniline-cyanoacetic acid,
oligothiophene dye, coumarin dye, indoline dye, oligo-phenylenevinylene-unit dye. An organic
dye is donor-m-acceptor or D-m-A structure. The structure of organic dye is tuned to alter the
LUMO-HOMO and electronic properties in favour of PV performance. To date, the highest
efficiency recorded 14.3% has been achieved by organic dye ADEKA-1 in association with
another organic dye LEG4 as a co-sensitiser 2. Undoubtedly, organic dyes have been successful
to achieve near-target efficiency. However, the issues with the organic dye are instability and
aggregation. Aggregation causes intermolecular quenching, other molecules that are not
functionally attached to TiO- act as filters. Thence, aggregation is avoided by introducing a co-
adsorbent with the dye on the electrode substrate. Aggregation results in a dye-multilayer with
partial or complete island formation on the absorbent surface as illustrated in Figure 1.6.
Nonetheless, a different effect is observed in different types of dye. Indoline with n-octyl
substitution in dye D205 increased Voc than the origin dye D149 without the n-octyl, and alkyl
substitution of dyes improved Voc “’. Thus, controlling dye aggregation improves photo
generation. An ideal co-adsorbent must possess the (i) ability to co-adsorb competitively with
the sensitiser to occupy the void spaces on the photoanode substrate which create a barrier and
provides shielding against the unwanted recombination '8, (ii) the ability to avoid n- 7 stacking

of the dye molecule and promote monolayer formation *°, (iii) presence of hydrophobic end to

12
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prevent dye-desorption caused by the water molecules &, and, (iv) ability to shift the CB of the

semiconductor towards a negative potential 8.

Porphyrins are among the sensitiser group which is gaining the attention of researchers due to
their strong absorption in the visible region, tuneable electronic structure, and easy modification
of the dye core. The porphyrins have successfully outperformed most of the Ru-based dyes and
hold the capability to represent future DSSCs. Some of the efficient porphyrin dyes are; SM315
(M=13%), SM371 (m=12%) 82, LD4 (1=10.6%) 83, LD14 (n=10.17%) 83, YD2-0-C8
(M=12.29%) 84, ZnPBAT (n=10.1%) 85, and GY 50 (n=12.75%) 86. The efficient dye structure
and the cell configuration is provided by Figure 8.1 and Table 8.1.

(Y

Figure 1.6: Diagrammatic illustration of complete monolayer dye coverage (A), complete

multilayer dye coverage (B) and partial coverage with island formation (C).

1.3.3.  Electrolytes

The efficiency of DSSCs under operating conditions is affected by the mentioned four
processes: light harvesting, recombination of an electron with the oxidised dye molecule or the
electrolyte, diffusion of triiodide to CE and reduction of triiodide at the CE. Except for the light-
harvesting, all the other processes can be suppressed or enhanced by the proper selection of
electrolytes and their components. For instance, the transportation of the redox couple
influences the value of Jsc; Voc is directly affected by the redox potential of the electrolyte and
FF is affected by the diffusion of the charge carrier and the charge transfer resistance. On that
account, electrolyte plays an important role in enhancing the PV properties of the DSSCs by
regenerating the dye and itself during cell operation.

The electrolyte used in DSSCs is broadly classified as (i) Liquid electrolytes, (ii) Quasi-solid
electrolytes and (iii) Solid electrolyte. Liquid electrolytes are so far from the most efficient
electrolyte system used in DSSCs. However, it is undeniable that the use of liquid electrolytes
by volatilisation and evaporation is disadvantageous. Moreover, the problem of corrosion, dye

desorption and photodegradation, and precipitation of salts are other issues leading to cell

13
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degradation and instability 8. To follow that, different ionic liquids with high viscosity and
negligible vapour pressure are included in the liquid electrolyte. The issue of volatility was
attempted to resolve by efforts like gelation 8 or solidification of liquid electrolyte or by
introducing polymeric solid °*¢, or molecular hole-conductors but this could not achieve the
performance capability of the liquid electrolyte. The most popular strategy is the use of ionic
liquid as a solvent. The ionic solvents are a good option because of their low volatility, wide
electrochemical window, and negligible vapour pressure. However, the high viscosity is the
reason that inhibits the charge flow and decreases the performance of the cell. This leads to the
use of a combination of organic and ionic solvents . The use of organic liquid with an ionic
liquid to exploit the property of viscosity address the problem of mass-transport limitation .
Some modifications introduced in ionic liquids were seen to improve the cell performance and
stability. The use of supercooling series of 1-alkyl-3-alkyl-imidazolium iodides as electrolyte
solvent reduced the viscosity of the electrolyte and provided high efficiency with good stability
under light soaking test at 60 °C %. The use of fluorinated ionic solvents improved cell
performance by enhancing the interfacial charge transfer 1°°. Other solvents used in electrolytes,
acetylacetone 1%, butyronitrile 12, gamma butyrolactone, carbonates, alcohols and nitriles have
shown good performance %1% However, one must consider, the electrolyte and its
components are dye-selective 105108,

The next important component of electrolytes is the redox reagent. The redox couple helps in
the regeneration of dye and itself under a working scenario. Different redox couples have been
used in electrolyte systems. I/15” is the most used redox couple in DSSCs because of its capacity
to fast dye regeneration, especially in Ru-based dyes %, high solubility with electrolyte
components, slow back electron transfer and high diffusion length *1°. However, the drawbacks
include a large potential difference between the Fermi level and HOMO of dye ! and high
absorption of visible light **2. Consequently, alternative redox couples are being explored to
replace the traditional 1/13". The alternative redox reagent investigated is pseudohalogen-based
redox couple, organic redox couple, metal complex redox couple, and ferricenium/ferrocene
redox couple 2. The record efficiency to date is obtained from a Co-based redox couple 2.
However, the stability analysis of the recorded system is not yet studied. Apart from this, the
use of binary redox couple in electrolytes has also been investigated. The binary redox system
results in the positive shift of the potential consequently, improving VVoc and suppressing dark
current 114,

The third component of the electrolyte system is electrolyte-additives. The additives are used
to improve the initial performance of the cell and to promote cell stability. The additives have

a positive influence on some cell parameters whereas they influence negatively on the other.
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Different N-based compounds are very popular electrolyte additives in DSSC systems. Mostly,
the additives help in shifting the CB of the TiO, substrate upwards and hereinafter increase the
value of VVoc. In particular, the use of TBP increased the VVoc and increased the electron lifetime
due to the shift in the CB edge whereas the Jsc decreased due to a decrease in the diffusion
coefficient of the electrons *°. However, a combination of TBP and Li* showed a stable
performance for 70 hrs under dark ageing '°. The use of NMBI and TBP in electrolytes
improved Voc. Further, NMBI was found to smoothen the high iodine concentration effects,
which otherwise would increase the charge recombination and hence decrease Jsc. Likewise,
the use of TBP additives in electrolytes is crucial to enhance the initial performance of the
cell 7. GUNCS as an additive that improved both the Jsc and Voc. Nonetheless, different
effects were observed in different electrolyte configurations 1°. Furthermore, new additives as
an alternate to traditional ones are investigated to improve cell performance and stability under
different stress conditions. For instance, DNP (4,4’-dinonyl-2,2’-bipyridine) as an alternative
to TBP is investigated which improved the thermal stability of N719 dye when exposed to
thermal stress of 80 °C for 1000 hrs 8, Despite this, in ionic liquid-based electrolytes, because
of the mass transport limitation, the use of a single additive result in improved Voc with
decreased Jsc but the use of binary additives help to achieve efficiency comparable to standard
AN (acetonitrile) based electrolyte and improved cell stability under thermal stress 19120,

Various cationic salts as electrolyte additives have shown improvement in Voc in DSSCs. The
shift in the CB edge due to the presence of cations was proportional to the cationic radius when
compared among Li*, Na*, K*and Cs* cations (see Figure 1.7). The direct influence of CB edge
shift was observed in electron lifetime which improved with the shift 21, Therefore, the Voc
increased with the increase in cation radius but Jsc was found to decrease %2, Likewise,
Benzimidazolium as an additive in electrolytes improved the Voc but decreased the value of
Jsc. The increase in Voc depended on the decrease in molecular size of the imidazolium
additives. Furthermore, the increase in Jsc was concerning the increase in an absolute difference
between the dipole moment of the additive and the solvent 2. The use of different volume
ratios of types of imidazolium melts as electrolyte solvents has maintained 93% of efficiency
under visible light soaking at 60 °C 124, On the contrary, the use of MBI as an electrolyte additive
with I/13” redox resulted in the formation of crystals. This unwanted crystallisation affects the
concentration of electrolyte and energy band structure eventually decreasing the cell
stability . Moreover, the use of Cal, or Mgl2 as an electrolyte additive have suppressed the
UV effect on cell and improved stability 12, Thus, the best recipe for optimum cell performance

is unknown and defining a specific combination and concentration is still a challenge.
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Figure 1.7: The effect of cation on the open circuit voltage with a 10:1 ratio of alkali iodide and

iodine in the electrolyte system 22, Reprinted with permission from Elsevier.

A very limited study is related to the effect of water as an electrolyte additive on cell
performance. The presence of water increased the Voc which was proportional to water
concentration in electrolytes due to the shifting of the CB 27, The effect of water is observed
more as a blocking effect than the CB edge shifting that contributes increment in Voc 22, On
the contrary, the Jsc decreases with increasing water concentration in the electrolyte which is
expected due to dye desorption or ligand exchange %2 or the presence of water in the DSSC
system may help in the oxidation of I" into iodate 103 which results in depletion in I3~ and
eventual decrease in the cell performance 7.

Among different approaches to enhance the performance and stability of DSSCs other than the
use of fore-mention additives in electrolyte system includes dye and co-adsorbent as an additive
for the electrolyte. The use of dye molecules as an electrolyte additive helps in improving the
dye stability by suppressing the dye desorption from the TiO, substrate 28, With ageing, the
parameter that diminishes the efficiency of the cell is Jsc, which is due to dye degradation under
different stress conditions. Therefore, employing this simple technique during cell fabrication
is seen to decrease the dye-desorption rate and improve the stability of the cell when tested in
the dark.

Similarly, the modification in cell fabrication by introducing co-adsorbent as electrolyte-
additive. The use of co-adsorbent with dye molecules as surface-adsorbent is a common
procedure of dye sensitisation. The technique of using co-adsorbent with dye and electrolyte
conjointly, first introduced by Daeneke et al with Fc/Fc* redox system, successfully achieved
comparable efficiency with the traditional /15" redox 1. This concomitant use of co-adsorbent
with dye and electrolyte was not limited to the Fc/Fc* redox system after Salvotri et al.
investigated it with I/13" and Co (I1)/(111) redox couples. Although, this technique did not

influence the PV parameter of the cell using the I/15 electrolyte system 1%, The electrical
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measurement confirmed the presence of co-adsorbent in both electrolyte and dye reduced the
recombination of TiOz/electrolyte and TiO2/FTO interface by Co (I/11) redox improving the PV
parameter by a factor of 2 *°. Nevertheless, this technique requires more investigation under

realistic stress levels.

1.3.4. Counter Electrodes

CE is the component in DSSC which affects both the PV parameter and the device cost.
Although platinum (Pt) is an expensive and rare element, because of its conductivity, stability,
and good catalytic property it still holds the title of the best-performing CE catalyst. The Pt act
as a catalyst for the regeneration of I" and I3~ and helps in the collection of electrons through the
external load to the electrolyte. The electrolyte regenerates the oxidised dye by I which is an
electron donor in the electrolyte. The oxidation of I" produces I3~ which further regenerates I’
by accepting the electrons from the external load which is collected at the CE 3L, Pt because it
is rare and expensive various attempts have been made to investigate an efficient substitute.
There are different materials gaining attraction which includes, carbonaceous materials like
carbon black, CNTSs, graphene, polymers and transition metals and alloys.

Carbonaceous compounds are good substitutes for Pt because of their large internal surface
area, and pore volume with tuneable pore diameter. These compounds, with rich micropores
and mesopores and relatively high specific surface area with excellent electrochemical activity
towards redox, are cost-effective. Graphene and graphene-based composites for example,
because of its property like high mobility, large surface area, excellent conductivity, and high
optical transparency is a very promising alternate. However, these C-based materials have not
yet succeeded in achieving the performance level of Pt 132133, Besides, these materials suffer
corrosion under continuous cell-operating conditions ***. Added, to improve the catalytic
property of this material the thickness is increased by increasing the loading. But by increasing
the thickness the adhesion for FTO is compromised which results in instability issues for long-
term use 5%, Moreover, different forms of CNTs demand functional treatment to improve
the catalytic property 34 The use of composite materials integrates the property and improves
the durability and functionality of the CE for instance, the polymer has lower conductivity and
carbon has less catalytic property. For this reason, polymer-supported graphene CE possesses
the property of carbon for rapid charge transfer and redox performance for conductive
polymers 3. The use of composite CE approached the efficiency of the Pt catalyst (see Table
1.2).
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Table 1.2: The PV parameter of C-based graphene and conducting polymer PANI and their

composite ¥, Reprinted with permission from Elsevier.

Counter Electrode n [%0] Jsc [mA/cm?] Voc [mV] FF
Bare FTO 0.19 3.87 495 0.10
Graphene 2.82 12.08 601 0.39

PANI 4.78 12.86 683 0.54
PANI/Graphene 6.09 13.28 685 0.67
Pt 6.88 14.20 695 0.70

The conducting polymer because of its excellent catalytic property, charge transfer ability and
excellent optical transparency in the visible region is also included in the list. Among many,
different polymers investigated, PANI has been proven better for bi-facial solar cells 3 but
commercialisation demands stability with low cost which still is far away as the cost-effective
polymer has poor performance and the polymer with comparable performance to Pt is
expensive 136

Transition metals are also included in the list because of their excellent catalytic activity
towards popular redox couples. These transition metal compounds possess Pt-like catalytic
properties but their performance is still poor **¢. Thus, alloys were introduced. The alloys when
compared to a single metal-based catalyst can be manipulated to change the intrinsic electronic
property that influences the catalysis. For instance, the use of high electronegative metal with
Pt increased the active catalytic sites. Likewise, the doping of Pt into the metal improved the
catalytic property of the alloy *°. The performance of Pt/Co and Pt/Ni was higher than the
standard Pt electrode %10, As evidence, the influence of the ratios of CoPt alloy on the PV
performance of DSSCs is enlisted in Table 1.3. Likewise, the Pt-free alloy Fe-Se achieved
transparency of 70% in comparison to 45% of standard Pt electrodes which makes alloys
popular with bi-facial cells 1*1. This technique has resulted in considerable improvement with
a reduction in manufacturing cost but demands further investigation of stability under different

stress factors.
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Table 1.3: The PV parameter of CoPt alloy with performance parameter high compared to

standard Pt-based electrode 42, Reprinted with permission from the American Chemical Society.

Counter Electrode | n [%] | Jsc [mA/cm?] | Voc [mV] | FF
CoPt0.01 8.29 16.75 705 0.70
CoPt0.02 10.23 18.53 735 0.75
CoPt0.04 9.18 17.46 721 0.73
CoPt0.1 8.43 16.95 715 0.70
CoPt0.2 7.59 14.95 688 0.74

Pt 6.52 13.93 714 0.66

Co 1.84 5.78 643 0.50

Besides, all the other possibilities, even the function and performance of Pt-based electrodes
are still under investigation. Different factors were found to influence the catalytic capacity of
Pt. The deposition technique 1°* 143 fabrication method 1#4, thickness *°, the Pt-structure 1*® are
just a few. Pt is so far considered stable under ageing. However, some studies indicate the
dissolution of Pt as a reason for the decrease in cell performance *” while others support the
stability of Pt under real working scenarios for more than a year 143, Though, it is very important
to consider the experimental set-up and techniques involved in the above-mentioned studies

varied.

1.4.  Dye Anchoring Modes

The molecular packing of dye influences the availability of the binding sites of the absorbate
that determines the molecular coverage which directly influences the Jsc and the photoelectric
conversion capability 14°. The operation of DSSCs is initiated by an interfacial charge separation
at the dye-TiO; interface; it is therefore crucial to understand the interfacial properties and
different processes occurring between the absorbent and the absorbate. The molecular packing
of the dye also defines the availability of the TiO: to the redox electrolyte and reduces the Voc
via limiting unwanted recombination. Therefore, it is highly desirable to obtain detailed
structural information on the absorbent-absorbate interface and its influence on the PV
performance and stability of the device . In this study, we fully intend to understand by
comparing the structural change of dye molecules under ageing.

Dye anchoring influences the electron transfer in the photoexcitation process and the charge
injection efficiency which strongly depends on the type of binding modes suggesting that
surface anchoring plays an important role in determining the cell efficiency and stability in the

cell performance *°. For instance, the formation of a covalent-like linkage that decreases charge
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on the bipyridine ligand was seen to improve the Voc #°. Therefore, various attempts have been
made to investigate the binding modes of different dye structures using different experimental
techniques and computational methods to understand the undertaking processes better. Figure
1.8 depicts the possible anchoring modes available for the carboxylic group to attach to the

metal oxide substrate.
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Figure 1.8: Available modes for the carboxylate anchoring group to bind to metal oxide

substrate 151,

Different dyes are structured and investigated to compete the performance of the Si-based solar
cells. In addition, to test the compatibility of the dyes with the adsorbate different techniques
are used. For better performance of the cell, different factors come into play, mainly for dye, a
broad adsorption band over the visible region, type of aggregation, and dye anchoring modes
are of interest. There are many techniques used to illustrate the dye adsorption modes on the
substrates, like X-ray reflectometry, XAS (X-ray absorption spectrometry), EXAFS (Extended
X-ray Absorption Fine Structure Spectroscopy), UV-Vis, FTIR, X-ray Photoelectron

Spectroscopy (XPS), Raman. Some of the popular techniques are enlisted below.

14.1. UV \Vis

UV-vis is used to investigate the absorption bands and the emission bands. The absorption
bands indicate different electronic transitions occurring in the dye molecule upon the absorption
of UV-rays. Additionally, the difference between the absorption and emission UV spectra
indicates the reorganization of the molecule via dipole change or the presence of an excited
state reaction preferably due to proton exchange. A blue shift in the UV-vis spectra indicates
H-type aggregation (Hypsochromic shift) and a red shift is an indication of J-type aggregation
(Bathochromic shift) 2 (see Figure 1.9). Nonetheless, the comparison of UV-vis absorption

spectra of the dye solution and the dye adsorbed on a substrate with a Hypsochromic shift
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indicates the anchoring group is in its deprotonated form. It is difficult to confirm the adsorption
modes via UV vis only and the result is often complimented by Density functional theory (DFT)
and time dependent DFT (TD-DFT) calculations 1°3. In addition, the adsorption shifts towards
lower energy are ascribed to good interaction between the dye and adsorbent 4150, On the
contrary, the band shift towards higher energy elucidates a weak electron coupling between the
dye and absorbent 1°%. The red shift in the absorption threshold of the dye-adsorbed TiO
suggests the loss in energy due to increased delocalisation as a result of interaction between the
carboxylate group and TiO2 *°. The dye adsorption when compared between Oxalic acid treated
and non-treated TiO>, the high absorbance indicated high dye loading in the former substrate.
Again, a slight blue shift in the low energy MLCT band signifies an increase in the energy of
LUMO of the ligand since the shape of the absorbance curve has no significant change, the
concept of aggregation was ruled out. In addition, a slight red shift noted in the high-energy
MLCT indicates the increased delocalisation due to different anchoring of the dye to the oxalic
acid-treated TiO; 1%,
H-aggregate J-aggregate
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Figure 1.9: The illustration of H- and J-aggregates on the absorption of m-conjugated dye

molecule **’. Reprinted with permission from the Royal Society of Chemistry.
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1.42. XPS

Although, in some cases, XPS has not been proven as a good technique to confirm the dye
adsorption modes %3, XPS with argon-sputtering is used to characterise the dye adsorption
modes via depth profiling. The atomic percentage of representative elements for instance Ru
and N to Ti was evaluated before and after sputtering. After sputtering a drastic drop in the Ru
peak indicated the dye concentration towards the surface. The widening of the Oxygen peak
was attributed to the carboxyl group being adsorbed on the oxide surface 1°8. In the comparison
of non-adsorbed and adsorbed TiO», the presence of two additional O 1s peaks supports the
adsorption via carboxylic species 1*°.

1.4.3. Fourier Transform Infrared (FTIR)

Fourier Transform Infrared (FTIR) is a very popular and non-destructive technique to observe
the change in the dye conformation upon adsorption. However, FTIR results are taken to
compliment other observations. Attenuated Total Reflectance- Fourier Transform Infrared
(ATR-FTIR) measurement of a coumarin dye, NKX-2753, powder dye and the dye adsorbed
on the TiO2 substrate the carboxylic acid positioned at 1666 cm™ disappeared and instead, two
new peaks at 1540 cm™and 1371 cm™ appeared, assigned to asymmetric and symmetric modes
of carboxylate respectively *>°. According to Phillips and Deacon °, the frequency difference
between the symmetric and asymmetric bands especially the carboxylate band for N719 dye is
considered to conclude the anchoring mode *° when investigated for oxalic acid treated and
non-treated dye-loaded TiO> two spectral features were observed for treated photoanodes
representing C=0 functional group, 1698 cm™ and 1719 cm™. The 1719 cm™ arises from the
dye, but the former is from oxalic acid. Upon comparing the intensity of the former decreased
indicating for an oxalic acid-treated substrate the dye adsorption involved oxalate ions in
binding. Further, with the NCS group, the shift in the peak with a significant reduction in
intensity indicates the involvement of the NCS group in dye anchoring **¢. Finally, the
disappearance of the peak associated with the C=S of NCS and the reappearance of the peak
associated with Ru-O in the oxalic acid-treated sample suggests the involvement of NCS in
absorption resulting in Ru-O as an interaction of the dye with the oxalate ions. These results

were confirmed using FTIR as elucidated in Figure 1.10.
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Figure 1.10: FTIR spectra of N719 powder as well as N719 dye adsorbed on oxalic acid treated
TiO, (OA-TiO,) and without (WO-TiO,) in the frequency range (a) 1200-2000 cm™ (b) 900-

600 cm™11%¢, Reprinted with permission from the American Chemical Society.

1.4.4. Raman

Raman is a widely used complementary technique to support the anchoring and dye adsorption
modes. It is capable of investigating the IR vibrational bands which are inactive in FTIR 162,
However, the low concentration of the sample is a disadvantage which was overcome by
Resonance Raman Spectroscopy (RRS) and Time-resolved Raman Spectroscopy (TRRS) 6%,
The influence of Raman which limits the spectral measurement due to the fluorescence effect
was resolved using Surface Enhanced Raman without the resonance **°. For N719 powder, the
shift in the C=N line of NCS positioned at 2080 cm™ with low intensity indicate that the NCS
ligand does not participate in adsorption directly but the change in the dye structure due to
adsorption affects this mode. Nevertheless, on adsorption, a large redshift for the C=N line was
observed. On the contrary, for N3 the NCS was observed not participating in dye adsorption.
This could be due to the different systems involved >4 However, a difference in structural
configuration leading to the disappearance of spectral features is also observed upon continuous
irradiation with excitation wavelength ~ 632.8 nm due to thermal degradation. However, with
radiation of excitation wavelength ~ 532 nm a good quality spectrum was obtained due to

partial quenching of the fluorescence effect. Further, to avoid thermal degradation, the signal
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from different spots was taken into account *°, Table 1.4 includes the list of popular techniques

used in the investigation of dye anchoring modes along with the expertise of measurement.

Table 1.4: The list of equipment used in investigating dye anchoring modes with their criteria of

measurement 161,

INSTRUMENTS WHAT IS MEASURED?

Functional groups and/or bonding present in the dye

Fourier Transform-Infrared | molecule and change in bonding group when
attached to TiO..

Vibrational bands that are inactive in IR
Raman
measurement.

Changes in Binding Energies and surface
Photoelectron Spectroscopy -
composition.

X-ray Absorption ] ]
Chemical bonding near the surface.
Spectroscopy

Single crystal X-ray o )
Indirect information from bond geometry of dye.

diffraction
X-ray reflectometry Orientation and molecular density of dyes on TiO..
Scanning Tunnelling Absorption geometry and electronic characterisation
Microscopy of dye/ TiO- interface at the atomic. Scale
X-ray Diffraction Crystal structure of metal oxide absorbent.

To determine averaged particle size, shape, and

Small Angle X-ray Scattering | distribution of particles along with their surface-to-

volume ratio.
Scanning Electron Sample topography, particle size and elemental
Microscopy composition.
Transmission Electron Sample morphology, composition, and crystal
Microscopy structure.

Atomic Force microscopy | Surface morphology and film roughness.

: Effect of anchors on optical properties of the dye
UV Vis spectroscopy _
molecule and dye adsorption.

Here, we aim to understand the dye anchoring modes of N719 onto the TiO substrate, which

can further be compared and investigated to observe changes in the dye structure and its
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influence on dye anchoring with ageing. The techniques applied in this study are the AR-XPS,
a non-destructive technique, in which tilting the sample probing depth is changed. AR-XPS
helps in determining the concentration depth profile of the dye adsorbed onto TiO-.
Furthermore, FTIR gives information about the structural change of the adsorbed dye molecule

upon adsorption and with ageing.

1.5.  Ageing and Degradation in DSSCs

For the past three decades, DSSCs have been widely researched. Various dye molecules and
electrolyte solutions have been designed to improve conversion efficacy and cell stability 6,
however, little attention has been paid to researching cell stability under real-world operational
conditions. An appropriate ageing investigation can shed light on cell efficiency improvement,
perform reliability assessment, assist in lowering cell manufacturing costs, support performance
prediction, and aid in understanding the environmental impact on the cell system. Ageing
research in DSSCs is not a new field of study, yet there are numerous variations in sample size
and ageing setup. Much PV research focuses on improving cell efficiency, with very few
considering ageing as a topic. Furthermore, there is a necessity for a systematic ageing study
that considers an acceptable number of sample cells to boost statistical reliability, as well as
periodic characterisation for device performance, including both dark and illuminated ageing
analysis. Until far, no ageing test has included the investigation of cell component deterioration
and the relationship to changes in the electrical and compositional structure of the cell interface.
The ageing investigation employs JV analysis as a technique to track the device performance
throughout the ageing period. The JV parameters, Jsc which determines the light-harvesting
efficiency decrease mainly due to any degradation introduced in dye components %, which
could be either dye desorption or dye decomposition resulting in the low ejection of
photoelectrons %, In many aged samples, a decrease in Jsc has been the main reason for to
decrease in the overall cell efficiency . The Voc is mainly affected by the shifting of the CB
edge of the semiconductor which increases with an increase in electron flux 4. The next
parameter is the FF which is related to better contact between the electrolyte and CE and is
usually seen improving with ageing owing to better electrolyte absorption into TiO2 with
time 1%, The decrease of FF indicated a poor connection between the electrolyte and CE
possibly due to counter catalyst degradation 6. The overall efficiency which depends on Jsc,
Voc and FF eventually decreases with ageing. However, to confirm what is the reason for the
change in the PV parameter demands other analysis techniques involved in parallel. Under
different stress conditions, the potential reasons for the instability of DSSCs, proposed by
different literatures are due to dye degradation is because of dye desorption, ligand loss and
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formation of different complexes; and electrolyte loss or change in electrolyte composition that
degrades the electrolyte with time 8. The study of the degradation of cells on a molecular level
mostly involves the FTIR and/or Raman with Electrochemical impedance spectroscopy (EIS)
techniques for analysis. The EIS give information about the change in electrochemical
properties while FTIR and Raman are used to determine any chemical change introduced with
ageing under stress.

The ageing study of different components under different stress factors reports different
phenomena. Under high temperatures, the degradation of the cell was faster than under
illumination and/or thermal stress below 50 °C 7. The effect of heat on cell performance
parameters was recovered when the cell was again aged in the dark % indicating that the
changes introduced in situ are reversible. Under operating conditions, the decomposition of the
dye molecule was observed due to rupturing of the Metal-Ligand bond 51"t The phenomenon
of ligand loss in dye molecules was supported by Raman measurement 1% 172173 The
degradation was enhanced in the absence of electrolytes 1’X. Further, the presence of water in
the electrolyte or the electrolyte solvent induced dye desorption under different stress
factors 183 174175 In some cases, the additives used to improve the cell efficiency triggered
degradation, for instance, the deprotonation of carboxylic ligand by TBP additive %6 163,
However, most dyes with ionic liquid and proper sealing technique have shown better stability
for a long time giving stability for 15 years . This indicates the major degradation initiation
is due to the electrolyte and improper sealing technique used in the cell configuration.

Apart from electrolyte leakage and evaporation mainly for the AN-based liquid electrolyte,
electrolyte degradation under different stress conditions has been reported. One should keep in
mind the degradation of electrolytes depends on the stress factor and the electrolyte
ingredient 1517 For instance, the use of TBP in electrolyte systems promotes dye
desorption 7. Therefore, it is very crucial to select the right electrolyte recipe, like a solvent,
redox couple, additives, and their concentration concerning the dye. Cells with liquid electrolyte
and 17 15~ redox couple show a decrease in I3~ concentration to cause degradation ¢ 178, This
changes the ingredients of electrolytes and affects the regeneration cycle 1’°. Some ageing tests
have reported the formation of iodine crystals when aged under short-circuit conditions 8 and
iodate compound formation causing electrolyte bleaching *8* and resulting in iodine loss *'*.
The effect of ageing was also observed on the TiO, substrate. The CB edge of TiO: shifted with
ageing. The possible reason suggested is due to stress factors and electrolytes which promote
proton intercalation and/ or water inhalation due to ineffective sealing ®8. The presence of air

and moisture on the TiO; adversely affected its electronic properties 1”182, Further, the cracks
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introduced due to ageing under stress factors increased cell resistance 17°. The effect of ageing
was observed to adversely affect the inter-particle bonding of the TiO, network 17°.

For CE, Pt because of its superior catalytic property and high conductivity is very popular and
mostly used as the counter catalyst. Pt is considered a stable catalyst. However, heat harms it.
Although the effect of light and dark ageing is negligible on Pt, chemical dissolution of Pt has
been reported in the presence of water which decreased the catalytic property of the CE with
ageing %% 17°, The catalytic property of Pt before and after ageing even in the absence of water
decreased under thermal stress 7. The dissolution of Pt into electrolytes is suggested to
possibly affect the electrolyte concentration and retard dye regeneration 17°.

The DSSCs exhibit specific advantages over the commercialised Si-based solar cell, including
easy fabrication, low manufacturing cost, eco-friendliness and flexibility. However, the
commercialisation of dye-sensitised solar cells is still a question. From an industrial point of
view, the main concern related to DSSCs is their efficiency, comparable to Si-based cells, and
stability. Much research is ongoing to optimise cell efficiency in addition to testing cell stability
based on different components that are used to improve cell performance. As a result, many
ageing and stability tests are gaining mass attention. About 50% of the tests have serious short-
coming 8, as some tests were performed on a single cell or a limited number of cells that lack
uniformity and repeatability. Therefore, different factors need to be considered and procedures
are needed to follow, to result from a valid ageing test including a good sample size, application
of real-life environment conditions, and operation under load are a few to mention. In addition,
different stress factors applied should be included and clarified in the study like, illumination
light intensity, humidity, and temperature. The ageing test should aim at determining the
lifespan of the cell which require a long time to expose the cell to certain stress condition and
it demands a better and more reliable technique to determine the acceleration test and

degradation factor which is still a limit.

The research on ageing in DSSCs can be summarised as follows:

e In the case of DSSCs, ageing has been performed under different stress factor which includes
either heat, light or dark. The focus is mostly kept on the change in PV-parameter to determine
the stability of the specific cell configuration.

e The decrease in Jsc is attributed to the change introduced in the dye properties under different
stress conditions, for instance, dye desorption, ligand exchange, and dye decomposition which
directly affects the light-harvesting efficiency 6.

¢ The change in Voc however is attributed to the shifting of the CB edge of the semiconductor
substrate which affects the electron transport %4, Shifting of CB of TiO, with ageing was
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suggested due to the intercalation and/or water inhalation due to poor sealing technique 8,

Further, the cracks introduced on the TiO; increased the internal cell resistance °.
e The FF was seen to improve with ageing which was related to improved connection between
the electrolyte and CE with time 169,

184 - while the

e The electrochemical properties are investigated using the EIS technique
chemical change is observed employing FTIR and Raman on the aged photoanodes 163 182,

¢ Rapid ageing in cells was observed under temperatures higher than 50 °C, and the effect of
ageing was recovered when aged in the dark %8, Moreover, the degradation is enhanced in the
absence of the electrolyte 1",

e The effect of ageing on dye was observed as dye rupturing due to ligand loss confirmed via
Raman 169-171.

e Cells with ionic liquid electrolytes and proper sealing technique showed better stability for 15
years 16,

e The poor stability of liquid electrolytes depended on the stress factor and the cell components
and electrolyte constituents.

e For I/13 electrolytes the reasons reported as causes for electrolyte degradation are, a decrease
in I3~ 116178 | crystallisation 8 and iodate formation causing electrolyte bleaching 8 and |
loss 11,

e The Pt catalyst dissolution was reported due to the presence of water that decreased the
catalytic property of the CE ’°. However, even in the absence of water but under high
temperatures the dissolution was still observed 17°,

Ageing in DSSCs is not a new topic to study. However, it does include many discrepancies.
The ageing test demands a complete analysis of all the components and establishing an
effective, yet easy and non-destructive technique is the interest of this study. Further, to
implement the technique and investigate the degradation of different cell components under
different stress conditions is the project’s aim. Thus, we aim to set up a methodology for
investigating the ageing of the cell effectively. We propose a technique of rinsing the aged
photoanode and using the rinsed-off solution to prepare a drop-cast substrate. On investigating
the rinsed-off photoanode along with the drop-cast substrate we expect to observe the change

in dye structure along with the degrading component with their respective ratios.

The application of XPS, and FTIR to investigate the change in the dye structure and NICISS to
compare the concentration depth profile of aged photoanode, we expect to observe changes

introduced onto the TiO,-dye-electrolyte interface along with the change in the PV properties.
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1.6. Commercial and Future Perspective of DSSCs

DSSCs have the potential to produce electricity under low light conditions including indoor
lighting. The structural design and use of different coloured dyes in the cell feature colour,
transparency, light weight, flexibility and now availability of the roll-to-roll technique, which
make them an excellent choice for architecture like electrochromic windows, interior
applications, electronic devices, and portable power systems. DSSCs models have the potential
to provide higher power output on cloudy days than other thin film solar cells (see Figure 1.11).
The first commercial application of DSSCs was in 2009, created by G24i’s, used in solar panels
built into backpacks which could be used to recharge electronic devices such as cell phones,
e- books, cameras, and portable LED lighting systems. In addition, this technology has been
successful in attracting military attention for tents and fabrics with the capability to produce
1 kW of energy to power a few lights and other essential electronics like laptops. Further, a
lightweight wearable solar panel that could recharge electrical devices like telephones, cameras,
and portable electronic the military carry, will eliminate the need to carry extra battery packs.
In 2013, the SwissTech convention centre installed the world’s first multi-coloured DSSCs
panes expected to generate 8000 kWh of electricity annually, which is a step forward towards
building integrated photovoltaics (BIPV) applications of DSSCs. DSSCs have also been
investigated in the Agrovoltaic field as panels for the greenhouse application which shows

promising results 5.
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Figure 1.11: The performance comparison of different PV technologies on (a) Sunny day and (b)
Cloudy day . Reprinted with permission from the Royal Society of Chemistry.

Nevertheless, with the increase of dependence on tech for entertainment, informatics,
communication, health, security and many other purposes, an energy source that is portable,
wireless convenient recharging and sustainable is needed to meet the energy demands of
charging the battery of the devices. The textile DSSCs have potentiality as they can be easily
woven into fabrics to absorb sunlight across 360° angle which will increase the possibility of

optimum absorption of direct and scattered light 8.

DSSCs have also shown promising results in photocatalysis for effective water splitting. A
schematic diagram illustrating the water splitting process in DSSCs is described in Figure 1.12,
With the use of an appropriate chromophore in DSSCs the photo absorption can be extended to
improve charge transfer which ultimately increases the hydrogen production ®. This has
attracted many researchers’ attention to the modification of dye structure, and cell

structures 18%-1% to improve hydrogen production.
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1.7.  Appendix

In the appendix, the record keeping cell efficiencies with the cell components is tabulated and

further includes the molecular structure of efficient dyes.
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CHAPTER 2 RESEARCH PROJECT

2.1. Aims and scope

From previous chapters and prior studies in DSSCs, it is evident that TiO./dye/electrolyte
interface has a direct influence on the efficacy and stability of the DSSCs. Hence, even though
plenty of research is available, this dissertation emphasises not merely investigating the changes
in the interface of DSSCs but on establishing a method to investigate the electronic properties
and the interfacial changes brought up by the dye/TiO- or dye/TiO>/electrolyte interface of the

DSSCs under different conditions using the surface sensitive analytical tools.

2.2. Research Project

The dissertation includes three experimental chapters enlisted as follows:

2.2.1. Anchoring modes of Ru-based N719 dye onto TiO:2 substrate

Chapter 4, this study aims to investigate the anchoring mode of N719 dye. The anchoring modes
has direct influence on the stability and efficiency of the DSSCs. Understanding the anchoring
modes of the N719 dye and how the anchoring modes is affected under ageing will give us
insight into how the change introduced in the anchoring modes will influence on cell stability
and instigate cell ageing. In this study, the dye anchoring modes of extensively studied N719
dye was re-investigated using the FTIR and ARXPS. The anchoring mode investigation of
N719 is not a new topic to study, however, with many variations in the dye anchoring modes
and different dye-TiO2 configuration, the aim is to gain a broader understanding in the

anchoring mode of the dye-TiO> configuration of our interest.

The research approach includes studying the possible anchoring modes of dye by investigating
the anchoring modes of individual functional group. For this purpose, formic acid, phenyl
isothiocyanate and TBA-Br salt were investigated. Further, with discrepancies in understanding
the role of TBA™ a re-sensitising test was also performed. Further using FTIR the anchoring
mode of N719 dye was found to be combination of different modes of attachment, like bidentate
bridging via COO", ester bonding and weak interaction of NCS to the TiO. substrate. The
ARXPS helped in obtaining concentration depth profile of the dye-TiO. configuration. The
concentration depth profile suggested that the dye is mainly concentrated towards the surface
than depth. Further, the COO™ penetrates deeper into the substrate.
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2.2.2. Exploring Alteration in Electrochemical Interface of Dye Sensitised Solar Cells-An

Experimental Set-up for Ageing Investigation

The aim of this research study Chapter-5 is to establish an effective methodology to investigate

ageing and application of various technique to explore different aspects of cell degradation.

The research approach includes establishment an effective technique to open the cell and to
access the interface and further to analyse degradation at the interface. To begin with, a
methodology to rinse-off the opened cell to get rid of the excess electrolyte onto the photoanode
surface was analysed. A procedure of ethanol rinsing of the photoanode was applied and the
alteration introduced by the procedure were investigated using surface sensitive techniques. The
rinsed off solution was further analysed by drop-casting it on to blank TiO> substrate. Thus, the
effect of ethanol rinsing on to the due adsorbed TiO> was quantified. The results conclude the

effect of ethanol rinsing to be negligible.

Further, to comprehend the application of different techniques in inspecting the degradation at
the cell interface and, to corelate the interfacial degradation with the decrease in cell
performance, surface sensitive techniques such as XPS, UPS and NICISS were used to
investigate the aged photoanodes. The applied techniques proved to identify the changes in the
elemental composition, valence band structure and molecular concentration at the dye-TiO>
interface of the aged photoanodes. The use of both He and Ne projectile in NICISS were
investigated. Overall, an effective technique to investigate interfacial degradation in the DSSCs
was developed that could correlate the decrease in the cell performance with the interfacial

degradation.

2.2.3. Unveiling the Ageing Effect at the Interface of N719 Dye Sensitised Solar Cells

The aim of this research study, Chapter-6, is to investigate the changes introduced in different
cell components and to determine the cause of ageing over time by applying different
techniques to track the changes at device level and at the cell-interface level. In other words, it

is a modified application of the methodology determined in Chapter 5.

The study intends to investigate causes of ageing in DSSCs. After reproducing the cell structure
of interest, the cells are planned to age under different stress factors like dark and light. In the
dark, the sample was kept under room temperature. This study uses device level analytic
techniques such as JV characterisation and EIS analysis to track changes in the PV performance

of the cell as well as the contribution of internal resistance to cell performance. Furthermore,
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surface analytical methods such as XPS, MIES, UPS, and NICISS aid in determining the

overriding factor to cell degradation.

In the study, the device level analysis and surface analysis combinedly supported in
investigating the potential cause for the cell degradation. The dark ageing with stable cell
performance and interfacial resistance suggests no degradation phenomenon occurring in dark
ageing. For light aged sample, XPS and NICISS confirmed the | penetration into the dye-layer
with overtime. Further, UPS supported the electrolyte penetrating deeper into the dye layer
responsible for cell degradation and the presence of electrolyte at the surface is essential to
continue the cell’s functioning. FTIR confirmed upon electrolyte injection into dye layer forms
dye-iodine complex which is needed to continue dye regeneration cycle which is maintained in
dark aged samples but decomposes in light aged sample. Thus, the main reason for the cell

degradation proposed by the study is the | penetration into the dye layer.

2.2.4. Conclusion and Outlook

This chapter summarises the key understanding of the interfacial structure of dye adsorbed TiO>
substrate, the stability investigation of DSSCs under dark and the causative for cell degradation
in light. The study’s novelty is that it answers many unanswered questions related to ageing and
causative of cell degradation on the PV performance of DSSCs and corelates the interfacial
degradation with the decrease in cell performance. Furthermore, it involves additional
development of the work covered in the thesis, potentially leading to future work and
application of alternative approaches for the analysis of cell disintegration, as well as
prospective application of the methodology to other fields of study. In addition, it includes the
future application and advancement of DSSCs in several fields, including, 10Ts, textiles and

photocatalysis.
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CHAPTER 3 EXPERIMENTAL METHODS

3.1. Analysis Techniques

Different surface analysis techniques applied in this study are generally employed in electron
and ion spectroscopy. These techniques are used to investigate the composition and electronic
properties of the samples and to analyse the changes introduced to the sample under different
influential factors. lon-spectroscopy is applied to investigate the concentration depth profile
and the penetration depth of Ru and | into the TiO, adsorbate with ageing. The FTIR and
ARXPS combined to understand the dye anchoring on the TiO.. Table 3.1 illustrates different
techniques with their probing depth, with the potential information obtained and their

resolution.

Table 3.1: Enlisting different techniques applied in the study with their probing depth, the

information extracted and the resolution.

) Probing ) _
Techniques Probe Information Resolution
Depth
Chemical
X-ray photons- .
XPS 1-10 nm Composition and 0.2eV
1253.6 eV _
Chemical states
UV photons- Valence band
UPS 2-3nm 0.5eV
21.2eV structure
Electronic Structure
Metastable
MIES < 0.3nm and Molecular 0.5eV
He*-19.8 eV

Orientation

Rare gas ions )
Concentration Depth
NICISS (He/Ne)-10 20 nm ] ) 0.5nm
eV profile (atomic level)
e

Concentration Depth
X-ray photons- )
ARXPS 10 nm profile 0.2eV
1253.6 eV )
(Chemical states)

Approx. in o
o Identification of
FTIR IR radiation terms of _ 3 cmt
_ chemical bonds
micrometre
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3.1.1. JV Characterisation

Upon illumination, the DSSCs convert sunlight into electrical energy. The PV parameters are
measured to evaluate the cell performance. The cell conversion efficiency of DSSCs is
measured using a solar simulator. A solar simulator consists of a source of light that represents
the solar spectrum, with a 1.5 air-mass coefficient and total power density of 1000 W/m?2. It is
crucial to follow the standard testing condition (STC) according to IEC 609043 while tracking
cell performance 1. The general concept behind JV characterisation is to apply a series of
voltages through the cell device and to measure the current flowing through the cell at each
voltage. In this study, a Keithley 2400/2450 source meter, operated by LabVIEW software was

used. The source meter is capable of measuring current simultaneously by supplying voltage.

Efficiency is mathematically defined as the ratio of the product of open circuit voltage (Voc),
short circuit current (Jsc) and fill factor (FF) to the power of the incident light (Pin), given by
Equation 3.1.

Jsc . Voc . FF

X100% Equation 3.1
Pin

n:

The Jsc is the integral of the product of the spectral wavelength ¢ (1) and the incident photon-
to-current efficiency IPCE (A), refer to Equation 3.2.

12
Jsc = ¢ (4) IPCE() dA Equation 3.2

i
where incident photon to current efficiency (IPCE) is the product of light harvesting efficiency

n.u (1), charge injection efficiency n;y; (1), and charge collection efficiency 7o, (1), see

Equation 3.3.

IPCE (2) = nyg(A) nyny(2) ncor(A) Equation 3.3

The PV parameter that determines the cell performance is further used to understand the
degradation phenomenon. Different alterations either intrinsic or extrinsic, introduced in DSSC
under various stress factors affect the PV parameter. For instance, the Voc depends on the
shifting of the difference between the quasi-fermi level and the redox potential of the
electrolyte. In other words, fixed redox potential shifting in the CB edge of the semiconductor

can influence the Voc, given by Equation 3.4.
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Mathematically, for DSSCs ?,

q Equation 3.4

where, n is the number of electrons in the CB of the semiconductor, N5 is the effective density

of states (DOS), and E,. 4, IS the Nernst potential of the redox mediator.

Alike, Jsc depends on the absorption coefficient of the sensitiser and the intensity of incident
light. However, for different intensities of the incident light, both the Jsc and Voc shall change.

The FF on the other hand indicates the connectivity between the electrolyte and the CE.

From a typical JV and PV curve, the following electrical parameters are derived, namely, Jsc,
Voc, FF, efficiency, the maximum power (Pwmpp), current (Juep) and voltage (Vwrp), refer to
Figure 3.1.

Jsc

Juipp

Jamog

Puee = JvppViver

FF=Pypp / (Jsc Voc)

Current
L L L L L L L L L T T T T T T T )

Voltage Vive Voc

Figure 3.1: Typical JV characterisation curve 3. Reprinted with permission from Elsevier.

The Jsc is defined as the highest current drawn from the solar cell at zero potential. Hence, the
power generated is also zero, see Equation 3.5.

Jsc=](V =0) Equation 3.5
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Likewise, Voc is defined as the highest potential voltage where the current flow through the

cell is zero, given by Equation 3.6.

Voc=V(J=0) Equation 3.6
The Power generated by the solar cell (P) is given by Equation 3.7,

P=]V Equation 3.7

FF on the other hand is the ratio of maximum generated power to the theoretically expected
value, see Equation 3.8.

_ Pypp _ Iupp Vupp

FF Jsc Voc Equation 3.8

B PTheo
Further, the power loss due to internal cell resistance demands the evaluation of series resistance
(Rs) and shunt resistance (Rsh). The Rs can be estimated by taking the inverse of the slope of
the JV curve near zero Voc, Figure 3.2. It must be noted that Voc is not affected by Rs since
the current flow is zero. For an ideal cell, Rs is zero and the slope increases with a decrease in
Rs.

Voltage

Current

Figure 3.2: Schematic JV curve illustrating the influence of Rs.

The inverse of the slope of the JV curve near Jsc is used to determine Rsh (see Figure 3.3). For

an ideal cell, Rsh is infinite. The decrease in Rsh increases the slope.
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Figure 3.3: Schematic JV curve illustrating the influence of Rsh.

The traditional equivalent circuit diagram with the fundamental four constituent parts of the

solar cell, namely photocurrent source, diode, series resistor, and shunt resistor are represented

in Figure 3.4.
Series Resistor
Diode M/\

Q

e

=

=)

(75}

§ C ' % Shunt Resistor
!5 ——

(8]

(o]

o]

)

=

a.

Figure 3.4: The traditional circuit model for the solar cell.

The photocurrent is the outcome of the photon absorption resulting in photoelectrons, the diode
represents the electron-hole recombination at the p-n junction, and the series resistor and the
shunt resistor model the internal resistance and current leakage of the cell respectively

(see Equation 3.9).
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Mathematically,

e(V_]Rs) V_]Rs
Tk, T ) 1|+ R., —Jpn Equation 3.9

J=1Jo [ew <
where, ], is the reverse bias saturation current density, e is the elementary charge, R is the
series resistance, n is the diode ideality factor, kg is Boltzmann’s constant, T is the temperature

and, R, is the shunt resistance.

According to the p-n junction theory of Shockley, for an ideal p-n junction diode, atn = 1, J,
represents the saturation current density at reverse bias and according to Shockley-Read-Hall
recombination due to defect states that at the p-n junction diode models developed for n > 1
the first expression, recombination current accounts for how the solar cell acts as a diode in the
dark. The second expression represents the shunt current, cell leakage due to sources like
pinholes that result in parasitic current moving directly from one electrode to the other #. In this
study, different sample cells will be measured and tracked to observe changes in PV parameters

with time under different stress factors.

3.1.2.  Photoelectron Spectroscopy (PES)

Photoelectron Spectroscopy or Photoemission Spectroscopy is a non-destructive technique
based on the photoelectric effect. In PES, either X-ray or UV photons impinge on the surface
of the targeted sample in a UHV environment ~ 107° bar, to avoid interference of electrons
with gas molecules. The PES is a three-step process, first, the incident photon is absorbed by
the electron resulting in photoexcitation. The photoexcited electron reaches the final state above
Fermi; however, the electron lies within the potential field of the solid sample. This electron
gets transported within the solid sample and finally escapes to a vacuum °. In PES the kinetic
energy (KE) of the emitted electron is measured using an analyser from which the binding
energy (BE) is calculated. The energy of the incident photon can be in a different regime which
is further classified as UPS (UV regime hv = 5-100 eV), Soft XPS (Soft X-ray regime hv =
100-1000 eV) and XPS (X-ray regime hv > 1000 eV) ©. The energy of the incident photon
determines whether the electrons will be ejected from the core level or valence level. Figure 3.5

illuminates the difference between the XPS and UPS processes.
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Figure 3.5: The Schematic Diagram of the photoemission Process (A) XPS and (B) UPS (modified

from ).
3.1.2.1. X-ray Photoelectron Spectroscopy (XPS)

XPS or Electron Spectroscopy for Chemical Analysis (ESCA) is a commonly used material
characterisation technique for surface analysis. In thin film solar cells, understanding the
surface properties is very crucial. The surface atoms have a bonding potential variant than the
bulk atoms which makes the surface atoms more reactive and the properties of surface atoms
differ from the bulk 8. This technique provides information about the elemental and chemical
states and electronic structure information of the sample within the depth of 10 nm. XPS is
based on the photoelectric effect where the X-rays irradiated on the sample surface knock out
the core level electrons Figure 3.5 (A). The photons being chargeless and massless a complete
transfer of energy occurs to the photoelectrons before annihilation. The concomitant photo-
emitted electrons have discrete KE which is the characteristic of the emitting atoms and their

BE as given in the photoelectric equation below (see Equation 3.10),

Ey=hv—E, + (bspec Equation 3.10

where, E}, is the electron BE in the solid, hv is the incident photon energy, Ej is the electron

KE, and &gy is the work function of the spectrometer, 4.15 eV calibrated with graphite

sample.

The characteristic BE is the fingerprint for each core atomic level and every element; each
element will produce a characteristic peak in the photoelectron spectrum °. Furthermore, the

peak intensity or peak area can be related to the relative concentration of the element within the
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sample region °. The XPS surface sensitivity is due to the electron emission from near the
surface 31, where A lambda is the inelastic mean free path (IMFP), which has a very small value
for solids, that contributes to the XPS signal resulting in the XP spectrum. On photon
penetration through the sample surface, the constituting molecules and ions from the sample
undergo reactions such as inelastic collisions, recombination, and excitation which increase
with the depth thus hindering the overall photoelectron ejection. The intensity of electron
attenuated in the bulk decreases as the function of the distance the photoelectron has to travel
to the surface is given by Equation 3.11 *°,

Ep = hv — Ep + dspec Equation 3.11

where, d is the measuring depth, 6 is the angle between the direction of the detector and the

surface normal, A(E) is the electron mean a free path, and I, is the maximum intensity.

An XPS setup consists of an X-ray source, a hemispherical analyser and a detector portrayed in
Figure 3.6. A monoenergetic X-ray source (Mg, Ka) with energy hv =1253.6 eV is used to
irradiate the sample under UHV. The reason for selecting either is they produce stable beams
influenced by Kai, which makes them nearly monochromatic . The photons due to their
limited penetrating power mostly interact with the surface atoms causing electrons to emit from
the surface, creating a hole in the atomic core. The electron deficit atom relaxes either through
the electronic transition from higher energy to lower energy level or through Auger electrons,
where the excess leftover energy is passed to another high energy level to eject the
electrons 12 13, The emitted photoelectron is passed through the spectrometer, and the analyser
is set at a pass energy of 10 eV which would allow electrons with a certain K.E. range to pass
through, which is amplified by channeltron and recorded by the detector. The angle between
the X-ray source and the detector is 54.74°. This angle is also known as the “magic angle”
because at this angle the photocurrent depends on the total cross-section (o) and independent
from the effect of light polarization or the symmetry of the initial state or the angular momenta
of the photoelectron wavefunction 4. The hemispherical structure of the analyser either
accelerates or decelerates the electrons that travel through the analyser by applying a floating
potential and in consequence electrons with specific KE reach the channeltron analyser and get
detected as discrete events. The XPS records the number of photoemitted electrons and their
KE that have escaped into the vacuum level after irradiation. The known values for core-level
BE and photoemission cross-section of specific element makes it easy to quantitatively analyse
the spectrum, peak area and peak heights, and determine the elemental composition of the

sample 1°. Further, the shift in the BE in the spectrum indicates the change in the chemical
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environment of the sample due to changes in the chemical potential and polarizability of
elemental components °. In this study, all the XPS measurement was conducted under

transmission optimised mode with slit size 7mmx20mm.

UHV Chamber Hemispherical

Exit Slit
Entrance Slit
“ Detector
| 0
Retarding / 2R ‘
Field Lens \‘ :. T Output Survey Spectrum
Aperture i \
a ,' V‘\
w 4 I
(3]

~
e- _
X-ray Source\> | “W‘J‘-ﬁ U

Binding Energy (eV)

Figure 3.6: Schematic diagram illustrating the working of XPS °. Reprinted with permission from
Springer.

On photoemission, the possibility of electron-matter interaction than photon-matter interaction
is higher due to the path length of photons and electrons, in order of a few microns and tens of
Angstrom respectively. Only the electrons originating from within the tens of Angstrom depth
leave with no energy loss and contribute to the spectrum. The electrons located deeper undergo
inelastic energy loss before leaving the sample contributing to the background *6. The measured
spectra, both the survey and high-resolution scan are plotted as a function of BE. The pass
energy value for the survey spectrum and high-resolution spectrum were maintained at 40 eV
and 10 eV respectively. The lower pass energy applied to high-resolution helps in decreasing
the background noise by decreasing thermal de-excitation. The high-resolution scan is then
fitted with Shirley’s background. Shirley’s background is the combination of Gaussian (70%)
and Lorentzian (30%) functions. Shirley’s Background incorporates the influence of the
instrument and other factors included in the profile of the XPS spectrum. In Shirley's

background, the background intensity at BE is proportional to the intensity of the total peak
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area above the background in the lower BE range. Hence, it is the most chosen background
type 7. All the peak position for the respective elements is then calibrated with the peak position
of Carbon (285 eV) because the C 1s peak representing C-C/C-H bonds from adventitious
carbon is established and found on many sample substances, however, a few consider it as not
a good reference for calibration specifically with Al and Au foils 8. Further, quantitative
analysis is obtained from the peak areas, and the peak position and the shift help in determining
the chemical state °. The probability of X-ray interaction is different for different elements,
which results in different sensitivity factors or photoionization cross-sections . The observed
elemental intensity is divided by the atomic sensitivity factor (ASF) of respective elements to
determine the number of atoms per cm?® *°, For a homogenous sample in analysis volume, the
number of photoelectrons emitted per second, contributing to a specific spectral peak is given
by Equation 3.12 ¢,

I =nfo0yAAT Equation 3.12

where, n is the number of atoms of the elements per cm?, f is the X-ray flux in photons/cm?
sec, o is the photoelectric cross-section for the atomic orbital in cm?, 8 is the angular efficiency
factor for the instrumental arrangement depending on the angle between the incident photon
and the detected electron, y is the efficiency for the formation of photoelectrons in the
photoelectric process, A is the IMFP, A is the area of the sample from where the photoelectrons

are detected, and T is the detection efficiency of the emitted photoelectrons.

Thus,

1
n= m Equation 3.13

Here, the denominator in Equation 3.13 is the ASF 26,

Table 3.2 represents the ASF of the elements investigated in the study.
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Table 3.2: The ASF of different elements investigated in the study using an X-ray source at an

angle of 54.7° relative to the analyser ¢, Reprinted with permission from John Wiley and Sons.

S ASF for X-ray at
54.74°
C 0.296
@) 0.71
Ti 2.0
Ru 4.27
N 0.48
0.67
| 6.21
F 1.0

The elemental composition of element A on the sample surface is thus calculated using
Equation 3.14 %,

Ca(%) = "}i x 100 Equation 3.14

where, I, is the integrated peak intensity of element A, and S, is the ASF of element A.

Using XPS, we aim to investigate the change in the dye and the electrolyte components
introduced with ageing and its influence on the TiO2/dye/electrolyte interface and how the

changes affect the interfacial electron transfer.

3.1.2.1.1. Angle-resolved X-ray Photoelectron Spectroscopy (ARXPS)

The analysis of ARXPS is based on The Beer-Lamberts Law with an assumption that with the
increase in analysis depth ds, the photoelectron flux intensity I suffers an attenuation dI which

is proportional to the flux intensity and the distance travelled, given by Equation 3.15,
dl = —IAds Equation 3.15

The negative sign indicates the attenuation of photoelectron flux.
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The attenuation coefficient A has the dimension of per unit length and on further integration the

expression obtained by Equation 3.16,

—=e -
I, Equation 3.16

In XPS, the attenuation coefficient A and s are substituted by A (IMFP) and ﬁ where z is the

projection of s onto the vector perpendicular to the sample surface and 6 is the photoemission

angle.

Thus, Equation 3.17 is obtained,

I = Ioeﬁ Equation 3.17
Unlike other depth profiling techniques, ARXPS is a non-destructive method which works on
the simple principle of tilting the sample to increase the surface sensitivity 2. XPS typically is
conducted with an analyser normal to the sample which is noted as 8 = 0° in ARXPS, where
6 is the emission angle, the angle between the analyser and the surface normal. At this angle,
the electron emission occurs normally to the sample surface with less surface sensitivity 2. In
other words, at this angle the take-off angle o = 90°, the angle between the analyser and the
sample surface. Further, by increasing the emission angle 6 or decreasing the take-off angle a,
the distance travelled by the electron through the solid changes which increases the surface
sensitivity and a series of consecutive measurements with different angles is then analysed to

determine the concentration depth profile 2.
The average sampling depth depends on the sine of a or cosine of 6, given by Equation 3.18,
d' = dsina = dcos6 Equation 3.18

The ARXPS is an in-depth analysis technique in which by varying the emission angle (6) and
considering the dependence of escape depth (d) and IMFP for photoelectrons (8), the

information depth varies such that, d < 31 cos6 where 6 > 0° (7) as illustrated in Figure 3.7.
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Figure 3.7: Schematic illustration of the basic working principle of ARXPS and dependence of

take-off angle (o) or emission angle (0) on the information depth probe of the sample 2%

Reprinted with permission from the American Chemical Society.

The ARXPS analysis is based on the consideration that the intensity of the photoelectron is the
function of the emission angle. The emission angle 6 and the attenuation affected by the
inelastic interaction of electrons within the sample influences the intensity of photoelectrons

emitted from different species from different depths.

In this study, the concentration depth profile of the dye adsorbed onto the TiO; substrate is

obtained by considering the following assumptions:

1. The sample is treated as a series of finite layers where EAL depends on the layer
composition.
2. The electron mean free path depends on the KE of the electron which is calculated

using NIST EAL Database for the elemental species of each layer.

3. The observed depth is inversely proportional to the cosine of the electron emission
angle (9).
4. The atomic density of the composition of each layer is used as an input parameter.
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Thus, the intensity of electrons emitted I from the species i at an emission angle 8 is given by
26

16.0) = 118 (33) | “ni@.exp(;oas)dd)  equationsis

where, n; is the number density of species i, d is the depth, f is the X-ray flux, T(E) is the
transmission function of the spectrometer, E is the KE |s the differential photoionization

cross-section of the core level, and A is the attenuation Iength.

The intensity of electrons given by Equation 3.19 accounts for the intensity of electrons emitted
from all layers at a certain emission angle. However, considering the effect of attenuation on
the electron intensity with the depth that changes with the emission angle. It is important to
apply certain algorithms on different sets of measurements taken by varying the emission angle
to obtain the concentration depth profile of the sample. Hence, for simplification, the sample is
divided into different layers and the intensity of electrons coming from each layer is calculated

using Equation 3.20 %,

j-1

)l e"p( (9))

m=1

10,0) = Ty m(DA; <e>[ exp(

Equation 3.20

Equation 3.21 is the entire sum of the contribution of the species in each layer, given by 7,

] j-1

. _ do; ,
m,e)—z fTid—ﬂniwf(H)[l—eXP( ue))l exp - m(e))

m=1

Equation 3.21

where j is the number of layers.

ARXPS will help in investigating the layer composition of the samples and modelling the

concentration depth profile.

3.1.3.  Ultra-violet Photoelectron Spectroscopy (UPS)

UPS is based on the photoelectric effect explained in Figure 3.5 (B). In UPS, He I, 584- A
resonance lines are used to irradiate the sample and probe the valence orbitals of the sample
surface. The He-I have energy 21.2 eV sufficient to ionize electrons from most of the valence

molecular orbitals that can constitute chemical bonds 2. On irradiation, the valence level
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electrons get ejected which passes through the hemispherical analyser. An additional bias
(- 10 V) is applied to ensure the secondary electrons emitted with added KE of the electrons
reach the detector. The added bias deconvolutes the true work function from the work function
of the spectrometer. This bias is accounted for in determining the BE of the electrons (see
Equation 3.22).

E,=hv—(E +10eV) - (bspec Equation 3.22

where, E}, is the electron BE in the solid, hv is the incident photon energy 21.2 eV, Ej, is the

electron KE, and ¢, is the work function of the spectrometer.

UPS exhibits high sensitivity for lesser depth than XPS. This is due to short IMFP for electrons
(1) within a solid. As shown in Figure 3.8, for XPS, the depth information is 3A which is 10 nm
but for UPS the information depth is within 2-3 nm. This makes UPS more surface sensitive.
Unlike XPS, the low energy of the incident photon is smaller than the BE of the core level
electrons, limiting the photon interaction to the valence level electrons which makes it possible
to investigate the valence band structure of the sample surface °. The application of UPS is in
determining the orbital involvement in the bonding between the adsorbate and adsorbent 2°.
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Figure 3.8: The IMFP (3) for solid as a function of applied energy for XPS and UPS photon

sources . Reprinted with permission from John Wiley and Sons.

Further, the UP spectra are used to determine the work function of the sample. Taken from

Figure 3.9 the work function of the sample is derived using the Equation 3.23.

cl)sample = hv — (High energy cut — of f E,, — E) Equation 3.23

Valence band structure carries crucial information about molecular bonding and charge transfer

in the sample.
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Figure 3.9: An illustration for calculating the work function of the sample from the UP spectrum.

In this study, we aim to investigate the influence of trap state density of the dye-TiO- interface

with ageing.
3.14. Meta-stable Induced Electron Spectroscopy (MIES)

MIES is based on a principle that utilises slow, rare gas metastable atoms (He* 23S, 21S) to
eject electrons from the sample surface 1. MIES instrument consists of a two-stage cold cathode
gas discharge (MFS, Clausthal-Zellerfeld, Germany) which generates He*- 3S; (19.8 eV) and
UV- photons (21.2 eV) which is separated by a mechanical chopper set at frequency 2000 Hz.
The chopper separates the signal from photons and He* implies the time of flight (TOF)
technique 32. These He* atoms with their long-lived excited state and the inability to any other
orbital transition increase the probability of transferring the energy into the target surface to
eject the electron . During this interaction, the energy of He* gets transferred via three
different mechanisms, Resonance lonisation (RI), Auger Neutralization (AN*) and Auger De-
excitation (AD), which depend on the electronic structure and work function of the sample
under investigation 3L,

For samples with low work function, RI followed by AN* occurs as a de-excitation mechanism
of He*. RI refers to the process in which 2s electron from the outer orbital of He* tunnels into
an empty surface state with resonant energy through ionization thus forming He* 34, These He*

ions are further neutralised through a two-electron event, AN*. In AN*, an electron from the
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surface fills the He* 1s, simultaneously emitting another electron with excess energy in
Equation 3.24 %. The Rl + AN* result in broad-spectrum, shown in Figure 3.10, process 1 and
2 illustrates Rl and AN* simultaneously.

E,=E;—2(¢ +¢) Equation 3.24

where, E,, is the KE of the emitted electron via the AN* process, ¢ is the work function of the

sample surface, and € average BE of the electrons involved in AN*.

For insulators, with medium to large work function the RI process gets hindered due to the
unavailability of an empty level opposite to the excited level of He* 3. Thus, quenching of He*
occurs via AD 23, In AD, the surface electron from the occupied state transits to the inner vacant
orbital (He* 1s) with simultaneous ejection of an electron from the outer orbital He 2s 3. AD is
a one-electron transfer from valence bands and hence results in a spectrum with sharp

features %2, illustrated in Figure 3.10 Process 3.

In electron spectroscopy, the information depth limits in the range of tenths of nanometres to
several nanometres due to its dependence on the IMFP 3. However, MIES uses low energetic
He atoms which limits the damage to the surface of the targeted sample ** and limits the probing
depth making it surface sensitive with information depth of 1 to 2 atomic layers *® owing to the
large de-excitation cross-section of He* 34, Further, the limitation of rare gas to penetrate the
van der Waals surface makes it more extremely surface sensitive 3. MIES being a surface-
sensitive analysis technique provides information about the electronic properties of the
outermost layer including, valence band structure, molecular orientation and reorientation on
the sample surface *’. Further comparison with the computational calculations the spectra can
be co-related with different DOS to the different functional groups of the compound under

investigation ¥
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Figure 3.10: The schematic illustration of energy transfer processes in MIES 1 and 2 indicating
RI and AN* occurring in solids with low work function respectively and 3.

3.1.5.  Neutral Impact Collision lon Scattering Spectroscopy (NICISS)

NICISS is an ion scattering technique used to quantitatively investigate the composition of the
surface near bulk with a depth of 20 nm with a resolution of 1-3 A %8, that is, the depth profile
and the molecular concentration within the depth of 10 A of the target *°. NICISS analysis is
determined by ions-matter interaction, which includes charge transfer processes, elastic transfer
of KE and inelastic energy transfer like electronic excitations or eradication of atoms or
molecules by sputtering 3.

NICISS mainly consists of an ion source, a deflector, and a detector within a UHV chamber,
Figure 3.11. The ion source uses inert gas such as Helium (He") as a projectile with an energy
range of ~ 3 keV which gets backscattered with an angle ~180° and the detector detects the
TOF of the backscattered ions from the target. Meanwhile, an electrostatic deflector plays a role
in permitting only the neutrals to be analysed by the detector. The He™ penetrates through the

sample and then gets backscattered. During this process, the ion loses its energy, and the energy
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loss directly depends on the atomic mass of the target atom and the depth penetration. The TOF
determines the time taken by the projectile to reach the detector which is further used to analyse
the energy loss “°. Additionally, the energy loss reveals the identity and the depth of the target

atom.

~1.4m

time-of-flight distance

, ion beam
Ion source '
E=1-5keV | — /

deflection
unit

Figure 3.11: The diagrammatic representation of the NICISS experimental set-up **. Reprinted

with permission from the American Institute of Physics

The energy loss of the backscattered projectiles occurs via several small-angle and large-angle-
scattering events. These energy losses are summarised as two different energy losses; the large
loss in energy, the elastic energy loss, in the backscattered projectile which appears once is due
to the collision of the projectile with the target atom and the loss is proportional to the mass of

the target atom 262" (via momentum conservation) which is given by Equation 3.25,

1
(cosO + (A?% — sin?0)z)?
E =E —
final = L0 (1+ A)2 in Equation 3.25

Where E is the energy of the projectile, 8 is the detector angle (~165°), Q;, is the inelastic
energy loss due to backscattering, A is the ratio of the mass of the target element to the mass of

the projectile. The schema of the NICISS principle is shown in Figure 3.12.
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Figure 3.12: The schematic presentation of the NICISS principle.

The small and continuous inelastic energy losses due to small angle scattering within the sample
bulk, also termed stopping power, appear multiple times throughout a single trajectory. This
small angle scattering energy loss from TOF relates to the depth of the target atom 3° by the

following expression,

The TOF spectrum is converted into an energy spectrum using Equation 3.26,

At 1 1

I(E) = I(t) AE da/d_g(E) det(E) Equation 3.26

where, I(E) is the energy loss spectrum, I(t) is the contribution of a specific element in the

TOF spectrum, t is the TOF, do / d0(E) is the differential impact cross-section of the target

elements in the projectile and det(E) is the detector sensitivity factor with 2—;, a factor

considered for a non-linear relation between the TOF and the energy. Further, the Energy loss

spectrum is converted into a depth profile by Equation 3.27,

dE
I(d) = I(E) Ef Equation 3.27

where z is the elemental depth and f is the factor co-relating backscattered projectile and the
concentration yield.

The NICIS spectra record different steps, and each step is determined by the mass of the element
detected from the sample, refer to Figure 3.13 for elemental steps in the TQ1 sample. The TOF
of the onset is inversely dependent on the mass of the target element %’. The heavier elements

appear earlier in the TOF spectra as they are more likely to lose less energy during a collision.
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Figure 3.13: NICIS spectra of TQ1 with the onset representing the elements present in the target
system.

The study aims to use NICISS to quantitatively measure the molecular concentration of Ru and
| present in the sample and how ageing affects them. Due to the incapability of He projectile to
separate the Ru from I, Ne is used as a projectile. He is replaced by a heavier projectile Ne, as
using a heavier projectile increases the energy loss between the backscattering from the
elements. Hence, the energy difference between Ru and I get larger when the heavier projectile

is used.

3.1.6. Fourier Transform Infrared Spectroscopy (FTIR)

Infrared (IR) spectroscopy is the study of the interaction of matter with electromagnetic waves
in the IR region of the spectrum. Generally, IR radiation excites vibrational motion is molecules
and solids. Molecules have different modes of vibrations, and each vibrational mode has a
corresponding frequency or energy “2. When the molecule absorbs the IR radiation its atoms
vibrate causing stretching and contraction of chemical bonds, as well as bending and twisting
of the molecular structure. However, one needs to consider that not all vibrational modes can
absorb energy. Only the modes that create a changing dipole moment during the vibration
motion have the potential to absorb IR radiation. In this study, the mid- IR radiation from a
broadband source 4000 cm™ — 400 cm™ is used to expose the molecules. On exposure, the
molecules may absorb the IR light provided the frequency matches a natural vibrational

frequency of the molecule. The probability of absorption, and thus excitation to a higher
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vibrational state depends on the magnitude of the changing dipole moment, while the absorption
energy is equal to the difference between the initial and final vibrational levels. For excitation
of a single quanta of a vibration mode the energy of the incident radiation is, mathematically

represented by 42,

_ _h Ry _
Eir = AEyy = o— o hv,, Equation 3.28
(4%

where, E; is the energy of the radiation, AE,,;;, is the change in the vibrational energy, k,;;, IS
the force constant of the mode of vibration, p,,;;, is the reduced mass, and v,,;;, is the vibrational

frequency.

From Equation 3.28 the frequency of the vibrational mode depends on the reduced mass and
the force constant which, in turn, depends on the bond strengths. These parameters are
characteristic of different functional groups and thus valuable information about molecular

structure can be extracted from the spectrum.
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Figure 3.14: The schema of FTIR instrumentation and operating principle (Reformatted from 3).

Most FTIR consists of the Michelson Interferometer with a beam splitter that divides the
radiation beam from the IR source into two equal parts (ideally) as shown in Figure 3.14. A part
of the radiation is directed towards the stationary mirror, while the second part is directed
towards the moving mirror. The moving mirror results in an optical path difference (OPD)
between the two separated beams and consequently causes a phase change between them. These
beams get reflected and recombine at the beam splitter thus resulting in interference. The

magnitude of interference is the result of variation in the OPD travelled by the two reflected IR
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beams. If the distance between the two mirrors from the beam splitter is equal (OPD = 0), the
reflected beams are in phase with each other, resulting in constructive interference for all
wavelengths and sending the maximum signal to the detector. This is the centre-burst in the

interferograms. When the two reflected beams are out of phase by 180 °, (OPD %), they result

in destructive interference (zero signal to the detector). Since the IR source is broadband, and
thus composed of many wavelengths, the signal at the detector is a superposition of interference
effects of all the wavelengths. The detector response as a function of the OPD is called the
interferogram 3. Finally, the interferogram is converted from the time domain into the
frequency domain using the Fourier transformation. This results in a spectrum giving the
intensity of the IR source as a function of light frequency. If an absorbing medium is placed in
the beam path, then the absorbed frequencies will be missing from the resulting intensity

spectrum.

The transmittance of a sample is given by Equation 3.29,

T =— .
I, Equation 3.29

where [ is the intensity of transmitted light, and [, is the intensity of the incident radiation.

Accordingly, the absorbance spectrum is derived using the Beer-Lambert relationship given by
Equation 3.30,

I
A= —log<1—> = ecl
0

Equation 3.30
where, ¢ is the molecular absorption coefficient, c is the concentration, and [ is the sample path

length.

FTIR is popularly used to compare the similarities or differences between or among different
molecules. Every different molecule has a unique set of vibrational modes and thus different
frequencies of vibration and absorption coefficients. Accordingly, the IR spectrum is taken as
a fingerprint of the molecule **. Likewise, the IR spectrum also helps in identifying the presence
or absence of specific functional groups in the molecule or changes introduced due to external

factors.
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3.1.7.  Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance is based on the application of an AC potential to an electrochemical
system and measuring the current through the cell. The response to the applied AC potential is
an AC signal. EIS is a common method applied to measure the current response of a device as
a function of the frequency for an applied AC voltage. EIS is a steady-state technique that
utilises potentiostat to probe signal relaxations over a wide range of frequencies, by the
application of harmonically modulated small amplitude AC voltage to detect small
perturbations on the system to investigate both the bulk and surface properties of the
system “>%6_ 1t is a non-destructive tool used to investigate the stability and kinetics along with
the intrinsic charge transport in DSSCs. In simple words, it is a tool to understand the movement
of charge through the cell device. The intrinsic stability of the cell depends on the irreversible
kinetics occurring within the cell interface which is photo-electrochemical and thermal
degradation of dye and/or electrolyte components occurring during cell operation hence

characterisation of the inner cell parameter under ageing is required 4.

Theory:

The general approach of EIS is to apply an electrical stimulus (sinusoidal potential) to an
electrochemical system and measure the output (sinusoidal current) response as a function of
frequency “6. The electrochemical impedance is measured using a small excitation signal to
obtain a pseudo-linear response, which means the applied potential is a sinusoidal result in the

sinusoidal current but shifted in phase Figure 3.15.
The applied sinusoidal potential is given by Equation 3.31,
E, = Eqsin(wt) Equation 3.31

where, E; is the potential at time t, E, is the amplitude of the signal, w is the radial frequency

(in rad/sec), and

w = 2mf Equation 3.32

Here in Equation 3.32, f is the frequency (in Hz). Thus, the output current response is sinusoidal

with different amplitude I, and a phase shift ®, given by Equation 3.33,
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I, = Iy sin(wt + ¢) Equation 3.33

Following Ohm’s law, the impedance is given by Equation 3.34,

7 _E;  Epsin(wt) sin(wt)
(@) = I, I,sin(wt+ ¢) ~sin(wt+ ¢) Equation 3.34
Further, from Euler’s Equation 3.35 is obtained,
exp (j) = cosd +jsin Equation 3.35
| > <

Y
-

Iy = Iyexp(jwt — ¢)

Figure 3.15: The sinusoidal current response (1) for the sinusoidal potential (E) applied in EIS.

The potential is represented in terms of a complex function as (see Equation 3.36),

E; = Egexp(jwt) Equation 3.36

The output current response is given by Equation 3.37,

I, = Iyexp(jwt — §) Equation 3.37

Thus, the impedance in terms of complex numbers becomes,

E
Z(w) = 7= Zyexp(jo) = Zy (cosd + jsind) Equation 3.38
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Data Presentation:

From Equation 3.38, the expression Z(w) is composed of a real and an imaginary part. On
plotting the real part on the x-axis and the imaginary part on the y-axis, we obtain a Nyquist

plot which is also known as the ‘Cole-Cole’ plot.

Z'(Q)

Figure 3.16: Typical Nyquist plot of DSSC with different interfacial resistance labelled, namely
R1-charge transfer resistance at the CE and electrolyte interface, R2-charge transfer resistance

at photoanode and R3-Nernst diffusion of I3 in the electrolyte.

The Nyquist plot in Figure 3.16 illustrates the imaginary impedance (Z”), which results from
the capacitive and inductive character of the cell versus the real impedance (Z’) as a set of three
semi-circular plots and the bode plot shows the magnitude of the total impedance as a function
of the frequency “¢*°. The semi-circle at the high-frequency region represents the charge
transfer process at the CE/electrolyte interface. Likewise, the middle or the central semi-circle
represents the diffusion recombination process in the photoanodes/electrolyte. Likewise, the
third semi-circle at the low-frequency region represents the Nernst diffusion of 17/l in the

electrolyte *°.
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Figure 3.17: The equivalent circuit diagram of the electrochemical system of DSSC.

An equivalent circuit is used to model the impedance refer to Figure 3.17. The equivalent circuit
consists of resistors and capacitors. At every interface, there is resistance to charge mobility
which causes charge collection. Further diffusive charge transfer is modelled by a combination
of Warburg elements (Ws), representing the resistance of the I7/ls” redox couple in the
electrolyte. Rs circuit component represents the Ohmic series resistance of the FTO/electrolyte.
Likewise, the R: and R> components represent the charge transfer resistance at the
CEl/electrolyte and PA/electrolyte interface respectively, with CPE1 and CPE2 as the
corresponding constant phase element °1. EIS helps in obtaining the following parameters,
series resistance, charge transfer resistance of the CE, diffusion resistance of the electrolyte, the
resistance of electron transport and recombination in the TiO2 and the chemical capacitance of
the porous TiO> electrode. In DSSCs, the Nyquist plots are commonly used as a plot of Z-
imaginary plotted against Z-real and appears as a set of three semi-circular plot and a bode plot

shows the magnitude of the total impedance as a function of the frequency.

In this study, the EIS measurement was performed wusing a FRA2 pAutolab
potentiostat/galvanostat with an impedance module under dark-bias voltage conditions, with
the bias voltage -0.9V. The frequency range of 10° Hz to 0.1 Hz was applied. The spectra were
measured using Metrohm Autolab NOVA 2, a data acquisition software. Further, the acquired
spectra were fitted using Z-View?2 software using appropriate equivalent circuits. Here, as the
cell has only two electrodes, the reference terminal was connected to the CE during the

measurement.

3.2. Materials

e Electrodes: Fluorine doped tin oxide (FTO) (15 Q cm™ and 7 Q cm, 100 mm x 100 mm x
2.2 mm) for photoanode and CE was bought from Dyesol.

e Adsorbent: TiO> pastes 18NR-AQ blend of active anatase with average particle size ~ 20 nm
and anatase scatter particle size < 450 nm was obtained from Greatcell. For the treatment of

the photoanode titanium tetrachloride (purity 99.99%) was purchased from Sigma-Aldrich.
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e Chromophore: N719 dye, Molecular formula: CsgHgsNgsOsRuS, (Greatcell), Molecular

structure in Figure 3.18.

Figure 3.18: The molecular structure of N719 dye.

e Catalyst: Chloroplatinic acid hydrate (99.99%, Sigma-Aldrich).

e Electrolyte components: BMII (1-Butyl-3-Methylimidazolium iodide, purity 99%, Sigma-
Aldrich), TBP (4-Tertbutyl pyridine, purity 96%, TCI), lodine (purity 98%, TCI), DMPImI
(1,2-Dimethyl-3-Propyl-1H-imidazol-3-ium iodide, purity > 95%, Synthonix), Lil (Lithium
iodide, purity 99.9%, Sigma-Aldrich), DMII (1,3-Dimethyl-1H-imidazole-3ium iodide, purity
97%, Ambeed).

e Solvents: AN (Merck), VN (Valeronitrile, purity 99.5%, Sigma-Aldrich), MPN (3-
Methoxypropionitrile purity > 98%, Sigma-Aldrich), Et-OH (Ethanol, purity 100%, Chem-
supply).

e Sealant: Surlyn frame (inner 9 mm X 9 mm, outer 11 mm x 11 mm, 60 pm thickness) from

Solaronix.
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3.3.

Cell Preparation Procedure

DSSCs were fabricated using standard protocols as described in %2 and %3, For a complete detailed

description and diagrammatic illustration on DSSC preparation refer to Figure 3.19 and Figure

3.20 respectively.

Glass Cutting
&
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e/

CEm—

TiCla
Stock solution

—

D E——
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—
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—

l
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|

The FTO glasses were cut, and the edges were smoothen using sandpaper from conductive side to avoid damage )
caused to the screen-printing frame. The glass were cleaned with detergent and DI water for 30 mins in
ultrasonic bath and then rinsed. The glasses were then ultra-sonicated with ethanol for 30 mins. Thus, cleaned
glass were blow dried with Nitrogen.

2 M stock solution of TiCl4 was prepared using 25 ml of cold DI water in measuring cylinder kept on an ice bath
with gradual addition of 11 ml pure TiCla under fume hood with constant stirring. Finally, the remaining amount
of cold DI water was added to achieve the total volume of 50 ml. This solution is stored in freezer to avoid

formation of TiO2 NPs y

The TiCl4 stock solution was diluted to 40 mM. The cleaned FTO was immersed into the diluted TiCl4 solution
and then heated at 70 °C for 30 mins in covered position. The glass were then rinsed with DI water followed by
ethanol and finally blow dried with Nitrogen. The glass then undergo heating at 300°Cfor 3 hrs.

The cleaned pre-treated FTO were then printed with titania Paste. After each layer, the FTO was heated at 120 °C
for 5 mins. The number of layer deposited is 5 however if may vary it is mentioned.

Sintering

D ——
Post-

treatment

S

Dye
Adsorption

D ——
Counter
Electrode

S —

!

11111
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The TiCla pre-post treated and screen-printed TiO2 were sintered at different temperatures for different time
duration mentioned : 120 °C - 5 mins, 325 °C- 10 mins, 375 °C - 10 mins and 500 °C - 30 mins

The TiCla stock solution was diluted to 40 mM. The screen-printed FTO was immersed into the diluted TiCla
solution and then heated at 70 °C for 30 mins in covered position. The glass were then rinsed with DI water
followed by ethanol and finally blow dried with Nitrogen.

~

The Pre-post treated titania was cut and then heated at 350 °C - 400 °C for 30 mins and cooled to 80 °C before
dye adsorption. The samples were immersed into the dye for 24 hrs and then rinsed with ethanol and blow dried

The FTO glasses were cut and drilled. The drilled glass were cleaned with detergent and DI water, and ethanol
for 30 mins in ultrasonic bath and then rinsed. Thus, cleaned glass were blow dried with Nitrogen. Few drops of
H2PtClé were drop casted and allowed to dry. Later, the counter electrodes were heated at 400 °C for 30 mins

Figure 3.19: Detailed information about the DSSC preparation applied in the study.
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Figure 3.20: The diagrammatic representation of the cell assembly and the cell sealing used in the

study.
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CHAPTER 4 ANCHORING MODES OF RU-BASED N719 DYE
ONTO TITANIA SUBSTRATE

This chapter is a reformatted and edited version of a manuscript for a journal article
published in a peer-reviewed journal. See the Contextual Statement section for details on the
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Adhikari, S. G., Gascooke, J. R., Alotabi, A. S., & Andersson, G. G. (2024). Anchoring Modes
of Ru-Based N719 Dye onto Titania Substrates. The Journal of Physical Chemistry C.

Abstract

Dye anchoring plays a vital role in determining cell efficiency and extensively influences the
stability of DSSCs. The investigation and the characterisation of the dye complex adsorption
on the TiO- substrate are crucial for understanding the sensitisation process of the TiO» surface
and for optimising the quantum yield of DSSCs. Many dyes used in DSSCs consist of either
a carboxylic group or a cyanoacrylic acid group as dye anchors. However, with the growing
interest in DSSCs new dyes with different anchoring groups have been developed and

evaluated.

The present study investigates the anchoring mode of the dye-TiO> system with FTIR and
ARXPS. The FTIR results support that the carboxylic group deprotonates and that the COO
anchors to TiO2 via multiple modes, i.e., bidentate chelating and ester bonds. However, the
changes in the features of NCS in FTIR also suggest the partial involvement of the thiocyanate
ligand in the dye attachment. In addition, the depth profile obtained from ARXPS indicates
that the COO group is found dominantly at the dye/TiO: interface and thus is the main
anchoring group for the dye-TiO. system. The application of the techniques in understanding
anchoring modes is not limited to the investigation of N719 and can be applied to other dye-

adsorbed systems of interest.

4.1. Introduction

DSSCs are a cost-effective, flexible, stable, eco-friendly substitute for traditional silicon cells
and have indeed attracted a lot of scientific and technological interest since the breakthrough

in 1991 1. The adsorption mode of the dye on the photoanode plays a crucial role in the
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efficiency and durability of the cells 2. To achieve the adsorption of the dye on the photoanode
an anchoring group is introduced into the dye molecule. The anchoring group directly
influences the donor and acceptor function of the molecule which can ultimately affect the
LUMO and HOMO energy 3. An efficient dye molecule has its LUMO localised near the
anchoring group and above the CB of the semiconductor electrode for efficient electron
injection into the photoanode 4 and HOMO between the redox potential of the electrolyte and
the VB to promote efficient dye regeneration under operating circumstances °. A dye molecule
can attach to the substrate via different anchoring groups, which could be, either strong
attachments like covalent attachment, electrostatic interaction, hydrogen bonding,
hydrophobic interaction, or weak attachments like van der Waals forces or physical
entrapment 8. Most DSSCs employ a dye that attaches covalently to the titania substrate to
ensure strong coupling for improved stability and homogenous dye distribution 2. The most
popular anchoring groups are the carboxylic and cyanoacrylic acid groups. However, due to
recent research interest, other anchoring groups are being explored too.

Ru-based dyes, since their application in the first designed DSSCs, are profoundly used as
sensitisers and utilises trimeric Ru-complex. Later, Nazeeruddin et. al synthesised
panchromatic dyes with Ru complex with carboxylated tertpyridyl and 3NCS group as
ligands 1%, Ru-sensitisers are popular due to their favourable photoelectrochemical
properties, high stability in the oxidised state, long-lived excited state, and MLCT in the
visible region ¥ 8. The highest efficiency recorded is 11.2 % for Ru-based N719 DSSCs with a
pair of NCS ligands and TBA* as a counter ion. As Ru is an expensive and rare element,
metal-free organic dyes appear as cost-effective, and environment-friendly alternatives. The
gaining interest in metal-free organic dye synthesis is due to their tuneable absorption and
electrochemical properties through molecular designing, cost-efficient and eco-friendly,
comparatively higher extinction coefficient than the Ru-dyes and higher efficiency 1. Some
of the popular metal-free dyes include hemicyanine dye, polyene-diphenyl aniline dye, thienyl
fluorene dye, phenothiazine dye, thienothiophene-thiophene derived dye, phenyl-conjugated
polyene dye, N, N-dimethylaniline-cyanoacetic acid, oligothiophene dye, coumarin dye,
indoline dye, oligo-phenylenevinylene-unit dye. An organic dye is donor-m-acceptor or
D- m- A structure. The structure of organic dye is tuned to alter the LUMO-HOMO and
electronic properties in favour of PV performance. Undoubtedly, organic dyes have been
successful to achieve near-target efficiency. However, the issues with the organic dye are
instability and aggregation. Aggregation causes intermolecular quenching, other molecules
that are not functionally attached to TiO> act as filters. Thence, aggregation is avoided by

introducing a co-adsorbent with the dye on the electrode substrate. The highest efficiency

80



Ph.D. Thesis Chapter 4

recorded 14.3% has been achieved by organic dye ADEKA-1 in association with another
organic dye LEG4 as a co-sensitiser 12 and recently a new record efficiency has been achieved
by SL9 dye co-sensitised with SL10 with hydroxamic acid pre-adsorption on TiO>
adsorbent 3. The efficiency of DSSC based on single organic sensitisers achieved 12.5% with
C275 dye . Porphyrins are among the sensitiser group which is gaining the attention of
researchers due to their strong absorption in the visible region, tuneable electronic structure,
and easy modification of the dye core. The porphyrins have successfully outperformed most
of the Ru-based dyes and hold the capability to represent future DSSCs. The highest recorded
efficiency for porphyrin-based DSSCs is 13 % that utilises SM315 dye *°.

The Ru-based N719, cis-bis(isothiocyanato) bis (2,2'-bipyridyl-4,4'- dicarboxylato)
ruthenium (1) bis-tetrabutylammonium (Ru(dcbpy)2(NCS). 2TBA) are functionalised by
carboxyl groups for anchoring onto titania. Due to N719 being amphiphilic with effective
electrostatic binding onto the titania substrate at low pH and increased stability in comparison
to other Ru-based dyes, it makes N719 one of the highest-performing dyes developed for
DSSCs with a recorded efficiency of 11% . However, few publications still support
anchoring via the NCS group. Figure 4.1 shows the possible available anchoring modes of the
N719 dye molecule onto the TiO, substrate. Physisorption of the dye is possible through H-
bonding in either monodentate or bidentate fashion and is also possible through the NCS
group. The dye molecule can chemisorb through the COOH acid group via the carbonyl
oxygen ', The dissociative (deprotonated) chemisorption includes monodentate binding
through C=0, bidentate chelating, and bidentate bridging. In the N719 molecule, the
anchoring mode influences the photo-conversion efficiency, with ester-like linkages observed
on cells with higher efficiencies and high or improved Voc due to a decrease in charge of the

bipyridine ligand because of the covalent bond 2.
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Figure 4.1: The possible anchoring modes of Ru-based dye molecule on the TiO, substrate via
COOH acid group and NCS.

The influence of dye anchoring on the electrochemical properties of N719 with the
modification introduced in P25 titania films, which is an electrochemical treatment of the
substrate or dye adsorption under reflux, was investigated employing IR spectroscopy. The
IR spectroscopy revealed a higher absorption of the C=0 stretch mode than for the OCO
asymmetrical modes concluding the presence of unidentate (ester-like) anchoring mode which
contributed to an improved Voc and FF 2. Further, a photoacoustic FTIR investigation was
performed to study the influence of protons on Ru-based chromophore immobilization using
dyes N3, N719 and N712, where these dyes differ in the number of TBA* in their molecular
structure by 4, 2 and 0 respectively by Nazeeruddin, Md K_, et al in ref 1”. For N719 molecule
adsorption, the study concluded the involvement of either carboxylic or carboxylate or both
in the N719 adsorption, further suggesting the dominance of the two-carboxylic groups in
trans configuration over the NCS in contributing to the anchoring, with a carboxylic
adsorption configuration in either bidentate chelation or bridging mode 7. An investigation
into dye anchoring suggested chemisorption and physisorption of dye onto the titania substrate
and dye interaction onto the substrate via electrostatic/H-bonding in addition to the bidentate
bridging which was supported by Raman results 8. The Raman results supported no direct
involvement of NCS in adsorption but the blue shifting of the peak supported the change in

the dye structure upon adsorption °. Contradicting, Johansson et al in an XPS investigation
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observed NCS interaction on titania to occur through S and the presence of mixed binding

modes via the carboxylate group partly with TBA* as a counterion 2°.

Owing to the discrepancies previously observed in the modes of dye attachment investigated
to date, and with only a few investigations focussing on the involvement of NCS and TBA™
in the adsorption, here we aim to investigate the anchoring modes of N719 by applying the
techniques of FTIR and ARXPS. We note that recent studies have indicated an influence on
the efficiency of DSSCs upon varying pH of the dye solution 222 which may result from
changes in the anchoring modes, however, it is our aim to investigate the anchoring modes in
cells created using typical construction protocols. The investigation of the anchoring mode
through FTIR is quite common. Complementing FTIR results, the concentration depth
profiling technique ARXPS allows the determination of which anchoring modes identified
using FTIR are responsible for the actual adsorption of the dye on the titania surface. FTIR is
extremely sensitive to the functional group and provides information about molecular
interactions and conformational changes but does not have any sensitivity for the location of
a functional group in the dye layer. On the contrary, ARXPS is sensitive to the surface
chemistry and elemental composition of a material and can reveal detailed information about
the concentration depth profiles. Combining these two techniques we aim to understand the

dye anchoring modes along with the depth profile of the adsorbed dye onto TiOx.

4.2. Experimental

4.2.1. Materials

Fluorine-doped tin oxide (FTO) transparent conductive glass (15 Q cm 2 and 7 Q cm?,
100 mm x 100 mm x 2.2 mm) from Dyesol was used for the photoanode. TiO pastes 18NR-
AO with a blend of active anatase with average particle size ~ 20 nm and anatase scatter
particle size < 450 nm was obtained from Greatcell for fabricating the TiO. porous anode.
Titanium tetrachloride (purity 99.99%) from Sigma-Aldrich was used for the treatment of the
TiO2 anode. N719 complex [di- tetrabutylammonium cis-bis(isothiocyanato) bis(2,2'-
bipyridyl-4,4'-dicarboxylato) Ru (I1), purity 95%] obtained from Greatcell, PITC (phenyl
isothiocyanate, purity 98%) was purchased from Merck, RF-sputtered titania was prepared

via the method described in ref 2,
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4.2.2. Sample Preparation

4.2.2.1. Preparation of substrate

The substrate for FTIR measurements was fabricated by the standard protocol of photoanode
preparation for DSSCs 226, The FTO was cleaned using ultrasonication first with deionised
(DI) water and detergent and followed by ethanol for 30 mins each. The cleaned FTO was
then treated with 40 mM of TiCls aqueous solution by heating at 70 °C for 30 mins. Pre and
post-treatment of the photoanode with TiCls has been shown experimentally to improve cell
efficiency and thus implemented in this study 2. The pre-treated FTO was sintered in a furnace
at 300 °C for 3 hrs. The pre-treated FTO was then screen-printed with 5 layers of titania to
obtain the required thickness, refer to Figure 8.2 for SEM image of the cross section of 4
layered titania and plot of thickness versus number of layers deposited. It must be noted that
each layer was dried at 120 °C for 5 minutes before the application of each layer. After
complete deposition, the titania layer was sintered by stepwise heating with the following
steps: 120 °C for 5 mins, 325 °C for 10 mins, 375 °C for 10 mins, and 500 °C for 30 mins. The

sintered titania substrate was again treated with 40 mM of TiCls solution.

For ARXPS analysis mesoporous titania is not a viable substrate and instead, a model flat
substrate was needed. Hence, the RF-sputter deposited titania on the Si wafer was used as

described in ref 2,

4.2.2.2. FTIR sample preparation

The samples for FTIR analysis were prepared either by drop-casting the respective substance
directly onto the substrate or by immersing the substrate into the respective compound
solution. Drop-cast samples were kept covered overnight before measurement. For the dye-
adsorbed sample, TiO> substrates were immersed in 0.3 mM of N719 solution for 24 hrs. The
solvent used was a 1:1 ratio of tert-butanol and AN. For RF-sputtered substrates, the dye

solution was drop-cast to allow complete coverage of the substrate.

4.2.2.3. Samples for Dye re-sensitisation

The samples for re-sensitisation purposes were prepared by dipping the pre and post-TiCls
treated (PPT) 5 layered mesoporous TiO2 into 0.3 mM dye solution for 24 hrs. In this
experiment, different TiO substrates were dipped into the same dye solution. The resultant
dye solution following multiple dipping events was drop-cast onto a TiO- substrate to compare

with a fresh dye solution absorbed onto a TiO> substrate.
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4.2.3. Spectroscopic Measures

4.2.3.1. Fourier Transform Infrared Spectroscopy

The ATR-FTIR spectra presented in this study were measured using a Bruker FTIR
spectrometer (Vertex 80v) with a diamond ATR crystal and a broadband mid-IR source
4000 cm 1 —400 cm *. The spectra represent an average of 100 scans recorded with a resolution
of 2 cm™. The spectra do not have any corrections applied for penetration depth, incidence
angle, or refractive index. A scaled TiO2 spectrum was subtracted from the spectra of samples

adsorbed on TiO2 substrate to reveal the adsorbate’s contribution alone.

4.2.3.2. ARXPS

XPS was used to identify the elemental and chemical states and electronic structural
information of the sample within the depth of 10 nm. The spectroscopy apparatus is best
described in ref 28, The Mg anode with photon energy 1253.6 eV (XR-50, SPECS) was used.
Each spectrum was calibrated to the C1s spectral line at a BE of 285 eV. The background
signal due to electron scattering was fitted with a Shirley background. To fit the intrinsic shape
of the high-resolution spectra, the peaks were fitted with a 30% and 70% Lorentz and Gaussian

function contribution, respectively.

A quantitative depth profile analysis was conducted by ARXPS. By changing the angle
between the analyser and the surface normal probing depth changes thus, revealing the
concentration depth profiles. The angle of observation ranged from 0° to 60°. The analysis
and mathematical fitting procedure used are best described by Eschen et al. 2. The electron
mean-free path required for the fitting was obtained via the NIST EAL database *. The XPS
technique was experimentally proven to cause no damage to the sample. Refer to Figure 8.3
for the variation in different dye elements with continuous exposure of an X-ray source for 2

hrs.

4.3. Results and Discussion

43.1. FTIR

To understand the anchoring behaviour of the potential binding groups on the N719, namely
the carboxyl group, thiocyanate ligand, and TBA* ion, the model compounds formic acid,
PITC, and TBA-Br salt were chosen for adsorption studies on TiO.. The PPT 5 layered TiO>

was immersed into the respective compounds and the substrates were investigated using FTIR.
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4.3.1.1. Formic acid adsorption
Formic acid has a carboxylic acid group which can function as an anchoring group. Formic

acid has previously been found to adsorb on metal oxide surfaces through two methods 3':

1. Adsorption via the formate anion following deprotonation of formic acid during
adsorption.
2. Physisorption of molecular formic acid.

The deprotonated formate was found to adsorb through different coordination modes;
monodentate via ester or CO binding, bidentate bridging, bidentate chelating, and H-bonded
structures %,

The ATR-FTIR spectra of liquid formic acid and formic acid adsorbed on TiO> are shown in
Figure 4.2. The peak positions observed in the formic acid spectrum are close to that of the IR
transmission mode spectra reported previously *3. From Figure 4.2 it is obvious that upon
adsorption the formic acid peaks positioned at 1170 cm * (C-O stretching) and 1688 cm * (C=0
stretching) disappeared and weak new peaks with a moderate shift towards high wavenumber
appeared at 1208 cm?, and 1710 cm?, respectively. Moreover, a new intense peak at
1552 cm* and another peak at 1362 cm * appear upon adsorption and are readily assigned to
the carboxylate group asymmetric and symmetric stretching modes respectively 31, suggesting
the dominant mode of attachment is via the deprotonation of formic acid into formate species
to bind to the surface. The broad peak at 1354 cmtin the liquid formic acid spectrum has
previously been assigned to the combination band of (O-OH) + (C-O) stretching ** and is seen
to disappear upon adsorption consistent with the disappearance of the C-O peak at 1170 cm 2.
The new, weak, shifted C-O and C=0 peaks observed at 1208 cm *and 1710 cm* could be a
result of a physisorption species or evidence of ester linkage formation. For a physisorbed
species, the observed peak shift would require strong interactions with the substrate, whereas
the new peaks lie in the expected range for esters and thus we suggest there is also a small
contribution from binding through an ester linkage.

The assignments of the vibrational modes of different adsorbed species following formic acid

adsorption observed in this study are summarised in Table 4.1.
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Figure 4.2: The FTIR spectra of formic acid (black) and formic acid adsorbed on TiO- (orange),
the formic acid adsorbed spectrum has had the TiO; contribution removed. The secondary axis

represents the absorbance for the formic acid adsorbed.

Table 4.1: Vibrational mode assignments of adsorbed species for formic acid observed in the
adsorption onto the TiO; substrate using ATR-FTIR.

Liquid Formic Acid
: Vibrational :
Species Wavenumber (cm 1)
Modes
Formic _ v(C=0) 1688
) Solution
acid v(CO) 1170
Adsorbed Species
: Vibrational :
Species Wavenumber (cm 1)
Modes
v,5(0CO) 1552
Formate | Bridged Bidentate v4(OCO) 1362
dCH 1378
Formic v(C=0) 1710
) Ester
acid v(CO) 1208

Philips and Deacon reviewed the IR spectra of many carboxylate compounds and
subsequently proposed an empirical formula to determine the anchoring geometry of a
carboxylate group based on the frequency separation (Av) of the symmetric v(0CO) and
asymmetric v, (0CO) stretching modes of the carboxylate group . They found that Av values

span a large range from <100 cm* to almost 400 cm * and the frequency difference is in order
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of unidentate > ionic = bidentate bridging > bidentate chelating %' 35-%, From Table 4.1 the
difference between the symmetric and asymmetric carboxylate group observed in the study is
190 cm ! which is close to the frequency difference observed for ionic sodium formate which
was measured to be 201 cm 1 3728 Therefore, we suggest the dominant binding of formic acid
on titania occurs through a bridging bidentate mode, with a minor contribution from ester

binding.

Combining all the possible anchoring modes observed, Figure 4.3 shows the adsorption model

of formic acid attachment to titania substrate.

7 ‘0 Formate via Bridged Bidentate

TiO2 Substrate

Figure 4.3: The adsorption model for adsorbate formic acid and adsorbent TiO..

4.3.1.2. Phenyl isothiocyanate (PITC) Adsorption

To understand the interaction of the thiocyanate ligand, NCS, on TiO2 substrates the
adsorption of PITC was investigated. PITC was drop-cast onto a mesoporous TiO> substrate
and then measured under different conditions using FTIR (refer Figure 8.4 for IR spectra of
PITC adsorbed on titania with and without rinsing in N2 purged condition and in vacuum).
Figure 4.4 displays the IR spectra for neat PITC liquid and PITC adsorbed onto titania
substrate measured both under an N2 purged environment and under vacuum conditions. The
NCS peak for the liquid PITC was observed at 2030 cm %, however, on adsorption and under
a nitrogen atmosphere, the intensity of the NCS peak is drastically reduced and observed to
shift to ~2100 cm *. This peak vanishes upon the evacuation of the sample chamber, but other

PITC peaks remain. This indicates the dominant mode of adsorption is through the destruction
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of the N=C=S moiety, and possibly under atmospheric conditions there is a small contribution
from either a physisorbed species or a layer of PITC molecules above the chemisorbed species

that is easily removed under vacuum.

Following adsorption, many new peaks appear in the 1200-1345 cm ! range, a range of new
peaks, comprised of multiple peaks, is observed at 1500-1660 cm %, and a single strong broad
peak centred at 3205 cm * also appears. The 3205 cm ! peak can be assigned to an N-H stretch,
presumably of a secondary amine given that only a single peak is observed, although the peak
position is at the lower wavenumber range of expected values. Further evidence of the
presence of an amine includes the observation of new peaks in the 1200-1345 cm* region,
which can be attributed to the C-N-C asymmetric stretch of an aromatic secondary amine. We
tentatively assign the 1545 cm ! peak to N-H bending motion but note that this is expected to
be weak in secondary amines. The appearance of N-H assigned peaks and the disappearance
of the NCS peak suggests that the PITC undergoes breaking of the N=C=S bonds and
subsequent reaction with surface hydroxyl groups to form an amine species upon adsorption.

Samples of adsorbed PITC on titania were subjected to rinsing with ethanol to give some
indication of the binding strength of PITC onto titania. Following ethanol rinsing, no evidence
of any adsorbed species remained, indicating that upon adsorption only a weak chemisorbed
species is formed and is easily removed with rinsing. The complete information about the
wavenumber and peak assignments for the PITC liquid and adsorbed onto titania substrate

can be found in the appendix section (see Table 8.2).
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Figure 4.4: The ATR-FTIR spectra of phenyl isothiocyanate (PITC) liquid and PITC adsorbed
on TiO; substrate from region 500-2500 cm* and from region 2500-3500 cm®. The adsorbed
PITC spectrum has the TiO, background subtracted.

4.3.1.3. TBA-Br Adsorption

To have a better understanding of the potential involvement of TBA™ in dye anchoring,
TBA- Br salt was selected and investigated using FTIR. Pure TBA-Br powder and 1M TBA-
Br solution adsorbed onto TiO> substrate were analysed under vacuum conditions. The FTIR
spectrum shows only minor changes after TBA-Br adsorption when compared with the pure
powder spectrum suggesting the physisorption of TBA-Br on the TiO> substrate (see appendix
section Figure 8.5).

4.3.1.4. N719-dye Adsorption

To investigate the anchoring modes of N719 onto the TiO; substrate the dye adsorbed sample
was investigated and compared with the pure N719 powder. Figure 4.5, shows the IR spectrum

of N719 powder (orange) and the subtracted spectrum (green) that represents the difference
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between the dye-adsorbed TiO2 and blank TiO.. The peak positions of the main features of

the dye powder and the dye adsorbed on TiO> are shown in Table 4.2.

Table 4.2: The IR modes of N719 powder and the adsorbed dye on TiO, substrate with the peak

Absorbance

800

assignment.
Dye Powder Dye adsorbed on TiO2
IR modes : :
(cm™) (cm™)
C-O 1228 1234
Sym (COO) 1372 1372
Bpy 1405 1407
TBA (CH2) 1466 1466
C=C 1542 1542
Asym (COO-) 1607 1602
Cc=0 1705 1734
NCS 2095 2096
TBA 2873 2854
3 §5E 3§ ¢ %(5
A g ke ca g
O E | %\ A
: a : : \ : : m' .l
Dye Adsorbed i : : i : : :
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Figure 4.5: FTIR spectra of N719 powder (orange) and N719 solution adsorbed on TiO>

substrate subtracted from blank TiO; (green).

The changes in the IR spectra between the dye powder and dye adsorbed onto TiO», Figure
4.5, closely resemble the differences observed for the adsorption of formic acid, Figure 4.2.
The intensity of the C-O stretch in the dye powder spectrum is significantly reduced and the
C=0 peak intensity is also reduced with a shift towards higher wavenumber. New peaks
corresponding to the symmetric and asymmetric stretches of COO™ appear in the spectrum
upon adsorption. All these observations were noted in the formic acid adsorption and thus,
like formic acid, the dye dominantly binds through a carboxylate group with some evidence

of an ester binding mode. Although it is clear that deprotonation of the carboxylic acid group
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is occurring, we note that carboxylate binding may occur via the existing carboxylate group

in the dye molecule or deprotonation of the acid moiety 8 3°,

Although no significant feature change in the C-H stretch region was observed for TBA-Br
salt adsorbing on TiO2, a significant change in the saturated aliphatic C-H stretch region for
the dye molecule adsorbed on TiO> was observed, see appendix Figure 8.5 and Figure 4.6.
The C-H bands of TBA* positioned at 2873 cm %, 2933 cm %, and 2960 cm * was observed to
strongly alter upon adsorption suggesting a change in the TBA™ interaction upon dye
adsorption. Although we have previously shown that TBA-Br adsorption onto TiO: is a
physisorption process, the TBA* within the dye was found to interact differently with the
Ru- complex after the complex adsorbs to the TiO. substrate. In addition, the lack of
carboxylic acid features in the IR spectrum upon dye adsorption suggests complete
deprotonation of all carboxylic acid groups, however, it is sterically impossible to anchor via
all the carboxylate groups in the complex. Thus, we suggest the changes in the C-H region are
due to the interaction of TBA™ with the binding carboxylate and potentially bridging between

the bound and unbound carboxylate groups.
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Figure 4.6: FTIR spectrum of N719 powder (orange) and dye adsorbed onto TiO- (green) in high

wavenumber region 2700-3200 cm™.

Furthermore, no shift in the NCS peak at 2095 cm? rules out the involvement of NCS as a
dominant mode in dye anchoring in this case. However, a new peak appears in this region at
2050 cm * which we assign to another form of NCS within the dye complex which we suggest

is due to a non-covalent interaction with the TiO, substrate.
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Moreover, considering the Phillips and Deacon rule, bidentate coordination results in
separation equivalent to the free salt. The frequency separation for the dye powder calculated
from the observed peak positions is 235 cm* and that for the adsorbed dye molecule is
230 cm®. The small difference in the wavenumber of the adsorbed symmetric COO and

asymmetric COO with the pure dye suggests bidentate bridging.

In summary, the N719 anchors onto the TiO> substrate via multiple modes, which could be
bidentate chelating and/or ester bonding through COO with partial interaction through NCS.
Figure 4.7 below represents the simplified adsorption model for dye- TiO2 configuration based
on FTIR results. The possible modes of attachment for N719 onto the TiO substrate are
bidentate bridging and ester bond because of deprotonation of the carboxylic group, in
addition, the NCS has a partial interaction with the TiO. substrate during adsorption, a similar
result was proposed by ref 2. Thus, we conclude from our observation that any possible
combination of the three modes of attachment is the anchoring mode for the dye TiO>

configuration.

Bidentate bridging \ C

Figure 4.7: The dye anchoring model illustrating the individual anchoring modes of N719 onto
the TiO: substrate based on the results observed from FTIR.

4.3.2. ARXPS

The sample substrate used in ARXPS analysis is flat. The crystallinity of the flat substrate and
that of the mesoporous substrate is the same and was confirmed via XRD, see appendix section
Figure 8.6. ARXPS was performed on the N719 adsorbed TiO, sample. The functional groups
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representing the N719 and TiO, were considered and the variation in the intensity of the

functional group with different observation angles was quantified.
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Figure 4.8: High-resolution XP spectra of N719 adsorbed onto RF-sputtered TiO2 measured at
0° emission angle, fitted with Shirley background, representing the relative intensity of (A).
Cls/Ru3d, (B). Ols, (C). Ti2p, (D). Fis, (E). S2p, and (F). N1s for dye adsorbed onto
RF- sputtered TiO2 measured at 0° emission angle.

Figure 4.8 shows the high-resolution scan of the respective elements obtained after XPS
analysis of the dye adsorbed onto RF-sputtered TiO> substrate at an emission angle of 0°, i.e.,
parallel to the surface normal. The C 1s/Ru 3d spectra revealed five peaks upon deconvolution,
three related to carbon 1s and two related to Ru 3d. The largest contribution at 285.0 eV
represents the main carbon peak (C-C bonds), 286.4+0.2 eV represents C-O and C-N, and
289.24+0.2 eV represents COO/COOH. All Cls peaks can be assigned to the various
functional groups of the dye. Unlike FTIR, in XPS it is difficult to identify precisely the exact
chemical nature of the C-peaks. Ru 3d5/2 positioned at 281.5+0.2 eV is the metal component
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from the dye molecule 4%, The XPS high resolution of O1s peak at 530.340.2 eV represents
the main oxygen peak from titania *° and 531.6+0.2 eV represents O- and Ti-OH from titania
substrate and C=0 from dye molecule “°, and COO/COOH at 532.6+0.2 eV **. Apart from
the COO/COOH group, all O groups can be assigned to the TiO2 substrate. Ti2p is resolved
into two peaks the main peak at 459.0+0.2 eV for 2p3/2 peak and its doublet 2. The S2p
region includes two doublets 162.8+0.2 eV (2p3/2) for the S from NCS denoted as S-1 *% and
168.240.2 eV (2p3/2) for oxidised sulphur (S®*) possibly a sulphate noted as S-2 #4. The high-
resolution scan of N1s includes three peaks the high contributing pyridine at 400.4+0.2 eV
the N-main peak attributed to the organometallic functional group N719 being an
organometallic dye, the contribution from NCS at 397.8+0.2 eV and TBA® at
402.8+0.2 eV % All N and S components can be assigned to functional groups of the dye.
Finally, the high-resolution scan for F1s was positioned at 684.6+0.2 eV, which is present in
the FTO but not in the TiO> paste. The relative peak intensities for the elements of dye-titania
are shown in the appendix section Figure 8.7 and the relative intensity of N species are shown
in Figure 8.8.

Further, for the extraction of the concentration depth profile, the algorithms used in this study
are described by Eschen et. al. 2. The measured intensity ratios for individual species were
compared to the fitted intensity ratio and with the minimalization of the difference between

the intensity ratios the concentration depth profile was obtained.
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Figure 4.9: The variation in the XPS intensity of different components, namely TiO: (includes Ti
at BE 459 eV and O1s at BE 530 eV and O-COOH at BE 533 eV), COO/COOH (includes C-
COOH at BE 289 eV), NCS (lincludes NCS at BE, S-1 at BE and S-2 at BE ), and rest of the dye
molecule (includes a combination of Ru, CC, CN, CO, Npyd, and TBA), (solid lines) and the

fitted intensity ratio (dashed lines) with the emission angles.
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To understand the depth profile of the various functional groups of the dye and the substrate,
the intensity ratios of the elemental groups were classified as either coming from the substrate,
which comprises the intensity of the Ti and main O peak, or from the dye component which
incorporates the remaining peak intensities. Here, the dye layer was modelled as a
combination of three main components, the COO/COOH group, the NCS group, and the
Ru +CC +Npyd +TBA representing the rest of the dye.

In Figure 4.9 the relative intensities as measured by ARXPS for the three groups representing
the dye as described above and the TiO are shown. The relative intensity of the peaks
representing TiO> decreases with increasing emission angle. The peaks representing the three
parts of the dye are increasing with increasing emission angle. This is what is expected for
dye adsorbed on a flat TiO> surface.

The geometry of the adsorbed dye can be determined by fitting quantitatively the relative
intensities as shown in Figure 4.9. For correct interpretation of the ARXPS data, it needs to
be noted that the intensity of emitted electrons decreases with increasing depth due to the
attenuation of the electrons when passing through matter. Shifting a layer to a larger depth
then has a consequence that the number of atoms forming the layer has to increase to maintain
the intensity of electrons emitted from this layer. In this study, two models were considered
for the dye adsorption onto the TiO; substrate. Both models consist of four layers: TiO2, COO
/COOH, NCS and the rest of the dye. In both models, TiO> forms the bottom layer (largest
depth) and the rest of the dye the top layer (lowest depth). In model 1 the COO/COOH is
attached to the TiO> followed by the NCS. In the second model, the order of COO/COOH
and NCS are reversed as can be seen in Figure 4.10. For both models, the thickness of each
layer is the fitting parameter. Both models fit the measured data equally well. However, as
can be seen in Figure 4.10 in model 1 the thickness of the COO/COOH and NCS layers are
almost the same while in the second model the NCS layer is twice as thick as the COO/COOH
layer. Given that the number of atoms in the COO/COOH and NCS layers is the same, the
second model can be excluded. This infers that ARXPS shows that the main anchoring group
is the COO/COOH group.
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Figure 4.10: ARXPS concentration depth profile models for N719 drop-cast on RF-sputtered
TiO>. The left profile illustrates COO/COOH group is binding to the TiO», and the right profile
demonstrates the NCS group binding to the TiO, substrate. (Note: In the right profile the
thickness of the NCS layer is significantly thicker than COO/COOH).

4.3.3. XPS analysis for the re-sensitising test for analysing the TBA* adsorption

The presence of TBA™ on the TiO substrate is not addressed in many papers and hence
different assumptions are made. Among them, ref *° suggests the TBA* gets washed away
after rinsing the photoanodes. To understand the adsorption of TBA* as a component of N719
on the TiO; substrate, a re-sensitising test was performed.

Fresh TiO2/FTO substrates were immersed in the very same dye solution with an initial
concentration of 0.3 mM for 24 hours each and then rinsed with ethanol. 20 such repetitions
were performed. Of the 20 prepared samples five samples were analysed with XPS. Figure
4.11 shows the fresh dye solution versus the dye solution after the 20™" sample immersion and
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indicates the change in dye colouration indicating a decrease in dye concentration due to

multiple sensitisations.

& ’ ‘,_‘
[ sensitized
y Dye

Figure 4.11: The colour comparison of freshly prepared dye and the dye after 20 consequent re-

sensitising.

The complete chart with the peak intensity ratio and peak position of the multiple adsorbed

samples can be found in the appendix section Table 8.3 and Table 8.4 respectively.
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Figure 4.12: The XPS relative intensity ratio of Ru and TBA" adsorbed onto the TiO: substrate
on multiple sensitisations and the ratio of Ru/TBA*. The procedure for determining the relative

intensities from XPS data is described in the experimental section.

Figure 4.12 shows the relative intensities of Ru and TBA™ and the ratio of Ru to TBA for the
five samples investigated. The adsorption of the Ru and TBA™ components of N719 stays
constant within the error bars as well as their ratio. This means that both parts of N719 adsorb
in equal amounts. A complete plot for the ratio of individual dye elements to TiO, substrate

is given in the appendix section Figure 8.9.

Figure 4.12 shows that the Ru/TBA" ratio is unity within experimental uncertainty which
means that TBA" adsorbs onto the substrate with the same amount as Ru and that the TBA™
does not get lost on rinsing. This contradicts the report presented by Pérez Leon, Carmen,
et al. 1% that in dye solution the TBA" counterions dissociate from the dye molecule and upon
adsorption these counterions are rinsed off and remain in the rinsed solvent. It is to be noted
that all the samples in the study were measured after rinsing with ethanol to make sure that
excess or non-adsorbed dye molecules were removed from the substrate. Our findings support

the study of Johansson et al %, that TBA* adsorbs onto the TiO; substrate and participates in
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charge compensation of carboxylate during adsorption. The analysis of the starting solution
and the solution after 20 immersions for the relative intensity ratio of RU/TBA" is shown in
the appendix Figure 8.9 which further confirms that all dye components decrease in
concentration through repeated immersion. Refer to Table 8.5 for elemental ratios of fresh dye
and the re-sensitised dye solutions drop-cast on TiO substrate and analysed with XPS.
Further, the XPS intensity ratio of Ru/TBA" of the fresh dye and dye after multiple
sensitisations drop-cast onto TiO. substrate show no notable change within experimental

uncertainty (see Figure 8.10).

4.4. Conclusion

In the current study, the techniques FTIR and ARXPS have been applied to investigate the
adsorption of N719 onto TiO> surfaces. FTIR is a chemical-sensitive technique but not a
surface-sensitive technique and provides information about dye anchoring and dye
conformation on the TiO> substrate. ARXPS is a surface-sensitive technique and allows for
determining concentration depth profiles. In combination, the dye adsorption mode of N719
on TiO was determined. FTIR for higher wavenumber suggests the interaction of TBA™ with
the binding carboxylate and potentially bridging between the bound and unbound carboxylate
groups. Supported by XPS results for dye re-sensitisation that addressed the discrepancies for
TBA* and confirmed that TBA™ adsorbs onto the TiO2 in correspondence to the Ru of the dye
molecule. Thus, the dye binding occurs via COO" onto the TiO, however, we cannot rule out
the possibility of COO/TBA™ attachment.
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4.6. Appendix

In the appendix section, SEM analysis for determining the thickness of TiO2 on the FTO as
the function of the number of layers deposited is included. The change in the relative intensity
of different element species via XPS, to investigate the potential damage caused by X-ray
exposure on the sample during XPS analysis. The analysis of the FTIR of phenyl
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isothiocyanate (PITC) with and without rinsing in different environments namely N2 purged
and under vacuum is shown. It further includes a table comparing the wavenumber of liquid
PITC and PITC adsorbed onto TiO substrate with their respective peak assignment. Further,
FTIR for TBA-Br powder and TBA-Br solution adsorbed on TiO; is shown. The XRD
analysis for the mesoporous TiO2 and the RF-sputtered TiO> is shown. In addition, the ARXPS
analysis for the variation in the elemental species of dye adsorbed on RF-sputtered TiO», with
different emission angles, is incorporated both as a plot and illustrated in a table. The XPS
peak position and variation in the intensity among the re-sensitised sample is detailed in a

table.
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CHAPTER 5 EXPLORING ALTERATION IN
ELECTROCHEMICAL INTERFACE OF DYE SENSITISED
SOLAR CELLS-AN EXPERIMENTAL SET-UP FOR AGEING
INVESTIGATION

Abstract

Interfaces play a crucial role in determining the efficiency and long-term stability of DSSCs.
While an ageing and degradation study in DSSCs is not a new topic to explore, there are still
many open questions concerning investigating the changes occurring at the electrochemical
interfaces through ageing. A comprehensive degradation analysis will help in developing a
more stable and sustainable electrochemical system in DSSCs. Here, we develop a systematic
methodology to explore the degradation at the various cell interfaces. For investigating the
interfaces, the components forming an interface, in particular the anode/electrolyte interface,
are separated to allow for applying surface analytical methods. The influence of the separation
procedure on the interfaces is studied. It is investigated whether electrolyte extraction is
possible via a rinsing method. Subsequently, the interface components are analysed with XPS,
UPS and MIES to understand the impact of the rinsing technique on the chemical and
electronic structure of the dye-adsorbed layer. The application of surface analytical technique

in investigating the interfacial degradation is presented by employing XPS, UPS and NICISS.

5.1. Introduction

As a low-cost alternative to traditional PV systems, DSSCs have been thoroughly
researched 2. They have reached efficiencies of up to 15.2% 2. Being economical, flexible,
and eco-friendly with the ability to operate indoors under low light conditions, DSSCs have
the potential to expand their application in the sector of I0Ts, textiles and in building
integrated PV. To further improve the cell performance and durability, it is important to
understand the degradation mechanisms in DSSCs. Within DSSC, several interfaces exist and
efficient transport over the interfaces is necessary for their smooth and efficient operation.
Charges generated in the cell have to be transported across the interfaces. Degradation at the
cell interfaces can severely impact the performance of the cell. A systematic procedure to
investigate the change at the interfaces in DSSCs is needed to understand the mechanisms
leading to their degradation.
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Prior ageing investigations have found various mechanisms responsible for the degradation of
DSSCs over time under various stress factors. Under light, dye disintegration due to ligand
loss was confirmed via Raman spectroscopy *®. For I-based electrolytes, several reasons for
the electrolyte degradation were reported mainly due to a decrease in Is”concentration "8, The
reasons proposed for the decrease in I are | crystallisation ° and iodate formation causing
electrolyte bleaching °. I loss has also been observed in cells with improper sealing °. For the
CE, Pt-catalyst dissolution was reported due to the presence of water that decreased the
catalytic property of the CE . However, even in the absence of water, under high
temperatures, the dissolution was still observed 2. In another case degradation of the TiO2
was reported due to the shifting of the CB with ageing and the reason suggested is the
intercalation or water inhalation as a result of poor sealing technique 3. Further, the cracks
occurring in the porous TiO> layer of the anode increased the internal cell resistance upon
prolonged light exposure 2. It is worth noting that existing studies of the degradation did not
effectively correlate the decrease in cell performance with the interfacial degradations. Hence,
it is important to develop a systematic procedure to explore comprehensively the changes in
interfaces related to the degradation in DSSCs. A systematic approach for the ageing analysis
developed for these electrochemical interfaces in DSSCs could then also be applied to other

electrochemical systems efficiently.

The overall aim of the present work is to develop and test a procedure that can investigate the
change at the interfaces in DSSCs, which also takes into account the alteration of the interfaces
due to the applied analysis. The procedure must be relevant for investigating the interfaces
and must not cause any change at the interfaces or at least allow to quantify the change in the
interfacial properties upon application of the procedure. For analysing the electrochemical
interfaces, the electrolyte must be removed from the respective electrode and subsequently
both the electrolyte and the anode must be analysed regarding their chemical composition and
their electronic structure. Rinsing of the aged photoanode is important to remove the top-
electrolyte layer and to extract the electrolyte from the aged sample cells for further
investigation. This study includes an investigation of the effect of ethanol rinsing on the

photoanode to determine if it is a good procedure for rinsing and electrolyte extraction.

A combination of XPS, MIES, and UPS was employed to understand the changes in chemical
and electronic properties of the dye-adsorbed layer upon rinsing and in aged photoanodes
upon prolonged light exposure. Further, the application of He* and Ne* projectiles in NICISS
to quantify the dye and electrolyte penetration in aged photoanode was investigated.
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5.2. Experimental
5.2.1. Materials

The FTO (15 Q cm™ and 7 ©Q cm™) is bought from Dyesol. TiO, pastes 18NR-AO blend of
active anatase with average particle size ~ 20 nm and anatase scatter particle size < 450 nm
was obtained from Greatcell, titanium tetrachloride (purity 99.99%) was purchased from
Sigma-Aldrich, N719 dye (Greatcell), Chloroplatinic acid hydrate (99.99%, Sigma-Aldrich),
BMII (1-Butyl-3-Methylimidazolium iodide, purity 99%, Sigma-Aldrich), TBP (4-Tertbutyl
pyridine, purity 96%, TCI), | (purity 98%, TCI), Lil (Lithium iodide, purity 99.9%, Sigma-
Aldrich), AN (Merck), VN (purity 99.5%, Sigma-Aldrich), MPN (3- Methoxypropionitrile
purity > 98%, Sigma-Aldrich), Et-OH (Ethanol, purity 100%, Chem- supply). Surlyn frame

(inner 9 mm x 9 mm, outer 11 mm x 11 mm, 60 um thickness).

5.2.2. Sample Preparation
5.2.2.1. Photoanodes for ethanol rinsing test

For the present study, four different photoanodes were prepared by immersing the 20 um thick
TiO2 into 3 ml each of 0.5 mM N719 in Et-OH solution for 24 hrs. To investigate the effect
of ethanol rinsing on the dye-adsorbed layer, each photoanode was analysed using XPS. The
measured sample photoanodes were immersed in 3 ml of ethanol solution each with constant
stirring for 2 mins. The rinsed photoanodes were thus dried using dry N2 gas and re-measured
to record the changes introduced in the dye layer with rinsing. The rinsed-off ethanol solution
thus obtained was used to investigate the dye components that degrade due to rinsing. For this
purpose, 3 drops of rinsed-off solution were drop-cast on the blank TiO2 and further

investigated for any traces of dye elements.

5.2.2.2. Preparation of the Cells

DSSCs were fabricated using standard protocols as described in * and 1°. The FTO (TEC 15)
was rinsed using ultrasonication in detergent and ethanol respectively. 40 mM of TiCls in
deionized water was used to treat the FTO by immersing it into the TiCls solution and heating
it at 70°C for 30 min and further heating it at 300°C for 3 hrs. Photoanodes with an effective
area of 0.6 x0.6 cm? were prepared by depositing TiO2 paste via screen printing and further
heated in a furnace at 120°C for 5 min, 325°C for 10 min 375°C for 10 min and 500°C for 30
min, respectively. The prepared sintered TiO2 was post-treated with 40 mM of TiCl, solution.
To dye the porous TiO: layer, the TiO, substrate was soaked in a dye solution for 24 hr. The
dye concentration used was 0.5 mM N719 dye in ethanol solution. After the preparation of

the dye-adsorbed TiO> substrate, a pre-drilled Pt-coated FTO that acts as a CE is placed over
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the dyed TiO; substrate and sealed together using a sealant surlyn frame. The surlyn frame
acts as the spacer between the electrode and the seal. The electrolytes are filled into the cells
by using a vacuum. The electrolyte composition used is 12 (0.03 M), BMII (0.6 M), TBP (0.5
M), and Lil (0.1 M) in an 85:15 ratio of AN to VN. The hole is further sealed using a surlyn

frame and glass coverslip.

5.2.3. Analysis Measures
5.2.3.1. JV characterisation

The power conversion efficiency of the cell is quantified by measuring JV curves. Each
sample cell was illuminated with an Oriel solar simulator equipped with a Xenon lamp, with
an output of 100 mW/cm? at AM 1.5, which is equivalent to one sun. A Si reference cell was
used to calibrate the distance of the sample cell from the light source. The efficiency was

measured using LabVIEW software, and a Keithley 2400 source meter.

5.2.3.2. XPS

XPS was applied to determine the elemental and chemical composition of the samples. XPS
analysis was performed using an X-ray source with Mg anode with a photon energy of
1253.6 eV (XR-50, SPECS). A detailed description of the instrument can be found in ref °.
Survey spectrum scans were recorded with pass energy 40 eV using a SPECS PHOIBOS-
HSA 3500 hemispherical analyser equipped with channeltrons. High-resolution scans for C,
O, N, S, Ti, Ru and I were conducted with a pass energy of 10 eV. Each spectrum was
calibrated at the main C1s peak at a BE of 285.0 eV. A Shirley background was used to fit the
spectra with the background signal from electron scattering. A contribution of 30% and 70%
of the Lorentz and Gaussian functions, respectively, were used to fit the inherent shape of the

high-resolution spectra.

5.2.3.3. UPS and MIES

UPS was used to investigate the valence electron states of the sample surface and to observe
the change in the orientation of the dye molecule upon ethanol rinsing. For aged sample cells,
UPS is applied to determine the change in the DOS of the photoanode over time. UP spectra
were recorded with the same experimental set as used for the XPS analysis with a sample bias
at —10 eV. A two-stage gas discharge produces both the metastable He (He*, 19.8 eV) atoms
as well as the He | (21.2 eV) radiation. MIES was used to determine the valence electron
spectra for the outermost layer of the sample and to identify the change in dye orientation

upon ethanol rinsing in the outermost layer of the dye-adsorbed sample. MIES uses the He*
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for exiting electrons in the samples. Due to the large cross-section of He* with other matter,

the probing depth is restricted to the outermost layer '

5.2.3.4. NICISS

NICISS is used to obtain the depth profile of the aged photoanode by using both He™ and Ne*
as projectiles. The measurement is conducted at a high vacuum (~ 10”7 mbar). The NICISS
experiment determines the concentration depth profiles of the elements in a sample up to a
depth of 30 nm with a depth resolution of a few angstroms. The experimental set-up details
are best described in references -8, In NICISS, He* projectiles are directed at a sample and
the energy of the backscattered projectiles is determined from their TOF. Two factors cause
energy losses. First, backscattering from the atoms forming the sample. The amount of energy
lost depends on the mass of the element from which the He* projectile is backscattered, which

is given by Equation 5.1,

1
(cos@ + (A% — sin?0)2)?

Efinai = Eo 1+ A)? in Equation 5.1

where E is the energy of the projectile, 8 is the detector angle (~165°), Q;, is the inelastic
energy loss due to backscattering, A is the ratio of the mass of the target element to the mass
of the projectile. The second energy loss is a steady energy loss brought on by electronic
excitation and small angle scattering along the trajectory of the He projectiles. This energy

loss is proportional to the depth from which the He projectile has been backscattered.

5.2.3.5. Accelerated Ageing Set-up

An ATLAS- Sun-test CPS™ was used to perform the acceleration stability test. DSSCs were
continuously exposed to bright light and a temperature of 60 °C for 600 hours before being
removed at specific periods for characterisation, refer to Figure 8.11 for the sun-test equipment

set-up with a sample loaded on the loading compartment.

The experimental techniques have been selected to cover the aspects which need to be applied
for investigating the interfaces in DSSCs in an ageing study. The study employs JV
characterisation which is a popular technique and profoundly used to track the changes in the
PV parameter over time. XPS is a surface-sensitive technique to analyse the elemental and
chemical composition of the sample surface. XPS is applied to investigate the changes
introduced by ethanol rinsing of the dye layer adsorbed onto the TiO.. XPS is further

employed to investigate and compare the changes in the composition of the dye-TiO»-

109



Ph.D. Thesis Chapter 5

electrolyte interface upon light exposure. UPS and MIES reveal information about the changes
in the orientation of the dye molecule with ethanol rinsing. Further, UPS and MIES determine
the changes in the DOS of the photoanodes with ageing. To determine the molecular
concentration of dye and electrolyte species penetrating the dye-TiO; interface, NICISS is

applied with Ne™ as a projectile.

5.3. Result and Discussion
5.3.1. Electrolyte Extraction method via ethanol rinsing

To investigate the changes in the adsorbed dye layer over time it is important to open the
DSSC cells and rinse the aged sample substrate to remove the electrolyte layer allowing access
for investigation of the dye layer through techniques typically used for surface analysis.
Further, the rinsing technique must have no measurable effect on the dye-adsorbed layer or at
least an effect which can be quantified. The effect of ethanol rinsing on the photoanode was
conducted and investigated with different techniques to compare the changes in the dye
composition before and after the rinsing procedure. To account for variations, four samples
each for the given condition were investigated. The dye-soaked substrates were analysed with
XPS, UPS and MIES. After analysis, the same samples were rinsed with ethanol and re-
analysed with XPS, UPS and MIES.

XPS

Figure 5.1 shows the high-resolution spectra of the elements forming the dye layer. The
C1s/Ru3d region was fitted with five peaks, three related to C1s and two related to Ru3d. The
largest contribution at 285.0 eV is the main C peak representing the C-C bonds *°, 286.1+0.2
eV represents C-O/ C- N °, and 288.6+0.2 eV represents COOH *°. These species could be
either from the dye, the solvent residue, or adventitious hydrocarbons. Ru 3d5/2 positioned at
28140.2 eV is the metal component from the dye molecule °. The XPS high resolution of
O1s peak at 530.0+0.2 eV represents the main O peak from TiO; *° and 531.4+0.2 eV
represents O and Ti-OH from the TiO2 substrate ** and COOH at 532.6+0.2 eV *°. Ti2psy2 is
found at 458.8+0.2 eV for peak '°. The S2p region includes two peaks 162.14+0.2 eV (2p3/2)
for the S from NCS denoted by S-1 *° and 169.0+0.2 eV (2p3/2) for oxidised S, possibly a
sulphate, noted as S-2 °. The high-resolution scan of N1s includes three peaks with the high
contributing pyridine at 400.1+0.2 eV the N-main peak attributed to the organometallic
functional group N719 being an organometallic dye, the contribution from NCS at
398.14+0.2 eV and TBA" at 402.14+0.2 eV °.
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The same samples were investigated by XPS after undergoing ethanol rinsing. The summary
of the peak shifting and the change in the relative intensity ratio of the core elements is
illustrated in Table 5.1 and Table 5.2, respectively.
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Figure 5.1: High-resolution XP spectra of the core dye elements in 0 hrs photoanode, fitted with
a Shirley background, representing the relative intensity of (A.) C1s/Ru3d, (B.) O1s, (C.) Ti2p,
(D.) F1s, (E.) S2p, and (F.) N1s. Here, 0 hrs aged sample refers to the cell with electrolyte injected
and stored in the dark for 24 hrs.
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Table 5.1: The elemental peak positions of the elements in the adsorbed dye on the TiO, substrate

before and after ethanol rinsing. The peak position is an average of the four samples investigated

and the error is the instrumental error.

Elemental

Group Before After

Ru 281.0+0.2 281.0+0.2
Npyd 400.1 +£0.2 400.1 +£0.2
NCS 398.1+0.2 397.9+0.2
TBA 402.1+0.2 402.1+0.2
S-1 162.1 £0.2 162.3 £ 0.2
S-2 169.0 + 0.2 168.5+ 0.2

From Table 5.1, no significant changes in the peak shift are noticed after ethanol rinsing. This
confirms ethanol rinsing to have no change in the chemical states of the dye elements on the
dye-TiO- substrate.

Table 5.2: The elemental ratios (atomic percentage) of elements representing adsorbed dye on
TiO; substrate before and after ethanol rinsing. The elemental ratio is an average of four

samples.
S Sample-1 Sample-2 Sample-3 Sample-4 A
Before | After | Before | After | Before | After | Before | After

Ru 0.6 0.5 0.6 0.5 0.5 0.5 0.5 0.5 0.0
Npyd 3.3 3.1 3.2 3.2 3.1 3.0 3.0 3.5 0.0
NCS 14 1.0 1.4 1.0 1.3 1.0 1.3 1.0 -0.4
TBA 0.5 0.3 0.5 0.3 0.5 0.3 0.6 0.3 -0.2
S-1 1.0 1.0 1.0 0.5 1.0 0.6 1.0 0.7 -0.3
S-2 0.1 0.1 0.1 0.3 0.0 0.3 0.1 0.2 0.2

The change in the intensities of the dye elements due to ethanol rinsing shown as a difference
in the last column of Table 5.2 was determined by calculating the difference in relative
intensity of the average of the four samples before and after ethanol rinsing. After ethanol
rinsing the ethanol obtained was drop-cast onto a PPT-5 layered TiO2 and again investigated
using XPS. From Table 5.2, it is confirmed that Ru and Npyd are unaffected while NCS, TBA*
and S-1 decrease upon rinsing. On the contrary, the intensity of oxidised S increased, which

is due to the oxidation of dye and or TiO> substrate. Thus, Ru and Npyd components appear
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to be unaffected by the rinsing procedure; but NCS, TBA™ and S-1 are slightly affected and

show a decrease upon rinsing.

Further to investigate the dye desorption due to rinsing and understand how it might influence
the investigation of rinsed-off electrolyte solution later, the rinse-off ethanol solution was
drop-cast onto the blank TiO2 and measured using XPS. Table 5.3 shows the elemental ratios
of different elements drop-cast on PPT TiO after rinsing. Here, the N-species N-1 combinedly
represent Npyd from the dye (400.1+0.2 eV) and N atoms from molecularly adsorbed N-
compounds that are observed in blank TiO> substrate (400.5+0.2 eV), refer to Table 8.6 and
Table 8.7 for the variation in the relative intensities of various elemental species of dye and
blank TiO2 substrate upon rinsing. Likewise, N-2 represents NCS (398.1+0.2 eV) and
substitutional N in oxide lattice in TiO2 (398.7+0.2 eV), and TBA" (402.14+0.2 eV) from the

dye molecule.

Table 5.3: The elemental ratios of the elements after XPS analysis of rinsed-off solution drop
cast onto PPT-5 layered TiO; substrate. Here, N1 represents a combination of Npyd from the
dye molecule and N atoms from molecularly adsorbed N-species; N-2 represents NCS and
substitutional N in the oxide lattice of TiO>,

Elements | Sample-1 | Sample-2 | Sample-3 | Sample-4 | Average | Error
Ru 0.0 0.0 0.0 0.0 0.0 0.0
N-1 0.2 0.5 0.2 0.6 0.4 0.2
N-2 0.1 0.1 0.1 0.0 0.1 0.0

TBA* 0.0 0.0 0.1 0.2 0.1 0.1
S-NCS 0.0 0.1 0.0 0.0 0.0 0.0
S-2 0.1 0.1 0.0 0.1 0.1 0.0

Table 5.3 shows no trace of Ru in any of the samples under investigation, which strongly
supports the stability of Ru of dye adsorbed layer under the ethanol rinsing procedure.
Adversely, the presence of other N-related peaks especially N-1, N-2, TBA™, and S-2 from
the oxidised S species suggest the possibility of dye desorption. The peaks N-1, N-2 and S-2
are present on the blank TiO2 substrate (more information about the relative intensity ratio can
be found in the appendix Table 8.7). Thus, these elements, N-1, N-2 and S-2 cannot be
considered as the dye remanent that is lost due to the rinsing effect. In contrast, the presence
of TBA™ peaks in the drop casted samples but being absent in the blank TiO2 indicates nominal

desorption of TBA™ upon rinsing.
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The XPS result confirmed the stability of the Ru dye N719 to ethanol rinsing. Although a
slight decrease in the relative intensity of NCS, TBA™ and S-1 was observed, the presence of
the N-2 peak in blank TiO2> makes it difficult to quantify the loss of N-2 upon rinsing. The
absence of TBA* and S-1 in blank TiO helps in quantifying their loss with rinsing which is
~1%. Furthermore, the decrease in intensity of S-NCS and increase in the intensity of S-2 in
photoanodes, with the stability of S-2 in blank TiO> concludes the conversion of S-NCS to a
higher oxidation state upon rinsing. Hence, based on the observation from XPS the procedure
of ethanol rinsing is an acceptable technique for electrolyte collection.

UPS/MIES

UPS and MIES are used to investigate the changes in the orientation of the dye molecule
through rinsing. For the interpretation of MIES and UPS in the context of XPS, it needs to be
taken into account that the first two methods are more surface-sensitive than the latter. Figure
5.2 shows the UP and MIE spectra for the dye-adsorbed surface before and after ethanol
rinsing. In the UP spectra, the feature at 8 eV decreased upon rinsing and for the MIE spectra
the features in the regions 6-8 eV and 11 eV decreased. From DFT calculations, the peaks
positioned at 6-8 eV and 11 eV are assigned to the functional groups NCS, Ru, pyridine, and
carboxy! of the dye molecule, . Through the XPS analysis, no significant change in Ru and
Npyd was observed but NCS slightly decreased and O-COOH increased with rinsing.
Combining this information, the changes observed in the UP and MIE spectra are due to the
change in the orientation of the dye molecule upon ethanol rinsing. The potential reasons for
dye re-orientation are a small loss of dye components with rinsing, an increase in COOH due
to solvent, and conversion of S-NCS to higher oxidised S upon rinsing which is evident from
XPS analysis. Table 8.6 provides the relative changes in the intensities of different elemental

compositions of the dye-TiO> substrate measured before and after ethanol rinsing.
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Figure 5.2: The UP (left) and MIE (right) spectra of the photoanode before and after ethanol
rinsing.

Overall, from the observation from XPS, MIES and UPS we conclude that ethanol rinsing is
an efficient technique to extract electrolytes from the aged sample and possesses a nominal
effect on the elemental species of the adsorbed dye. However, a change in the molecular
orientation of the dye was observed from UPS and MIES.

5.3.2. Ageing Investigation of DSSCs
5.3.2.1. Device Level Analysis

The sample cells were aged under light illumination. Over time, a gradual decrease in the Jsc,
Voc and efficiency was observed; FF is seen to increase and then slightly decrease after 240
hrs. After 600 hrs of illumination, the Jsc decreased by 67.0 + 4.0%, the Voc decreased by
19.89 + 0.05%, and the FF increased by 0.2 + 0.2% with an overall decrease in efficiency by
74.3 + 0.3%. This concludes that degradation has a strong influence on Jsc but not much
influence on FF. The changes in the trend of the individual PV parameters are shown in Figure
8.12 and Table 8.8. The 0 hr sample represents the cell with the electrolyte injected and stored
in the dark for 24 hr and the 600 hrs sample represents 600 hrs of continuous illumination.
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5.3.2.2. Surface Analysis
5.3.2.2.1. XPS

A. Effect of ageing on adsorbed dye layer

In Figure 5.3 the relative elemental intensities of the sample aged for 600 hrs are compared to
the 0 hrs sample to analyse the changes in the dye elements of interest. Before XPS analysis
both the samples were opened, and the anode was rinsed with ethanol. More information about
the elemental species and their relative intensity ratios can be found in Table 8.9. The changes
in the spectra of Ru, S and N were used to investigate the application of XPS to understand
the degradation of the dye-TiO»-electrolyte interface. From Figure 5.3 we can see that the
relative intensities of Ru, NCS, and S1 decreased upon constant illumination for 600 hrs
relative to the 0 hrs sample. Upon constant illumination, for 600 hrs the relative intensity ratio
of dye species Ru, NCS, S1 and S2 changed. No significant shift in the BE of the elemental
species confirmed no change in the chemical environment and hence no new products were
formed. Table 8.10 enlists the peak position of different elemental species of aged photoanode
for 0 hrs and 600 hrs aged sample cells. With ageing, the peak intensity of dye species, Ru,
NCS, S1 and S2 decreased, which indicate the possibility of either dye desorption or dye
disintegration. Further by comparing the relative change in one dye component with respect
to the other the above two mechanisms for dye degradation can be distinguished. For dye
desorption, an equal relative loss of the respective peak intensities is expected. Likewise, a
disproportional change with significantly different uncertainties will conclude the dye
desorption.
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Figure 5.3: The column chart comparing the changes in the atomic intensity of respective dye
elements at 0 hrs and 600 hrs. Here, the 0 hrs sample represents the cell which was stored in the
dark for 24 hrs.

B. Effect of Ageing on Electrolyte and Redox Cycle

Further, XPS was used to analyse which electrolyte components adsorbed onto the dye-TiO2
interface from the electrolyte. Figure 5.4 shows the high-resolution scan of | obtained from the
photoanode of the cell aged for 0 hrs in light but stored in the dark for 24 hrs. The peak
positioned at 618.440.2 eV is assigned to 11 represents I- 2, 12 at 62140.2 eV for I37?? and 13
at higher BE 623 or 624 eV for the higher oxidised state of I-species ..
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Figure 5.4: The high-resolution XP spectra of the | element in 0 hrs photoanode fitted with
Shirley background. 11 represents I, 12 represent I3 and 13 represents higher oxidised | species.
Here, the 0 hrs sample represents the cell which was stored in the dark for 24 hrs.

Figure 5.5 shows the change in the relative intensity of different species of | analysed, before
and after the ageing for 600 hrs. I and Is~ are found to be increased with ageing, on the
contrary, the intensity of higher oxidised I-species is decreased. All the samples were
subjected to ethanol rinsing before XPS analysis. The increase in intensity of I" and I3™ in 600
hrs aged sample, suggests I" and Is™ penetration into the dye layer upon illumination for 600
hrs. The decrease in intensity of higher oxidised I-species could potentially be due to rinsing.
This supports the application of XPS in determining the elemental and chemical changes in

the dye-TiOz-electrolyte interface over time.
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Figure 5.5: Changes in the XPS relative intensity of the electrolyte components for 0 hrs
and 600 hrs aged cells. Here, the 0 hrs sample represents the cell which was stored in the
dark for 24 hrs.

C. Drop-cast Samples

To further understand whether components of the dyed photoanode desorbed into the
electrolyte with ageing, the solution obtained by rinsing off the aged photoanode was drop-
cast onto a TiO> substrate and analysed. The components, Ru, S-1, and -2 were not observed
in the 0 hrs and 600 hrs drop-cast samples demonstrating their stability over time. The relative
intensity of C-C, C-COOH, C-N, and O1s increased in 600 hrs drop-cast sample. This could
be from the solvent used for rinsing or may be an effect of prolonged light exposure on aged
photoanodes. Further, the relative intensity of C=0, O-COOH, Npyd, and | decreases over
time arguing for improved chemical stability. The decrease in the relative intensity of Ti, O1s
and F however, is due to an increase in adsorption of electrolyte species. For the elemental
ratio of different species for 0 hrs and 600 hrs aged samples refer to Table 8.11. TiO> substrate
was employed in the drop-casting investigation to ensure consistency in the adsorption of the
cell remnants. The majority of elemental species found in the sample cells are present in the
TiO, substrate, and only Ru and TBA represent the dye while the three | species represent the
electrolyte. The remaining species in the XP spectra cannot be used to derive information

about degradation.
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5.3.3. UPS

Figure 5.6 shows the UP spectra for the 600 hrs cell, the 0 hrs aged cells and the difference
between them. Each spectrum represents an average of three spectra and the difference
spectrum represents the relative change in the valence bands of 600 hrs samples upon light
exposure. Referring to appendix Figure 8.13 for UP spectra of reference dye and electrolyte
adsorbed on TiO», the peak between 2- 3 eV is present in both the dye and electrolyte; and the
peak in the 4-5 eV region is present in the electrolyte. The molecular orbital calculation for
the dye/l combined system adsorbed onto the TiO. sample assigns the peak between 3-4 eV
and 5.2 eV to Ru and NCS from the dye molecule and | from the electrolyte °. As evident
from XPS the relative intensity of most of the dye elements has decreased after light exposure
for 600 hrs, the peak feature in the difference spectrum thus, represents the | from the
electrolyte. This observation allows to conclude that the concentration of the electrolyte in the
photoanodes has increased upon continuous illumination for 600 hrs which is in line with the
XPS results. UPS thus has proven to be a powerful technique in determining the relative

changes in the valence band of the photoanodes with ageing.
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Figure 5.6: The UP spectra for the 0 hrs and 600 hrs aged samples and their spectral difference.

The spectra difference refers to the difference of 0 hrs from 600 hrs aged photoanode.
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5.3.4. NICISS implementation in ageing investigation

NICISS with He™ as a projectile in the energy range of 2 to 5 keV is a technique to determine
the molecular concentration depth profiles at soft matter surfaces *’. NICISS is used here to

quantify the molecular coverage of | and Ru in the dye layer.
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Figure 5.7: The NICISS spectra representing dye adsorbed TiO; (A), and aged photoanode with
dye and electrolyte (B). Here, He* is used as the projectile.

When He™ is used as a projectile in NICISS to probe dye adsorbed sample a symmetric peak
for Ru was observed, as can be seen in Figure 5.7 (A.) above. In the figure, the background
is fitted for the recoil-H and the area above the background indicates Ru. On probing an aged
sample that consists of both dye and electrolyte onto the TiO, substrate, overlapping peaks for
| and Ru were observed as can be seen in Figure 5.7 (B) The region above the background
indicates combined contribution from Ru and I. The reason for the overlapping of Ru and |
peak is that the atomic mass of Ru (101.7 amu) and | (126.9 amu) are very similar relative to
that of the projectile He. The overlapping of the Ru and | peak complicate resolving the

molecular concentration of the species. Hence, to address this issue, the projectile He* was
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replaced by Ne* as a projectile. On using a heavier projectile, the value of A decreases where
A represents the ratio of the mass of the target to the mass of the projectile (see Equation 5.1).
This increases the energy separation between | and Ru and results in clearly separated peaks
for I and Ru (see Figure 5.8) which can be further analysed to determine the relative molecular
coverage based on the peak area. When He* is used as projectile the energy loss correlates
well to the mass of the target atom and its depth. Hence, concentration depth profiles can be
obtained. On using Ne* as projectile, the energy loss does not correlate well with the depth
but correlates well with the mass of the target atom. Hence, although with Ne* the
concentration depth profile cannot be determined, the molecular concentration can be
quantified 23 as needed for the present study. Thus, using Ne* as a projectile the molecular
coverage of both the dye element Ru and electrolyte element | can be analysed to investigate

the penetration of | into the dye layer.
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Figure 5.8: NICISS spectrum of aged cell showing | and Ru peaks shaded, yellow and red

respectively. Here, Ne* is used as the projectile.

In NICISS, by substituting He* with Ne™ the potential risk of sample damage is increased as
a heavier projectile is used. Hence, it is important to consider the dosing of the ion beam onto
the sample surface to avoid sample sputtering due to heavier ion beams (~3 keV) on the
samples 2%, Hence, to decrease ion dosing and to ensure that the ions dosing remains below
5x10% ions/cm? for every sample, 16 different spots were measured each for 15 mins to avoid

the possible damage caused to the sample surface due to Ne™ sputtering. Thus, the NICISS
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technique with Ne* can reveal information on how the dye and electrolyte species adsorb onto

the sample with ageing and quantifying it.

5.4. Conclusion

In conclusion, an effective strategy to access the cell interface after cell operation was
determined. A procedure to open the cell and rinsing-off the electrolyte layer to excess the
dye-layer was applied. Further, the effect of the procedure on the dye layer was investigated.
Additionally, the rinsed-off solution was analysed by drop-cast onto blank TiO. substrate.
Through the application of surface sensitive techniques, XPS, MIES, and UPS, the changes
brought into the photoanodes via the procedure was quantified. The results confirm that the
ethanol rinsing procedure endure negligible effect on the photoanodes. Further, a systematic
methodology to investigate changes introduced at the cell interface over time is established

which will help to correlate the decrease in cell performance with the interfacial degradation.

The surfaces-analytical techniques XPS, UPS and NICISS have proved to identify the changes
in the elemental composition, valence band structure and molecular concentration at the dye-
TiO> interface of the aged photoanodes. The XPS result provides information about the
changes in the elemental and chemical composition of the sample with ageing. The XPS
observation indicate the possibility of dye degradation with ageing. With UPS investigating
the changes in the valence band structure of the aged photoanode, the UPS result for the
difference spectrum shows the relative increase of electrolyte into the dye layer of 600 hrs
aged sample. In NICISS, employing He* as a projectile could not result in separate Ru and |
peak in aged photoanodes and by substituting Ne™ as a projectile the issue was resolved. Thus,
by comparing the peak area of individual elemental peaks in NICIS spectra, the molecular

coverage can be determined.
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5.6. Appendix

The appendix section includes the elemental ratios of the N-species with the peak position and
relative intensity ratios for the blank TiO» before and after ethanol rinsing. It further includes
the table enlisted with the PV parameter of the cell aged under light throughout the ageing
period. Further, the change in the elemental composition of the dye-TiO;-electrolyte interface
for 0 hrs and 600 hrs samples aged under light is detailed in a table with the respective peak
positions. Finally, the UP spectra for the dye adsorbed onto TiO, and the electrolyte adsorbed

onto TiO2 sample are included.
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CHAPTER 6 UNVEILING THE AGEING EFFECT OF N719 DYE-
SENSITISED SOLAR CELLS

Abstract

The energy-generating charge transportation in DSSCs occurs at the photoanode interface,
and degradation at the interface can severely impact cell performance. The study aims to
investigate the degradation of DSSCs and their effect on the photoanode interface to explore
the main factor contributing to the decrease in cell performance over time. The cell maintained
its stability in the dark but upon light exposure, the cell degraded. Surface-sensitive techniques
like XPS, UPS and NICISS are employed to investigate the change in the elemental and
chemical composition at the electrode interface. Further, FTIR is applied to investigate the
change in the functional group throughout the dye-TiO; interface. The XPS and NICISS
results confirmed the penetration of 1" (x=1 or 3) species into the dye layer as the main reason
for cell degradation. Further, UPS results conclude that the electrolyte concentration at the
cell surface promotes the cell performance but electrolyte penetration into the dye layer leads
to degradation. FTIR and UV Vis Diffuse Reflectance Spectroscopy (UV Vis DRS) further
supported the interaction of electrolytes with the dye molecule resulting in changes in the dye
structure under light resulting in cell degradation. The main reason for the cell degradation
observed is the penetration of Iy into the dye layer which further instigates changes in the dye
molecule affecting the light absorption ability of the dye and thus, decreasing the generation
of photoelectrons resulting in poor performance of the cell over time. The results show that
ligand exchange of SCN™ with I" is a probable cause for the degradation but that also a further

change must be occurring of a yet unknown nature.

6.1. Introduction

Since their discovery in 1991, DSSCs have gained significant scientific and technological
interest as a low-cost, adaptable, stable, and environmentally friendly alternative to
conventional silicon cells 1. The highest efficiency discovered after extensive research
spanning more than two decades is 15.2% 2. DSSCs include three main components: a
sensitising dye, a redox electrolyte, and a porous wide-gap semiconductor photoanode. Even
with materials of medium to low purity, reasonable efficiency can still be attained 2, which is
an advantageous feature of DSSCs. The energy region in DSSCs can be easily controlled

utilizing a variety of chromophore designs with molecular-level control, in contrast to other
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solar technologies #. DSSCs have been commercialised a few years after discovery and since
then these cells have made excellent candidates for wearables like hats, bags, bag packs,
military tents, and other 10T devices due to their ability to function indoors and in low light.

Within DSSC, several interfaces exist and interfacial charge exchange is necessary for the
smooth operation of the device. Charges generated in the cell have to be transported across
the interfaces. Interfacial degradation can severely impact the overall performance of the cell.
A systematic procedure to investigate the change at the interfaces in DSSCs is needed to
understand the mechanisms leading to their degradation. Previous ageing investigations have
found various mechanisms responsible for the degradation of DSSCs over time, which are
described as loss of electrolyte, dye desorption, platinum catalyst dissolution from the counter
electrode and degradation of the TiO> substrate itself. Under stress factors, | in the electrolyte
system results in the formation of iodates ions, 103", when combined with water present in the
electrolyte °. The | has been found to react with the glass frit sealant used for sealing the
electrodes °. Further, the volatile nature of | has also caused loss of I or electrolyte in the
device due to leakage primarily in the form of I, resulting in faster cell degradation and hence
demands proper sealing ’, electrolyte bleaching &, and electrolyte degradation that depends on
the solvent and electrolyte recipe used ! are some of the degradation phenomena proposed.
The ability of NCS ligands of the dye complex to exchange with AN or TBP or water residue
or | species in electrolyte 127 is one of the reasons for the degradation of dye in DSSCs.
Platinum dissolution into electrolyte may potentially affect the electrolyte concentration
retarding dye regeneration as well as iodide regeneration *8. The shifting of the CB of the TiO:
substrate with ageing due to proton intercalation and/or moisture has been proposed * 9,
Further, cracks introduced in TiO2 under stress increase cell resistance and promote
degradation 2°. However, these investigations do not effectively correlate the decrease in cell

performance with the interfacial degradations.

The present study investigates the effect of ageing at the dye-TiO. interface using a
combination of techniques, including JV characterisation, EIS, XPS, MIES, NICISS, FTIR
and UV-Vis DRS. The techniques will collectively help in tracking the effect of ageing at the
device level via JV and EIS, surface level via XPS, MIES/UPS and NICISS and bulk via FTIR
and UV Vis-DRS of the aged photoanodes, to correlate the decrease in cell performance with
the interfacial degradation.
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6.2. Experimental

6.2.1. Materials

The FTO (15 Q cm™ and 7 Q cm™) was purchased from Dyesol, while TiO pastes 18NR-AO
blend of active anatase with average particle size 20 nm and anatase scatter particle size 450
nm were purchased from Greatcell, Titanium tetrachloride (purity 99.99%) was purchased
from Sigma-Aldrich, N719 dye (Greatcell), Chloroplatinic acid hydrate (99.99%) Surlyn
frame (60 pwm thick; inner 9 mm x 9 mm, outer 11 mm x 11 mm) was bought from Solaronix

and Megapoxy 34 for double sealing of the cell.

6.2.2. Sample Preparation

6.2.2.1 Preparation of cell:

DSSCs were fabricated using standard protocols 2! and 22. The FTO (TEC 15) was rinsed and
cleaned with detergent followed by ethanol using ultrasonication for 30 mins each. A pre-
treatment of FTO was performed using 40 mM of TiCls solution in DI water and heating it at
70°C for 30 min followed by sintering it at 300°C for 3 hr in a covered position in an oven.
Each photoanodes with an active area of 0.6x 0.6 cm? were prepared by screen-printing the
TiO2 paste and further heating in a furnace at 120°C for 5 min, 325°C for 10 min 375°C for 10
min and 500°C for 30 min, respectively. Thus, prepared TiO2 was further post-treated with
40 mM of TiCls solution. The prepared TiO. substrate was then soaked into the dye
concentration of 0.5mM N719 in ethanol solution for 24 hr. A pre-drilled FTO (TEC 7) coated
with Pt that acts as the CE is placed over the dyed TiO» substrate and sealed together using a
surlyn frame, a sealant. The space between the electrodes is filled with electrolytes by
applying a partial vacuum technique. The electrolyte composition used is |2 (0.03 M), BMII
(0.6 M), TBP (0.5 M), and Lil (0.1 M) in an 85:15 ratio of AN to VN. The hole is further
sealed with a surlyn frame and a glass cover slip. A double sealing was done using a
megapoxy. The sample cells prepared were stored in the dark for 24 hrs to allow the megapoxy

to dry before the ageing investigation.

6.2.3. Analysis Measures

6.2.3.1 JV characterisation

The power conversion efficiency of the cell was measured through JV curves. An Oriel solar
simulator equipped with a Xenon lamp with an output of 100mW/cm? at AM 1.5 which is
equivalent to one sun is used to illuminate each cell. The lamp height was calibrated using a
Si reference cell. The efficiency was measured using LabVIEW and a Keithley 2400 source

metre.
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6.2.3.2EIS

In this investigation, a potentiostat equipped with an impedance module, a FRA2 Autolab
potentiostat/galvanostat, was used to conduct EIS. To rule out the effects of the electron
concentration in TiO2 on the interfacial charge-transfer kinetics, EIS measurements were
carried out in the dark at a bias voltage (-0.9 V) for all examined systems. The reference
terminal was attached to the CE during the measurement in this case because the cell only has
two electrodes. The applied frequency range was 10° Hz to 0.1 Hz. A data gathering program
called Metrohm Autolab NOVA 2 was used to measure the El spectra. Additionally, Z-View2
software was used to fit the collected spectra using the proper equivalent circuits as illustrated
in Figure 6.1. Circuit A is a standard equivalent model for DSSCs, based on three semi-circles
in the Nyquist plot. As with ageing in DSSCs the Nyquist plot changes, hence circuit B model
is applied. The least-square value for the fitted data is (x?) < 0.003. Each circuit elements
indicate the crucial processes occurring at the cell interface such as R1: the series resistance
of the cell, R2: the charge transfer at the CE/electrolyte interface, and R3: the charge transfer
resistance at the dye/TiO> interface. The constant phase element capacitors; C1: double layer
capacitance at CE/electrolyte interface, C2: chemical capacitance at TiO2/electrolyte interface

and Warburg impedance element W1: Nernst diffusion of Iz- in electrolyte.

A.
R R2 R3 w1
VaVe -\ N1 N \We
CPE1 CPE2
> >
B.
R1 R2 w1
VaVae \We
CPE1
—

Figure 6.1: The simplified equivalent circuits models for DSSCs: commonly used model (A.) and
model (B.) used for 792 hr and 1008 hr light aged DSSCs.

6.2.3.3 XPS

XPS is used to determine the changes in the elemental and chemical composition of the dye-
TiO> interface within a depth range of 10 nm, over time. XPS analysis was performed using
an X-ray source with Mg anode with 1253.6 eV of photon energy (XR-50, SPECS). The

detailed description of the spectroscopic apparatus is given in ref 23, Survey spectra were
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conducted with a pass energy 40 eV using SPECS PHOIBOS-HAS 3500 hemispherical
analysers equipped with channeltron. High-resolution scans for C, O, N, S, Ti, Ru and | were
measured with a pass energy of 10 eV. The C1s spectral line and BE 285.0 eV are used to
calibrate the energy scale for each sample. A Shirley background was used to fit the spectra

with the background signal from electron scattering.

6.2.3.4 UPS

UPS is applied to investigate the valence electron states of the sample surface and to observe
the change in the sample orientation at the dye-TiO2-electrolyte interface over time. UP
spectra were recorded under the same experimental setup as applied for XPS. The sample bias
applied is -10eV. The sample surface was irradiated with photons from the He-1 (21.2 eV) line

using a two-stage He discharge.

6.2.3.5 NICISS

NICISS is used to obtain the elemental concentration depth profiles of the samples up to a
depth of 30 nm with a depth resolution of a few angstroms close to the surface. The
experimental details can be found in the references ?#%. In this study, Ne is used as the
projectile and the Ne™ projectiles are directed at a sample, and the energy of the backscattered
projectiles is determined from their TOF. The backscattered projectile loses energy due to two
variables. The first energy loss is due to the backscattering of the sample's atoms. Equation
6.1 represents the equation where the target element's mass from which the projectile is

backscattered determines the quantity of energy lost.

1
£ _ g (cos@ + (A? — sin?0)2)?

Equation 6.1
Qin q

where E is the energy of the projectile, 8 is the detector angle (~165°), Q;, is the inelastic
energy loss due to backscattering, A is the ratio of the mass of the target element to the mass
of the projectile.

The second energy loss is a constant energy loss that occurs along the path of the projectiles
because of electronic excitation and small-angle scattering. In this study, the KE of 3 keV of
Ne* is used to determine the concentration of Ru and | in aged photoanodes. The
measurements are carried out at a 10" mbar high vacuum. Using He* as a projectile aid in
estimating the concentration depth profiles of Ru and I, however, the Ru and | peaks are
overlapping as their atomic masses are close enough to result in an overlapping of the peak.
Using Equation 6.1 the energy separation between Ru and | is calculated to be 82.9 eV. This

issue is resolved by using Ne™ as a projectile, and result is energy separation of 243.1 eV. Ne*
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as the projectile restricts the use of NICISS to measure elemental concentration, and does not
correlate intensity and depth 2 which is enough to achieve the aim of the measurement in the

study.

6.2.3.6 ATR-FTIR

The ATR-FTIR spectra shown in this paper were obtained by employing a Bruker FTIR
spectrometer (Vertex 80v) equipped with a diamond ATR crystal and a wide-bandwidth mid-
IR source between 4000 cm™* and 400 cm ™. The spectra show a median of 100 scans with a
2 cm! resolution. There are no penetration depth, incidence angle, or refractive index

modifications made to the spectra.

6.2.3.7 UV-Vis DRS

A spectrophotometer (Cary 5000 UV-Vis-NIR) equipped with a Praying Mantis Diffuse
Reflection attachment (Harrick, DRP-SAP) was used to quantify UV-Vis DRS. For the
backdrop scan, a PTFE disc was employed. Photoanode reflectance measurements on FTO

ranged from 200 to 800 nm.

6.2.3.8 Accelerated Ageing Set-up

The accelerated ageing under light is performed by continuous exposure of the sample to a
light emitted by the LED solar simulator Sunbrick from G2V Optics Inc. The simulator
provided a 1 sun spectrum, equivalent to a solar radiance of 1000 W/m? and a spectral
distribution of AM 1.5G. The simulator incorporated the ASTM (American Society for
Testing and Materials) standards (ASTM E927, ASTM G173-03 and ASTM E490) as well as
other international standards (IEC 60904-0 and JIC C8912) ?’. The samples are exposed and
taken out for characterisation at certain intervals. For dark-aged samples, the samples are
stored in a dark cabinet at room temperature. The temperature rise after light exposure is
recorded as 54+1 °C.

6.2.4. Theoretical Simulation

The N719 and I" substituted analogue dye molecules were studied using density functional
theory calculations (DFT). All calculations were carried out using the program package
Gaussian 16 (rev. C.01) . The molecular dye structures were geometrically optimised.
Single-point energy and geometry optimisation calculations were performed using the cam-
B3LYP hybrid functional *. 6-311G basis sets were used for all light elements (H, C, N and
0O) augmented with further diffuse and polarisation functions for S. The basis sets of the
heavier elements included relativistic small-core, effective-core potentials (ECPs) of
Stuttgart-Cologne type (MDF28 for Ru and 1) amended with large valence basis sets 3132, The
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results include solvent effects employing the dielectric properties of acetonitrile in the
polarisable continuum model (PCM) . Excited state energies for singlet-singlet and singlet-
triplet transitions were estimated by time-dependent DFT (TD-DFT) computations involving
the 12 lowest-energy triplet and 24 lowest-energy singlet states using the same functional as

for the preceding computations.

6.3. Results and Discussion
6.3.1. Device Level Analysis

6.3.1.1. JV characterisation

Figure 6.2 represents the change in the PV parameter averaged for 10 samples, for respective
ageing times, under dark and light conditions. In the dark, the fundamental PV parameters
maintained stability but upon light exposure, the fundamental parameter decreased over
ageing time. The decrease in the overall cell performance upon light ageing indicates
degradation at the cell interface. The starting value for the short-circuit current (Jsc) recorded
for light-aged sample is (13.440.7) mA/cm? which decreased by (74+3)% after 1008 hr of
ageing. A decrease of (13.81+0.02)% and an increase of (22.5+0.3)% was observed for open-
circuit voltage (Voc) and FF respectively over time with an overall decrease in efficiency by
(73.1+0.7)%. The decrease in efficiency and Jsc by 73% concludes the direct influence of Jsc

decrease on the depletion of cell efficiency.

In Figure 8.14 the JV characteristic curve for the best-performing sample cells for dark and
light ageing is shown. Only slight variation in Jsc with no change in the characteristic feature
of the JV curve and stable VVoc was observed for samples aged in the dark. In contrast, under
light exposure, both the Jsc and VVoc of the sample decreased over time. Upon long-term light
exposure, the characteristic feature of the JV curve changed with a sharp decrease in current
at lower voltage. The change in the quality of the JV characteristic curve for longer-aged
samples (after 500 hr) indicates processes occurring in the cell resulting in degradation in the
cell performance. Under light ageing, a kink is observed in the JV curve of the long-term aged
sample and the reason for the presence of the kink will be discussed in the section “B. Effect

of ageing on the electrolyte”.
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Figure 6.2: The variation in the fundamental PV parameter, Jsc, Voc, FF and efficiency,
averaged for 10 samples with the error bars, for dark and light-aged samples. The yellow and
black line represents the light and dark-aged samples respectively. The primary horizontal axis

(black) and secondary horizontal axis (yellow) represents the ageing time for dark and light
samples respectively.

A steady decrease Jsc, Voc and efficiency was observed over time. For FF, a steady decrease
up to 528 hr was noticed which later increased. The increase in FF for the 792 hr and 1008 hr
aged sample is due to a change in the characteristic of the JV curve (see Figure 8.14) and
seemingly due to the definition of the FF not incorporating effects of deviating shapes in the
JV curves. For instance, if we consider the concept of determining the FF from Equation 6.2
a typical JV curve has the maximum power point current (Jypp) < Jsc but for the long term
degraded cell Jypp > Jsc and,

_ Pupp _ Jupp Vmpp

FF Equation 6.2

" Prieo  JscVoc

where, J ypp 1S the maximum power point current, ¥V, pp is the maximum power point voltage,

and Py pp is the maximum power.

In conclusion, the stability in the PV parameter in the dark concludes the stability of the
DSSCs’ shelf life, under atmospheric conditions in the dark. The decrease in the PV

performance under light conditions show a clear degradation in the devices.
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6.3.1.2. EIS

The samples after JV analysis were subjected to EIS measurement to investigate the changes
in the interfacial resistances of the electrochemical system. Figure 8.15 shows the Nyquist
plot for a representative sample of each ageing period, for both light and dark conditions. A
typical DSSCs’ Nyquist plot consists of three semi-circles, the semi-circle at the high-
frequency region represents the charge transfer process at the CE/electrolyte interface (R1).
Likewise, the middle of the central semi-circle represents the diffusion recombination process
in the photoanodes (R2) and the third semi-circle at the low-frequency region represents the
Nernst diffusion of 1713 in the electrolyte (R3). In the dark, the Nyquist plot for the aged
sample cell comprises of three semicircles. Upon long-term light ageing the features of the
Nyquist plot changed and consist of a semicircle and straight line. This could be due to the
second semi-circle overlapping the third semi-circle or vice versa. The second circle
overlapping the third circle suggests the internal resistance at the photoanode is extremely
large and restricts the flow of electrons. The third semi-circle engulfing the second semi-circle
represents high resistance in Iz™ diffusion, conversion of I to Is". Here, we do not have any
further evidence, to conclude which semi-circle overlaps the other. In either or both cases, the
electrolyte and dye regeneration cycle get affected which is the main cause for degradation in
the cell performance.

Figure 6.3 represents the simulated values of R1, R2 and R3 obtained from the intercept of
respective impedance curves with the real axis in the Nyquist plot. For dark ageing, the value
of resistance did not increase but upon light ageing the value of R1 and R2 increased over
time. The increase in the resistance of recombination losses at TiO> (R1) is beneficial for the
cell performance however, the increase in electrolyte transport resistance (R2) adversely affect
the cell performance. For R3 no value was obtained for the long-term light sample due to

changes in the characteristic of the Nyquist plot.
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R1-charge transfer resistance at CE/electrolyte
interface

R2-charge transfer resistance (diffusion-
recombination) at PA or dye-titania interface
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Figure 6.3: The variation of the interfacial resistances as a function of ageing time for DSSCs,
R1-charge transfer resistance at the CE, electrolyte interface R2-charge transfer resistance at
the photoanode interface and R3-Nernst diffusion in the electrolyte, under dark (black) and light
(yellow) ageing with the error bars.

6.3.2. Surface Analysis

6.3.2.1. XPS

A. Effect of ageing on dye-adsorbed layer

Figure 6.4 shows the high-resolution scan of the respective elements obtained after XPS
analysis of the photoanode of the sample cell that was kept in the dark for 24 hr. The C1s/Ru3d
region was fitted with five peaks, three of which were associated with C1s and two of which
were related to Ru3d. The main C-peak has the largest contribution at 285.0 eV, followed by
the C-O/C-N and COOH at 286.4+0.2 eV and 288.7+0.2 eV, respectively. All C peaks can
be assigned to the various functional groups of the dye the solvent residue or the adventitious
carbon. Ru3d5/2 at 281.04-0.2 eV is the metal component of the dye molecule 3+, The high-
resolution scan of O 1s at (529.940.2) eV represents oxygen from TiO, 34, The peak at
(531.1+0.2) eV represents O and Ti-OH from the TiO substrate, and C=0 from dye
molecule **. The peak at (532.4+0.2) eV represents COOH 5. The high-resolution scan of
TiO2 shows the Ti 2p3/2 peak at (458.8+0.2) eV which can be identified as Ti** 2. The high-
resolution scan of S 2p region comprises four doublets, (162.440.2) eV (2p3/2) from SCN"
denoted by S-1 3¢ and (168.640.2) eV (2p3/2) for oxidised sulphur probably as sulphate
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denoted by S-2 3" and S3 (2p3/2) at (164.8+0.2) representing TiOS 8 This is compatible with
SCN- decomposing to form TiOS and a compound with S being in a state similar to SO4".
The high-resolution scan of N 1s consists of three peaks. The main N peak at (400.64+0.2) eV
with the highest contribution, represents the organometallic functional group of N719. The
peaks at (397.7+0.2) eV, and (401.8+0.2) eV are attributed to the contribution from SCN-
and TBA" respectively 3°“°. For the | 3d region, the high-resolution scan enveloped three
peaks. The | 3d5/2 peaks are found at (618.8+0.2) eV (I11) and is attributed to I, at (621.2+0.2)
eV (12) and is attributed to 15~ #, and at (623.0+0.2) eV (13) attributed to an oxidised state of

| representing iodates or periodates 42 %3,
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Figure 6.4: The high-resolution XP spectra of the core dye elements in 0 hrs photoanode, fitted
with Shirley background, representing the relative intensity of (A.) Cls-Ru3d, (B.) O1s, (C.)
Ti2p, (D.) S2p, and (E.) N1s and (F.) 13d. Here, 0 hrs aged sample refers to the cell with

electrolyte injected and stored in the dark for 24 hrs.

The changes in the elemental ratios of different chemical species under dark and light for the

ageing period are tabulated in the appendix section in Table 8.12 and

Table 8.13. The intensity represents the average relative intensity of three samples analysed
for every ageing step. The intensity of adsorbent TiO. is decreasing with time owing to an
increase in adsorbate which could be from the electrolyte species or any by-product of ageing

Figure 6.5. A possible reason could be the formation of a solid electrolyte interface (SEI) like
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that observed in Li* batteries attenuating the signals from Ti and O. However, it needs to be

noted that the decrease in performance is observed only for the light-exposed samples.
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Figure 6.5: The variation in the XPS relative intensity of O1s (top) and Ti (bottom) as a function
of ageing time for DSSCs under dark and light conditions.

Furthermore, considering the relative intensity and the error bars, the core metal of the dye
element, Ru remains stable throughout the ageing period in light but slightly decreases for
dark-aged samples, supporting the stability of the core dye element under light Figure 6.6.
Despite this, the decrease in Ru in the dark with the stable performance of the cell throughout
the ageing period, suggests the observation is not to be a causative factor for degradation. The
decrease in Ru in the dark indicates the desorption of Ru, may be from the top of multilayers
as it did not impact the cell performance, or it could be an initial stage of degradation in the

dark.
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Figure 6.6: The variation in XPS relative intensity of Ru, in the photoanodes of the cells, as a

function of ageing time for DSSCs under dark and light.

The intensity of Npyd was almost constant for both cases. For SCN™ no specific trend was
observed for either dark or light-aged samples, however, the intensity of TBA* decreased in
both cases suggesting the instability of counterion and the possibility of ionic replacement

(see Figure 6.7).
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Figure 6.7: The variation in XPS relative intensity of (A.) Npyd, (B.) SCN-and (C.) TBA*in the

photoanodes of the cells, as a function of ageing time for DSSCs under dark and light.

Figure 6.8 shows the variation in the relative intensity of S. In the dark-aged samples, the

intensity of S1 increased and later decreased over time. For light-aged samples, a reverse

pattern was observed. The explanation and relevance are still open. Conversely, the intensity

141



Ph.D. Thesis Chapter 6

of S2 representing the oxidised S decreased in both dark and light. For, S3 it decreased upon
light exposure and slightly increased in dark-aged samples. Furthermore, the relative intensity
of total S decreased for light and dark-aged samples, but the intensity decrease for light-aged

samples was somewhat larger.
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Figure 6.8: The variation in XPS relative intensity of Sulphur species, (A.)S1-from SCN-, (B.)
S2-oxidised S and (C.) S3-TiOS and (D.) sum of S, in the photoanodes of the cells, as a function
of ageing time for DSSCs under dark and light.

Based on the XPS analysis, the relative intensity of Ru and TBA* decreased in the dark-aged
sample while a decrease in total S and TBA" intensity was observed for the light-aged samples.
The stable cell performance in the dark suggests the observed changes in the dye layer are not
influencing the cell performance and hence do not contribute to cell degradation. Similarly,
with the degree of changes in the dye layer observed for light-aged samples as compared to
the change observed in the cell performance, the change in the dye layer cannot be the only

reason for the cell degradation and instability.

B. Effect of ageing on the electrolyte

To understand the effect of ageing on the electrolyte at the dye-TiO> interface, the intensity
of electrolyte components, I and I3"is investigated. In Figure 6.9, under light the intensity of
I” increased; the intensity of I3 initially increased but decreased at the later stage of ageing.
However, under dark no significant increase in intensity of either species was observed. The
total intensity of | increased with time for light-aged sample cells, on the contrary, no
significant increase in the intensity of total | species was observed for dark-aged samples.

Thus, the penetration of | into the dye layer upon ageing is the main reason for degradation in
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the cell performance over time under light. Having penetrated into the dye layer the 1" could
have replaced the SCN™ ligand of N719, with the replaced SCN" still present in the proximity
in the dye layer. This is compatible with the I/SCN" exchange reported in 13 and also with the
SCN- signal not significantly decreasing in intensity in XPS as per Figure 6.8A but an
increasing presence of I” as per Figure 6.9A.
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Figure 6.9: The variation in XPS relative intensity of I species, (A.) 11-1,, (B.) 12-13, (C.) higher
oxidised I-species, and (D.) sum of I in the photoanodes of the cells, as a function of ageing time
for DSSCs under dark and light.

In conclusion, the XPS result shows changes in the dye layer under dark and light ageing. In
the dark the intensity of Ru and TBA™ slightly decreased over time, however, the stability in
the cell performance in the dark supports the changes are not causative for cell degradation.
In light ageing, the intensity of TBA", S-2 and total S slightly decreased over time with a
decrease in cell performance. This support changes in the dye layer could contribute to cell
degradation but with the degree of change in the dye layer observed for light-aged samples
compared to the change in the cell performance, the dye layer change cannot be the only cause
for decrease in the cell performance. Further, an increase in Ix (with x = 1 or 3) penetration
into the dye- TiO: interface under light ageing was observed with stability in relative intensity.
In contrast, in the dark no relative increase in | and no change in the cell performance was

observed. Thus, Ix” penetration into the photoanode is the main reason for the cell degradation
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as with the increase in Ix penetration the PV performance of the electrochemical system
decreased overtime and no Ix penetration in dark-aged samples led to stability in cell

performance.

A similar kink was observed in the JV curve for 792 hr and 1008 hr (see Figure 8.14) was
found in a study and interpreted as a trapping/de-trapping mechanism linked to migratory
defects caused by | interstitials and related to a change in the characteristic of the JV curve
resulting in the kink in perovskites 4. The increase in I in the photoanode as observed from

XPS thus confirms the observation of the origin of the kink in the JV characteristic curve.

6.3.2.2. NICISS
A. Effect of ageing on dye-adsorbed layer

Figure 6.10 illustrates the NICIS spectra of Ru, for both dark and light-aged samples. The
highlighted region represents the region of the Ru element which extends from 1200 to 1400
eV. For dark ageing, the peak area for the 1008 hr sample decreased compared to the O hr aged
sample suggesting a decrease in the molecular coverage of Ru over time. Upon light exposure,
the molecular coverage of Ru did not decrease. A complete NICIS spectra for Ru under light
and dark ageing is given in the appendix section Figure 8.16. Thus, the relative decrease in
the peak area for the Ru in the dark suggests a minor dye desorption in dark ageing but the

stability of dye molecule in light.
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Figure 6.10: The Ru peak in NICIS spectra for the dark (A.) and light (B.) aged DSSCs.

B. Effect of ageing on electrolyte
Figure 6.11 illustrates the NICIS spectra of I, for both dark and light-aged samples. The
highlighted region represents the coverage of the | element which extends from 1500 to 1650
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eV. For dark ageing, no change in the peak area for aged samples compared to the O hr sample
was observed. This supports no change in the molecular coverage of | over time in the dark.
Upon light exposure, the relative increase in peak area with time supports the increase in
molecular coverage of | over time. Thus, NICISS confirms the | concentration in the dye layer

to increase upon light exposure. A complete NICIS spectra for | element under light and dark

ageing is given in the appendix section Figure 8.17.
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Figure 6.11: The | peak in NICIS spectra for the dark (A.) and light (B.) aged DSSCs.

In conclusion, the NICISS result concludes the decrease in relative molecular coverage of Ru
in dark and stability under light ageing. For I, in dark ageing, the relative molecular coverage
was stable but under light, it increased over time. Therefore, results from XPS and NICISS
both support the I~ penetration into the dye/TiO: interface as the main reason for cell

degradation.

6.3.2.3 UPS for aged photoanodes
Figure 6.12 and Figure 6.13 show the UP spectra and the difference of the 1008 hr aged

samples with the 0 hr sample for dark and light-aged sample sets, respectively. The difference
spectrum (dashed line) is the difference between the average of three UP spectra of the ageing

period.
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Figure 6.12: The UP spectra obtained after taking the spectral difference of the average of three
samples in each 0 hr and 1008 hr ageing period for the dark-aged cells with the reference spectra
of dye and electrolyte adsorbed on TiOx.

In Figure 6.12 the feature for the dark ageing sample that corresponds to Ru of the dye layer
(BE = 2-3eV) is seen to decrease in the resultant spectrum but the feature corresponding to
the I in the electrolyte (BE = 3-5eV) is increased. This confirms a decrease in dye intensity
with an increase in | intensity at the sample surface upon ageing. Further, comparing with the
XPS and NICISS observation that no increase in | penetration into the dye- TiO2 interface
occurred in the dark, the UPS observation concludes that although the I is present on the dark-
aged photoanodes, the I is concentrated at sample surface and does not penetrate the dye layer
overtime. This conclusion is based on the fact, that the probing depth of XPS is deeper than
that of UPS “°. In Figure 6.13, the feature corresponding to the Ru of the dye layer (BE = 2-
3eV) suggests no dye desorption but no feature representing electrolyte (BE = 3-5eV) suggests
no | at the surface. Further, comparing the XPS and NICISS results that support the stability
of Ru but increase in intensity of Ix” over time, the UPS concludes that for light-aged samples,

the | penetrate deeper into the dye layer and is not concentrated at the surface.
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Figure 6.13: The UP spectra obtained after taking the spectral difference of the average of three
samples in each 0 hr and 1008 hr ageing period for the light-aged cells with the reference spectra

of dye and electrolyte adsorbed on TiOx.

Overall, UPS concludes that the electrolyte concentration at the sample surface is required to
continue the device operation and hence, with electrolytes mostly concentrated at the surface
the performance of the sample aged in the dark was stable. But upon light ageing, the
electrolyte penetrates the dye/TiO; interface and hence, adversely affects the cell operation
cycle and leads to cell degradation or the formation of a new dye species after an SCN-/I-

ligand exchange forming a less efficient dye, which has been reported before “°,

In Figure 6.13 a peak is observed at ~2eV represents the dye molecule in the dye adsorbed
sample. In the difference spectrum, the peak at ~2eV representing the dye molecule is shifted
towards lower BE. Likewise, in Figure 6.12 as relative intensity of Ru was observed to
decrease in XPS, a dip at ~2eV is observed in the difference spectrum. But, on comparing the
peak at ~4eV for electrolyte adsorbed sample with the difference spectrum, the shift is
evident. A shift in the UP spectra indicates a change in dipole on the material. The UP spectra
are caused only by the dye layer and not by TiO2. This concludes that the electrolyte, in either
case, cause a dipole change. A similar dipole change in dye layers due to electrolyte
penetration was observed by Trilaksana for N719 and Z907 #'.
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6.3.3. FT-IR analysis

To further investigate the change in the dye layer upon ageing, the samples were analysed
with ATR-FTIR. Table 6.1 refers to the functional group and the peak assignments of dye
adsorbed on TiO.. The IR spectrum of dye adsorbed on TiO: is presented in appendix Figure
8.18.

Table 6.1: The IR modes of N719 adsorbed on TiO; substrate with the peak assignment.

Dye adsorbed on
IR modes TiO2 (em™)
Cc-0 1231
Sym (COO’) 1378
Bpy 1405
TBA (CH.) 1466
Cc=C 1542
Asym
1607
(CO0) 60
Cc=0 1725
SCN- 2096
TBA (CH) 2854
NCS Dye adsorbed on titania =0
H] H
E E Dye adsorbed on titania
SV i . . Relr” . . . . .
2000 2050 2100 2150 1480 1530 1580 1630 1680 1730 1780
Wavenumber (cm) Wavenumber (cm!)

Figure 6.14: The IR spectra for the NCS and C=0 on dye adsorbed sample and dye adsorbed

sample after electrolyte injection.

Figure 6.14 compares the IR spectra between the dye-adsorbed sample, and electrolyte
injected samples cells. Electrolyte injection causes the NCS peak to shift towards lower
wavenumbers and decreases the relative intensity of the C=0 peak at 1725 cm ™. This suggests
changes in the chemical environment of the NCS and carbonyl dye components. The other
functional groups show only minor changes upon electrolyte interaction which is shown in
appendix Figure 8.19. Additionally, to investigate whether the shift in the SCN™ peak is
induced by the presence of polar solvents, namely acetonitrile (AN) and valeronitrile (VN)
used in the electrolyte system, the N719 dye adsorbed onto TiO2 was further adsorbed into
AN and AN:VN respectively and analysed using FTIR. In Figure 8.20, the IR spectra of the
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dye adsorbed onto a TiO reference sample, dye adsorbed onto TiO> further exposed to AN,
and AN:VN concluded no shift in the SCN™ peak due to the solvent interaction. Thus, the shift
in the SCN" functional group is explicitly due to the interaction of the electrolyte with the dye
molecule. However, the decrease in the IR intensity of C-N confirms the change introduced
by the solvent AN:VN.

The shift of the NCS peak towards lower wavenumber suggests a weakening of the SCN-
functional group bonding which could affect any of the C-N, C-S or symmetric or anti-
symmetric vibrations bond upon electrolyte injection. The potential cause of the weakening
of the bonding in the SCN" group is due to the interaction of I" with the SCN". This interaction
causes shifting in the electron density away from the SCN™ group, thus causing a redshift of
the NCS vibration. Further evidence of this interaction is observed in the visible reflectance
spectra presented in the appendix Figure 8.21. The electrolyte interaction with adsorbed dye
molecule may result in the formation of complexes via interaction of SCN™ which is discussed

in previous works “® %, The interactions are proposed to proceed via Equation 6.3 and

Equation 6.4.
N719+1, & N719---1,
ion 6.3
N719 -1, + I, & N719---(I;), Equation
or,
N719+ 13 & N719---I, + 1"
Equation 6.4

N719 I3 + I3 & N719--(I3),

Through the above reaction, the electrolyte participates in the process of dye regeneration and
also regenerating the electrolyte during cell operations. Interestingly, a decrease in the relative
intensity of carbonyl group was observed upon electrolyte injection. In our previous study on
dye anchoring modes #°, the shift in the carbonyl peak confirmed the presence of ester bonding
upon dye adsorption. The decrease in C=0 peak intensity suggests the possibility of the
reduction of ester binding modes with the introduction of electrolyte.
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Figure 6.15: The IR spectra for the variation in the SCN- group for dark (A.) and light-aged (B.)
DSSCs.

For ageing investigations, the IR spectra for dark and light-aged samples as a function of time
are shown in Figure 8.22. The peak positions for different dye functional groups did not
change significantly, except for the SCN" antisymmetric stretching group in light-aged
samples. Figure 6.15 shows the changes in the SCN- peak spectrum for dark and light-aged
samples. For samples not exposed to light, the peak positions for SCN™ did not alter over time,
however, a shift was observed in light-aged samples. The stability of the SCN™ peak in dark-
aged samples confirms the N719---1 complex at the dye-electrolyte interface is not changing
over time. Since the N719---1 complex participates in the dye regeneration cycle during cell
operation, the continued presence of the complex in dark-aged samples is consistent with the
observed stability in the cell performance (see above Figure 6.2). On the contrary, samples
aged under light exposure exhibited a peak shift of the SCN" towards higher wavenumber,
approaching the peak position of electrolyte-free dye adsorbed onto TiO: (see Figure 6.16).
Under solar irradiation it appears that the N719---1 complex is decomposing back to the N719
dye plus an | species. XPS results showed that the relative intensity of Ix increased in the
photoanode of the light-aged samples over time, and hence, it is possible that the decomposed
Ix gets trapped in the photoanode. When the cell is under operation, it is very likely that the
SCN- in the dye molecule gets replaced by I and vice versa. But with an increase in Iy
penetration into the dye/TiO: interface the I” binds more strongly by completely replacing the
SCN- of the dye molecule. This might affect the light absorption ability of the dye molecule,
hence a steep drop in the Jsc with the increase in Ix" is observed.
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Figure 6.16: The IR spectra for NCS functional group for electrolyte-free dye adsorbed onto
TiO,, and 1008 hrs light and dark-aged sample.

In conclusion, upon introducing of electrolyte into the cell, a N719---1 complex is formed due
to the interaction between SCN- of the dye molecule and I and vice-versa. This complex is
needed for the cell to perform as it participates in the dye regeneration cycle. Under dark
conditions, the complex formation/decomposition process continues hence the sample
performance is maintained over time. However, under solar irradiation conditions, due to an
increase in penetration of Ix in dye/TiOz interface ligand exchange occurs and N719 (NCS—1)
complex is formed with strong bonding resulting in an unwanted irreversible change which

hinders the light absorption ability of the dye molecule.

6.3.4. UV-Vis DRS

To further investigate the changes in the dye with ageing, the samples were analysed with
UV-Vis DRS. Figure 6.17 (A) shows the reflectance spectrum after 0 and 1008 hours of solar
irradiation. For the purposes of comparing spectra, the wavelength at the inflection point in
the reflectance spectra was determined by smoothing and taking the derivative of the
reflectance spectrum as shown in Figure 6.17 (B). The derivative spectra were fit with the sum
of two Gaussian functions to determine the inflection point in the reflectance spectra.
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Figure 6.17: The UV-Vis DRS reflectance spectra of the 0 hrs aged sample and 1008 hrs aged
sample under light irradiation (A.) and the wavelength at the inflection point in reflectance

spectra obtained by smoothing and taking derivative of reflectance spectra (B.).

Upon electrolyte injection into the cell, the reflectance spectrum of the dye changes shifting
the inflection point to higher wavelength (see Error! Reference source not found.). The r
eflectance increases at longer wavelengths since the dye absorption decreases in this region.
The shift in the onset of reflectance is related to a change in the absorption spectrum of the
dye due to the changes in the electronic state of dye molecule upon introducing electrolyte.
The observations from FTIR (see Figure 6.14) established that the electrolyte interacts with
the SCN" group of dye molecule to form a dye-I complex resulting in a red shift in the SCN-
peak. This weakening of the C-N bond, observed in FTIR, is due to a shift in the electron
density of the dye which is also directly observed as an inflection point shift in the DRS due

to a blue shift of the dye’s absorption spectrum.
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Figure 6.18 illustrates how the maximum point of inflection of wavelength in the reflectance
spectra of the dark and light-aged sample changes with time. Upon ageing the point of
inflection for the dark-aged samples remained constant through the ageing period as no
significant change in the reflectance spectra was observed. However, for light-aged samples
the maximum point of inflection continuously shifted towards higher wavelength until it
reached the position corresponding to the electrolyte-free dye sample. This is further evidence,
first observed via FTIR, that the N719---1 complex is stable under dark conditions but is

degraded when exposed to light.

To understand if the changes in the UV-Vis DRS of the aged photoanode are explicitly due to
the ligand exchange in the dye molecule, the DFT calculation for the N719 dye molecule and
an I-substituted i.e., N719 (NCS—I) in AN was studied. The optimised structure of the N719
molecule and the N719 (NCS—1) in AN solvent is given in appendix Figure 8.23 and the
simulated UV-Vis is provided in the appendix Figure 8.24. The DFT analysis confirms only
a marginal shift in the UV-Vis spectrum upon ligand exchange which is further supported by
the reference *°. This confirms the presence of additional, currently unknown degradation
phenomena, as evidenced by the shift IR and later in visible spectra of the aged samples, which

cannot be elucidated here.
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Figure 6.18: The variation in the inflection point in the wavelength of reflectance spectra of

different sample aged in dark and light, with their respective fitting line.

153



Ph.D. Thesis Chapter 6

When comparing the kinetics of the band shift for both the SCN™ peak position in FTIR and
the inflection point in DRS, it was found that both followed the same behaviour as can be seen
through comparison in Figure 6.19A. The fit to an exponential function to both data sets
results in a decay rate of (0.011 + 0.0 01) hr! for the DRS data and (0.0076 + 0.0026) hr* for
the SCN™ peak shift in the IR, where the uncertainty is the 1o standard deviation from the non-
linear least squares fit. Thus, within experimental error the DRS and the SCN™ absorption are
concomitant indicating the two are linked as previously proposed. In Figure 6.19, the changes
observed in IR and UV-Vis spectra show a probable correlation, suggesting a potential
connection between the two. However, due to a lack of absolute evidence, it cannot be
confirmed that these changes represent the same degradation mechanism. Interestingly, the
degradation mechanisms represented by IR and UV-Vis appear to occur in relation to the
degradation time, indicating a time-dependent relationship. Thus, light exposure to the DSSCs

introduces different ageing phenomena including ligand exchange.
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Figure 6.19: The variation in the NCS peak position in IR spectrum and wavelength inflection
point in UV-Vis DRS for light-aged sample cells with their respective fitting line (A.) and the

variation in the Jsc for light-aged sample cells with their respective fitting line.

6.4. Conclusion

In the study, the device performance analysis and surface analysis combinedly supported in
the investigation of the potential cause of the cell degradation. Although slight dye desorption
was observed in both dark and light ageing, the stable performance of the sample cell under
dark shows that the dye desorption is not the main reason for cell degradation. The main reason

for the cell degradation has been identified as the Ix” penetration into the dye layer. The
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electrolyte component is responsible for maintaining the redox cycle to regenerate itself and
the dye molecule. The ageing of the cell under light causes the Ix” to penetrate and get trapped
in the dye layer ceasing the electrochemical reaction needed to continue the cell performance.
With the increase in I into the dye/TiO: interface, I forms a strong bond with the dye molecule
by replacing the SCN". This decreases the ability of the dye molecule to absorb light and
generate current. The role of | is very crucial in the cell performance as it participates in the
redox cycle for regenerating the dye and itself under cell operation. Upon penetration of
electrolyte into the dye layer, the Ix gets trapped and participates in different unknown
degradation phenomena. A known degradation phenomenon is the ligand exchange, however,
there are shifts which cannot be explained with ligand exchange and conclude the presence of

additional unknown phenomena resulting in cell degradation.
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6.6. Appendix

In the appendix section, the JV characterisation curve and Nyquist plot for high-performing
cells aged in dark and light. It further includes tables comparing the changes in relative
intensity of different elemental species in aged photoanodes in dark and light, respectively.
Further, a table with the elemental species of the electrolyte adsorbed onto the TiO> substrate
is displayed. NICIS analysis for the Ru and I peak in the dark-aged and light-aged samples is
included. It further includes UP spectra for the dye and dye-electrolyte adsorbed onto TiO>
substrate. The FTIR analysis of different dye functional groups and the variation upon
electrolyte introduction are shown. It further includes the FTIR analysis of variation in dye

functional groups with ageing.
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CHAPTER 7 CONCLUSION AND OUTLOOK

7.1. Summary

This thesis presents the results of various studies performed on the investigation of the
electrochemical properties of cell interfaces and their influence on overall cell performance.
The main research question is to understand the changes introduced in the electrochemical

properties at the cell interface with time when aged in dark and light.

To begin with, in Chapter 4, the dye anchoring has direct influence on the performance and cell
stability. Hence, investigating the anchoring modes of the N719 dye will further help in
correlating the change in the anchoring modes with the degradation in cell performance. The
anchoring mode of the N719-TiO> configuration of interest was investigated using FTIR and
ARXPS. The anchoring mode investigation is not a novel topic but with the variations in
anchoring modes owing to dye anchoring mechanisms and dye-TiO> configuration, the
anchoring modes for dye-TiO> configuration of our interest were studied.

The research strategy comprised evaluating the anchoring modes of individual functional
groups to investigate the possible anchoring modes of dye. Formic acid, PITC, and TBA-Br salt
were studied for this purpose. A re-sensitizing test was also performed where there were
disagreements about the involvement of TBA™. FTIR analysis revealed that the anchoring mode
of N719 dye is a combination of several ways of attachment, such as bidentate bridging via
COO; ester bonding, and a weak contact of NCS to the TiO; substrate. The ARXPS assisted in
obtaining the dye-TiO2 concentration depth profile. According to the concentration depth
profile, the dye is more concentrated near the surface than at depth and the COO™ group

penetrates deeper into the substrate and hence is the main anchoring group.

Moving towards ageing investigation, the aim of Chapter 5 is to develop an effective approach
for investigating ageing and the application of numerous techniques to analyse various elements
of cell degradation. The research method incorporates a large number of samples, around 70
cells, which were then exposed to light using a suntest device to accelerate ageing. To track the
change in device performance over time, the fundamental PV parameters were traced using the
JV characterisation technique. Furthermore, to analyse the changes in the photoanode over time,
several surface analytical methods such as XPS, MIES, UPS, and NICISS were employed.
These procedures function under UHV conditions, and to use them, the aged cell must be

opened and cleaned. Rinsing the aged sample substrate is critical for examining changes in the
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photoanode since otherwise the electrolyte layer on the sample surface would be probed. As a
result, the rinsing method must have no/minimal influence on the dye-adsorbed layer. Hence,
it is important to quantify the change in the dye layer with the rinsing process. The investigation
includes the use of an electrolyte extraction approach by ethanol rinsing studies. The result
concludes that the procedure of electrolyte extraction provides little or minimum risk of
introducing alterations into the dye layer. Thus, an efficient approach to excess the cell interface

after cell operation was established.

After rinsing, different techniques were used to monitor the possible changes in the aged sample
and to understand the application of the techniques in degradation analysis. For the purpose,
the samples aged for O hrs and 600 hrs were analysed. Surface sensitive techniques: XPS was
applied to compare the changes in chemical and elemental states of the dye and electrolyte
components, and UPS to observe the change in the DOS of the aged photoanode. The study
also includes the use of NICISS, and the substitution of He* by Ne™ to investigate the changes
in I and Ru in the aged sample. Surface analytical techniques such as XPS, UPS, and NICISS
have proven to be capable of detecting changes in the elemental composition of the dye and the
electrolyte. Thus, these techniques can contribute to a better understanding of ageing and its
effects at the dye/ TiO2/electrolyte interface with variety of dye configurations from high-
performing dyes like ADEKA, LEG4, SL9 and newly developed dyes like porphyrins. A
variety of cell configurations not limited to DSSCs can be investigated via this technique.

Expanding to Chapter 6, which is the application of procedure set-up in Chapter 5 to ageing
investigation in Chapter 6. The goal of this chapter is to analyse the changes brought in different
cell components and to discover the reason of ageing over time by employing various
methodologies to track changes at the device and cell-interface levels. The study investigated
the reasons of ageing in DSSCs, following the replication of the cell structure of interest. The
DSSCs were prepared and aged under various stress conditions such as dark and light. In the
dark, the sample was held at ambient temperature. This study employs device-level analytic
approaches such as JV characterisation and EIS analysis to follow changes in the PV
performance of the cell as well as the contribution of internal resistance to cell performance.
Furthermore, surface analytical approaches such as XPS, MIES, UPS, and NICISS aid in

establishing the underlying cause of cell deterioration.

The device level analysis and surface analysis of the sample cells were conducted in the study,
to investigate the cause of cell instability. The dark ageing is associated with steady cell

functioning and stable interfacial resistance. This confirms no deterioration occurring at the cell
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interface overtime. XPS and NICISS demonstrated the penetration of | into the dye-layer over
time for light aged samples. Furthermore, UPS concluded the penetration of electrolyte into the
dye layer is responsible for cell deterioration, and the presence of electrolyte at the surface is
required for the cell to continue operating. FTIR confirmed that when electrolyte is injected
into the dye layer, a dye-1 complex is formed, which is required to continue the dye regeneration
cycle. The continuous formation of the dye-1 complex is maintained in the dark aged samples,
but the complex decomposes in the light aged samples over time. Thus, the main reason for the
cell degradation, as observed for the investigation, is depletion in the dye and electrolyte
regeneration cycle because of | penetration into dye layer. The novelty in the observed result
explains the reason for decrease in cell performance over time and correlates it with the changes
at the cell interface.

7.2. Outlook

Expanding Chapter 4, the anchoring modes of different dye system to dye-electrolyte system
can be investigated, to understand the charge transfer mechanism at the cell interface, and hence
to develop more stable cells. With recent record-breaking efficiency achieved for DSSCs after
treating the titania substrate with hydroxamic acid ?, it is of interest to investigate the function
of pH on the anchoring modes of dye. In addition, a time resolved in situ-FTIR analysis can
help in understanding the variation in the anchoring modes overtime. This can further help in
understanding the changes in the energy kinetics and thus, reveal information about the best

soaking time for optimum favorable absorption and the functional group that are more stable.

Further extending to ageing investigation, an interesting future work could be application of an
in situ FTIR technique. An in situ FTIR is a powerful technique to acquire real-time information
about the changes in the chemical nature of dye and electrolyte. Hence, it can be applied to
investigate changes in the chemical nature of dye and electrolyte overtime under different stress
conditions. The external quantum efficiency (EQE) spectrum represents the percentage of
photons participating in current generation in the cells. An EQE analysis of aged sample cells
can help in understanding the level of degradation introduced in every interface layer over time.
This can be further applied in developing more stable cells. An advanced technique like PEEM
can be applied to understand the change in the energy band structure of the photoanode and the
dye titania interface with ageing which will assist in understanding the change in the band

alignment.

In addition, as the main cause of cell degradation is | penetration introducing different

passivation layers and investigating the effect on cell stability would be an interesting aspect to
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explore. To add, the effect of other electrolytes like [Co (phen)s]***, [Co (bpy)s]?***, [Cu
(tmby)2]?*"** and other efficient electrolyte system in DSSCs would be an interesting aspect to
investigate. This will help in unravelling the effect of different electrolyte systems at the cell
interface over time. Further helping in identifying an electrolyte configuration that offers cell
stability with efficient cell performance. Further, application of a real-life scenario like partial
exposure to light and dark while cell ageing, may help in understanding the potential healing
effect in DSSCs. Also, introducing moisture (rain) and variation of humidity when measured
indoors and or ageing at different locations (real) to understand impact of various weather-

related degradation will lead to more realistic approach to ageing analysis.

Furthermore, with increase in number of people relying on technology for entertainment,
informatics, communication, health, security, and several other reasons, DSSCs may be the best
option for providing a portable, wirelessly convenient, and sustainable energy source to meet
the demands of charging devices' batteries due to their ability to work indoors and in low light
circumstances. Additionally, DSSCs holds the ability to revolutionize the textiles industry. The
potential of textile DSSCs lies in their easy weaving into fabrics, which allows them to absorb
sunlight at 360° angles and maximize the absorption of both direct and dispersed light 2.
Nevertheless, DSSCs have also been studied in the field of Agrovoltaics as panels for
greenhouse applications, with encouraging results . Meanwhile, the application of DSSCs in
hydrogen production, photodynamic therapy, and wastewater treatment is also gaining research
attention. In regard to water splitting, since the introduction of DSSCs for the purpose in 20009,
a lot of research focus has concentrated on re-designing of the photoanode; to improve the
quantum yield, to decrease the back electron transfer reaction and to improve the water
oxidation process #®. A typical DSSCs structure requires an additional small to generate H
from water splitting and a tandem DSSCs system could contribute to water splitting without
any applied bias voltage. To date DSSCs have demonstrated encouraging outcomes in
photocatalysis for successful water splitting. The configuration of DSSCs with TiO2/Nb2Os as
the semiconductor, RuP2 as sensitizer and IrO2.nH20 as oxygen evolution reaction (OER)
catalyst achieved 109% of the Faradaic efficiency of O, generation . Furthermore, in DSSCs,
photo-absorbance can be increased to enhance charge transfer, which in turn can boost H>
production, by using the right chromophore. The alteration of dye and cell architecture to

enhance Hz production has garnered interest for future research work.

The DSSCs meet the two fundamental characteristics of the multijunction solar cell by being
able to employ high energy photons and operate in low light circumstances. In contrast to other

solar technologies, the energy region in DSSCs can be easily modified utilising different
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chromophore designs and molecular-level control 8. Furthermore, the DSSCs components can
be modified to achieve desirable absorption width, active layer thickness variation, and
chromophore adsorption to calibrate the output photocurrents for low heat loss. This technology
can be integrated with any other technology that employs lower energy photons to create a high-
performing multijunction system 8. In addition, the DSSCs have demonstrated encouraging
results on repeated electric erasure and re-sensitization of cell components with 90.98%
efficiency even after being recycled six times. Therefore, the state-of-art can help in reducing
costs and waste generation, and promoting reuse and reduce °. Hence, DSSC hold potential to

lead towards more sustainable energy source for future use.

DSSCs have many potential avenues for future investigation and improvement. DSSCs have
achieved a recording breaking efficiency of 15% ! while the highest efficiency recorded for
solar cell is 39.5% °. Although DSSCs has its advantages, it is still withheld due to comparable
poor performance, hence focus on material development, device architecture, stability and
durability, large-scale manufacturing, cost-reduction and integrating with other technologies
like developing hybrid systems could be of future interest.
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CHAPTER 8 APPENDICES

8.1 Chapter 1: Dye Sensitised Solar Cells-An Overview

Table 8.1: The record-keeping cell configuration with the components. The section for photoanode is
non-included because TiO: is the substrate used for dye-adsorption in the listed configuration.

N
g E |E |3 -
2 £ 3 w2 S (2 p
3 =
N719 BMII, Iy, Lil, Pt 18.9 686 | 0.86 11.2 | (D)
TBP in AN
N749 with DMPIL, Iz, - 2053 [ 720 [0.70 [104 |(2)
HNO3 treatment | TBP, Lil in
MAN
C106 + CDCA | DMIL, Iz, TBP, | Pt 17.6 753 | 0.75 9.8 3
GuNCS, Lilin
MPN
N621 in MPN BMII, I, Pt 16.81 | 777 |0.73 9.6 (@)
GuNCS, TBP
in AN:VN
C101 + CDCA | DMII, Iy, Lil, Pt 1794 | 777 |0.79 11 (5)
TBP, GUNCS
in AN:VN
LD4 PMII, 1z, Lil, Pt 19.63 | 711 |0.72 10.1 | (6)
TBP in
AN:VN
LD13 Lil, I, PMII, | Pt 1844 697 [0.73 [9.3 [(6)
TBP in
AN:VN
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LD14 Lil, 12, PMII, Pt 19.17 | 736 |0.71 10.2 | (6)
TBP in
AN:VN
LD31 + AN-4 Lil, I, PMII, | Pt 20.27 | 704 |0.72 |103 | (7)
TBP, in
AN:VN
ZnPBAT + DMII, Iy, Lil, | Pt 1933 | 719 |[0.72 |10.1 |(8)
CDCA GuNCS, TBP
in AN:VN
XW4 + C1 Lil, I, PMII, | Pt 20.15 | 736 |0.71 |105 |(9)
TBP, in
AN:VN
LW4 PMII, Lil, Iz, Pt 1765 [ 750 |0.72 9.5 (10)
TBP in
AN:VN
LWP1 PMII, Lil, Iz, Pt 17.77 | 730 |0.75 9.7 (12)
TBP in
AN:VN
LWP3 PMII, Lil, Iz, | Pt 17.76 | 720 |0.74 |95 |(11)
TBP in
AN:VN
C217 + DMII, Lil, Pt 16.1 |803 |0.76 |9.8 |(12)
dihydroxycholic | TBP, I>
acid GUuNCS in
AN:VN
SM315 + Co(bpy)s Graphe |18.1 |910 |0.78 |13 (13)
CDCA (TFSI)2 ne
Co(bpy)s Nanopl
(TFSI)3, ates
LiTFSI, TBP
in AN
SM371 + Co(bpy)s Graphe [159 |910 |0.79 |12 (13)
CDCA (TFSI)2 ne
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Co(bpy)s
(TFSD3,
LiTFSI, TBP
in AN

Nanopl
ates

C275

Co(phen)z
(TFSI)2
Co(phen)s
(TFSI)3,
LiTFSI, TBP
in AN

Au/Cr

17.03

956

0.77

12,5

(14)

C272

Co(phen)s
(TFSI)2
Co(phen)s
(TFSI)3,
LiTFSI, TBP
in AN

Au/Cr

15.81

897

0.74

10.6

(14)

ADEKA +
LEG4

Co(phen)s
(PFe)2,
Co(phen)s
(PFs)s, LiClO4,
NaClQOg,
TBAPF,
TBPPF,
HMImPF,
TBP, TMSP,
MP, CPrBP,
CPeBP,
COcBP in
MeCN

AUu/GN

18.27

1014

0.77

14.3

(15)

JK306 + HC-A

Co(bpy)s
[B(CN)s]2
Co(bpy)s
[B(CN)s]s
TBP, LiClO4
in AN

I-GNP

14.81

977

0.71

10.3

(16)
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YA422 +
CDCA

Co(bpy)s
[B(CN)a]2
Co(bpy)s
[B(CN)4]3
TBP, LiClO4
in AN

GNP+
Au

16.25 (890 |0.74

10.7

17

ADEKA +
SFD-5

Co [(CI-
phen)s]z,
Co [(CI-
phen)s]s,
LiClOg,
NaClOg,
TBAPF,
TBPPF,
HMImPF,
TBP, TMSP,
MP in AN

Pt 16.07 | 1035 | 0.77

12.9

(18)

YD2-0-C8 +
Y123

Co(bpy)s
[B(CNa]2

Co(bpy)s
[B(CNa]s

TBP, LiClOq
in AN

Pt 17.05 | 927 |0.78

12.3

(19)

Y123

Co(bpy)s
[B(CN)s)2
Co(bpy)s
[B(CN)s]s
TBP, LiClO4
in AN

PEDOT | 159 |910 |0.71

10.3

(20)

YD2 + CDCA

DMII, Iy, Lil,
GuNCS, TBP
in AN:VN

Pt 17.05 | 742 |0.72

9.1

(8)
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CYC-B11

BMII, Lil, I,
TBP, GuNCS,
in AN

PEDOT

18.5

723

0.67

(21)

D149 + CDCA

Lil, BMII, Iz,
TBPin
AN:VN

Pt

19.96

653

0.69

(22)

C106TBA +
DMSO +
DINHOP

DMII,
GUNCS, Iz,
NBB in MPN

PDDA

ERGO

18.77

692

0.74

9.5

(23)

YD2-0-C8

Co(bpy)s
[B(CN)a]2,
Co(bpy)s
[B(CN)4]a,
TBP, LiClO4
in AN

Pt

17.3

965

0.71

11.9

(19)

WW-5

Co(bpy)s
(TFSI),
Co(bpy)s
(TFSI)s,
LiTFSI, TBP
in AN

Pt

18.43

766

0.73

10.3

(24)

SL9+SL10+BP
HA

Cu®(tmby)(T
FSI),
Cu(tmby)(T
FSI),, NaTFSI
and CEMI in
3-MPN

PEDOT

17.8

1040

0.82

15.2

(25)
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Cc101
CH3(CH2}4CH3
N.._\ |,NCS
o~ | NCS
HO. s ) Ny
O I -
O OH
LD13

172



Ph.D. Thesis Chapter 8

LD14

LD31

ZnPBAT

173



Ph.D. Thesis Chapter 8

XwW4

LW4

LWP1

174



Ph.D. Thesis

Chapter 8

LWP3

SM371

SM315

CsH130 OC6H13
CgH130 g N g OCgH1s

CgH470 OCgH47

CgH470 OCgH47

HO™ "0

CsHmO g OCgH13
CgH130 O N OCgHq3

175




Ph.D. Thesis Chapter 8
C275 CeHia CeHia
CeHyz
QA § <em
CgHyy N N N
: NG A/
i o~ H— Y =
/_\ \
CgHyr
%CGHQ, /S
N N
car2 M AN

176

/OMe
Si\——OMe
OMe



Ph.D. Thesis Chapter 8

JK306

YA422

YD2-0-C8

177



Ph.D. Thesis Chapter 8

Y123 CeiaQ

YD2

CYC-B11

|

—

w

178



Ph.D. Thesis Chapter 8

D149

C106TBA

Figure 8.1 The molecular structure of high performing dyes
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8.2 Chapter 4: Anchoring Modes of Ru-based N719 dye onto Titania
Substrate

SEM analysis for the thickness of mesoporous TiOz:

Scanning electron microscopy (SEM) was used to determine the thickness of TiO> deposited
onto FTO. Secondary electron cross-sectional images of the samples were captured using an
FEI F50 SEM at a working distance of 10.6 mm. No coatings to prevent charging were applied

to the samples, thus a low electron beam energy of 2 keV was used.

Non-sintered titania

Thickness (um)
=
N

T T T T
0 2 4 6 8 10
No. of layers

Figure 8.2: SEM image of the cross-section of 4 layered TiO; deposited on FTO (left) and the

thickness of TiO; in pm as y-axis and number of layers deposited as x-axis (right).

In this study, the screen-printing method is the standard procedure selected for the deposition
of TiO,. Hence, it is very important to have a good estimation of the thickness of TiO; as the
function of the number of layers deposited. Hence, different layers of TiO2 were deposited on
the FTO, and the cross-section was analysed by SEM. From Figure 8.2 the number of layers
needed to deposit on the FTO can be determined based on the desired thickness throughout the

project.

XPS defect analysis:

To investigate the defect introduced by the X-ray source, the dye adsorbed sample was
measured successively for 2 hrs. Figure 8.3 represents the variation in the relative ratio of
different elements. The plots concludes that the relative intensity of different elements remained

constant and hence prove XPS to be non-destructive technique.
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Figure 8.3: The XPS relative intensity of different elements on the dye adsorbed TiO, sample. The

sample was successively measured with continuously X-ray exposure for 2 hrs.
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FTIR Phenyl isothiocyanate:
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Figure 8.4: FTIR spectra of phenyl isothiocyanate adsorbed on TiO; (A.) without rinsing
measured in N2 purged environment (B.) in a vacuum without rinsing, and (C.) in N, purged

environment with rinsing. The spectra have had the spectrum of blank TiO- subtracted.
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Table 8.2: The IR spectrum assignments for liquid phenyl isothiocyanate and the adsorbed phenyl

isothiocyanate on a TiO; substrate.

Liquid Adsorbed .
Wavenumber (cm ') | Wavenumber (cm 1) Assignments
1069 1074 C—H in-plane bending and
C—C stretching
1157 1157 C—H in-plane bending and
C—C stretching
1168 1173 C—N stretching or C—H in-
plane bending
- 1202 C—N amine
- 1225 C—N amine
1283 1295 -
- 1316 C—N amine
- 1345 C—N amine
1395 - -
- 1430 -
1473 - -
1489 1496 C=C stretching vibration
- 1530 N-H amine bending
- 1545 N-H amine bending
1584 1590 C=C stretching
1590 1599 C=C stretching N-H
bending
2030 - C=N
2170 - C=N
3024 3038 C—H stretching
3037 3046 C—H stretching
3062 3062 C—H stretching
3086 - -
3094 - C—H stretching
3175 Obscured -
3205 N-H stretching
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TBA-adsorption

The spectrum for the adsorbed sample was obtained after subtracting the blank TiO2 spectrum
and presented in Figure 8.5. Interestingly, a small broad peak at region 1487 cm® upon
adsorption was observed which could be related to the reduction in intensity of the 1454 cm'*

peak due to the CH2 backbone interaction with the surface upon physisorption.

1487 cm*

1454 cm™

Absorbance (Arb. unit)

TBA-Br Powder

1400 1500 1600
Wavenumber (cm™)

Absorbance (Arb. unit)

TBA-Br powder f’// 2\

2500 2600 2700 2800 2900 3000 3100 3200
Wavenumber (cm™)

Figure 8.5:The IR spectrum of TBA-Br powder (blue) and 1 M TBA-Br adsorbed onto TiO;
substrate measured under vacuum (A.) in region 1400-1550 cm* and (B.) in region 2500-3200 cm ™.
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RF-sputtered TiO2 and Mesoporous TiO2 from XRD:

Intensity (Arb. unit.)

...»f\“w._ i
_....»"P\‘,__ e
- A \
25 28 31 34 37 40
20 (Degree)
—Si wafer —FTO —FTO-PPT FTO-PPT-TiO,
RF-TiO2-PPT Si PDF 00-013-0542 —— Anatase PDF 01-075-1537 ——Rutile PDF 01-071-4809

Figure 8.6: The XRD spectra of the mesoporous TiO, and RF-sputtered TiO, compared with the
reference of Si wafer.

XRD was used to examine the crystal and phase structure of heated and TiCls-treated RF-
sputtered TiO2, blank FTO, TiCls-treated FTO, and Si. The XRD patterns were recorded using
Bruker D8 Advance equipment with a Co-K (A= 1.789 A) irradiation source operating at 35 kV
and 28 mA.

The RF-sputtered TiO2 was heated in an oven at the temperature of 1000°C for 6 hrs. This
procedure of heating RF-sputtered TiO> is expected to form an anatase phase on the RF-
sputtered TiO> (1). In addition, the RF-sputtered TiO> was treated with 40 mM TiCls solution
to have a comparable substrate to the mesoporous TiO- used in the experiment. To confirm the
crystallinity of mesoporous TiO; and RF-sputtered TiO; are the same, the sample was analysed
using a Bruker D8 Advance XRD apparatus with Co-Ka (A=1.789 A) irradiation source under
35 kV and 28 mA operating condition. The spectra were recorded over the range of 26=20° to
70°.

Figure 8.6 shows the XRD spectra of mesoporous TiO2 and RF-sputtered TiO. with the Si and
FTO substrates. It is obvious that both the samples have a peak at ~29° that represents the
anatase phase of TiO.. Note that the intensity of the anatase diffraction peak of RF-sputtered
TiO2 is low due to the low total amount of TiO in the RF-sputtered TiO> film compared to
mesoporous TiOz. This is because the thickness of TiO. deposited on the RF-sputtered TiO2 is

~400nm (2) and the thickness of the 5-layered mesoporous TiOz is ~13um, Figure 8.2 refer to
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the SEM analysis. The peaks positioned at ~31° and ~38° represent the FTO and Si, which are
the substrates for the mesoporous TiO2 and RF-sputtered TiO> respectively. The XRD result
concludes that both substrates have the same crystallinity and hence, the samples are
comparable.

ARXPS

The relative peak intensities for the elements of dye-TiOz are shown in Figure 8.7. The intensity
of C is increasing with increasing angle of observation. The intensity of TiO2 and oxygen are
decreasing with increasing angle of observation. The amount of Ru and N is low on the sample
itself and hence it does not show any meaningful change with the increasing emission angle.

On the other hand, the amount of sulphur was observed to decrease with the emission angle.

F 50 ‘ F 1.4 =
2 [ | ©
E Carbon u " 12 &
-
o 40 - . m @
= Ti ! 1 S
) . g
© 30 W Oxygen L 08 2.
= l ® g
J @ Nitrogen =z
%‘ 20 1 0.6 :A
g ®Ru =
2 Y ® Y - 04 g
< 10 @ Sulphur ® 3
(o]
_% ® @ (] ® - 0.2 £
T ® () o
e o4 . . L - - - 0
0 10 20 30 40 50 60 70

Emission Angle (0)
Figure 8.7: lllustration of the variation in the intensities of the elements on N719 adsorbed RF-
sputtered TiO; substrate to the emission angles in ARXPS. The secondary axis represents the

relative atomic intensity of Ru and S.

To investigate the TBA adsorption onto the TiO>, the relative intensities of the three different
nitrogen species present in the dye as shown in Figure 8.8 are analysed. The intensities of the
pyridine group (Npyd) and the NCS group are plotted on the primary y-axis and the TBA*
intensity is plotted on the secondary y-axis. With increasing emission angle, the intensity of
TBA" decreases and no TBA™ is observed at 40°, 50°, and 60°. This observation suggests that
TBA" is located deeper in the sample than NCS and the pyridine group. However, the low
intensity of TBA™ is the limitation of the ARXPS fitting procedure.
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Figure 8.8: The relative intensity of three Nitrogen components, Npyd, NCS, and TBA*, for the
emission angle in ARXPS. The intensity of TBA" is extremely low, hence, for better data
visualization TBA* is plotted against the secondary axis.
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XPS analysis for the re-sensitizing test for analysing the TBA* adsorption

Table 8.3: The elemental ratios of the elements of the 1%, 5™ 10" 15" and 20™ samples

respectively re-sensitised in order.

Elemen ts 1st 5th 10th 15th 20th
18.6+ 19.4+ 215+ 17.6+ 17.5+
C-main 0.1 0.1 0.2 0.1 0.2
8.7+ 9.0+ 8.4+ 9.2+ 9.0+
SOUS 0.1 0.1 0.2 0.1 0.2
— 2.4+ 2.4+ 2.3+ 2.4+ 2.4+
/COOH-C 0.1 0.1 0.2 0.1 0.2
14.6+ 14.3+ 13.92+ 14.80+ 14.87+
T 0.1 0.1 0.03 0.02 0.04
39.9+ 39.4+ 37.8+ 40.9+ 41.0+
Ssusl 0.3 0.1 0.1 0.1 0.1
CeO/OTTi. 6.5+ 6.3+ 7.5+ 6.7+ 7.1+
OH 1.7 0.1 0.1 0.1 0.1
— 3.2+ 2.3+ 3.1+ 2.4+ 2.0+
/ICOOH-O 3.4 0.1 0.1 0.1 0.1
0.39+ 0.42+ 0.36+ 0.42+ 0.378+
Ru 0.02 0.03 0.01 0.01 0.005
3.19+ 3.19+ 2.76+ 3.1+ 2.8+
Noya 0.02 0.03 0.05 0.1 0.1
0.7+ 1.05+ 0.67+ 0.8+ 0.8+
NCS 0.1 0.03 0.05 0.1 0.1
0.3+ 0.51+ 0.39+ 0.4+ 0.4+
TBA' 0.1 0.03 0.05 0.1 0.1
0.32+ 0.54+ 0.18+ 0.30+ 0.26+
SISO 0.01 0.01 0.01 0.01 0.01
0.22+ 0.14+ 0.26+ 0.23+ 0.22+
S 0.01 0.01 0.01 0.01 0.01
0.73+ 1.00+ 0.80+ 0.92+ 1.20+
F 0.02 0.01 0.01 0.02 0.02

Here, the presence of sulphur peaks at (168.82+0.020) eV suggests the S from NCS

(thiocyanate ligand) undergoing partial oxidation and formation of SO or SOs3 (3).
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Table 8.4: The elemental peak positions of the 1st, 5th, 10th, 15th, and 20th samples respectively

re-sensitised in order.

Elements 1t 5th 10t 15t 20th
C-main 285.0 285.0 285.0 285.0 285.0
C-0O/C-N 286.2 286.1 286.2 286.2 286.2
COOr
288.5 288.5 288.6 288.6 288.4
/[COOH-C
Ti 458.8 458.8 458.9 458.8 458.8
O-main 530.0 530.0 530.1 530.0 530.0
C=0/0O"
: 531.2 531.2 531.3 531.3 531.3
/Ti-OH
COO-
532.2 532.2 532.3 532.3 531.4
/COOH-0O
Ru 281.0 281.0 281.1 281.0 281.0
Npyd 400.1 400.1 400.2 400.2 400.2
NCS 397.9 397.9 397.7 397.7 397.7
TBA* 402.3 402.3 402.4 402.3 402.3
S-C-
162.4 162.3 162.3 162.3 162.4
S/IC=S
S-S6+ 168.5 168.5 168.6 168.5 168.6
F 684.0 684.0 684.1 684.1 684.0
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Figure 8.9: The XPS intensity ratio of individual dye elements with the substrate on multiple
sensitised samples mentioned in the x-axis, respectively. The sample number on the x-axis

indicates the number in the sequence of samples dipping into the dye solution.

Further, on comparing the adsorption of individual dye elements to the substrate ratio as shown
in Figure 8.9. The adsorption of dye elements to TiO2 does not show much deviation, suggesting
a similar adsorption tendency of dye elements towards TiO. substrate and concludes that

dilution has a nominal effect on dye adsorption.
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Table 8.5: The elemental ratios of fresh dye and the re-sensitised dye solutions drop-cast on TiO»

substrate and analysed with XPS.

Elements Fresh Dye Re-sensitised Dye
C-C 18.0+ 0.1 118+ 0.1
C-O/C-N 75+0.1 32101
COO/COOH-C 14+01 1.0+01
Ti 16.24 + 0.03 19.80 + 0.01
O-main 41.0+0.1 46.8 +£0.2
C=0/O/Ti-OH 6.4+0.1 10.3+0.2
COO/COOH-0O 40+0.1 36%0.2
Ru 0.270 + 0.004 0.051 £ 0.004
Npyd 22101 0.88 £ 0.01
NCS 0740.1 0.23+0.01
TBA* 05+0.1 0.07 £ 0.01
S-C-S/C=S 0.464 £+ 0.002 0.018 £+ 0.002
S-S6+ 0.030 £ 0.002 0.040 £ 0.002
F 1.16 £0.01 2.24+0.01

The re-sensitised dye solution was drop-cast on blank TiO2 and a reference sample was prepared

by drop-casting the fresh dye solution on blank TiO>. to understand the residue of dye elements

before and after multiple sensitizing Both samples were further investigated with XPS. It can

be seen in Table 8.3 that the relative intensity of dye elements Ru, TBA*, and S components
quantitatively decrease to the same degree through re-sensitizing. The reduction in the number
of dye elements in the dye solution due to multiple adsorptions, suggests the active involvement

of all these dye components in dye adsorption.

To investigate further if the TBA™ adsorbs onto the TiO> substrate with the same degree as other
dye components, the intensity ratio of Ru/TBA™ for the fresh dye (before) and the re-sensitised

dye solution (after) was compared and is shown in Figure 8.10.
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Figure 8.10: The intensity ratio of Ru/TBA" of the dye solution drop cast onto the TiO; substrate

for the fresh dye (before sensitisation) and re-sensitised dye (after multiple sensitisations).
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8.3 Chapter 5. Exploring Alteration in Electrochemical Interface of Dye
Sensitised Solar Cells-An Experimental Set-up for Ageing Investigation
XPS analysis for the blank TiO2 substrate before and after ethanol rinsing

Table 8.6: The change in the elemental composition of the dye-titania substrate measured before

and after ethanol rinsing. The reading displays an average of four photoanodes with the standard

error calculated.

Before After Difference
C-C 185+04 |189+23 |03
C-COOH 28+0.2 28105 0.0
C-N 9.6+0.6 10.1+1.0 |05
Ru 06+0.0 0.5+ 0.0 0.0
O 1s 388+05 [382+16 |-0.6
C=0 6.7+0.2 7.0+04 0.4
O-COOH 20+01 25101 0.5
Ti 140402 |135+04 |-05
F 11+01 1.3+0.1 0.2
S1 09+0.0 0.6+01 -0.3
S2 0.1+0.0 02+01 0.2
Npyd 32+01 [324+02 00
NCS 13+01 1.0+0.1 -0.4
TBA" 05+0.0 0.3+ 0.0 -0.2
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Table 8.7: The change in the elemental composition of the TiO, substrate measured before and

after ethanol rinsing. The reading displays an average of three photoanodes with the standard

error calculated.

Peak position | Before After Difference
C-C 285.0£0.2 26.1+59 [29+16.0 |29
C-N 286.2+0.2 122496 |11.1+16.0|-1.1
C-COOH 288.6 £ 0.2 29413 |17+10 |-1.2
O1s 529.6 £ 0.2 311+37 [332+151|22
C=0 531.7+0.2 106+1 92+1 -1.3
O-COOH 533.8+0.2 63+43 |40+24 |-23
Ti 458.3+0.2 81+14 [89+43 |08
F 683.9+0.2 04401 [07+05 |03
S2 168.2+ 0.2 02401 [02+01 |02
N-1 400.0£0.2 04401 |06+02 |01
N-2 397.9+0.2 07+05 |05+02 |-0.2

Device level analysis of DSSCs

To investigate the degradation in cell performance, 70 sample cells were prepared. All the cells
were exposed to the sun-test equipment. In ageing investigations, it is critical to keep track of

the decrease in device performance over time. The cell functioning was traced through JV

analysis to track the change in the PV parameter with time under light ageing.

Figure 8.11: The CPS* sun-test equipment used for accelerated ageing in DSSCs (left) and
sample loaded on the loading compartment (right).
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Figure 8.12: The fundamental PV parameters, namely, Jsc, Voc, FF, and efficiency for the sample

cells aged in light for the mentioned time in hrs. The parameters are an average of 10 samples.

Table 8.8: The summary of PV performance of the cell aged under light. Average values and

standard deviations of 10 cells along with the parameters of the best cells are highlighted in bold.

Jsc Voc (V) FF n (%)
(mA/cm?)
13.3, 0.8, 0.5, 5.0,

0 hrs
1234+12 |084+00 |05+00 [49+01
12.7, 0.8, 0.6, 6.1,

24 hrs
126+08 |08+00 |06+00 |57+0.2
12.4, 0.8, 0.6, 5.4,

72 hrs
118409 |084+00 |06+00 |52+4+0.2
9.8, 0.7, 0.6, 3.9,

240 hrs
774+18 |07+00 [(06+01 |3.24+05
47, 0.6, 0.6, 1.7,

480 hrs
464+07 |06+00 |06+01 |16+01
4.9, 0.6, 0.5, 1.6,

600 hrs
41410 |06+00 |[054+401 |13+02
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XPS analysis

Table 8.9: The change in the elemental composition of the dye-TiO2-electrolyte interface

measured for 0 hrs and 600 hrs aged photoanode in light. The reading displays an average of three

photoanodes with the standard error calculated.

Elements 0 hrs 600 hrs
C-C 22.444.2 27.1+2.8
C-COOH 3.940.2 3.740.0
C-N 15.442.2 9.1+0.8
Ru 0.240.0 0.1+0.0
O1s 26.2+5.4 33.8+2.7
C=0 13.246.0 9.0+0.5
O-COOH | 3.1+0.8 2.61+0.2
Ti 9.240.7 9.1+0.7
F 1.140.2 0.7£0.0
S-1 0.440.1 0.1+0.0
S-2 0.240.0 0.1+0.0
Npyd 2.610.0 1.84+0.1
NCS 1.04+0.1 0.6+0.2
TBA* 1.1+0.1 1.2+0.3
I- 0.140.0 0.740.1
I3 0.0+0.0 0.1+0.0
higher
oxidised 0.0+0.0 0.0£0.0
I-species
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Table 8.10: The peak position in eV for different elemental species of the dye-TiO,-electrolyte

interface measured for 0 hrs and 600 hrs aged photoanodes in light. The reading displays an

average of three photoanodes with uncertainty of +0.2.

Elements 0 hrs 600 hrs

C-C 285.0+0.2 | 285.0+0.2
C-COOH 288.7+0.2 | 288.6+0.2
C-N 286.2+0.2 | 286.3+0.2
Ru 281.1+0.2 | 280.91+0.2
O1s 529.740.2 | 529.8+0.2
C=0 531.440.2 | 531.6+0.2
O-COOH 533.1+0.2 | 532.8+0.2
Ti 458.8+0.2 | 458.6+0.2
F 684.3+0.2 | 684.2+0.2
S-1 162.2+0.2 | 162.5+0.2
S-2 168.2+0.2 | 168.5+0.2
Npyd 399.940.2 | 399.9+0.2
NCS 397.8+0.2 | 397.6+0.2
TBA* 401.740.2 | 401.6+0.2
I- 618.6+0.2 | 618.7+0.2
I3 621.04+0.2 | 621.14+0.2
higher oxidised | 623.2+0.2 | 622.440.2

I-species
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Table 8.11: The elemental ratio obtained from XPS analysis of drop-cast substrates after rinsing
off the aged cells. The drop-cast samples were prepared by drop-casting the rinsed-off solution

onto a blank TiO, substrate.

Elements 0 hrs 600 hrs
C-C 16.3+3.4 18.4+2.7
C-COOH 1.840.3 2.240.2
C-N 54415 7.310.9
Ru3d5/2 | 0.0+0.0 0.0+0.0
O 1s 44,5432 45.910.9
C=0 9.8+£2.9 6.5+1.2
O-COOH | 3.9+40.2 3.0+£0.8
Ti 149+1.1 13.7£0.8

F 2.210.4 1.840.3

S-1 0.0+0.0 0.0+0.0
S-2 0.1+0.0 0.0+0.0
Npyd 0.7£0.1 0.5+0.1
NCS 0.1+0.0 0.1+0.0
TBAY 0.440.1 0.440.1

I- 0.240.0 0.1+0.0

I3 0.0+0.0 0.0+0.0
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UPS analysis for reference samples
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Figure 8.13: The UP spectra for the dye adsorbed onto TiO; (blue) and electrolyte adsorbed onto
TiO; (orange).

202



Ph.D. Thesis

Chapter 8

8.4 Chapter 6. Unveiling the Ageing Effect at the Interface of N719 Dye

Sensitised Solar Cells

JV characterisation curve for high-performing cells in both dark and light-aged samples
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Figure 8.14: The JV characteristics of the best-performing sample cells aged in dark (A.) and

under light (B.) conditions.
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Nyquist plot for high performing samples cells aged in dark and light
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Figure 8.15: The Nyquist plot of the samples aged in dark (top) and light (bottom) with

respective aged time. The bottom right represents the Nyquist plot for two samples, 792 hr and
1008 hr, and the rest are included in the bottom right.
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The XPS intensity variation in the elemental ratio of the photoanode for the sample cells
aged in dark and light

Table 8.12: The change in the elemental composition of the dye-TiO-electrolyte interface

measured for different aged photoanode samples in the dark. The reading displays an average of

three photoanodes with the standard error calculated.

0hr 24 hr 72 hr 216 hr 456 hr 576 hr 792 hr 1008 hr
Cc-C 219406 |18.7+1.3|19.24+0.9 | 229415 |26.6+2.4 | 24.0+2.9 | 24.842.0 | 31.2+4.6
C- 5.0+0.4 44405 |4.8404 |4.840.2 49408 |4.1+01 |6.3+2.4 |55+15
COOH
C-N 10.1+0.3 | 89+0.8 |9.2+0.4 |10.3+1.3 |14.3+1.7 | 115+2.2 | 10.7+2.5 | 14.94+2.6
Ru 0.24+ 0.21+ 0.27+ 0.24+ 0.17+ 0.18+ 0.21+ 0.12+
0.01 0.03 0.03 0.02 0.01 0.02 0.01 0.03
O 1s 35.6+0.9 |38.2+1.0|37.1+0.5 | 35.2+1.8 |29.7+3.7 | 33.6+4.3 | 33.1+1.7 | 25.3+5.6
C=0 7.31+0.3 7.2+0.1 | 7.2+0.2 |6.8+0.5 7.2+0.1 | 75+05 |6.9+0.7 |6.6+0.7
O- 3.0+0.5 41404 |39+04 |2.8+40.3 2.8+0.8 |3.0+0.5 |2.8+0.2 |3.7+0.5
COOH
Ti 10.4+0.1 | 115405 |11.1+0.2 | 10.0+05 |8.0+1.4 |9.1+1.7 |9.3+05 |6.7+1.5
F 1.0+0.2 1.3+40.1 |1.2+40.1 |1.0+0.0 1.0+0.2 |0.94+0.2 |0.9+0.1 |0.7+0.3
S1- 0.20+ 0.26+ 0.27+ 0.34+ 0.19+ 0.17+ 0.19+ 0.19+
from 0.04 0.04 0.03 0.03 0.01 0.05 0.01 0.05
SCN-
S2- 0.30+ 0.28+ 0.28+ 0.24+ 0.26+ 0.29+ 0.27+ 0.22+
oxidis | 0.01 0.04 0.04 0.04 0.05 0.06 0.02 0.06
ed S
S3- 0.033+ 0.024+ | 0.031+ 0.024+ 0.052+ 0.047+ | 0.03% 0.059+
TiOS | 0.002 0.005 0.001 0.005 0.018 0.009 0.01 0.005
Npyd |2.740.1 24402 29403 |28+0.1 2.8+0.3 |3.1+05 |2.6+0.2 |2.8+0.3
SCN~ | 0.85+ 0.8+ 1.0+ 0.9+ 0.9+ 1.3+ 0.80+ 0.7+
0.03 0.1 0.1 0.1 0.1 0.6 0.03 0.1
TBA® | 1.1+0.1 14401 |1.34+0.1 |1.440.2 0.9+0.1 |1.0+0.1 |1.0+0.1 |1.0+0.2
I 0.11+ 0.18+ 0.07+ 0.21+ 0.16+ 0.16+ 0.07+ 0.21+
0.03 0.07 0.02 0.13 0.09 0.12 0.02 0.09
I3 0.029+ 0.033+ | 0.021+ 0.031+ 0.025+ 0.031+ | 0.021+ 0.047+
0.003 0.006 0.003 0.009 0.007 0.013 0.003 0.012
Higher | 0.013+ 0.015+ | 0.010+ 0.015+ 0.012+ 0.010+ | 0.009+ 0.010+
oxidis | 0.001 0.003 0.001 0.005 0.006 0.001 0.001 0.001
ed I-
specie

S
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Table 8.13: The change in the elemental composition of the dye-TiO:-electrolyte interface

measured for different aged photoanode samples in light. The reading displays an average of three

photoanodes with the standard error calculated.

0 hrs 24 hrs 96 hrs 264 hrs 792 hrs 1008 hrs
Cc-C 27.6+1.5 |26.5+409 |25.940.2 27.94+1.1 27.6+0.5 |30.1+4.9
C-COOH 3.2140.1 3.31+0.1 3.7+0.1 3.71+0.0 3.440.1 3.4+40.1
C-N 12.0+£0.2 |10.740.4 |10.940.9 11.740.7 13.5+1.7 | 15.7+2.3
Ru 0.1940.01 | 0.16+0.01 | 0.1940.01 | 0.22+0.01 | 0.21+0.01 | 0.21+0.05
O1s 31.8+1.0 |33.9+0.9 |33.8+0.7 31.840.3 30.8+0.8 | 26.9+5.4
Cc=0 8.2+0.3 8.24+0.5 8.21+0.3 8.31+0.3 7.8+0.0 7.310.4
O-COOH 2.61+0.1 2.310.1 24+40.2 2.240.1 2.5+0.2 3.0£0.5
Ti 8.4+0.3 9.24+0.3 9.1+0.2 8.31+0.2 8.2+0.2 7.241.7
F 0.940.2 1.140.2 1.140.1 1.0+0.0 1.1+0.2 0.8+0.2
S1-from 0.174+0.01 | 0.10+0.04 | 0.12+0.01 | 0.05+0.01 | 0.12+0.02 | 0.21+0.03
SCN-
S2-oxidised | 0.26+0.02 | 0.2940.03 | 0.23+0.01 | 0.24+0.01 | 0.20+0.01 | 0.2+0.04
S
S3-TiOS 0.08+0.01 | 0.07+0.00 | 0.0840.02 | 0.07+0.01 | 0.06+0.01 | 0.04+0.02
Npyd 25101 2.1+40.1 24401 2.710.2 2.710.1 2.940.3
SCN- 0.84+0.2 0.6+0.1 0.5+0.1 0.5+0.1 0.5+0.2 0.8+0.2
TBA* 1.140.1 1.24+0.3 1.1+0.0 0.940.0 0.8+0.1 0.940.2
I 0.13+0.04 | 0.22+0.17 | 0.1840.02 | 0.22+0.04 | 0.31+0.03 | 0.43+0.09
I3 0.035+0.0 | 0.04+0.01 | 0.101+0.00 | 0.105+0.01 | 0.12+0.01 | 0.039+0.01

05 9 6 6
Higher 0.008+ 0.013+ 0.011+ 0.007+ 0.006+ 0.014+
oxidised I- 0.001 0.002 0.002 0.001 0.002 0.007
species

NICISS characterisation of Ru and I in aged samples
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Figure 8.16: NICIS spectra for the presence of Ru on the dark (left), and light (right) aged

sample through the ageing period.
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Figure 8.17: NICIS spectra for the presence of I on the dark (left), and light (right) aged sample
through the ageing period.

FTIR spectral analysis of N719 dye, electrolyte and electrolyte solvent adsorbed onto

TiO2 substrate
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Figure 8.18: FTIR spectra of N719 solution adsorbed on TiO, substrate subtracted from blank
TiO..
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Figure 8.19: IR spectra for different functional groups representing the adsorbed dye molecule

onto TiO; substrate for dye adsorbed sample and dye-electrolyte sample.
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Figure 8.20: IR spectra for reference N719 adsorbed onto TiO, and N719 adsorbed onto TiO;
further adsorbed into AN and AN:VN solvents. The figure on the left represents the IR for the

SCN- group and the right represents the C=0 at 1725 cm™.
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UV-Vis DRS spectral analysis of N719 dye and electrolyte onto TiO2 substrate
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Figure 8.21: The UV-Vis DRS reflectance spectra of the dye adsorbed on TiO2 with and without
electrolyte (A) and of the first derivative to determine the inflection point of the reflectance spectra

(B).
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Figure 8.22: IR spectra for respective functional groups for dark (left) and light (right) aged

samples.
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DFT calculation and modelling
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Figure 8.23: Geometrically optimised structure of molecule (A.), referenced as N719, and molecule
(B.), denoting N719 with the substitution of the SCN- ligand by I in AN.
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Figure 8.24: The simulated UV-Vis spectrum of molecule (A.) referenced as N719, and molecule
(B.), denoting N719 with the substitution of the SCN" ligand by I- in AN solvent.
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