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FABRICATION OF DNA/RNA TEMPLATED CONDUCTIVE METAL WIRES

FOR DYE-SENSITIZED SOLAR CELL APPLICATIONS

ABSTRACT
In this work, fabrication of deoxyribonucleic acid (DNA) and ribonucleic acid (RNA)
templated metal wires on substrates were presented and their use as modified counter
electrode (CE) in dye sensitized solar cells (DSSCs) has been studied. This research
demonstrates a novel and controllable scribing method to fabricate DNA/RNA templated
submicron to nanoscale metal wires employing natural capillary force action and the
coffee-ring effect. Cyclic voltammetry (CV) measurements showed that DNA/RNA
templated metal wires on Si, ITO and Platinum (Pt)/ITO substrates exhibited higher
electro-catalytic activity with improved conductivity than conventional Pt/ITO CEs due
to the synergistic effect of Pt and metal wire network on ITO. DSSCs designed using
TiO2 photoanode, N719 dye, I'/I3” electrolyte and modified electrodes show higher power
conversion efficiency under AM 1.5, 100 mWem™ illumination compared to cells
assembled using the same parameter but conventional (Pt/ITO) CE. Moreover, to enhance
photoabsorption and electron generation in DSSCs and to develop compatible
photoanodes with our modified CEs, TiO2-based photoanodes were developed using
aerosol-assisted chemical vapor deposition (AACVD) and electrophoretic deposition
(EPD). The effect of magnesium doping in AACVD developed films at various
concentrations and surface modification of EPD films using tin (Sn) were analyzed. A
detailed morphological and structural analysis of the films developed using AACVD and
EPD has been presented. The overall efficiency improvements were observed when the
modified CEs and modified photoanodes were used. Various characterization techniques
were employed to analyze the fabricated metal wires and deposited TiO> electrodes
including X-ray diffraction for phase purity, crystallinity and crystallite size

determination, X-ray photon spectroscopy for determination of valence state of the metal
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wires, CV for determination of catalytic activity of the CEs, current density-voltage (J-
V) characteristics for analyzing the performance of the DSSCs etc. Various DSSCs were
formed and the maximum efficiency of 6.68 % was achieved in DSSC fabricated using
DNA templated Au wires on Pt/ITO substrates as CE and 2 mol% Mg doped AACVD

TiO; film on ITO as photoanode.

Keywords: DNA/RNA templating, Scaffolding, DSSCs, Photonaode, Counter electrode.
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FABRIKASI DNA / RNA WAYAR KONDUKTIF LOGAM TEMPA UNTUK

APLIKASI PEWARNA SEL SOLAR SENSITIF

ABSTRAK
Dalam kerja ini, fabrikasi DNA/RNA templat dibuat pada wayar logam di atas silikon
(Si) dan substrat indium besi oksida (ITO) telah dibentangkan dan penggunaannya
sebagai elektrod balas diubahsuai (CE) dalam sel solar dye sensitif (DSSCs) telah dikaji.
Pengukuran voltammetri kitaran (CV) menunjukkan bahawa dawai logam templat
DNA/RNA pada substrat Si, ITO dan Platinum(Pt)/ITO memperlihatkan aktiviti elektro-
katalitik yang lebih baik dengan kekonduksian yang lebih tinggi daripada elektrod balas
Pt/ITO konvensional kerana kesan sinergi Pt dan rangkaian wayar logam pada ITO.
DSSC yang direka menggunakan TiO> photoanode, N719 pewarna, I7/I5. elektrolit dan
elektrod yang diubahsuai menunjukkan kecekapan penukaran kuasa yang lebih tinggi di
bawah pencahayaan AM 1.5, 100 mWcm™? berbanding dengan sel yang dipasang
menggunakan parameter yang sama tetapi konvensional (Pt/ITO) CE. Tambahan pula,
untuk meningkatkan penyeropan foto dan generasi electron di DSSCs dan untuk
membangunkan fotoanod yang serasi dengan CE yang diubah suai, fotoanod berasaskan
TiO2 telah dibangunkan menggunakan pemendapan wap kimia yang dibantu aerosol
(AACVD) dan pemendapan electrophoretik (EPD). Kesan doping magnesium dalam
filem AACVD yang dibangunkan di pelbagai kepekatan dan pengubahsuaian permukaan
filem EPD menggunakan besi (Sn) dianalisis. Analisis morfologi dan struktur terperinci
bagi filem-filem yang dibangunkan menggunakan AACVD dan EPD telah dibentangkan.
Peningkatan kecekapan keseluruhan diperhatikan apabila elektrod balas dan fotoanod
diubahsuai digunakan. Pelbagai teknik pencirian digunakan untuk menganalisis wayar
logam fabrikasi dan elektrod TiO2 yang didepositkan termasuk pembelahan sinar-X untuk
ketulenan fasa, kristalografi dan penentuan saiz kristal, spektroskopi photon X-ray bagi

penentuan keadaan valensi wayar logam, CV untuk penentuan pemangkin aktiviti CE,



ciri-ciri kepadatan axis-voltan (J-V) untuk menganalisis prestasi DSSC dan sebagainya.
Pelbagai DSSC telah ibinadan kecekapan maksimum sebanyak 6.68 % telah dicapai
dalam DSSC yang direka menggunakan wayar Au di atas Pt/ITO DNA sebagai CE dan 2

mol% Mg doped AACVD TiO; filem pada ITO sebagai thotoanod.

Kata kunci: Templat DNA/RNA, Scaffold, DSSC, Fotonaode, Elektrod balas.
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CHAPTER 1: INTRODUCTION

1.1 Background of Study

1.1.1  Sub-Micron to Nanoscale Metal Wires on Substrates

The fabrication of sub-micron to nanoscale materials depend on the reaction, assembly
and growth of metal atoms, clusters or molecules to form one dimensional (1-D), two
dimensional (2-D) or three dimensional (3-D) materials. Sub-micron to nanoscale
materials are characterized by their sizes and number of dimensions. A sub-micron size
material is defined as material with size less than a micron (<1 um) and a nanosize
material is defined as material with size less than 100 nm (1-100 nm) in at least one spatial
direction (Bai et al., 2017; Cao, 2004). There is remarkable difference in the properties of
materials in their bulk phase and their nanometer scale counterparts (Moras et al., 1996).
The sub-micron to nanometer scale material exhibit unexpected properties for a range of
0-D, 1-D and 2-D (Cheng et al., 2009; N. Wang et al., 2008). Electrical, chemical and
optical properties remain almost the same for a bulk material, but when the material is
reduced to sub-micron to nanoscale regime (1-500 nm), these properties are highly
influenced by the size of the material and hence these properties can be tuned due to their

size dependence.

There are two main factors responsible for the dependence of material properties on
its size; the electronic band structure quantization and the surface to volume ratio
(corresponds to the atoms residing on the surface) (Dey et al., 2015; Ehira & Egami, 1995;
Roduner, 2006). As the size is reduced, electronic band quantization and surface to
volume ratio increases, thereby, influencing the physio-chemical properties of sub-
micron to nanoscale materials. The atoms in the bulk are less energetic than the atoms on
the surface because atoms in bulk have higher coordination number and are strongly

bound to the lattice as compared to atoms on the surface. For example, the melting



temperature of bulk metal materials is higher than that of their sub-micron to nanoscale
counterparts. This is because with the decrease in size, surface to volume ratio increases,
thereby, increasing the surface tension due to the presence of high energy surface atoms.
This favors the conversion of solid into liquid phase hence, lowering the melting

temperature (Dey et al., 2015).

To explain the electronic band structure quantization (quantum confinement), it is
important to classify electronic structures of insulators, semiconductors and bulk metals.
A schematic illustration of electronic structures is shown in Figure 1.1. The valence band
(VB) and conduction band (CB) of solids are akin to the HOMO (highest occupied
molecular orbital) and LUMO (lowest unoccupied molecular orbital) of a molecule. The
VB is the highest occupied electronic state of the material and the CB is the next available
state for the electron after valence band is totally filled. The energy difference between
the empty CB and a filled VB is called the band gap (Eg) of the material. When the E; is
too high, it is difficult for an electron to overcome this energy to reach to the CB and such
a material is an insulator (no free electron movement). If Eg is small enough that some
electrons can overcome and move to the CB, such a material is a semiconductor. In a
metal, the band gap doesn’t exist or is too small and the electrons are free to move between
CB and VB thereby, conducting electricity. As the material is scaled down from bulk to
sub-micron to nanoscale size, a corresponding change in electronic energy level spacing
occurs. For example, modifying the structure of CdS nanoparticles can lead to the tuning
of electronic structure of material. By maneuvering the size of CdS nanoparticles from 2
to 5 nm, the band gap could be adjusted from 4.5 to 2.5 eV (Moras et al., 1996). The
change 1is illustrated in Figure 1.2. Electronic structure of sub-micron to nanoscale
materials is somewhere between the molecular band and bulk structures. The band

structure is not continuous in sub-micron to nanoscale materials.
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Figure 1.1: Schematic illustration of electronic structure of solids. The VB is filled
with electrons and the CB is partially filled for semiconductors and metals. CB is
empty for insulator due to high energy gap.
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Figure 1.2: Schematic illustration of change in band structure. Formation of discrete
energy levels in submicron to nanoscale materials on structure quantization.



Another important factor affecting the properties of the materials is the shape and
structure of the material. In the end of 19™ century, significant influence of fine structure
on the properties of materials was observed with the work on mechanical properties of
iron (Fe) alloys (Gleiter, 1992). It was observed that allotropic transformation of Fe alloys
formed fine scale microstructure giving the alloy its hardness. Correlation between
properties and microstructure was then observed for non-ferrous materials as well. The
mechanism of the correlation was investigated after high resolution characterization
techniques like field ion and electron microscopy became available. Another
breakthrough happened with the development of nanomaterials when it was observed that
new electronic and atomic structures were generated with modifications in the structure
of the solids (Kvitek et al., 2013). For example, Narayanan et al. (2004) observed that the
catalytic activity varied for differently shaped Platinum (Pt) nanocrystals (tetrahedral,

near spherical and cubic) (Narayanan & El-Sayed, 2004).

So far we have discussed the correlation of shape and size of the materials on its
properties. The size and structure of materials can be tailored for a particular application,
e.g. materials based on nanowires, quantum dots and quantum wells, etc. In this research,
the work was focused on the fabrication of nucleic acid templating of conducting sub-
micron to nanoscale size metal wires for applications in Dye Sensitized Solar Cells
(DSSCs). In order to prepare conductive metal wires, size scaling may become
detrimental beyond a certain limit as conductivity is reduced with a reduction in the
number of charge carriers. The drive is; (a) to understand fabrication and growth of metal
wires using DNA and RNA templating and the coffee-ring effect, (b) to fabricate the
metal wires in submicron to nanoscale regime retaining bulk-like properties of the metal
wires, (c) to use the fabricated metal wires on various substrates as modified CEs in

DSSCs and (d) to analyze the performance of the CEs and their respective DSSCs.



1.1.2  Template based Synthesis and DNA as a Nanomaterial

Template based synthesis became a research interest when Martin’s group reported the
pioneering work of metal microtubule synthesis by templating in 1994 (Brumlik et al.,
1994; Martin, 1994). There are various templates available for the fabrication of metal
wires (Reyes et el., 2016). Recently, biomolecules like self-assembled proteins, viruses,
bacteria etc. have emerged as fascinating bio-templates due to their sophisticated
chemistries and special structural features, which are advantageous and beneficial
characteristics for novel sub-micron to nanoscale material development (Gazit, 2007; Niu
et al., 2007). Bio-template synthesis involves the use of biological building blocks as
biological tools, templates and scaffolds for fabricating various non-biological
nanostructures (Taton, 2003). Among these bio-templates, DNA molecules hold much
importance as a template from the material science point of view. Seeman et al. (1998)
reported that complementary DNA strands possessed specific recognition which allowed
their arrangement into well-arranged structures at nanoscale (Seeman, 1998, 2005). The
polynucleotide chain of DNA has a length of 0.34 nm per nucleoside subunit and a
diameter of 2 nm. Moreover, DNA molecules are chemically robust and due to their
increased demand in molecular biology applications, the cost of synthesis of DNA has
significantly reduced. It has been reported in literature that DNA-templated metallic
nanowires tend to have different structural properties from nanowires fabricated by other
techniques (Gu et al., 2005). These characteristics of DNA make them an interesting

nanomaterial and bio-template for fabrication of metal structures.

RNA and DNA molecules have many common structural properties and RNA had
been studied as a bio-template (Eber et al., 2015; Kumar & Gupta, 2017; Tsukamoto,
Muraoka et al., 2007). However, no work on the RNA templated fabrication of metal

wires has been reported before.



1.2 Industrial Applications

As explained earlier, the structure shape and size of wires highly affect material
properties and hence their applications. The structure of metal wires offers very little
room for defects allowing unimpeded flow of electrons (Mikolajick et al., 2013). The
diameters of nanowires are negligible, however, their lengths could be maneuvered to
hundreds of micrometers. Only known materials possessing such extreme diameter to
length ratios are the nanowires making them unique. Facile and economical fabrication
of metal nanowires can open doors for new generation nano-electronics. Controllable
writing methods of metal nanowire fabrication could enable fabrication of microchips and
revolutionize nano-circuit manufacturing. Such circuits could have numerous industrial
applications apart from solar cell applications e.g. nanowires for the development of super
capacitors and flexible capacitors for wearable electronics as energy storage provider
(Zhou et al., 2015). Piezoelectric nano-generators and sensors powered by zinc oxide
nanowires could allow development of self-contained and small sensors which can be

driven employing mechanical energy like win or tides (Wang et al., 2006).

Nanowires, owing to a resonance effect, can concentrate sunlight enabling more
photons of sunlight to electricity conversion producing highly efficient solar cells (Kupec
et al., 2010). Moreover, employing self-assembly techniques to arrange nanowires on a
substrate such as semiconducting nanowire on gold nanoparticles can replace Si based
substrates. Battery anodes fabricated using silicon nanowires on stainless steel substrates
could show power density more than 10 times as compare to the power density of
conventional lithium ion batteries. The replacement of bulk Si with Si nanowires solves
the problem of Si cracking on electrodes (Chan et al., 2008). Controlled writeable
nanowires can be used to build transistors without p-n junction, dense memory devices,
nano-robots for medical purposes to deliver medicine to the narrowest areas of the body

(Ben-Romhane N et al., 2014; Colinge J. P et al., 2010; Saach Y and Vyas D, 2014).



1.3 Application in DSSCs

1.3.1  Drive Towards Renewable Energy

In recent times, energy crisis, greenhouse gas (GHG) emissions and climate change
are the most threatening issues for mankind. There is a dire need of adopting new policies
that should utilize alternative energy sources rather than fossil fuels and provide
sustainable solution to balance the requirement for affordable energy with the pressing
issue of climate change. Global warming causes a temperature increase of 0.13 °C per
decade. Apart from global warming, there are other adverse effects of the gases formed
during burning of fossil fuels e.g. pollution, acid rain, etc. These effects have been mild
till now but if the GHG emissions continue at the present rate, the consequences will
become severe. Another issue with the use of fossil fuel is its rapid depletion causing it

to vanish.

In order to meet present and future energy requirements and to produce clean energy,
use of alternative energy resources like solar photovoltaic, solar thermal, biofuels and
clean coal technologies should be employed. Among renewable resources, solar energy
seems to be an attractive clean energy source that can help to meet our energy
requirements and reduce the consequences of global warming. The sun is expected to
shine for billions of years, well beyond the existence of Earth. Taking advantage of the
abundant solar energy is one of the best ways of reducing the use of fossil fuels and
therefore, driving down carbon emissions. Even though solar energy has a large potential
to reduce emissions and provide substantial amounts of power to consumers, solar energy
is accounted for a very small percentage of the total energy produced by alternative energy
sources due to high capital cost. More energy from sun strikes earth in 1 hour (4.3x10%°

J) than all of the energy consumed by humans in an entire year.



1.3.2 Introduction to Solar Cells

A solar cell is a device that converts solar radiations, with specific wavelengths, into
electricity. The concept of a solar cell is related to the discovery of the photoelectric
effect. Einstein explained the photoelectric effect in 1905 and received a Nobel Prize in
1921 but it was first discovered by A.E Becquerel in 1839. Photoelectric effect is the
phenomenon of generation of photoelectrons or current when a piece of metal is irradiated
by light. Light provides photon energy (hv) to the electrons in atoms of the metal which
excites them and hence produce the current flowing through the metal (Willett, 2004).
After the discovery of photoelectric effect, it took more than 30 years to develop the first
semiconductor p-n junction solar cell. This cell was developed by Russel Ohl in 1941 and
lead to the development of the first Si solar cell by Chapin in 1957. The cost of these cells
was very high with very low efficiency and they were only used in space applications.
Negligible attention was given to the discovery of solar cells until 1970 when the world

globally faced the oil crisis.

1.3.3  Working Principles of Photovoltaic Cells

Photovoltaic devices work on the phenomena of charge separation occurring at the
interface of two different materials. These materials have different conduction
mechanism. Solar photovoltaic can be defined as the direct conversion of solar radiation
into electric current. The materials that exhibit photoelectric effect absorb energy in the
form of photons of light and release free electrons. The separation or flow of these free

electrons causes electric current to be generated.

The working of a solar cell can be divided into three simple steps; (1) absorption of
light, (2) charge separation and (3) charge collection. The chemical and physical

processes behind these basic steps are different in different types of cells and depend on



the materials used. Efficiency of each of these steps affects the efficiency of the solar cell.

Efficiency can be maximized by selecting compatible materials for cell design.

1.3.4  Generations of the Solar Cells

Photovoltaic technology has been dominated by high cost-high efficiency, Si based p-
n junction solar cells, which are the first generation solar cells. The second generation
solar cells consist of Cadmium Telluride solar cells (CdTe), micromorph tandem solar
cells, and Copper Indium Gallium Diselenide solar cells (CIS or CIGS) (Aberle, 2009;
Jackson et al., 2011; Liu et al., 2017; Xu et al., 2006). Second generation solar cells are
considered as low efficiency-low cost solar cells. However in recent times, their
efficiency has been enhanced up to 21.3 % (Liu et al., 2017). The drawback of these solar
cells is that they contain toxic materials not suitable for the environment. It is highly
desirable to produce low cost-high efficiency solar cells. This drive gave birth to
emergence of third generation solar cells (Gritzel, 2003). Third generation solar cells
consist of Quantum Dot Solar Cells and DSSCs. DSSCs have a record efficiency of 14.1
% and theoretical efficiency of 32 % (Grétzel, 2003). Tandem DSSCs have a tendency to
reach efficiency up to 46 % (Gritzel, 2003). DSSC technology is a relatively new
technology and long-term performance of these cells have been questioned. However,
with further improvements in its stability and efficiency, it can compete with Si based

solar cells.

1.3.5 Dye Sensitized Solar Cells

Until 2001, crystalline solar cell technology remained dominant. Crystalline and
amorphous solar cells constituted about more than 99 % of the manufactured solar cells.
However, work was being done to increase efficiency of the other cells like multi-junction
and thin film solar cells for commercialization (Goetzbergeret al., 2003). In 1972,

Fujishima, a PhD student, under supervision of Honda, found that exposing TiO>



electrode to light could split water. This photocatalytic water decomposition was later
called as Honda-Fujishima effect (Fujishima, 1972). However, there were some
limitations that restricted the conversion efficiency of cells using such electrodes such as
the large bandgap of TiO> makes it absorb in ultraviolet region of the electromagnetic
radiation only. This led researchers to explore alternative metal oxides having appropriate
properties. Use of GaAs electrodes gave acceptable efficiencies but problems with photo-
corrosion degradation prevailed and by 1980s, the interest in photo-electro-chemical solar

cells decreased (Gritzel, 2001).

The research in DSSCs started in the 1960s when Tributch and Gerisher reported an
enhancement in the absorption range of wide band gap semiconductor. They observed
increased absorption in visible region when the surface of wide bandgap semiconductor
like TiO2 was impregnated with dye molecules (Tributsch & Gerischer, 1969). They used
flat electrodes which showed low adsorption of dye and hence low absorption yield. This
problem was overcome in 1985 by using rough surfaced semiconductor electrodes which
ensured increased adsorption and efficiency of the cells (Desilvestro et al., 1985). In 1991,
Brian and Gratzel succeeded to develop DSSC using /I3 electrolyte, a mesoporous
electrode to increase further dye adsorption, yielding an efficiency of 7 %. DSSCs have
reached photo conversion efficiencies for small laboratory cells up to 12 % and for solar
modules they have reached to about 9 % (Zalas & Klein, 2012). Few of the main

advantages of DSSCs include;

e optimized performance in real world conditions
e low embodied energy and technology

e low manufacturing cost

e variety of substrates

e cenvironment friendly materials
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¢ thin film technology saves resources
e aesthetics
e readily available raw material

e high temperature performance

14 Problem Statement

With regards to the DNA/RNA templated formation of conductive and smooth metal
wires in sub-micron to nanoscale, a number of issues need to be solved. An improvement
in the morphology of the fabricated metal wires and the height of the wires is paramount.
The previous studies (explained in detail in Sections 2.1 and 2.2) show irregular, beads
on string morphology of the fabricated wires. This nature of wires may cause a decrease
in their conductivity and grain boundary electron scattering effect may increase causing
high resistance. Therefore, producing smooth and continuous metal wires is an ongoing
challenge. Another very important issue that needs to be addressed and has not been
resolved before is the easy removal of DNA/RNA scaffold after the formation of the metal
structures. After formation of the desired structures, the template scaffold is left on the
substrates as residue. Owing to non-ohmic behavior of nucleic acids, the presence of any
amount of scaffold residue left on the substrate is detrimental for the conductivity of the
wires. Moreover, there is a dire need of economical and controllable writing method to

arrange the metal wires onto substrates.

1.5 Aims and Objectives

The general objective of this work is to fabricate the DNA/RNA templated gold/silver
(Au/Ag) wires and study their application as modified CEs in DSSCs to enhance the

overall performance of the cell. This work has the following specific research objectives;
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e optimization and synthesis of Ag/Au wires by DNA/RNA templating method on
Si and ITO substrates,

e morphological, structural, electro-catalytic characterization of the fabricated
Ag/Au wires,

e study of the potential applications of fabricated Ag/Au wires on substrates as
modified CEs in DSSCs and

e fabrication of compatible photoanodes using various deposition techniques, and

their performance analysis with the modified CEs.

1.6 Thesis Outline

This thesis is divided into six chapters.

Chapter 1: Introduction. This chapter describes the scope of sub-micron to nanoscale
metal wires and the drive to study their application in DSSCs. Scope and objectives of

this study has been significantly described.

Chapter 2: Literature Review. This chapter comprises of a detailed study of
background of DNA/RNA templated metal wires, the basic structure of these nucleic
acids their role in metal wire templating and the previously used techniques of DNA
templated metal wire fabrication. The role of CE and photoanode in working of DSSCs
and their importance was also discussed. Moreover, the methods to develop
semiconductor photoanodes, e.g. AACVD and EPD, have also been briefly discussed. An
insight into commonly used characterization techniques and their working principles was

also presented.

Chapter 3: Experimental methods. The materials used and the methods adopted in this

research were extensively explained in this chapter

12



Chapter 4: Fabrication of DNA/RNA templated metal wires for CEs. This chapter
focuses on the analysis of the results related to the DNA/RNA-metal templating. There
are two main highlights of this chapter; the discussion on the structural, morphological
and elemental analysis of the fabricated metal wires based on various precursors and
process routes and the discussion on the electro-chemical properties of the fabricated

wires on various substrates for their application as modified CEs in DSSCs.

Chapter 5: Development of photoanode. Discussion on development of compatible
photoanodes along with analysis of their performance with modified CEs have been

presented in this chapter.

Chapter 6: Conclusions and future works. A summary of the research findings was

presented in this chapter.

13



CHAPTER 2: LITERATURE REVIEW

2.1 Structure and Properties of DNA and RNA

In order to understand the DNA and RNA templating and scaffolding abilities and their
importance, it is essential to have basic knowledge of their structure and properties. The
basics of the structure and properties of the nucleic acids have been discussed in this

section.

2.1.1 Structure of DNA and RNA

DNA and RNA are essential biological molecules (nucleic acids) which are parts of
all living organism and viruses (Sinden, 2012). DNA carries the genetic information
while, RNA plays various biological roles like expression of gene, coding-decoding etc.
(Watson, 2008). In order to understand DNA/RNA templating and metal-DNA/RNA

binding, it is essential to understand their basic structure of the two.

The structure of DNA was first studied by Watson and Crick based on Rosalind
Franklin’s X-ray diffraction (XRD) results (Watson & Crick, 1993). DNA, as shown in
Figure 2.1(a), has a double helix structure formed by the coiling of two biopolymer
strands known as polynucleotides (Winnacker, 1978). These strands are composed of
nucleotides and each nucleotide is composed of a deoxyribose sugar, a phosphate group
and one of the four nitrogen based nucleobases namely Adenine (A), Guanine (G),
Cytosine (C) and Thymine (T) as shown in Figure 2.1(b, c) (Varghese et al., 2009). All
genes possess almost same 3-D form but differ in number and order of their nucleotide
building blocks (Brinton, 1965). The chains of nucleotides are formed by the covalent
linkage between deoxyribose sugar of one nucleotide and the phosphate of the next. These
chains result in formation of alternating sugar-phosphate backbone of DNA. The

nitrogenous bases of two different polynucleotide strands bind together with hydrogen
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bonds following the base pairing mechanism (C with G and A with T) and hence the
double stranded DNA is formed (Varghese et al., 2009). DNA strands has lengths ranging
between nanometers to millimeters, diameter is 2 nm and each base pair has a spacing of

3.5 A between them.

(a) RNA DNA

(©)

Figure 2.1: Images showing (a) structures of RNA and DNA, (b) nucleotides common
in both nucleic acids (c¢) structures of T in DNA and U in RNA.

RNA also consists of a chain of nucleotides, but differs from DNA in three aspects;
the backbone sugar of RNA is ribose instead of deoxyribose in DNA, RNA lacks the
nucleobase T and contains Uracil (U) instead. RNA possess a single strand folded to itself
1.e. a single polynucleotide chain (Haurwitz et al., 2010; Langridge & Gomatos, 1963).

The ribose sugar in RNA has an extra OH group (Watson, 2008). The lengths of the
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strands of DNA and RNA are based on the number of base pair and can easily be

controlled.

2.1.2  Nucleic Acid-Metal Binding

Interaction of nucleobases, DNA/RNA backbone and the metal nanoparticles (NPs) is
an important topic owing to the wide scientific and technological applications. In our
study, DNA and RNA are used as scaffold material owing to their natural self-assembly
properties and ability to bind metal NPs in order to form metal sub-micron to nanoscale

structures. Both these abilities help us to form self-assembled metal wires.

2.1.2.1 DNA-Metal Binding

Studies have shown that DNA molecules allow binding of metal NPs at various sites
on its structure. Metal-DNA binding can occur in the following sites; phosphate (DNA
backbone)-metal linkage, nucleobases-metal linkage and the combination of phosphate-
metal linkage and nucleobase-metal linkage. Backbone of DNA is partially charged
negative due to negatively charged phosphate group (Dugui et al., 1993; Scharf & Miiller,
2013). Each phosphodiester entity carries one negative charge making DNA polyanionic
in nature. Phosphate-metal linkage is based on electrostatic, non-covalent interaction
between phosphate groups in the backbone of DNA and the metal NPs. The binding
results in the charge compensation and neutralization of the complex (Duguid et al.,
1993). Phosphate-metal linkage usually develops between alkali, transition and alkaline
earth metals and DNA. For example, Magnesium (Mg) has low affinity for bases and
tends to bind to the backbone of DNA (Eichhorn & Shin, 1968; Eisinger et al., 1962). The
nucleobases (A, T, G and C) in DNA possess electron donor sites through Nitrogen (N)
atoms rings where metal NPs can form coordinate bonds. The most prominent sites for
metal binding are G N7 and A N7 such as, the G N7 linkage of Chromium (Cr) (Arakawa

et al., 2000). DNA nucleobases can also bind metal NPs through hydrogen bonding
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similar to the H-bonding between bases and phosphates. The third form of combination
linkage is rare. Such a linkage in which both backbone and nucleobases were involved

has been observed for (Palladium) Pd-DNA binding (Al-Hinai et al., 2013).

2.1.2.2 RNA-Metal Binding

The binding of RNA to metal NPs is similar owing to the structural similarity between
DNA and RNA. The energetic binding of the isomers follows simple electrostatic rules.
At pH 7, the phosphodiester backbone of RNA carries abundant negative charge (Sigel,
2005; Sponer et al., 2005). There are several negative sites in RNA molecule making it
polyanionic in nature. The most important metal binding sites in RNA molecules are:
purine N7, Uracil O4, Phosphoryl oxygens and G N7. Nevertheless, nucleobases
themselves are excellent N and O donor ligands, forming well-defined binding sites
primarily for divalent cations (Donghi & Sigel, 2012). Metal NPs can counterbalance the
negative charge of the phosphate backbone by diffusely binding to RNA (Freisinger &
Sigel, 2007). Theoretically, this diffused metal binding can be explained using non-linear
Poisson Boltzmann equation and Hill-type binding formalisms. The non-linear Poisson-
Boltzmann equation describes the distribution of charge over dielectric properties of
molecule and arbitrary molecular surface on the structure of molecule and the surrounding
solvent. Highly negative electrostatic potential regions correlate well with the metal
binding sites (Hud, 2009). Therefore, RNA contains an anionic phosphodiester group
providing multiple sites for metal NPs to get attached using the principles of electrostatic

condensation and charge neutralization.

2.1.3  Self-Assembly of DNA and RNA

Self-assembly of molecules is popularly employed for assembly of well-defined
construction of submicron to nano-size structures (Hamley, 2003). Self-assembly is

defined as a process in which atoms and molecules act as building blocks to assemble,
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arrange and grown into ordered aggregates in a controlled manner. The use of DNA as a
building block has been extensively explored (Lin et al., 2006; Nie et al., 2010; Poizot et
al., 2000). Figure 2.2(a) shows the synergistic self-assembly of DNA and RNA where the
DNA strands guide the RNA strands to self-assemble forming hybrid DNA-RNA
branches (Ko et al., 2010). Figure 2.2(b) shows the cleavable RNA strands self-assembled

to form RNA sponge (Lee et al., 2012).

Figure 2.2: (a) AFM image showing synergistic self-assembly of DNA and RNA into
DNA-RNA hybrid branches and (b) SEM image of self-assembled RNA sponge (Ko
et al., 2010; Lee et al., 2012).

DNA and RNA self-assembly rely upon the self-recognition and base-paired helices.
Multiple DNA double helix and RNA single helix strands have the tendency to combine
precisely to build programmable sub-assemblies using complementary Watson-Crick
base pairing. The arrangement leads to the formation of large number and variety of
hierarchical structures and recurrent tertiary architectures of folded RNA/DNA
transcripts (Andersen et al., 2009; Becerril et al., 2006; Chworos et al., 2004; Dibrov et

al., 2011; Grabow et al., 2011).
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A major challenge in this field is how to exploit self-assembly of DNA and RNA to
form desired length and shape materials enabling complex structures to be formed entirely
by self-assembly. Usually, assembly of nanoscale materials is driven by a thermodynamic
force for the compensation of entropy decrease due to formation of ordered systems.
Henceforth, submicron to nano-structured material formation requires high control of
growth conditions and high precision in assembly of the building blocks. We have
employed above mentioned properties of the nucleic acids to assemble DNA-metal and
RNA-metal complexes to fabricate connected metal wire structures of desired length.
DNA/RNA Templating and Scaffolding. Nucleic acid- metal wire templating is generally
a three-step process. The first step is the binding of metal to DNA by incubating DNA
with metal NPs called the doping of DNA with metal. The second step is the reduction of
the metal on the surface of the template. The final step is the nucleation and growth of

metal particles and assembly into metal wires.

2.1.4  Solution and Surface-based Approaches

In solution-based approach, DNA is incubated with metal salts or metal NPs in
aqueous solution (Al-Hinai et al., 2013). The films are usually formed on the substrates
using drop casting method or spin coating. A major challenge in using this approach is

the alignment of wires and templates on the substrates.

Surface-based approach is similar to solution based approach but differ in the method
of doping of DNA with metal. In this method, DNA is immobilised on a solid surface
before incubating it with metal. DNA template is first formed on the substrate to construct
the wire of desired length, and then the doping, nucleation and growth occurs. The
alignment of DNA on the surface can also be achieved by molecular combing or
electrophoretic stretching (Bensimon et al., 1995; Schurr & Smith, 1990). This method is

highly desirable for precise positioning of metal wires for electronic circuits.
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Figure 2.3: (a) AFM image of earliest fabricated Ag wires using DNA templating
method and (b) the IV profile of the conductive DNA templated Ag wires (Braun et
al., 1998).

This research is based on solution-based process. Moreover, the use of coffee-ring
effect and scribing method (explained later) allows the fabrication of metal wires of
desired length and eliminates the process of DNA immobilisation (attaching DNA to
substrates). The importance of DNA as a building block for templating and fabricating
various metal structures was realized with the work reported by Braun in 1998 where
DNA was used as a template to fabricate conductive silver (Ag) wire (~100 nm diameter)
between 2 gold electrodes, 12-16 pm apart as shown in Figure 2.3 (Braun et al., 1998).
The A-DNA was immobilised between two pre-deposited Au electrodes and then treated
with silver nitrate (AgNO3) and reduced using hydroquinone solution. Since then, many
metals like Ag Pd, Cu etc. have been bound to arrays of DNA or on single DNA molecules
to assemble the metals into submicron-structures and nano-structures for their potential
applications in nanoelectronics, gas sensing etc. (Al-Hinai et al., 2013; Kudo & Fujihira,
2006; Monson & Woolley, 2003; Park et al., 2006). In 2001, DNA templated conductive
Pd nanowires (50 nm diameter) were fabricated by depositing Pd thin film onto single

DNA molecules using surface based approach (Richter et al., 2001).

20



The fabricated Pd nanowires showed ohmic behaviour at room temperature. With the
use of molecular combing for stretching of DNA into desired patterns, fabrication of 1-D
parallel and 2-D crossed chain Pd arrays were reported (Deng & Mao, 2003). In the
subsequent years, Ag nanowires (Al-Said et al., 2009), AuNPs (Sohn et al., 2011),
magnetite nanowires (Mohamed et al., 2012), Pd nanowires (Pate et al., 2014), Ag
nanoclusters (Léon et al., 2016) and branched Au nanostructures (Song et al., 2016) etc.
were successfully fabricated employing surface and solution-based approaches. The
morphology of these DNA templated nanowires, NPs and nanoclusters are shown in

Figure 2.4.

In the work carried-out by Al-Said (Al-Said et al., 2009) DNA/polymer Ag nanowires
were fabricated by aligning DNA using molecular combing to obtain conductive and
smooth nanowires (~20 nm thick) (Figure 2.4(a)). To prepare AuNPs using DNA
templating in work presented by Sohn et al. (2011), DNA was reacted with chloroauric
acid (HAuCly) to form DNA-Au complex and then reduced (Sohn et al., 2011). The size
of AuNPs thus formed were 10 nm with aggregation into formation of clusters of 50 nm
(Figure 2.4(b)). The magnetite nanowires (height ~30 nm, Figure 2.4(c)) were synthesized
using solution based approach in which an incubated solution of DNA and Fe;O4 solution
was deposited on substrate using spin coating (Mohamed et al., 2012). Pd nanowires
(Figure 2.4(d)) were also fabricated using solution based approach by the electrodeless
reduction of Pd (II) on DNA (Al-Hinai et al., 2013). The incubated solution was then drop
casted on a substrate and the droplet was dried to obtain nanowires of lengths 5-45 nm at

the edge of the dried mass.
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Figure 2.4: (a) AFM image of DNA/polymer templated Ag nanowires, (b) SEM
micrograph of DNA templated AuNPs, (c) AFM image of DNA templated magnetite
nanowires, (d) AFM image of DNA templated Pd nanowires, (¢) TEM image of DNA
temlpated Ag nanoclusters and (f) DNA templated branched Au nanostructures (Al-
Hinai et al., 2013; Al-Said et al., 2009; Léon et al., 2016; Mohamed et al., 2012; Sohn
et al.,, 2011; Song et al., 2016).
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In the work conducted by Léon et al. (2016), Ag nanoclusters were formed by using
artificially produced nucleobases to alter the binding sites of the Ag metal cation as shown
in Figure 2.4(e). Similarly, in order to fabricate branched Au nanostructures (Song et al.,
2016), the branched DNA was first synthesized by annealing 3-4 partially complementary
oligonucleotides. Branched DNA was metallized with Au and surface based approach
was employed (Figure 2.4(f)). It should be noted that in these studies, the shape and size

of DNA templated metal structures highly depend on the method or approach employed.

Recently, capillary force induced fabrication of DNA templated silver wires (average
heights 200-400 nm), as shown in Figure 2.5, were reported in which AgNPs were
incubated with DNA and solution based approach was used to fabricate the Ag wires
(Periasamy et al., 2015; Vengadesh et al., 2015). Capillary force was employed to arrange
or stretch the metal wires along a desired length. This method combined the advantages
of both, surface and solution-based approaches. For fabrication of solution based-drop
casted Pd nanowires (Al-Hinai et al., 2013), the nanowire density was seen along the edge
of the dried mass. This was due to the movement of DNA-metal complex towards the
edges of the drying film due to differential evaporation rates along the bulk and the edge

of the film.
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Figure 2.5: (a) FESEM image showing strands of DNA along the scribe and (b, ¢)
AFM image showing deposition of DNA templated Ag wires along the edges of the
scribe (Periasamy et al., 2015; Vengadesh et al., 2015).

In the current work to be outlined in this thesis, we introduced a scribe in the middle
of a drop casted DNA-metal film to allow the deposition of metal wires along the edges
of the cut. The structural resemblance of DNA and RNA allows both the biological
molecules to act as a template in fabricating various material structures. However, very
few studies have been conducted for use of RNA as a template. RNA has been reported
to be used as a template in synthesis of Pd NPs on gold surfaces (Liu et al., 2006) and
fabrication of RNA templated CdS nanocrystals (Ma et al., 2006). To the best of our
knowledge, none of the studies have been reported for RNA templated metal wire

fabrication.
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2.2 Metal Wires as Modified CEs in DSSCs

In this section, the working principles of the DSSCs along with their components have
been discussed. The role of CE and its influence on performance of DSSCs have also

been discussed.

2.2.1  Working Principles of DSSCs

The current generation mechanism of DSSCs is similar to the phenomenon of
photosynthesis in plants. Plants convert sunlight into energy using chlorophyll, a green
pigment in cells, as light absorbers (sensitizers). In DSSCs function of chlorophyll is
performed by an organic dye sensitizer. The water in plants is replaced by electrolyte in
DSSCs and function of oxidized di-hydro nicotinamide adenine di nucleotide phosphate
(NADPH) is substituted by wide band gap semiconductor (Lagref et al., 2008; Smestad,
1998). In both, photosynthesis and current generation by DSSCs, charge separation
occurs by kinetic competition. Whereas, in p-n junction solar cells, charge separation
takes place by formation of electric field in the junction (Spith et al., 2003). Photon to
energy conversion in DSSCs takes place according to the following steps (Hara &

Arakawa 2005; Tennakone et al., 1998; Weerasinghe et al., 2013; William., 2011);

Step 1: Excitation of Dye; Absorption of photons excites the dye molecules from
HOMO (highest occupied molecular orbital) to LUMO (lowest unoccupied molecular

orbital) states. The excited dye state has a lifetime of nanosecond range.

Step 2: Electron injection into semiconductor; Excited dye molecule injects the
electron into CB of the semiconductor and gets oxidized. This occurs in femtosecond
timescale range. To ensure efficient electron injection, energy level of semiconductor

conduction band must be about 0.2—-0.3 V lower than that of dye. The back reaction of
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electron from CB to oxidized dye molecule is much slower and lies in microsecond to

millisecond range. This difference causes efficient charge separation in the cell.

Step 3: Electricity generation; In the third step, electron diffuses through the
photoanode, reaches transparent conducting oxide (TCO) substrate and travels through
the outer circuit to generate electric power (flow of electrons). TiO> based nano-porous
photoanode layer contains anatase TiO2 NPs. Presence of oxygen vacancies in TiO: lattice
make it slightly n doped. The plane (101) is thermodynamically stable and is predominant
in TiO, anatase NPs. One photoanode contains around 10'° particles and have 1000 times
larger projected area. The electron transport within TiO layer occurs through diffusion
since the NPs are very small to form an electric field. The electron transfer can be
explained by trapping/de-trapping model. Electron waits in the trap state for time (t)
before hopping to next trap site. The trap state waiting time depends on the depth of the
trap state. Fick’s law of diffusion defines the electron transport according to the following

equation;

n Sc
SioA = -D ™ (2.1)

where ¢ is the waiting time, » is the number of electrons, 4 is the surface area, c is the

electron concentration and D is the effective diffusion constant.

Effective diffusion constant depends on the position of quasi Fermi level. Since the
transport of electrons takes place by diffusion, diffusion length of electrons must be
greater or at least equal to the thickness of photoanode. After the flow of electron through

outer circuit, it is collected at the CE.

Step 4: Dye regeneration and electron recapture; Electron after reaching the CE, is
transferred to the electrolyte which consists of a redox couple. This electron regenerates

the oxidized dye molecule in nanosecond timescale range. A loss of about 600 mV occurs
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which is the main reason that limits the open circuit voltage (Vo) of the cell. The loss

occurs due to mismatch of energy between redox couple and the dye.

The complete steps of photon to current generation mechanism in DSSCs are shown
in Figure 2.6 and represented by the following equations where D is dye molecule, D*

excited dye molecule, D" oxidized dye molecule and e represents electron

D + Photon = Djy o (Excitation of dye) (2.2)
Diymo + TiO; = ecp or Tip, + DT (Injection of ¢) (2.3)
ecgofrio, T CE = Ti0, + ey + electricity (Electricity generation) (2.4)
Dt + ;I‘ - D+ %13_ (Dye regeneration) (2.5)
I3 + ecg = CE (Electron recapture) (2.6)

Figure 2.6: Components and working of a DSSCs.
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2.2.2  Charge Transfer Kinetics in DSSCs

2.2.2.1 Electron Injection Process

The rate constant for the injection of electron from sensitizer to semiconductor CB is

given by the following expression of Fermi’s golden rule;
2
c ===V2p(E) 2.7)

where c is rate constant for electron injection, /4 is the Planck constant, V' is electronic
coupling of semiconductor and sensitizer and p(E) is density of states of semiconductor

CB.

Hence from this expression, the electron injection rate depends on the configuration of
dye adsorbed on the wide band gap semiconductor and also on the difference between
Erumo of dye and Ecg of semiconductor. The rate constant for electron injection depends
on the material of wide gap semiconductor used and on the electronic coupling between
dye and semiconductor. Electron is injected from m" orbital of excited dye molecule to
CB of semiconductor. In TiO; based DSSCs, valence band consists of occupied 2d orbital
of oxygen and CB consists of unoccupied 3d orbital of titanium with large and continuous

density of states. N719 dye adsorbs on TiO» surface with anchor group (carboxyl group).
2.2.2.2 Recombination and Dark Current

Charge recombination reactions occurring at the interface between semiconductor and
dye molecule are very slow as compared to the electron injection. Low recombination
leads to high cell performance due to efficient charge transfer. Charge recombination
between N719 molecules and TiO2 semiconductor occurs due to the transfer of electrons
from TiO> to Ru (IIT) (back electrons) whereas transfer of electrons from bipyridyl ligands

to TiO2 CB is responsible for electron injection. The transfer from TiO> to Ru (II) is a
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long-distance process and hence is slower as compared to ultrafast electron injection. This

is the reason for least recombination possibility at the dye/semiconductor interface.

Recombination at the semiconductor/electrolyte interface causing dark current is a
primary process in DSSCs (Van de Lagemaat et al., 2000). Dark current or reverse bias
leakage current is a small electric current flowing through the cell even when the cell is
not exposed to irradiation or photons. An increase in dark current decreases V. of the cell
as concluded from general equation of solar cell shown below;

V,, = "Ziln |22l + 1] 2.8)

ldark

where I; is injection current, 14+« 1s dark current, 7T is absolute temperature of the cell,

q is the magnitude of electron charge and k3 is Boltzmann constant.

This equation relates Vo to dark current and injection current. The main reason for
dark current in DSSCs is incomplete adsorption of dye on semiconductor surface. It
occurs at points where the electrolyte is in direct contact with semiconductor. The

following equation represents the dark current reaction in DSSCs;
I3 + 2e~ (semiconductor) — 31~ (2.9)
2.2.2.3 Electron Transport

Electron transport in semiconductor films is an important process in solar cells
(Enache-Pommer et al., 2009). Different mechanisms have been studied and suggested
for the conduction of electrons in TiO: films like a trapping/de-trapping mechanism,
diffusion mechanism and a mechanism that involves insulator metal transition (Cavallo
et alo., 2017; Chen et al., 2013; Hsiao et al., 2010). In general, the electrons diffuse by

hopping several times between semiconductor particles.
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2.2.3  Importance of the CE

One of the most important components of a DSSC is a CE which performs two crucial
functions in DSSCs; conduction of electrons from the external circuit and actuate the
reduction of the redox couple. One of the two steps of electrochemical process at CE
occurs at the electrode-electrolyte interface (redox reactions). Moreover, the mass and
charge transfer also occur through the electrode. Reduction of dye ions forms I3 ions (tri
iodide), which are supposed to be reduced to iodide ions (I) at CE. High electro-catalytic
activity is a key feature of the CE. Pt-coated TCO substrate are widely employed as CEs
in DSSCs (Tang et al., 2013). Recently, carbon nanotubes and graphene have been used
as promising alternative materials for CE (Huang et al., 2012; Wang & Hu, 2012).
However, the efficiency of these CEs is significantly less than the conventional Pt based
CEs. Efficient reduction of I3” to I" is crucial for the high performance of DSSCs.
Therefore, a CE material must possess high catalytic activity, good conductivity and high

stability (Tachan et al., 2011).

23 Characterization Techniques

Characterization techniques are external techniques used in material science to probe
into the properties and internal structure of the materials under study. Characterization
techniques can be employed for structural, morphological, compositional analysis. Few

of the techniques are explained below;

23.1 Atomic Force Microscopy

Atomic force microscopy (AFM) is a technique to visualize and measure the surface
morphology of a material with high level of accuracy and resolution. It demonstrates the
resolution in fractions of a nanometer (Haugstad, 2012). An AFM physically feels the

surface of the sample with the help of a sharp probe. By doing this, it builds up the map
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of the height of the sample’s surface. Surface scanning performed by AFM is done by a
cantilever. The cantilever scans the surface of the sample by its probe. Normally, the
probe is a sharp tip having a pyramidal shape of 3-6 um height placed at the end of a
cantilever (which can be considered as a spring). The amount of force between the probe
and the sample is dependent upon the stiffness of the spring and the cantilever’s deflection
from the sample’s surface (Butt et al., 2005). This force can be described by the Hooke’s

Law;

F= —K.x (2.10)

where F is the force, K is a spring constant (stiffness) and x is cantilever deflection

(Burnham et al., 2004).

If the spring constant of the cantilever is less than the surface, it results in bending of
the cantilever and monitoring of the deflection. The probe of AFM physically feels the
sample’s surface and builds up the map of the surface’s height. To acquire the image’s

resolution, AFM measures lateral and vertical deflections of the cantilever. When the las

er beam is reflected off the cantilever, it strikes the position-sensitive photo detector,
which then indicates the angular deflections of the cantilever. There are three modes of
operation of AFM; contact AFM, intermittent contact (tapping mode AFM) and non-
contact AFM (Binnig et al., 1986). Contact mode AFM works by the principle of
deflection. When the bending of the cantilever occurs due to lesser spring constant from
the surface, it is recorded. The force between the sample’s surface and the probe is kept
constant by maintaining a constant cantilever deflection. The tapping mode or the
intermittent mode is similar to the contact mode. However, in this mode the cantilever
oscillates at its resonant frequency and the probe lightly taps on the sample’s surface. In

non-contact mode, the cantilever does not touch the sample’s surface (Binnig et al., 1986).
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Instead of touching, the cantilever oscillates above the adsorbed fluid layer on the surface

during the scanning.
23.2  Cyclic Voltammetry

CV is an electrochemical technique which measures the current in an electrochemical
cell (Mabbott, 1983). It is useful for obtaining information about complicated electrode
reactions. The condition for the measurement of the current is that the voltage exceeds
the one which is predicted by the Nernst equation. Nernst equation specifies the
relationship between the concentration of two species (labeled O and R) and the potential
of an electrode involved in the redox reaction at the electrode. This is expressed as the

following equation;
0 RT Co
E=E—(3) In(2 @.11)

where E’ is the redox potential, C, is the concentration of the oxidized half of the

couple and Ck is the concentration of the reduced half (Marken et al., 2010).

In a CV experiment, the working electrode potential is labeled on the x-axis (linearly)
against time. When the set potential is reached in CV experiment, the working electrode
potential is ramped in the opposite direction to return to the initial potential. These cycles
can be repeated for as many times as required. The cyclic voltammogram trace is obtained
when the current at the working electrode is plotted against the applied voltage (i.e. the

working electrode’s potential).
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2.3.3 X-ray Photon Spectroscopy

X-ray Photon Spectroscopy (XPS) is also known as Electron Spectroscopy for
Chemical Analysis (ESCA). It is the most widely employed technique for surface
characterization because it can be used with an array of different materials (Hercules,
2004). It can also provide valuable quantitative information regarding the chemical state
of the surface of the material under study. It reveals which elements are present at the

surface.

X-rays Electron Energy Analyzer

N 7

Specimen

Figure 2.7: Schematic of basic principle of X-ray Photon spectroscopy.

XPS can analyze a sample to a depth of 2 to 5 nm. Initially, the sample is irradiated
with X-rays of sufficient energy (Figure 2.7). This irradiation excites the electrons in
specific bound states. Typically, in XPS sufficient energy is input to break the
photoelectron away from the nuclear attraction force of the element (Engelhard et al.,
2017). When the X-rays are bombarded on the sample’s surface, some of the photo-
ejected electrons scatter in-elastically through the sample on their way to the surface.
Once in the vacuum, these are collected by an electron analyzer which measures their
kinetic energy. Each energy peak on the spectrum corresponds to a specific element. In
addition to this, the intensity of the peak tells how much of an element is present in the
material under study. Each peak corresponds to the number of atoms present in each

element. XPS is used to analyze materials such as metal alloys, glass, semiconductors,
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wood, catalysts, polymers, inorganic compounds, ceramics, bio-materials and many

others.

2.3.4 Raman Spectroscopy

Light interacts differently with different materials (Khan et al.,, 2013). In some
materials, light transmits through, while for some materials it reflects or scatters off. This
interaction is dominated by the difference in materials and the color (wavelength) of light.
Raman spectroscopy consists of one or more single colored light sources as could be
achieved using lasers (Bumbrah & Sharma, 2016). The lenses are used to capture the
scattered light and to focus the light onto the material sample. A prism is used to split the
light into different colors and a light filter is employed to filter out only the Raman light
and discard the other reflected and scattered light. Lastly, a very sensitive light detector
detects the light and a computer is required to control the whole system and then display
the spectrum. Raman spectroscopy is a technique that provides structural fingerprint of a
material for the identification of its molecules and their chemical bonds (Mogilevsky et
al., 2012). It provides information regarding the molecular vibrations which can be used
for sample identification and quantification. It uses a monochromatic light (usually laser)
that scatters the photons of a molecule. Majority of the photons scatter within elastic
limits, which is of the same frequency as that of the excitation source. This is known as
Rayleigh or elastic scattering. However, a small fraction (ca. 10°% of the incident light
intensity) scatters differently. As a result, the impinged laser photons either gain or lose

energies. This scattered light forms the Raman spectrum.
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2.3.,5 X-Ray Diffraction

X-ray diffraction (XRD) is an analytical technique for quantitative determination and
identification of phases and orientations in crystalline compounds (Poralan Jr et al., 2015).
XRD is a non-destructive and versatile technique that yields crystallographic information
of the specimen. About 95 % of solid materials on earth are crystalline like metals, salts,
semiconductors, minerals etc (Stanjek & Hausler, 2004). This technique is useful in
determining structural properties like grain size, lattice parameters, epitaxy, thermal
expansion, type and lengths of chemical bonds in a specimen, etc. When crystalline
materials are irradiated by X-rays, they interact with atoms of the material and refract X-
rays of characteristic energy as shown in Figure 2.8(a). An individual pattern is generated
by each material. In a mixture of materials, each substance gives its own pattern
independently. XRD works on the principal of constructive interference of refracted X-

rays.

X-rays X-rays

\ / (a) /:i sin @ (b)

Specimen

Figure 2.8: (a) Probe beam and measuring particle in XRD and (b) X-ray interaction
with atoms according to Bragg's law.

When X-rays interact with matter, 3 phenomena may occur; ionization, fluorescence
or diffraction. In XRD, when X-rays hit atoms, the electrons in atom start vibrating with
frequency equal to the frequency of the striking X-rays. In most of the directions,
destructive interference will occur i.e. both rays will be out of phase and no resultant X-

rays will leave the solid sample. In a few directions, constructive interference will occur
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i.e. waves will be in phase and well-defined X-ray beams will diffract from the sample as

could be determined by Bragg’s law (Figure 2.8(b));

nA = 2dsin® (2.12)

where 6 is the angle between incident ray and scattering planes known as incident
angle (incident angle is equal to scattering angle), d is the spacing between the planes, 4

is wavelength of the X-rays and # is an integer value.

These diffracted X-rays can then be detected by a detector to create a diffractogram.
A diffractogram is a graph which is plotted between 26 on x-axis and intensity on y-axis.
This diffractogram is compared with internationally recognized data base (using or
without using software). This data base contains reference patterns of almost all
crystalline compounds. The detector records intensities of the diffracted beams and angles
forming a pattern which is the fingerprint of the material. Miller indices (4, &, /) values
define the inter-planar spacing and orientation. Number and position of peaks (20 values)
enables determination of the lattice type, cell parameters and crystal class. Intensity of
peaks gives information about position and types of atoms in the specimen (Sato et al.,

2006).

2.3.6  Scanning Electron Microscopy

SEM is an imaging technique that uses electrons instead of light to study morphology,
particle shape and defects of films and powders (Frank et al., 2012). The schematic
diagram of a SEM is shown in Figure 2.9. SEM provides magnification up to 300,000X
and has an effective probing depth of 10 nm to 1 pum. A focused electron beam interacts
with the surface of the sample and secondary electrons and backscattered electrons (BS
electrons) are knocked out of the sample creating an electric current which forms the

image. Electrons, emitted from a heated filament, are accelerated towards the sample. A
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high vacuum is required because gas molecules may cause interference with electron
beam and with BS or secondary electrons (Smith & Oatley, 1955). The electrons interact
with the atoms of the sample and may produce secondary electrons, characteristic X-rays
and BS electrons as shown in Figure 2.10. First electromagnetic lens de-magnifies the
primary beam that the second electromagnetic lens focuses. These signals are then
detected by a detector. Most SEMs contain secondary electron detectors while only a few
may have X-ray or other detectors as well. BS electrons are generated due to elastic
scattering. The detector along with cathode ray tube generates the micrograph image (Joy,

2009).

M Electromagnetic lenses

D Scan coils

: l : Scan generator

CRT display
l Recording CRT

Detector Ampliﬁer

Figure 2.9: Schematic diagram of SEM.
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Electrons Secondary BS Electrons
Electrons
Specimen

Figure 2.10: Probe beam and measuring particle in SEM.

2.3.7 Energy Dispersive Spectroscopy

Energy dispersive spectroscopy (EDS) is a compositional elemental analysis technique
for chemical characterization of the specimen (Frankel & Aitken, 1970). The electrons
have an effective probing depth of 1 um (Rades et al., 2014). EDS is always used in
conjunction with transmission electron microscope (TEM), electron probe micro-
analyzer (EMPA) or SEM. When focused beam of high energy electrons is bombarded
onto a solid sample, X-rays are emitted. The detector makes use of these X-rays to obtain

localized chemical analysis (Figure 2.11).

Electrons X-rays

Specimen

Figure 2.11: Probe beam and measuring particle in EDX.

When electrons strike the specimen, the electrons contained in specimen are excited
creating vacant spaces in the atomic shells. Electrons in the higher shells fill these
vacancies. The energy released in this process is in the form of X-rays. All elements emit

X-rays with characteristic energy values. Each element in periodic table has its specific
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energy value which makes elemental analysis through EDS possible. Ka X-rays are
emitted when an electron from L shell fills the vacancy in K shell of the atom. Letters K,
L and M represent the shell from where electrons are emitted and a, £ and y represent the
shells where they are substituted. In principle, all elements in periodic table from

beryllium to uranium (atomic number 4 to 92) can be detected by EDS.

2.3.8  Ultraviolet-visible Spectroscopy

Ultraviolet-visible (UV-vis) spectroscopy is an analysis technique which uses visible
(400-700 nm) and ultraviolet (190-400 nm) regions of the electromagnetic spectrum to
obtain information about organic molecules (Tissue, 2002). It is performed to determine
impurities in a sample. Additional peaks other than the specimen substance’s peak
indicate the presence of impurities. It gives information about structural elucidation of the
specimen. Combination and location of peaks helps us to analyze whether saturation,
unsaturation and hetero atoms exist in the specimen or not. Quantitative analysis of
compounds which absorb UV or visible radiation can be performed using Beer-lambert
law (Méntele & Deniz, 2017). Qualitative analysis can then be performed to determine
the type of compounds present in the specimen. The spectrum obtained by UV-vis
spectrophotometer is compared to spectra of known compounds. Qualitative analysis of
functional groups can also be determined as presence of a band at certain wavelength
determines the presence of a particular group. Schematic diagram of a UV-vis
spectrophotometer has been shown in Figure 2.12. When the molecules that possess non-
bonding or & electrons are irradiated to UV-vis light, the electrons get excited to higher
anti-bonding orbitals. Lesser the energy gap between HOMO and LUMO of a material,
easier is the excitation of electrons by longer wavelength radiations. When a molecule
with energy gap between HOMO-LUMO equal to AE is exposed to radiation with

wavelength corresponding to AE, electron jumps from HOMO to LUMO. This is referred
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to as ¢ - o* transition. Plot between wavelength on x-axis and absorbance on y-axis is

obtained and analyzed (Lott, 1968).

Figure 2.12: Schematic diagram of UV-vis spectrophotometer.

2.3.9 Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) refers to the type of spectroscopy that
works within the distinct region of electromagnetic spectrum known as infrared (IR)
region. In this region of electromagnetic spectrum, the light has lower frequency and
longer wavelength as compared to visible light. IR spectroscopy mostly includes the
techniques based on absorption spectroscopy. This technique is widely used to study and
identify chemicals. IR spectrometer is an instrument used in IR spectrometry to produce
spectrum of a given liquid, solid, or gaseous sample. This technique is used to identify
functional groups and structure elucidation of specimen, identification of substances,

detection of impurities, quantitative analysis etc.

If a molecule confronts electromagnetic radiation whose frequency matches to the
frequency of any of its vibrational modes, it will absorb energy from radiation and the
transition of particle to higher vibrational energy state take place. AE (change in energy)

between two vibrational states is equivalent to energy associated with absorbed
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wavelength (Smith, 2011). Covalent bonds in a flexible, unlike rigid bonds, are flexible
and always in a state of a vibration, which could be bending or stretching. The vibrational
motion possessed by these molecules is the characteristics of their respective atoms. All
organic compounds are capable of absorbing IR, which matches their vibration. The
principle of IR spectrometer is similar to the UV-vis spectrometer that allows chemists to
obtain absorption spectra that are distinctive reflections of their molecular structure. IR
spectrum obtained is a graph between percentage transmittance and wavenumber
representing the variation of percentage transmittance with the frequency of the infrared

radiation.
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CHAPTER 3: EXPERIMENTAL METHODS

Several experiments were performed to achieve the specific objectives mentioned in

Chapter 1. Details of the following major experiments are given in this chapter;

e synthesis of AuNPs,

e extraction of DNA and RNA,

o fabrication of RNA templated Ag wires on Si substrate (AgW/Si) as a modified
CE in DSSCs,

e fabrication of DNA templated Ag wires on the ITO substrate (AgW/ITO) as a
modified CE in DSSCs,

e fabrication of DNA templated Au wires on Pt sputtered ITO substrate
(AuW/Pt/ITO) as a modified CE in DSSCs,

e aerosol assisted Chemical Vapor Deposition (AACVD) of TiO, and Mg doped
TiO2 on ITO as a modified photoanode DSSCs and

e clectrophoretic deposition of TiO> and its surface modification on ITO as a

modified photoanode in DSSC.

3.1 General Considerations

All the experiments were carried out in a clean room or under an inert atmosphere of
dry argon. Most of the chemicals used were purchased from Sigma Aldrich unless
mentioned otherwise. ITO substrates (KINTEC, Hong Kong, dimensions 2.5 cm x 2.5
cm, 1.1 mm width, sheet resistance 378 /sq.) were cleaned using acetone, 10% NaOH
solution and rinsed in deionized water. All chemicals were used without any further
purification. Double distilled water was used to make the solutions unless mentioned

otherwise.
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The morphology and elemental compositions were studied using FESEM (Quanta
FEG 450) at 5 kV, hybrid with INCA Energy 200 (Oxford Inst.), as shown in Figure
3.1(a). SEM images were obtained using HITACHI Tabletop Microscope 3030. AFM
images were obtained using Veeco Dimension 3100 (Department of Chemical
Engineering and Biotechnology, University of Cambridge). Crystallinity and phase purity
studies were conducted using XRD and spectra were recorded and analyzed using PAN
analytical X Pert High score diffractometer at 10 kV voltage, 40 mA current and Cu ka

radiation (10-90° Bragg angles, step size, 0.026°).

Figure 3.1: (a) Quanta FESEM for morphological studies and (b) Perkin Elmer
FTIR equipment for structural characterization.

FTIR spectra were obtained using Perkin Elmer FTIR spectrum 400 (Figure 3.1(b)), at
4 cm™ resolution. ULVAC-PHI Quantera II with a 32-channel Spherical Capacitor
Energy Analyzer was used to carry out XPS measurements under vacuum of 10 Pa,
natural energy width of 680 meV, and monochromatic Al ka radiation. Binding energies

were calibrated using carbonaceous Cls line (284.6 eV).
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Figure 3.2: (a) Keithley electrometer and (b) a glass substrate with thermally
evaporated Au electrodes to study the electrical conductivity of the templated wires.

The electrical properties of the fabricated metal wires along the edges of the scribe
were measured using Keithley electrometer Figure 3.2(a) (Source Measurement Unit
SMU 236). Samples for I-V characteristics were formed on a conventional glass substrate
with two pre-deposited gold electrodes 5 mm apart as shown in Figure 3.2(b). Firstly, a
mask was deposited on the surface of the glass substrate. The gold electrodes were then
deposited using a thermal evaporator to make a metal contact with the DNA/RNA
templated metal wires such that the length of the wires was connected to the gold

electrodes. The thickness of the gold layer was ~40 nm.

A three-electrode electrochemical cell system (PAR-VersaSTAT electrochemical
work station), as shown in Figure 3.3, was used for CV studies. The working electrode
was the as prepared modified CEs, a Pt sheet was used as a CE and Ag/AgCl as a reference
electrode. The supporting electrolyte consisted of 500 mM LiClO4, 10 mM I, and 50 mM
Lil in acetonitrile. Keithley 2400 SMU was used to measure J-V characteristics under 100
mWecem™ illumination using a solar light simulator (Newport 94043A) containing a

simulated AM 1.5 filter. J-V test for each DSSC was repeated at least 4 times.
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Ag/AgCl

Pt wire

Figure 3.3: Three electrode cell system for study of catalytic properties of CEs.

N> adsorption-desorption, Raman and UV-vis spectroscopy were employed for
photoanode studies. Phase compositions of the TiO; films were confirmed using Raman
spectra obtained using RENISHAW Invia 2000 Raman Microscope with an excitation
line of the argon laser emitting at 514 nm. Optical properties were studied by UV-vis
spectrophotometer (Shimatzu) using BaSOj as a reference. The Brunauer-Emmett-Teller
(BET) surface area of the films were measured using Quantachrome Instruments
NOVA4000 and pore size was calculated using Barret-Joyner-Halenda (BJH) method

using the desorption curve of nitrogen isotherm.

3.2 Synthesis and Characterization of AuNPs

AuNPs were synthesized in the laboratory via green synthesis and later used as an Au
precursor in the fabrication of DNA templated AuW. For the synthesis of AuNPs, 5 ml
of 1 mM aqueous solution of Tetrachloroauric (III) acid (HAuCls-3H>O) was reduced
by incubating it with 2 ml of C. Manga (CM) extract (10 mg/ml, Yogyakarta, Indonesia)
at room temperature for 1 hour. Change in color of the suspension from yellow to red-

violet was observed upon the formation of AuNPs (Figure 3.4). Color transition was
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apparent within 15 minutes of the reaction. The synthesized AuNPs were then purified by

repeated centrifugation at 14,000 rpm for 30 minutes.

Figure 3.4: AuNPs synthesized using green synthesis method showing red-violet
color of the synthesized AuNPs.

3.3 Extraction of RNA

Total RNA was extracted from human Wharton’s Jelly Mesenchymal Stem Cells
primary culture collected at passage 3. Total RNA extraction was carried out using a
previously reported method (Kasim et al., 2015). The cell pellets were collected and total
RNA was isolated using TRIZOL method (Invitrogen), according to the manufacturer’s
protocol. The RNA was then quantified using a spectrophotometer (Agilent, NanoDrop,
Technologies Inc.) and the purity was assessed by the absorbance value at ratio 0o 260:280

nm (RNA concentration: 930ng/pul, Ratio of reading of OD260/0D280:2.8).

3.4 Extraction of DNA

Fresh fruiting body of edible mushroom King Oyster: Pleurotus eryngii (KLU-M
1380), was dried using a food dehydrator and a small piece of dried tissue was placed in
a 2 ml micro centrifuge tube. Total genomic DNA was extracted using Forensic DNA
Extraction Kit (Omega Bio-tek) according to the manufacturer’s protocol explained
elsewhere (Periasamy et al., 2016). DNA purity was assessed by the NanoDrop method

using values from absorbance measured at 260 nm and 280 nm. Purified DNA used in
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this work showed A260/A280 ratio of 1.98 and A260/A230 ratio of 2.24 with 54.8 ng/ul

nucleic acid concentration.

3.5 Fabrication of RNA Templated Ag Wires on Si (AgW/Si) and DSSCs using

AgW/Si as Modified CE

3.5.1 Fabrication of RNA Templated AgW/Si

The process of fabrication consists of four major steps; (1) incubation of AgNPs and
RNA to form Ag-RNA complexes, (2) drop-casting complexes on the substrate, (3)
writing the circuitry (scribing) to promote nucleation and growth of Ag wires, and (4)
cleaning the substrates to remove the RNA residue after fabrication of the desired

structures (Figure 3.5(a)).

(a) (b)

Figure 3.5: (a) Schematic diagram of fabrication of RNA templated AgW/Si and (b)
surgical blade for scribing.
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P-type silicon (Si) wafers with dimensions of 2.5 cm x 2.5 cm and orientation of (111)
were used as the substrates. The Si wafers were washed, cleaned and dried using
conventional cleaning procedure. To make Ag loaded RNA solution, 0.2 ml of RNA was
mixed with 1 ml deionized water. 0.8 ml of this RNA solution was mixed with 0.8 ml of
AgNPs (dispersed in aqueous buffer, 10 nm particle size). The Ag-RNA solution was
incubated for 24 hours, allowing AgNPs to bind to the RNA forming Ag-RNA complexes.
After which, the Ag-RNA solution was drop-casted onto the Si wafer using a
micropipette. 20 minutes later, 0.01 ml of ethanol was applied onto the droplet and left to
dry for 12 hours under normal atmospheric conditions. The film was then scribed through
its center, using a surgical blade (scalpel handle No. 3, blade No. 11, diameter of blade
39 um, Figure 3.5(b)) to allow capillary forced diffusion of Ag-RNA complexes towards
the edges of the cut leading to the deposition of Ag wires. To ensure complete movement
of Ag-RNA complexes from the bulk towards the edges of the scribe, the samples were
left in the air for 12 hours. The RNA residue was then removed by washing the samples
with bi-distilled water 3 times ensuring complete removal of residue. Autoclaved bi-
distilled water was used to prepare the solutions and vessels, pipette, tubes etc. used were

RNase free.

3.5.2 Material Characterization

In order to obtain XRD and FTIR signals, the samples were prepared with a thick
coating of the films. The fabricated AgW/Si was subjected to XRD, FTIR, FESEM/EDX,
and AFM, etc. for their analyses to study the morphology, structure and phase of the
fabricated wires. Moreover, electrical and catalytic analyses were also performed to study

their performance as a CE in DSSC.
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3.5.3 Fabrication of Photoanode

For the comparison of the performance of DSSCs, TiO; based photoanodes were
developed using the doctor blade coating method. The method employed is same as
reported elsewhere (Shakir, Khan, Ali, Akbar, & Musthaq, 2015). A paste of TiO> was
formed using 2 g TiO2 powder (Degussa P25), 1 ml ethanol, 1 ml distilled water and a
drop of nitric acid. The films were formed on cleaned ITO substrates using the doctor
blade. The samples were then dried and annealed at 450 °C. These semiconductor
electrodes were immersed into 0.5 mM N-719 (solaronix) dye solution for 24 hours at

room temperature. The photoanodes thus formed were washed with water and ethanol.

3.5.4 Fabrication of DSSCs

TiO2 photoanodes were sandwiched with modified CE (AgW/Si) and were clipped
together using clipper pins. The space between the electrodes was filled with electrolyte
solution, which was prepared by stirring 500 mM 4-tert-butylpyridine, 100 mM
tetramethylammonium iodide, 100 mM tetrabutylammonium iodide, 100 mM Lil, 100
mM KI in 50 mL acetonitrile. Same electrolyte and dye solutions were used in all DSSC

devices throughout the studies.

3.6 Fabrication of DNA Templated Ag Wires on ITO (AgW/ITO) and DSSCs

using AgW/ITO as Modified CE

3.6.1 Fabrication of AgW/ITO

200 pl of DNA solution was mixed with 200 pl of AgNPs and incubated for 24 hours.
Aqueous solution of sodium dodecyl sulfate (SDS) was made with various concentrations
(0.2, 0.4 and 0.6 mM) to study the effect of addition of surfactant, and added to the
incubated DNA-AgNPs solution. 50 ul of each 0.2 mM SDS Ag-DNA, 0.4 mM SDS Ag-

DNA and 0.6 mM SDS Ag-DNA solutions were drop-casted on ITO substrates using a
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micropipette and after 20 minutes, a drop of ethanol was added to each sample and left to
dry in air (25 °C, clean room environment). After 12 hours, a scribe was made through
the center of the films using surgical knife (Figure 3.5(b)). Ethanol dehydrates and
concentrates DNA and aids in evaporation. Scribing allowed the movement of Ag-DNA
complexes towards the cut. Samples were left for 12 hours to ensure maximum
displacement. Enzymatic hydrolysis was then carried out in order to remove the DNA
residue by immersing the sample in a solution of appropriate amounts of DNase I (source
bovine pancreases), potassium phosphate buffer (pH 7.5) and magnesium chloride. The
samples were then washed with water and dried in air. The schematic diagram of the

fabrication method is shown in Figure 3.6.

DNA AgNPs
Incubation
\l/ Addition of SDS
surfactant (0.2, 0.4,
Drop Casting on 0.6 mM)
1ITO
Drying
Scribing
\l/ <4— DNase 1 solution

Enzymatic Etching/
Cleaning

Figure 3.6: Schematic diagram for fabrication of AgW/ITO.
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3.6.2 Fabrication of Photoanodes and DSSCs

Photoanodes and DSSCs were fabricated using same method and materials as
described in Sections 3.5.2 and 3.5.3. However, AgW/ITO and AgNPs/ITO were used as

CEs.

3.7 Fabrication of DNA Templated AuW on Pt sputtered I'TO (Au/Pt/ITO)

3.7.1 Fabrication of Pt/ITO

A DC sputtering equipment was used to deposit thin Pt layer on ITO substrates at 35
mA sputtering current and 107 Torr pressure, forming Pt/ITO layer. Thickness of the Pt
films was kept at 50 nm and controlled by carefully monitoring the deposition rate. All

the samples were formed using the same deposition rate to standardize the thickness.

3.7.2  Fabrication of AuW/Pt/ITO

Modified CEs were prepared by decorating AuW on Pt/ITO substrates (AuW/Pt/ITO)
using DNA templating method. 200 pl of DNA was mixed with 200 pl of AuNPs and
incubated for 24 hours to allow binding of AuNPs to DNA. 50 pul of Au-DNA solution
was drop-casted on a Pt/ITO substrate using a micropipette and after 20 minutes, a drop
of ethanol was added to the droplet and left to dry in air (25 °C, clean room environment).
After 12 hours, a scribe was carefully made through the center of the film using surgical
knife (scalpel handle No. 3, blade No. 11, diameter 36 pm) without scratching the Pt film.
Scribing allowed the movement of Au-DNA complexes towards the edges of the scribe
due to the capillary force. The samples were then dried at room temperature for 3 hours,
and annealed at 150, 200 and 250 °C in presence of N> to avoid any oxidation. DNA
residue was then removed using DNase I solution followed by the cleaning of substrate

using bi-distilled water and drying in air.
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Remaining AuW on the Pt/ITO was then used as the modified CE for DSSCs. For
comparison, Pt coated ITO (Pt/ITO) was also used as the standard. The as-prepared
AuNPs were drop-casted on Pt/ITO substrate (AuNPs/Pt/ITO) without DNA templating,

to study the influence of AuW compared to AuNPs on CE performance.

3.7.3 Fabrication of Photoanodes and DSSCs

Photoanodes and DSSCs were fabricated using the same method and materials as
described in Sections 3.5.2 and 3.5.3. However, Pt/ITO AuW/Pt/ITO and AuNPs/Pt/ITO

were used as CEs.

3.8 Fabrication of Modified Photoanodes

3.8.1 Deposition of TiO2 and Mg Doped TiO: Films via AACVD

Figure 3.7: AACVD setup for deposition of undoped and doped TiO: thin films.
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Table 3.1: AACVD conditions for the growth of TiO2 and Mg doped TiO: films.

Annealing Temperature 450 °C

Carrier gas Argon

Carrier gas flow rate 250 ml/min
Frequency of Humidifier 60 Hz

TiO2 precursor TTIP

Solvent Methanol

Dopant salt Mg(NOs3)2.6H,0
Doping Concentrations 0 mol%, 1 mol% and 2 mol%
Time for deposition 120 minutes
Thickness of films 700-800 nm

Substrate 2.5x2.5cm ITO glass

Films were deposited using an in-house AACVD setup. The AACVD assembly is
shown in Figure 3.7 and the deposition conditions are summarized in Table 3.1. ITO glass
substrates were cleaned by immersing in dilute nitric acid, followed by washing with
acetone and distilled water. The substrates were dried in the air and then placed inside the
tube furnace chamber 15 minutes before the deposition and the chamber was heated up
to the deposition temperature of 450 °C. Titanium (IV) isopropoxide (TTIP) was stirred
with methanol to obtain 0.1M solution to prepare undoped films of TiO,. In order to
prepare 1 mol% and 2 mol% Mg doped TiO, films, appropriate amounts of
Mg(NO3)2.6H2O was first dissolved in methanol (same amount of methanol as for
undoped films was used) and then stirred in TTIP until a clear solution was obtained.
Aerosols of respective solutions were generated using an ultrasonic air humidifier. The
aerosol droplets were carried to the reactor chamber by passing argon gas at a flow rate
of 250 ml/min through the aerosol mist. The films were deposited and the samples were
annealed at 450 °C simultaneously. After 120 minutes, the humidifier and tube furnace
were switched off and argon gas was passed over the substrates until cooled. The films

thus obtained were 0 mol%, 1 mol% and 2 mol% Mg doped films.

53



3.8.1.1 Fabrication of DSSCs

The fabricated films were immersed in 0.5 mM solution of N719 (Solaronix) in ethanol
for 24 hours for sensitization. The films were then washed with ethanol and dried at room
temperature. These dye-adsorbed -electrodes (photoanodes) were clamped with
conventional CEs (platinum sputtered on ITO) to make sandwich type cells and the space
between the photoanode and CE were filled with /I3 redox electrolyte. The photoanode
exhibiting the best J-V characteristics was then clamped with AuW/Pt/ITO CE and the

performance of thus formed DSSC was analyzed.

3.8.2  Surface Modified TiO: Films Fabricated using EPD

3.8.2.1 Fabrication of Multistep EPD TiO: films

ITO glass with an active area of 0.4 cm? were used as substrates to fabricate TiO;
photoanode films via EPD. The precursor solution for EPD was made by stirring together
TiO2 NPs (20 nm, P25, Degussa) with concentration of 5 g/l with isopropyl alcohol,
acetone and DI water. To make the electrolyte for EPD process, 0.05 mM aqueous
solution of magnesium nitrate hexahydrate was prepared. A standard spacing of 2.5 cm
was used between the anode and ITO cathode. The EPD process was carried out at various
electric fields (10, 15 and 20 V) to determine the optimum conditions. Multiple step EPD
was performed at each electric field for 20 seconds using the method reported earlier
(Hamadanian et al., 2012). Each EPD was carried out for 5 seconds, the photoanode was
removed and the deposited layer was annealed at 150 °C for 10 minutes. Another layer
was then deposited and the process was repeated 2 more times until 20 seconds deposition
time was achieved for each film. The deposited layers were then soaked in a solution of
0.2 N H2SOy4 in DI water in order to remove the Mg electrolyte. The films were rinsed

using DI water and annealed at 450 °C for 1 hour. Experimental setup employed for EPD
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method is shown is Figure. 3.8. To compare, films were also fabricated using single step

EPD at 20 V while the rest of parameters were the same as for the multistep EPD process.

Figure 3.8: Schematic diagram of EPD assembly.

3.8.2.2 Surface Modification and Fabrication of Solar Cells

After optimizing the EPD deposition electric field, the best film was modified by
loading it with Sn. The photoanode was immersed in 0.01 M aqueous solution of tin
chloride and simulated using an ultrasonic generator at a frequency of 50 kHz for 30
minutes. The film was then washed with DI water, and dried at 100 °C in a vacuum oven.
The solar cells were fabricated using EPD based photoanodes. The rest of the assembly

of DSSC is same as described in Section 3.8.1.1.
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CHAPTER 4: RESULTS AND DISCUSSION I: DNA/RNA TEMPLATED

METAL WIRES

In this chapter, the characterization of DNA and RNA templated Ag and Au wires are
discussed. The structural, morphological, electrical and catalytic properties of the
fabricated metal wires are probed. Various process routes like the effect of addition of
surfactant, effect of annealing temperature, etc. have been discussed along with the
nucleation and growth mechanism. Moreover, the comparison of using RNA and DNA
as scaffolding material has also been discussed in this chapter. The fabrication of metal
wires onto different substrates like Si wafer, ITO and Pt sputtered ITO, and their
application as a modified CE in DSSCs are studied in detail. The comparisons of CEs
have also been elaborated based on their catalytic properties and the J-V characteristics
of the DSSCs fabricated using different modified CEs and identical photoanodes (doctor

blade coated TiO2, N719 dye and I'/I3" redox electrolyte).

4.1 Development of DNA/RNA Templated Metal Wires on Various Substrates

as Modified CEs

4.1.1  Studies on AgNPs

In this section, studies have been conducted on the structure, crystal phase,
morphology and elemental analysis of the AgNPs. It is important to know the
morphology, phase and crystal structure characteristics of the AgNPs in order to

understand their templating into conductive wires using RNA and DNA as a scaffold.
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Figure 4.1: (a) EDX spectra and (b) FESEM images of AgNPs on Si substrate.

Figure 4.1(a) shows the EDX spectra of the AgNPs. EDX signals are recorded when
the specimen under study emits X-rays when subjected to a focused electron beam. An
inner shell of electrons may be excited by the electron beam, causing the ejection of the
electron from the shell. This creates an electron deficiency of a hole which is filled by an
electron from the outer shell. This causes an energy drop, which is compensated by the
X-ray emission. Difference between the energies of the inner and outer shell determines
the energy of the emitted X-ray. This difference in energy between the shells the is
characteristic of one element, thereby, identifying the element as characteristic signals.
The EDX spectra shows the presence of Ag along with trace amounts of C, O and Cl due
to capping agents. The FESEM image of drop-casted AgNPs on Si substrate, as shown in
Figure 4.1(b), depicted AgNPs of spherical shape with some agglomerations. The average

particle size of the AgNPs is 10 nm.
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(a)

(b)

Figure 4.2: Images showing (a) XRD spectra and (b) FTIR spectra of AgNPs.

The crystalline phases and chemical identity of the AgNPs were determined using
XRD and the spectrum is shown in Figure 4.2(a). Characteristic diffraction peaks can be
observed at 38.2, 44.5, 64.5, 77.6 and 81.5° representing the (111), (200), (220), (311)

and (222) reflection planes, respectively, of the face centered cubic (fcc) single crystalline
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structure of Ag (JCPDS No. 4-0783) (Sathishkumar et al., 2009; Veith et al., 2011). The
data from most intense diffraction peak at 38.2° was used to calculate the crystallite size

of the NPs using Scherer equation;

T = K.A
a Bcos6O

(4.1)

where, 7 is the crystallite size, K is a constant (shape factor), 4 is the wavelength of the
X-ray, f is line broadening at FWHM (full width half maximum) and @ is the Braggs
angle. The crystallite size (mean diameter) of the Ag metal phase was calculated to be 40

nm.

FTIR spectra of AgNPs (Figure 4.2(b)), reveals significant peaks at 1051 cm
attributed to carbonyl group (~C=0), 1352 cm™! for C-C stretching, 2954 cm™ attributed
to the C-H stretching vibrations (D. Kumar et al., 2015) and 3438 cm! is due to the
presence of hydroxyl group O-H stretching vibration (Lin et al., 2010). These peaks are

mainly due to bonds present in the capping agent and water molecules.

4.1.2 RNA Templated Ag Wires on Si Wafer

In the previous section, basic characteristics of AgNPs were studied as AgNPs solution
is the metal precursor for DNA/RNA templated Ag wires. In the following section,
fabrication of RNA templated Ag wires on Si wafer (AgW/Si) were discussed. The
mechanism of fabrication of RNA templated Ag wires involves a three-step process; (1)
the binding of AgNPs to RNA molecule due to electrostatic interactions forming Ag-
RNA complexes, (2) the reduction of the AgNPs on the surface of RNA and (3) their
rearrangement, nucleation and growth into well-connected-conductive AgW. A novel
idea proposed in this study is the utilization of capillary force action to arrange the
fabricated AgW along the edges of a scribe. The Ag-RNA film on the substrate was

scribed using a surgical blade which, allows the evaporation of water from the edges of
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the scribe. The diffusion of water molecules and Ag-RNA complexes towards the edges
of the scribe occurs due to differential evaporation rates along the film leading to the
effective deposition of AgW. Meanwhile, the reduction of AgNPs on RNA forms the seed
for nucleation and growth. The fabricated AgW/Si was morphologically and structurally
characterized for its potential application as a modified CE in DSSCs. Moreover, the
binding of AgNPs with RNA was also studied using FTIR spectroscopy. The electro-
catalytic activity and conductivity of the fabricated AgW on Si substrate were analyzed

for the use of AgW/Si as a CE in DSSCs.

4.1.2.1 Morphological and Elemental Analysis of the Fabricated Wires

Figure 4.3(a) shows the negative control for RNA templated AgW, in which AgNPs
solution was drop-casted and scribed on Si substrate without binding with scaffold i.e. in
absence of RNA. Scattered networks of AgNPs can be observed and only a small amount
of material density can be seen at the edges of the scribe due to capillary forced diffusion.
This emphasizes on the importance of RNA scaffolding and its self-assembly in arranging
the AgNPs as AgW. Figure 4.3(b) shows the structure of RNA drop-casted on Si wafer
(without AgNPs). In our study, RNA is used as a scaffold owing to the self-assembly and
ability to bind AgNPs. RNA also serves as a template for AgNPs to form nucleation sites
for the growth of wires. Higher material density can be seen in Figure 4.3(c) along the
edges of the cut. Removal of RNA scaffold leaves behind clean AgW/Si as can be seen
in Figure 4.3(d). The backbone of RNA consists of phosphate molecules and ribose
(sugar) in alternative manner. The ribose (sugar) consists of multiple hydroxyl groups

that allow the formation of hydrogen bonds with water.
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Figure 4.3: Images showing morphology of (a) AgNPs scribed without RNA, (b)
RNA, (c) Ag-RNA scribed before cleaning, (d) AgW after cleaning and (e) magnified
view of AgW.
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Unlike DNA, the ribose sugar in RNA has an extra -OH group making it more soluble
in water (Bolton & Kearns, 1978; Cate et al., 1996). Also, exposed bases are present in
RNA that contain polar bonds. More the polar bonds, more is its solubility in water. Figure
4.3(e) shows the magnified image of the fabricated AgW/Si. Formation of Ag wires
around the edges of the scribe can be explained by the capillary force action due to drying
drops of solution or the coffee-ring effect (Deegan et al., 2000) as illustrated in Figure

4.4.

Figure 4.4: Schematic illustration of the aligning of RNA templated AgW along the
edges of the scribe.
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When AgNPs are incubated with RNA, they bind themselves to the RNA molecules.
The energetic binding of the isomers follow simple electrostatic rules (Doria et al., 2012).
At pH 7, the phosphodiester backbone of RNA carries an abundant negative charge.
AgNPs can counterbalance the negative charge of the phosphate backbone by diffusely
binding to RNA (Donghi & Sigel, 2012). Moreover, there are several negative sites in a
RNA molecule making it polyanionic in nature (Freisinger & Sigel, 2007). The most well-
defined metal binding sites in RNA molecules are purine N7, uracil O4, phosphoryl
oxygens and guanosine (Donghi & Sigel, 2012). The nucleobases are excellent O and N
donor ligands and forms good sites for metal NPs binding (Lipfert et al., 2014; Sponer et
al., 2006). Therefore, AgNPs can bind to RNA either with the backbone of RNA or the
binding sites with the nucleobases. This binding is termed as RNA doping and complexes

thus formed are Ag-RNA complexes.

Figure 4.5: Proposed schematic of nucleation mechanism of RNA templated AgW.

After doping of the RNA molecules, a droplet was placed on the surface of substrate.
The droplet was allowed to dry, which leaves behind a jelly-like film and the scribe or cut
made through the center of the film. Differential evaporation rates across the droplet
induces capillary force leading to the evaporation of water from the edges of the cut.
Evaporation from the cut causes diffusion of water from bulk to the edge of the scribe.
Henceforth, Ag-loaded RNA complexes are dragged towards the edge by water molecules

following the coffee-ring effect (Chen et al., 2009; Vengadesh et al., 2015). Meanwhile,
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the AgNPs are reduced at the backbone of RNA and form nucleation sites for clustering
and growth of additional AgNPs to form AgW. The proposed growth mechanism is

shown is Figure 4.5.

Figure 4.6: AFM images showing Ag-RNA wire fabrication process at different
reaction times (a) 15 mins (height 50 nm) (b) 2 hours (height 100 nm) (¢) 24 hours
(height 250 nm), (d) well connected Ag wires after RNA removal (height 250 nm)
and (e) 3-D structure of Ag wires.
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The growth and morphology of RNA templated Ag wires were further studied using
AFM. AFM images of the films were taken over a range of reaction times after scribe was
made on to the semi-dry film. Figure 4.6(a) shows the Ag-RNA complexes that were
formed during incubation, diffusing towards the scribe due to differential evaporation
rates. The height of the complexes is 50 nm and it is observed to be increased with
increase in reaction time up to 250 nm. Moreover, the diffusion towards the edge of the
scribe and cluster formation can also be observed with increase in reaction time. The
average particle size of AgNPs used in this study is 10 nm and at 15-minute reaction time,
the height of the Ag-RNA complexes is 50 nm. This confirms the doping of RNA and
formation of seed sites for the growth of the wire. Furthermore, most of the growth

process takes place once the Ag-RNA complexes deposit around the edges of the scribe.

Morphological evolution stopped after 24 hours indicating achievement of maximum
growth of the Ag wires (Figure 4.6(c)). These results were consistent with FESEM results.
Connected Ag wires along the cut with granular morphology can be observed in Figure
4.6(d). Height measurements show heights ranging from 100 to 250 nm, width
approximately 8 nm and the length depending on the length of the scribe. Figure 4.6(e)
shows AFM image illustrating 3D structure and height profile of clean AgW. The images,
in accordance with the FESEM images, show high material density along the edges of the
cuts at both sides as a result of capillary force driven diffusion. However, the evaporation
from different regions of film forms surface tension gradient causing Marangoni flow in
the film, which resists the deposition and cause back-flow of Ag-RNA complexes
(Yunker et al., 2011). Such a phenomenon can be observed in Figure 4.6(e) where few
Ag-RNA complexes have deposited elsewhere. This phenomenon can be controlled by

reducing surface tension using a suitable surfactant.
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Figure 4.7: Elemental analysis using EDX showing distribution of elements. The
graphs demonstrate the distribution of Ag at three different spots (a) along the wire,
(b) along the cut and (c) away from the cut or interior of the scribed and cleaned
film.
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Elemental composition graphs are shown in Figure 4.7, demonstrating successful
formation of clean Ag wire along the cut. It is shown that along the edges of the scribe, a
significantly high percentage of Ag is present as compared to other regions. Elemental
distribution of Ag is highlighted in the Figure 4.7(a) along the wire, (b) along the cut and
(c) away from the cut. The Ag signals can only be observed along the edge of the scribe
owing to the natural capillary force driven diffusion of silver cations along with the RNA

molecules.

4.1.2.2 FTIR Studies on Binding of AgNPs to RNA

To study the binding of AgNPs to RNA molecules, FTIR spectroscopy was conducted.
The FTIR spectra (Figure 4.8) for RNA film shows the several prominent characteristic
vibrations for RNA at 1240 cm™ assigned to PO, asymmetric stretching of RNA
backbone, 1488 cm! assigned to base pair C, 1608 cm™! assigned to base pair A, 1654
cm’! assigned to base pairs U, G, A and C and 1698 cm™ assigned to base pair G and U
(Movasaghi et al., 2008; Neault & Riahi, 1997; Zucchiatti et al., 2016). The vibration at
1240 cm™ corresponds to the A-form RNA which shows no significant shift in intensity
on interaction with AgNPs, implying no conformal transition occurred for RNA.
However, spectral changes can be observed for the band of base pairs U, G, A, C and base
pair G and U. The band for U, G, A, C assigned at 1654 cm™!' shifted towards lower
frequency at 1647 cm™ with a change in intensity and the band for G and U (1698 cm™)

shifted to higher frequency at 1700 cm™ with a slight change in intensity.
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Figure 4.8: FTIR spectra of RNA and AgNPs-RNA film.

Figure 4.9: Binding sites for AgNPs on RNA determined using FTIR
spectroscopy.
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This could be attributed to the binding of AgNPs to G bases. Arakawa et al. (2001)
observed similar binding of Ag* with RNA via G N7 and Os atoms (Arakawa et al., 2001).
Figure 4.9 shows the structure of RNA nucleobases and phosphate-sugar backbone of
RNA. The red star on G N7 atoms represents the binding sites for AgNPs based on FTIR

spectroscopy results.

4.1.2.3 Structural Analysis of Fabricated AgW based on XRD Results

Figure 4.10: XRD graph of (a) RNA film, (b) AgNPs-RNA film and (c) cleaned
AgW/Si.

XRD graph of AgW/Si shows characteristic peaks at 38.1, 44.09, 63.36, 77.29 and
81.31° corresponding to the (111), (200), (220), (311) and (222) reflection planes,
respectively (Figure 4.10). All the peaks are indexed to facets of face centered cubic (fcc)
crystalline structure of Ag (JCPDS No. 4-0783) (Khan et al., 2011). Some small peaks
due to Si substrates can be noted in all films at 28.45 and 58.87° (Chong et al., 2013). The

XRD peaks for AgW/Si and AgNPs-RNA/Si are identical, however, an increase in
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intensity of the AgW/Si can be observed attributed to the removal of RNA scaffold. No

oxide peaks were observed in XRD and FTIR spectra.

Scherer equation (4.1) was used to calculate the crystallite size of the fabricated AgW
using data from the most intense deflection peak at 38.1°. The mean crystallite size of the
RNA templated AgW was calculated to be 150 nm, which depicts that the material is in
sub-micron range i.e. microcrystalline structure of AgW. The difference in the mean
crystallite size of the AgNPs (40 nm, Section 4.1.1) and AgW (150 nm) supports the role
of RNA in templating, nucleating and clustering the AgNPs to AgW. Reduction of AgNPs
at RNA and use of wet solvent condition (presence of water) could lead to formation of
oxides with silver on the surface of the film. However, no oxide peaks could be identified
in XRD spectra, no oxide peaks were present in XRD spectra of AgNPs as well (Section

4.1.1).

4.1.2.4 Electro-catalytic Analysis of the RNA Templated AgW/Si

I-V measurements were carried out on glass substrate with pre-deposited gold
electrodes. I-V results of scribed and cleaned AgW/glass substrate at room temperature
(Figure 4.11) show ohmic behavior and good electric conductivity. The non-scribed Ag-
RNA film on the glass substrate however, interestingly shows a semiconducting behavior
suggesting the possibility that the presence of RNA might contribute to this novel
discovery. RNA as a semiconducting material has recently been confirmed by series of
experiments conducted in our laboratory and its application as an electronic diode has

recently been patented (Periasamy., 2016).
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Figure 4.11: I-V characteristics of (a) Ag-RNA film before scribing and (b) after the
formation of clean Ag wires.

To analyze the electrochemical behavior of the studied samples for their application
as CEs in DSSCs, CV technique was employed at a scan rate of 100 mVs™! (Figure 4.12).
Two pairs of quasi reversible redox peaks can be observed for Si and AgW/Si CEs, in
which AgW/Si CE exhibited maximum redox behavior attributed to large surface area of

AgW/Si and high electrical conductivity achieved due to conductive AgW on Si substrate.

71



Figure 4.12: CV curves of Si and AuW/Si CEs at a scan rate of 100 mVs.

Two sets of redox peaks can be observed in the curves; left redox peaks were due to

reaction 1 (Reduction 1, Oxidation 1; Equation 4.2), while the redox peaks at the right

were due to reaction 2 (Reduction 2, Oxidation 2; Equation 4.3).

I3+ 2e~ 531 .......... (Reaction 1) 4.2)

3, +2e” 5215 ......... (Reaction 2) (4.3)

One of the most important functions of CE is to catalyze the reduction of tri iodide

ions to iodide ions and the left pair of peaks (Red:) are critically important for

performance of CEs (Dao et al., 2011).
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Figure 4.13: Schematic diagram illustrating the function of the CE.

The function of CE has been illustrated in Figure 4.13. In this regard, peak current
density is an important parameter to analyze the catalytic activity of the CE. High current
at fixed voltage is an indication of a stronger reaction (Ramasamy & Lee, 2010). Notably,
AgW/Si CE possess maximum current density of 0.60 mAcm™ (Table 4.1). Another
parameter to analyze the catalytic activity of the CEs is the peak to peak separation (Epp).
Electrochemical constant (ks) and Epp are inversely proportional to each other and
therefore, smaller the E,p, higher are the catalytic properties (Dao & Choi, 2015; He et
al., 2014). Jrea1 values (Table 4.1) show that the presence of AgW on Si CE has promotion
effect on electro-catalytic activity of the CE. This could be attributed to the increase in
the quantity of bonding sites which ensures rapid charge transfer, decrease in the I3
reduction over potential and enhancement in the reaction kinetics. However, the E;;, value

1s same for both CEs.
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Table 4.1: Summary of photovoltaic and catalytic properties of DSSCs and CEs.

Sample Solar cell characteristics CE
Voe Jse FF mn JRed1 Epp
V) (mA) (%) (mAcm™) A\
Si 0.44 2.1 0.62 | 0.58+0.02 0.45 0.2
AgW/Si 0.49 3.5 0.68 | 0.96+0.03 0.60 0.2

4.1.2.5 J-V Characteristics of DSSCs based on AgW/Si CE

Figure 4.14: J-V curves of DSSCs based on Si and AgW/Si CEs.

J-V characteristics of the DSSCs fabricated using identical photoanodes and studied
CEs are shown in Figure 4.14, and summarized in Table 4.1. It can be observed that using
AgW7/Si as a CE increased the V., Jsc and overall efficiency of the DSSC. The presence
of well-connected AgW on Si enhances the performance of the CE which led to higher

catalytic reduction of the iodide ions in the electrolyte. Moreover, quick reduction of
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iodide ions of redox electrolyte suppresses the recombination at the electrolyte/CE

interface, thereby enhancing the performance of the DSSCs.

The novel technique used in this study demonstrates the promising prospects of an
easy and highly controllable fabrication of conductive AgW on Si wafer. Results show
the successful removal of the RNA residue using simple and cost-effective cleaning
method to yield clean Ag wires with heights ranging from 100 to 250 nm. The doping of
RNA with AgNPs led to reduction of Ag, which served as nucleation sites for the growth
of the wires. AgNPs bind with G nucleobases of the RNA. The presence of AgW on Si
enhanced the catalytic activity of the substrate and showed an increase in the overall

performance of the solar cells when used as a CE in DSSCs.

Based upon all the results discussed above, two factors can be observed contributing
to the limitation of the work; formation of the wires in sub-micron scale and the
Marangoni effect hindering the complete deposition of the AgW on the edges of the
scribe. Therefore, next study was conducted to control the Marangoni effect by addition

of surfactant.

4.1.3 Studies on DNA Templated AgW/ITO and Effect of SDS Surfactant

DNA and RNA have significant resemblance in their structure, but the main difference
lies in the structure of their strands. DNA has a double helix structure in contrast to RNA,
which generally possess single helix structure (Section 2.1). In RNA templated Ag wires,
we observed that RNA played a vital role in arrangement of the AgW on Si wafer. In this
section, we have studied the role of DNA in metal templating on ITO substrate and probed
its use as a CE in DSSCs. The fabricated DNA templated Ag wires were structurally,
morphologically and electrically characterized. Moreover, their performance as CE was
also analyzed using CV and J-V studies. Meanwhile, the effect of addition of SDS

surfactant was also studied.
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4.1.3.1 Morphological and Elemental Analysis

SDS surfactant was used in order to combat Marangoni effect and the effect of
different concentration of SDS on morphology of the templated AgW was studied, as
shown in Figure 4.15. SDS is an anionic surfactant with net negative charge. However,
the quantity of SDS used was observed to be a key factor in affecting the templating
process due to two reasons. Firstly, SDS is a detergent which can denature proteins
(Weber & Osborn, 1969). High quantity of SDS present in Ag-DNA solution could lead
to denaturing of DNA, which could hinder the scaffolding role of DNA. Secondly, SDS
carry a negative charge, therefore large amounts of SDS in Ag-DNA solution could result
in distorting the interaction of AgNPs and DNA and their binding. It can be clearly
observed from Figure 4.15(a, b, c¢) that using low concentration of SDS had promotional
effect of the fabrication of templated AgW and controlling the Marangoni effect.
However, as the quantity of the SDS was increased in the Ag-DNA solution, the
templating process was deteriorated (Figure 4.15(b and c)). For further studies and

characterizations, samples fabricated with 0.2 mM concentration of SDS were used.
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Figure 4.15: Non-cleaned and scribed Ag-DNA films with addition of SDS surfactant
at concentrations (a) 0.2 mM, (b) 0.4 mM and (c) 0.6 mM.

The self-assembled morphology of DNA can be seen in FESEM image of DNA
solution on ITO, (Figure 4.16(a)) and the well-separated AgNPs were observed
throughout the ITO matrix as evident from the FESEM image of AgNPs/ITO (Figure
4.16(b)). Negative control is shown in Figure 4.16(c) in which the AgNPs film on ITO
was scribed without binding it with DNA. A very insignificant amount of Ag deposition
can be observed around the edges of the scribe. This emphasizes on the importance of
DNA scaffold which aids in the formation of connected AgW on ITO. The hybrid
formation of AgNPs with DNA leads to the formation of an arbitrary network along the

rough surface as shown in Figure 4.16(d).
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Figure 4.16: FESEM images showing (a) DNA solution drop-casted on ITO (b) drop-
casted AgNPs, (¢) scribed AgNPs drop-casted without DNA (d) formation of AgNPs-
DNA complexes, (e) scribed and etched AgW around the scribe and (f) high
magnification FESEM image of AgW on ITO.
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Scribing and etching processes of DNA in Ag-DNA/ITO generated AgW with the high
aspect ratio for AgW/ITO at the edges of both sides of scribe with a high material density.
Figure 4.16(e) shows a lower magnification image depicting the deposition of AgW along
the edges of the scribe. Figure 4.16(f) meanwhile shows high magnification image of the
AgW formed after enzymatic etching and removal of the DNA scaffold. The observation
is in good agreement with the “coffee-ring” effect and the natural capillary force allowed
the diffusion of Ag-DNA towards the edge of the scribing region and conscripted its

deposition along the scribed patterns (Deegan et al., 1997).

Fabrication of AgW on ITO involves four major steps; (1) the binding of AgNPs with
DNA, (2) self-assembling of Ag-DNA complexes, (3) scribing the circuitry and (4)
removal of DNA via enzymatic etching. The formation of wire structure on DNA follows
same reduction, nucleation and growth route explained for fabrication of RNA templated
Ag wires (Section 4.1.2). Marangoni flow observed in the previous studies was controlled
using SDS surfactant. Addition of surfactant reduced the surface tension in the film
thereby, ensuring the complete diffusion of the Ag-DNA complexes towards the edges of
the scribe. Dai et al. (2005) studied the DNA patterns as templates with AgNPs to form
uniform Ag nanopatterns and observed similar template directed nucleation and growth

mechanism (Dai et al., 2005).

Ag-DNA/SDS film on ITO possessed gel-like nature, which allowed the mobility of
Ag-DNA complexes towards the scribe due to the capillary flow from the edges of scribe.
The enzymatic etching and washing samples with DI water yielded clean AgW on ITO.
Self-assembly, nucleation and growth of AgNPs along the scribe due to DNA scaffold
enabled the formation of conducting wires in sub-micron to nanoscale range (height 60-
100 nm) as evident from AFM image (Figure 4.17). Meanwhile, the proposed nucleation

and growth mechanism has been illustrated in Figure 4.18.
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Figure 4.17: AFM image showing diameter of the fabricated wire (60-100 nm).

Figure 4.18: Proposed growth mechanism of DNA templated AgW.

Figure 4.19 shows the elemental composition of the films and their corresponding
spectra. It is evident that DNA acts as a scaffold in arranging and assembling the wires
along the scribe prior to removal or etching to obtain clean AgW on the substrate. EDX
pattern of AgNPs-DNA/ITO displayed carbon (C) (25 at.%), oxygen (O) (35 at.%) and
Ag (40 at.%) elements as shown in Figure 4.19(a), in which C and O are the constituents
of DNA. AgNPs/ITO showed only the presence of Ag (100 at.%) (Figure 4.19(b)).
Removal of DNA template from Ag-DNA/ITO was confirmed from the EDX pattern of

AgW/ITO, which exhibited the existence of Ag (98 at.%) and C (2 at%) (Figure 4.19(c))
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and the negligible presence of C is attributed to the existence of trace level of DNA in

AgW/ITO.
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Figure 4.19: EDX spectra of (a) AgNPs-DNA solution film showing presence of DNA
along with Ag, (b) scribed AgNPs film and (c¢) scribed-etched AgW film showing
removal of DNA scaffold with etching.

4.1.3.2 Studies on Interaction and Binding of Ag-DNA using FTIR Spectroscopy

The interaction and binding of Ag with DNA was studied using FTIR spectroscopy
and is shown in Figure 4.20. Like RNA, DNA also has a tendency of binding metal NPs
to different binding locations (Bates et al., 2006; Heddle, 2013). Several spectral changes
in terms of intensities and shifting were observed in DNA on binding with Ag. In DNA

film, several plane vibrations related to DNA were observed.
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Figure 4.20: FTIR spectra of DNA film, Ag-DNA film and AgW on ITO.

Main bands associated with DNA can be observed; asymetric-stretch of phosphate
band at 1222 cm™ which is characteristic for B-form DNA, (A-C) at 1609 cm!, (G-T) at
1717 em™, (T, G, A, C) at 1663 cm’!, back bone (C-C) at 970 cm™ and backbone (C-O)
at 1051 cm™ (Hackl et al., 2005; Whelan et al., 2011). The data is summarized in Table
4.2. On interaction of DNA with Ag, main changes can be observed at 1422 cm™, 1529
cm’!, 1609 ecm™, 1663 cm™ and 1717 cm’!. Bands at 1422 cm™, 1609 cm™,1663 cm™! and
1717 cm™ were observed to have shifted to lower frequencies at 1400 cm™!, 1600 cm™,
1656 cm™ and 1700 cm™! respectively. However, the band at 1529 cm™! was shifted to
higher frequency at 1531 cm™. 1422 cm™! appears as a weak absorption at 1400 cm. It
can be deduced from these results that spectral changes have accured due to the formation
of Ag-DNA complexes on binding of Ag to A-T and G-C base pairs of the DNA. Due to
the alteration in frequencies of A, T, G and C, it is suggested that on adding Ag to DNA,
Ag interchelated between A N1 and T N3 as well as G N1 and C N3 atoms. Moreover,

no change in intensities of assymetic and symetric stretching of phosphate groups and

82



backbone of DNA at 970 cm, 1051 cm™, 1087 cm™ and 1222 cm™ suggests no

participation of C-C and C-O as well as phosphate groups of DNA in Ag-DNA binding.

Table 4.2: DNA conformal band assignments and shifts in frequencies on interaction
with Ag.

Assignment DNA film Ag-DNA film
(em™) (em™)
Backbone (VC-C) 970 970
Backbone (VC-0O) 1051 1051
Symmetric phosphate 1087 1087
Anti-symmetric phosphate 1222 1222
C2’/C3’-endo deoxyribose 1422 1400
Base pair (C) 1529 1531
Base pair(A) 1608 1600
Base pair (T) 1663 1656
Base pair (G) 1717 1700

FTIR graph (Figure 4.20) of AgW shows absorption peaks at 1051 cm™! attributed to
carbonyl group (—C=0), 1652 cm™! for C-C streching and 2954 cm™! attributed to the C-
H stretching vibrations (Kumar et al., 2015). Absence of peaks due to DNA supports the
removal of DNA scaffold on etching. The broad peak in all samples observed at 3438 cm™
!'is due to the presence of hydroxyl group O-H stretching vibration (Lin et al., 2010).
Figure 4.21 shows the structure of DNA nucleobases. The red star on N atoms of G, A, T

and C represents the binding sites for AgNPs based on FTIR spectroscopy results.
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Figure 4.21: Depiction of Ag binding sites to the nucleobases in DNA based on FTIR
results.

4.1.3.3 XRD and XPS Analysis of the Fabricated AgW/ITO

Figure 4.22: XRD spectra of (a) DNA film on ITO, (b) AgNPs-DNA film on ITO and
(c) AgW on ITO.
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AgW/ITO exhibited the characteristic diffraction peaks at 38.2, 44.5, 64.5, 77.6 and
81.5°, (Figure 4.22), representing the (111), (200), (220), (311) and (222) reflection
planes, respectively, of the fcc single crystalline structure of Ag (JCPDS No. 4-0783)
(Sathishkumar et al., 2009; Veith et al., 2011). Although the diffraction peaks obtained
for AgNPs-DNA/ITO were identical with AgW/ITO, the characteristic intensities of
AgNPs were quenched for AgW/ITO, (Figure 4.22(b and c)), owing to the hybrid
formation of AgNPs with DNA. The quenched intensities of characteristic diffraction
peaks of Ag were released for AgW/ITO, specifying the removal of a DNA template. In
addition to Ag peaks, ITO peaks from substrate can be observed at 222, 440 and 622
planes (Veith et al., 2011). The mean crystallite diameter calculated using Scherer
equation (Equation 4.1) of the fabricated AgW on ITO was estimated to be 90 nm. This
implies that the material formed can be assumed to be in nanoscale. However, that it is a

mean diameter, there might be presence of microcrystalline material as well.

The oxidation state and electronic structure of AgW was determined using XPS. Wide
scan of clean DNA-templated AgW shown in Figure 4.23(a), reveals the presence of Ag
along with trace level peaks of C 1S and O 1S ensuring the complete removal of DNA
scaffold. Strong intensities of Ag3d peaks can be observed. The Ag 3d narrow scan
spectrum clearly depicts the existence of two distinctive peaks at 368.43 and 374.43 eV,
corresponding to Ag 3ds» and Ag 3dsp, respectively. The splitting of 3d doublet was
found to be 6 eV, specifying the existence of Ag® state (Lin & Wang, 2005; Mao et al.,

2012).
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Figure 4.23: (a) XPS wide scan for fabricated AgW and (b) narrow scan for Ag3d.
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4.1.3.4 Electro-catalytic Properties of the DNA Templated AgW/ITO

The electrochemical behavior of studied samples was investigated using CV technique
at a scan rate of 100 mVs™! and the curves are shown in Figure 4.24. DNA film on ITO
and the AgNPs-DNA film on ITO does not exhibit any redox peaks owing to the passive
behavior of DNA on ITO. This implies that any amount of DNA left on the substrates
was detrimental for their performance as a CE. In contrast, the well-defined two pairs of
quasi-reversible redox peaks were observed for AgNPs/ITO and AgW/ITO. Upon the
formation of conductive AgW on ITO and successful removal of DNA, AgW/ITO
showed maximum redox behavior and Jred value of 0.39 mAcm™. The Eyp value (Table
4.3) of AgW/ITO was slightly less than that of AgNPs/ITO. This indicates the importance
of DNA templating in altering the morphology of AgNPs into self-assembled-well-

connected AgW, which enhances the catalytic properties of the CEs.

Figure 4.24: CV curves of DNA/ITO, AgNPs-DNA/ITO, AgNPs/ITO and AgW/ITO
at a scan rate of 100 mVs.
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4.1.3.5 J-V Characteristics of DSSCs based on Modified CEs

J-V characteristics of the DSSCs based on fabricated CEs are shown in Figure 4.25,
and the results are summarized in Table 4.3. The DSSCs based on AgNPs/ITO and

AgW/ITO exhibited efficiency of 0.99 and 1.29 %, respectively. An increase in solar cell

characteristics can be observed due to enhanced catalytic performance of AgW modified

CE.

Table 4.3: Summary of photovoltaic and catalytic parameters of DSSCs and CEs.

Sample Solar cell Characteristic CE
Voe Jse FF n JRed1 Epp
V) (mA) (%) (mAem?) | (V)
AgNPs/ITO 0.50 3.50 0.62 | 0.99+0.02 0.25 0.20
AgW/ITO 0.52 4.10 0.68 1.29+0.02 0.39 0.19

Figure 4.25: J-V characteristics of DSSCs based on AgW/ITO and AgNPs/ITO CEs.
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So far, we have discussed the properties of DNA and RNA templated Ag wires on ITO
and Si substrates, respectively. We have established the importance of DNA/RNA
scaffolding in templating AgNPs into AgW. The significance of cleaning and removing
the residual scaffold after the complete fabrication of AgW has also been elaborated.
Although DNA and RNA templating methods are based on template-directed nucleation
and growth mechanism, we observed that both the nucleic acids formed AgW of different
heights. Moreover, the use of surfactant considerably reduced the Marangoni effect. The
reduced Marangoni effect helped the complete diffusion of Ag-DNA complexes towards
the scribe. An interesting observation made using the studies discussed above, is the
dependence of the catalytic properties of a substrate on the morphology and dimensions

of the templated AgW on it.

41.4  DNA Templated Au Wires

Although an enhancement in the characteristics of solar cells can be observed with the
use of modified CEs based on Si wafer and ITO, however the low efficiency of the cells
indicates unsuitability of the CEs. Moreover, the templated AgW formed existed in sub-
micron dimensions. In the following study, DNA templated Au wires (AuWs) were
fabricated on Pt sputtered ITO (Pt/ITO) substrates using ‘scribing’ or ‘writing’ method to
be used as modified CE in DSSCs. Pt sputtered ITO is a conventionally used CE for
DSSCs. The catalytic and conductive properties of CEs are highly dependent on size and
shape of metal nanostructures on the substrate (Zeng et al. 2009). It has been established
from studies mentioned above that the RNA/DNA templated fabrication of metal wires
on conventionally used CE could enhance the catalytic properties of the CEs, thereby,
improving the performance of the DSSCs. In this respect, the results were compared with
conventionally used CE. DSSC fabricated using TiO> photoanode, N719 dye, I3/
electrolyte and AuWs/Pt/ITO CE showed 36 % increase in efficiency as compared to the

cells made under same parametrs but using conventional (Pt/ITO) CE. Moreover, in this
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study, the effect of annealing on the size and morphology of the templated AgWs was
also studied. The wires obtained after annealing of scribed Au-DNA film were formed in

nanoscale dimension.

4.1.4.1 Morphological and Elecmental Analysis of the Fabricated AuWs

FESEM images of the studied samples are shown in Figure 4.26. Monodispersed and
spherical AuNPs with an average size of 15.6 nm on Pt/ITO substrate can be seen in
Figure 4.26(a). Negative control is shown in Figure 4.26(b) and non-DNA conjugated
AuNPs were observed to be scattered all over the Pt/ITO substrate. Moreover, no
formation of wire structures could be observed. Figure 4.26(c, d, f) shows the scribed Ag-
DNA films subjected to annealing at different temperatures. On increasing the annealing
temperature, the gap between the edges of the scribe was increased. Moreover, an increase
in annealing temperature also increases the material density around the edges of the
scribe. The reason could be attributed to the forced evaporation of any moisture left within
the Ag-DNA complexes before annealing. Figure 4.26(d) shows the magnified image of
networked AuW (annealed at 200 °C) after the removal of the DNA scaffold. Granular
morphology of the fabricated AuW can be observed. The mechanism of formation of

AuW around the edges is same as described for Ag/DNA studies.
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Figure 4.26: FESEM images of (a) AuNPs on Pt/ITO, (b) scribed AuNPs without
binding with DNA, scribed Au-DNA films annealed at (c¢) 150 °C, (d) 200 °C, (e) 250
°C and (f) magnified image of AuW after cleaning.
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Figure 4.27: Images showing (a-d) the mechanism of aligning AuW on Pt/ITO using
capillary force and (e) the structure of modified CE.

The mechanisms involved in the fabrication of AuW along the edges of the scribe and
the structure of the modified CE used in this study are shown in Figure 4.27. Meanwhile,

Figure 4.28 demonstrates the proposed growth mechanism of DNA templated AuW.

Figure 4.28: Proposed schematic illustration of growth of DNA templated AuW.
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AFM image of the fabricated AuW (Figure 4.29), shows the granular morphology of
the well-connected AuW with diameters ranging from 10 to 80 nm. The decrease in the
height, as compared to previous studies reported in this chapter, was attributed to the

positive aspects of annealing.

Figure 4.29: Contact mode AFM image of fabricated AuW showing diameter
ranging from 40-80 nm.

EDX spectra of the AuNPs/Pt/ITO, as shown in Figure 4.30(a), exhibit strong signals
characteristic to Au and Pt. The C and O present in AuNPs-DNA/Pt/ITO sample are the
constituents of DNA, successfully removed after etching (Figure 4.30(c)). After the
fabrication of AuW, removal of DNA scaffold is very important as DNA possess a
semiconducting behavior (Periasamy et al., 2016). Moreover, it has been established from
previous results that the presence of any amount of DNA left on the CE could be

detrimental for its performance.
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Figure 4.30: EDX graphs of (a) AuNPs/ITO, (b) Au-DNA/Pt/ITO and (c)
AuNPs/Pt/ITO films showing successful removal of DNA scaffold after cleaning and
formation of clean AuW on Pt/ITO substrates.

4.1.4.2 FTIR Studies on Binding of AuNPs to DNA

Interaction and binding of AuNPs with DNA was studied using FTIR spectroscopy,
shown in Figure 4.31, and summarized in Table 4.4. Several spectral changes in terms of
intensities and shifting was observed in DNA on binding with Au NPs. In DNA film,
several plane vibrations related to DNA can be observed; asymetric-stretch of phosphate
band at 1222 cm’!, which is a characteristic band for B-form DNA, (A-C) at 1609 cm’,

(G-T) at 1717 em™!, (T, G, A, C) at 1663 cm™ and backbone (C-O) at 1051 cm™ (Hackl
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et al., 2005). On interaction of DNA with AuNPs, significant band changes to lower
ferquency can be observed at 1609 cm™!, 1663 cm™ and 1717 cm™. These spectral changes

are due to the formation of Au-DNA complexes.

Figure 4.31: FTIR Spectra of AuNPs/ITO, DNA/ITO and Au/DNA/ITO films to
study the interaction of Au with DNA and their binding.

These results suggest that DNA binds Au to its A-T and G-C base pairs. Due to the
alteration in frequencies of A, T, G and C, it is suggested that on adding AuNPs to DNA,
AuNPs interchelated between A and T as well as G and C nucleotides. Moreoever, no
changes in intensities of assymetic and symetric stretching of phosphate groups and
backbone of DNA at 1051 cm™, 1087 cm™ and 1222 cm™! suggests no participation of C-
C and C-O as well as phosphate groups of DNA in Au-DNA binding. The backbone
conformation of DNA was not changed during the binding. Bands present in AuNPs were
due to C-O, N-O and O-H stretching arising mainly due to cappimg agents and water

molecules.

95



Table 4.4: Conformal bands in DNA and shifts on interaction with Au ions to study
the binding of Au with DNA.

Assignment DNA film (cm™') | Au-DNA film (¢cm™)
Backbone (VC-0O) 1051 1051
Symmetric phosphate 1087 1087
Anti-symmetric phosphate 1222 1222
Base pair(A-T) 1608 1569
Base pair (T,G,A,C) 1663 1656
Base pair (G-C) 1717 1700

4.1.4.3 Structural Studies of AuW/Pt/ITO based on XRD and XPS

In order to study the effect of annealing on AuW, DNA templated AuW was fabricated on
ITO glass to ignore the peaks related to Pt in the film. The XRD spectra of AuNPs and AuW

are shown in Figure 4.32.

Figure 4.32: XRD patterns of AuNPs and AuW on ITO.
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Characteristic diffraction peaks at 38.2, 44.5, 64.7 and 77.7° are indexed to (111), (200),
(220) and (311) reflection planes, respectively, of the fcc structure of metallic Au (JCPDS No.
04-0784). The peak indexed at (111) plane, is more intense than the other peaks suggesting
that the fabricated AuNPs and AuW were crystalline in nature (Suman et al., 2014). Mean
crystallite sizes for AuNPs and AuW were calculated using Scherer equation (4.1) using the
data from the most intense peak (111), and the crystallite sizes were estimated to be 43 and 45
nm, respectively. This indicates that the annealed-DNA templated AuW thus formed were
nano-crystalline in nature. Watson et al. conducted XRD analysis on DNA templated Cu
nanostructures and reported formation of microcrystalline material, in contrast to the material

obtained here which is nanoscale (Watson et al., 2009).

AuW/PY/ITO CE was subjected to XPS to analyze the valence state of AuW after their
growth on the DNA template. Figure 4.33(a, b, c) shows AuW/Pt/ITO XPS wide
spectrum, Pt4f narrow spectrum and Au4f narrow spectrum, respectively. The XPS wide
spectrum exhibited Au4d, Au4f and Pt4f peaks along with trace levels of Ols and Cls
depicting complete removal of the DNA residue. No impurity peaks were observed and
the results were consistent with EDX analysis. Two sets of peaks in Pt4f and Au4f narrow
scan in Figure 4.33(b, ¢) can be observed at (71.6, 74.9 eV) and (83.7, 87.4 V), which are
assigned to (Pt7n, Ptdfsp), and (Audfrn, Audfsp) of metallic Pt and Au, respectively
(Dablemont et al., 2008; Kim et al., 2013; Li et al., 2015). These results indicated that no Au
oxide or any other ionic form of Au was present on the CE after nucleation and removal of

DNA.
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Figure 4.33: Images showing (a) XPS Survey scan spectra of AuW/Pt/ITO CE, High
resolution spectra for (b) Pt and (c) Au and XRD spectra of fabricated AuW.

4.1.4.4 Electro-catalytic and J-V Characteristics of the CEs

To study the electro-catalytic activity of AuW/Pt/ITO for their use as CE in DSSCs,
the CV curves were recorded in liquid electrolyte with Pt/ITO CE as reference, as shown
in Figure 4.34. The shapes of the curves of the studied CEs are very similar to that of
Pt/ITO CE, revealing that the AuW/Pt/ITO CE and Pt/ITO CE possess similar electro-
catalytic activity. Two sets of redox peaks can be observed in the curves; redox peaks at
the left were due to Reaction 1 (Equation 4.2), while redox peaks at the right were due to

reduction Reaction 2 (Equation 4.3).
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Figure 4.34: CV curves of Pt/ITO, AuNPs/Pt/ITO and AuW/Pt/ITO CEs at scan rate
of 100 mVs'.

The CE catalyze the reduction of tri-iodide ions to iodide ions and the left pair of peaks
(red;) are critically important for performance of CEs (Dao et al., 2011). In this regard,
peak current density is an important parameter to analyze the catalytic activity of the CE.
High current at fixed voltage is indication of a stronger reaction (Veith et al., 2011).
Notably, AuW/Pt/ITO CE possess maximum current density (Table 4.5). Another
parameter to analyze the catalytic activity of the CEs is the peak-to-peak separation (Epp).
Electrochemical constant (ks) and Epp are inversely proportional to each other and
therefore, smaller the Ep, higher are the catalytic properties (Bolton & Kearns, 1978; Dao
et al., 2011). Jrear and Ep, values (Table 4.5) show that the presence of AuW on Pt/ITO
CE has promotional effect on electro-catalytic activity of the CE. This could be attributed
to the increase in the quantity of bonding sites which ensures rapid charge transfer,

decrease in the I3 reduction over potential and enhancement in the reaction kinetics.
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Table 4.5: Photovoltaic and Electro-catalytic parameters of DSSCs and CEs.

Sample Solar cells characteristics CEs
Voe Jsc FF n JRed1 Epp
V) (mA) (%) (mAcm™) M
PY/ITO 0.61 2.90 0.60 | 2.50+0.02 0.6 0.19
AuNPs/Pt/ITO 0.65 3.30 0.64 | 3.02+0.04 0.99 0.18
AuW/PYITO 0.66 3.80 0.69 | 3.40+0.04 1.10 0.17

Figure 4.35: J-V curves of DSSCs with identical photoanodes and, Pt/ITO,
AuNPs/Pt/ITO and AuW/PT/ITO CEs.

J-V characteristics of the DSSCs, fabricated using identical photoanodes and the
modified CEs were studied to analyze the performance of solar cells, are summarized in
Table 4.5. The J-V curves of the solar cells in Figure 4.35 shows that the cells fabricated
using AuW/Pt/ITO CEs show the maximum efficiency and fill factor. The enhanced

overall performance of AuW/Pt/ITO CE based solar cells can be attributed to higher
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catalytic reduction of the iodide ions in the electrolyte and better electrochemical

performance of the CEs.

4.1.5 Comparisons of the Results based on RNA/DNA Metal Templating on Si,

ITO and Pt/ITO Substrates

Based on the studies discussed above, we noticed several physical and chemical
mechanisms involved in fabrication of nucleic acid templating metal wires in sub-micron
to nanometer range. We also studied the limitations of the capillary force assisted
fabrication of RNA/DNA metal templating in terms of Marangoni effect and templated
wire heights. The limitations were overcome by using a surfactant and annealing the
studied samples. In this section, we have discussed the comparative results based on
addition of surfactant, annealing and the findings based on scaffolding material (DNA or
RNA). Moreover, the performance of different CEs has also been discussed and

summarized.

So far it has been established that the self-assembly properties of DNA and RNA,
arrange the metal NPs in connected network of metal wires, when dragged towards the
scribed region due to capillary force action, or coffee-ring effect. As explained earlier,
DNA and RNA, both tends to conjugate metal NPs into its structure due to specific
metallic bonding. When a scribe is formed on the film, differential evaporation rates
induce capillary force action causing water to evaporate from the edge of the scribe and
the loss of water is replenished by the water in the bulk. Due to this energy, metal-nucleic
acid complexes are dragged towards the scribe. Environmental heat provides enough
energy for natural evaporation of water. However, the energy is not enough to externally
remove the complexes hence deposition occurs at the edges of the scribe. Moreover, DNA
and RNA act as a template to form active sites for nucleation of the metal wires. Thereby,

it is necessary to understand the mechanisms of capillary force action resulting in the
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coffee-ring effect and the Marangoni flow in order to understand the novel method
described in this study. None of the DNA templating methods reported earlier, involve
the use of a ‘scribe’ induced capillary force action to arrange the wires along the edges of
the scribe. Such an arrangement is very important for their application in micro and

nanoelectronics.

4.1.5.1 Morphological Comparisons

Morphological images obtained for all fabricated metal wires on various substrates
depict wire like granular structure with almost completely continuous morphology. The
morphologies of the metal wires observed in this study were notably different from the
previously reported DNA templated Ag wires as well as other metal-nucleic acid
templated structures (Deng & Mao, 2003; Ongaro et al., 2005; Pruneanu et al., 2008;
Richter et al., 2000). Sparse distribution of nanoclusters could be observed along the
template and the coatings are highly irregular and non-continuous. For example, Braun
et al. observed ‘beads on a string’ morphology of DNA templated silver wires (Braun et
al., 1998) while Richter et al. (2000) observed a structural transition from separated
clusters to quasi-continuous metal coating of non-continuous and irregular Pd wires

(Richter et al., 2000).

In our study, it was observed from the FESEM and AFM results that DNA/RNA played
an important role in templating continuous wire-like structures. The self-assembly of
DNA/RNA coupled with the coffee-ring effect significantly influenced the templating
process, overcoming the short comings of other DNA templated studies. However, the
influence of Marangoni flow affected the complete diffusion of the metal-nucleic acid

towards the edges of the scribe, which was reversed by addition of a surfactant.
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4.1.5.2 Effect of SDS Surfactant Addition

During evaporation of a liquid, there are two main competing evaporation driven
phenomenon that takes place, Marangoni flow and the coffee-ring effect (Seo et al. 2017).
Marangoni flow suppress the coffee-ring effect and vice-versa. Coffee- ring effect was
first reported by Deegan et al. (1997) based on his observations on the drying of spilled
drop of coffee (Deegan et al., 1997). Drying droplet of coffee on any solid surface forms
dense deposits along the perimeter of the drop in the form of rings. Initially the dense
particles in coffee is dispersed entirely over the drop, but with drying they concentrate to
a tiny fraction. Any drying drop containing dispersed solid particles form such ring
deposits influencing processes like washing, coating and printing. Coffee-ring effect is
caused by non-uniform evaporation rate in radial direction. These ring deposits forms the
base to “write”” metal wire fine patterns on a solid surface in our studies. The coffee-ring

effect is shown in Figure 4.36 (Deegan et al., 1997).

Figure 4.36: Images showing (a) a 2 cm diameter dried drop of coffee demonstrating
high material density towards the end of the drop due to evaporation and (b)
indication of motion of solid particles towards the high curvature (images taken
from (Deegan et al., 1997)).
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Marangoni effect, also known as Gibbs Marangoni effect, is a mass transfer that occurs
due to surface tension gradient along an interface between two fluids. A liquid with low
surface tension pulls less strongly on the surrounded liquid as compared to the liquid with
high surface tension. Due to this surface tension gradient, the liquid with high surface
tension naturally flows away from low surface tension regions. For example, if water is
mixed with alcohol, a region with lower concentration of alcohol will have high surface
tension and a region with a higher concentration of alcohol will have lower surface
tension. High surface tension region will pull on the surrounding fluid strongly, thereby,

causing the flow of the liquid away from the regions of low surface tension.

It was found in our study that the addition of surfactant in appropriate amounts reduced
the Marangoni flow of the metal-DNA/RNA complexes resisting their deposition
anywhere else than the scribe. This was due to the lowering of the surface tension and

cohesive forces within the droplet (Miniewicz et al., 2016; Ogino et al., 1990).

4.1.5.3 Variations in Heights, Crystallite Sizes and the Effect of Annealing

Table 4.6 shows the mean crystallite sizes and heights of fabricated metal wires and
the precursor metal NPs. The mean crystallite sizes of the fabricated metal wires for
AgW/S1, AgW/ITO and AuW/Pt/ITO show a transition from microcrystalline to
submicron-crystalline to nano-crystalline structure, respectively. These transitions are
dependent on the annealing of the AuW on Pt/ITO substrate leading to forming the

structures in nanocrystalline scale and the scaffold structure.

A decrease in height of the wire can be observed for AgW/Si, AgW/ITO and
AuW/Pt/ITO samples. It is notable, that the heights of the fabricated wires depend upon
the scaffold structure. Both DNA and RNA reduce the AgNPs on their surface where the
nucleation and growth of the wires start. The structure difference in DNA and RNA plays

an important role here in determining the growth of the wires and their size. Moreover,
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the reduction in heights of the AuW/Pt/ITO can be observed as compared to AgW/Si and

AgW/ITO which is attributed to the annealing.

Table 4.6: Summary of the metal NPs sizes, heights of the fabricated wires, mean
crystallite sizes of NPs and mean crystallite sizes of fabricated wires calculated from
FESEM, AFM and XRD results, respectively.

Sample Average Maximum Mean Mean
NP (seed) height of the | crystallite size | crystallite size
size (nm) wire (nm) of the NPs (nm) | of wires (nm)
RNA templated 10 250 40 150
AgW/Si
DNA templated 10 110 40 100
AgW/ITO
DNA templated 16 90 43 45
AuW/Pt/ITO

4.1.5.4 Performance Comparisons of the CEs and their Respective DSSCs

Table 4.7 shows the summary of the results based on CV and J-V characteristics of
CEs and DSSCs, respectively. It has been well established up till now that presence of
DNA/RNA templated metal wires significantly enhanced the catalytic properties of the
substrates and therefore, enhanced the working of the DSSCs. However, the performance
of the CE also depends on the type of substrate used (Si, ITO or Pt/ITO). Even though
AgW/ITO CE possessed lower catalytic activity (Jrea1=0.39) as compared to that of
AgW/Si (Jrea1=0.60), the efficiency obtained for AgW/ITO based DSSC is higher.
Among all the studied CEs, AuW/Pt/ITO generated maximum value of Jreq1 and the DSSC
based on this CE showed highest efficiency (3.40 %). The reason was attributed to the
synergistic effect of Pt and AuW on ITO which enhances the properties of the CE

material.
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Table 4.7: Summary of the results based on CV and J-V characteristics of studied
metal wires.

Sample JRed1 Vo Jsc n
(mAcm?) A% (mA) (%)
RNA templated AgW/Si 0.60 0.49 3.5 0.96+0.03
DNA templated AgW/ITO 0.39 0.52 4.10 1.29+0.02
DNA templated AuW/Pt/ITO 1.10 0.66 3.80 3.40+0.04

4.1.5.5 The Replacement of Enzymatic Etching with Simple Hydro Cleaning

Fabricating sub-micron to nanosize metal wires using DNA, DNA residue was
removed using enzymatic etching after the templating process was completed. It is very
important to remove any amounts of DNA left on the substrate. Presence of small amount
of residue could be detrimental for their use in electronic circuits and solar cells. Using
RNA makes the process of fabricating micron to nano scaled electrode gaps more
economical and facile as the step of scaffold removal becomes easy. The phosphate
groups in sugar phosphate backbone of both RNA and DNA have a partial negative charge
making them soluble in water. However, the ribose sugar in RNA has an extra —OH group,

as shown in Figure 4.37, making it more soluble in water.

Ribonucleotides Deoxyribonucleotides

Figure 4.37: Diagram illustrating the presence of an extra OH bond in RNA making
it more soluble in water.
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Moreover, exposed bases present in RNA contain polar bonds. With increase in the
number of polar bonds, the solubility in water also increases. Due to high solubility of
RNA in water, samples were washed 3 times using DI water which resulted in complete

removal of the RNA residue and clean electrode gaps were obtained.
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CHAPTER 5: RESULTS AND DISCUSSION II: DEVELOPMENT OF

PHOTOANODE

In this chapter, the research has been focused on increasing the efficiency of the DSSCs
by developing photoanodes compatible with our modified CEs. Deposition methods such
as AACVD and EPD were used to fabricate modified TiO> photoanodes. Studies were
conducted on their morphological, optical and structural properties of the photoanodes
and the effect of these properties on the efficiency of DSSCs was analyzed. Moreover,
the performance of the DSSCs was also studied using modified photoanodes and modified
CEs using J-V characteristics of the fabricated DSSCs. Therefore, the work presented in

this chapter is based on the studies on the development of photoanodes for the DSSCs.

The basic working principle of DSSCs involves the generation of photo excited
electrons by the dye molecules adsorbed on a semiconductor photoanode. Generated
electrons are transferred to the CB of the semiconductor from where it is transported to
the outer circuit. Meanwhile, the electron deficiency in dye molecules is regenerated by
a redox electrolyte to avoid the back transfer of the photo generated electron
(recombination) (Lee et al., 2008). Henceforth, photoanode is one of the most important
components of DSSCs that highly influences the performance of the DSSC. Photoanode
must allow fast electron injection and possess optimum porosity to allow complete
adsorption of dye and electrolyte (Keshavarzi et al., 2015; Lu et al., 2012; Song et al.,
2016). TiO; is an abundantly used semiconductor material for photoanode owing to its
high availability, nontoxicity, high stability and low cost. However, weak absorption of
TiO2 in visible region of solar spectrum and high recombination rate hinders the
performance of TiO, as a photoanode material (Qu et al., 2013). To enhance the

performance of TiO; photoanode, surface modifications needs to be done by doping TiO»
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to extend the optical absorption of the semiconductor, decrease the charge recombination

centers and improve charge carrier separation.

5.1 AACVD of Mg Doped TiO: Films

AACVD not only offers simple setup and requires low maintenance and costs but also
deposit homogenous films. Despite having advantages over other deposition techniques,
AACVD hasn’t been studied extensively due to difficulties in controlling film porosity.
In this section, we have morphologically and structurally analyzed TiO> and Mg doped
TiO: films deposited using AACVD. The limitations of TiO2 and the AACVD method

have been addressed and solved using Mg as a dopant.

5.1.1 Morphological and Elemental Analysis

Surface morphology of the fabricated films was studied using FESEM and the images
are shown in Figure 5.1. The films exhibited rough surfaces with crystalline nature. The
morphology of the films exerts profound effect on the performance of the photoanode and
hence the performance of the DSSC. High crystallinity and high porosity of films have
positive effects on the overall efficiency of the solar cell (Lu et al., 1997). It can be
observed that the films appear more porous and the pore network appears more
interconnected with increase in doping concentration attributed to the addition of dopant

into the anatase lattice of TiOs.
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Figure 5.1: Low resolution (a) (b) (c¢), and high resolution (a1), (b1), (c1) FESEM
images showing morphology of TiO: film, 1 mol% Mg doped TiO: thin film and 2
mol% Mg doped TiO: thin film, respectively.
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EDX analysis was performed to determine the concentration of elements and the
contaminants in the films, shown in Figure 5.2 and summarized in Table 5.1. It can be
observed that the Mg wt% increases with an increase in doping concentration, thereby,
decreasing the concentration of Ti in the TiO; lattice. This can be attributed to the

replacement of Ti cation by Mg?" due to successful doping at the atomic level.
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Figure 5.2: EDX spectra of (a) undoped TiO: film, (b) 1 mole% Mg doped TiO:2 film
and (c¢) 2 mol% Mg doped TiO: film.

Table 5.1: Summary of doping concentrations of films estimated from EDX data and
crystallite sizes calculated using (101) peak of XRD data.

Samples Concentration Crystallite size
(weight %) (nm)
Ti 0 Mg
Undoped TiO2 55.6 45.4 0.00 19
1 mol% Mg doped TiO» 55.4 454 0.15 17
2 mol% Mg doped TiO» 55.3 45.0 0.21 16
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No significant change in concentration of O can be observed. This implies that no
additional oxides were formed with Mg. Moreover, it can be assumed that Mg cations
located at Ti*" sites in TiO» lattice during doping. No other impurities were observed in

the EDX spectra.

5.1.2  Crystal Phase and Crystallite Size Analysis

XRD pattern for all the fabricated films exhibited peaks that are consistent with anatase

phase reflections (JCPDS No. 78-2486) (Stoyanova et al., 2013), as shown in Figure 5.3.

(c)

(b)

(2)

Figure 5.3: XRD patterns of (a) undoped TiO: film, (b) 1 mol% Mg doped TiO: film
and (c¢) 2 mol% Mg doped TiO: film.

Undoped and doped films possess crystalline nature and pure tetragonal anatase phase
with trigonal planar O and octahedral Ti® coordination geometry (Dubey & Singh,
2017). No additional peaks of impurities, phases or oxides were observed with addition
of the dopant. Anatase phase of TiO: is usually formed at lower annealing temperatures

as compared to rutile phase. During the polymerization process of TiOs octahedral unit,
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the dominant phase of TiO: is determined by its faster growth. Therefore, anatase is
formed instead of rutile as initial crystalline phase of TiO> due to its less constrained
molecular construction (Satoh et al., 2013). Moreover, anatase phase possess lower
surface free energy favoring fast recrystallization of anatase polymorph (H. Li et al.,

2015).

Upon doping, a reduction in intensity of the diffraction peaks can be noticed and with
an increase in the concentration of Mg dopant, the intensity is further reduced. This
indicates successful and uniform Mg doping into the lattice of TiO2. Due to the similarity
in ionic radii of Mg dopant and host Ti ions, Mg substitutes Ti from its lattice site via
substitutional doping. Moreover, not all dopant ions enter the lattice of TiO> and some
might remain on the surface creating grain boundaries. This affects the crystal growth of
the lattice which cause a reduction in crystallite size, with increase in doping
concentration. The crystallite sizes for undoped, 1 mol% Mg doped and 2 mol% Mg
doped TiO; were calculated to be 19, 17 and 16 nm, respectively. The crystallite size was
calculated using Scherer equation (Equation 4.1) on most prominent diffraction peak
(101) and the data is summarized in Table 5.1. Although, a slight decrease in crystallite
size was observed upon increasing doping concentration, a further increase in dopant
amount could suppress crystal growth and increase grain boundaries which could be
detrimental for its performance as a photoanode material. Henceforth, increasing doping

concentration beyond a moderate level is not feasible.

5.1.3 Raman Analysis

To further probe the crystallinity of the films, Raman spectroscopy was performed in
range 100 to 900 cm™! and the results are shown in Figure 5.4. The peaks at 143, 195, 398,
512 and 632 cm! corresponds to the anatase phase (Lim et al., 2014). No peaks for rutile

phase and Mg could be observed. The reason could be attributed to lower concentration
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of Mg, its inclusion as a dopant in the lattice and its weak Raman scattering power.
Absence of Mg oxide peaks indicated that no separate crystalline oxides of Mg were
formed agreeing well with the XRD results. A reduction in the intensity of peaks of
Raman spectra were observed indicating the interaction between TiO; and Mg affecting
the Raman resonance of TiO2. From combined results of EDX, XRD and Raman, it can

be concluded that Mg was successfully doped into the TiO» matrix.

(c)

(b)

(a)

Figure 5.4: Raman spectra of (a) undoped TiO: film, (b) 1 mol% Mg doped TiO:
film and (¢) 2 mol% Mg doped TiO:2 film.

5.1.4  Optical Properties and Band Gap Estimation of the Films

The optical properties of films were studied using UV-vis spectrophotometry and the
graph is shown in Figure 5.5. It can be observed that with increase in concentration of Mg
dopant, the absorption gradually shifted towards the visible region. Usually, the
absorption peaks in semiconductors correspond to the maximum absorption due to the

excitation of electron from VB to the CB of the semiconductor. VB in TiO> comprises of
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O 2p states and CB comprises of Ti 3d states. Absorption for undoped TiO; arises due to
electronic transition from O 2p of VB to Ti 3d of CB. Shift of absorption in doped samples
can be explained due to the formation of another state within TiO> lattice due to doping
which leads to the lowering of band gap. Shift in peaks of doped samples arises due to
charge transfer at the interface from O 2p VB to Mg (II) state attached to TiO- as proposed

in Figure 5.6.

(b)
(a)

(d)
(c)

Figure 5.5: Images showing (a) UV-vis spectra of undoped, 1 mol% and 2 mol% Mg
doped TiO2, Tauc’s plot and band gap estimation of (b) undoped TiO: film, (c) 1
mol% Mg doped TiO: film and (d) 2 mol% Mg doped TiO: film.
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Figure 5.6: Schematic illustration of band gap narrowing due to Mg doping.

Tauc’s formula, given below, was used to estimate the band gap of the films from UV-

vis spectra;

(ahv) = A(hv — E4)Y (5.1)

where a, hv, E; and A4 are the linear absorption coefficient, photon energy, band gap
energy and proportionality constant, respectively and y determines the characteristics of
transition in a semiconductor. A value y=1/2 is assigned for direct bandgap and y=2 is

assigned for indirect band gap.

Values of bandgap for undoped and doped films were obtained by extrapolation of the
linear region in the plots of (ahv)”” to its intersection with energy axis (E/eV) (Jiménez-
Garcia et al., 2015), and the plots are shown in Figure 5.5 (b, c, d). The band gap for
undoped TiO; was estimated to be 3.2 eV which is in good agreement with the reported
value in literature (Jia et al., 2011). Upon doping TiO2 with 1 mol% and 2 mol% Mg, the
band gap is reduced to 2.9 and 2.8 eV, respectively. These results indicate an increase in
photo absorption of the films due to the Mg doping. Enhanced photo absorption of the

photoanode significantly enhances the performance of the DSSCs (Guo et al., 2013).
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5.1.5 BET Surface Area and Pore Size Analysis

Nitrogen (N2) adsorption-desorption isotherms of the films, shown in Figure 5.7,

exhibit type IV curves for mesoporous structure (Bahramian, 2013; Reda et al., 2017).

Figure 5.7: Nitrogen adsorption-desorption isotherms and inset pore size
distribution of undoped, 1 mol% Mg doped and 2 mol% Mg doped TiO: films.

The BET surface area and average pore diameter of undoped, 1 mol% Mg doped and
2 mol% Mg doped TiO: films were measured to be 69.2 m?g™! and 3 nm, 67.5 m’*g’! and
4 nm, 66.1 m?g! and 5 nm, respectively (Table 5.2). Figure 5.7 (inset) shows the pore
size distribution of the films from desorption curves. It can be observed that Mg doping
enhanced the pore size of the films which without significantly decreasing the surface
area of the films, is beneficial to enhance the Js.. Larger pore size renders two main
advantages to the films; it allows the dye molecules and the electrolyte to completely fill
the porous films (Maleki et al., 2017; W. Song et al., 2016; Weisspfennig et al., 2014)

and results in higher lifetime of generated electrons (Wang et al., 2013). Moreover, small
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pore size inhibits the diffusion of dye and electrolyte, increasing the resistance at
TiO2/dye/electrolyte interface. This leads to lowering of the photocurrent. However,
significantly large pore diameter could result in decrease in surface area which could limit

the adsorption of dye.

Table 5.2: The average surface area and pore volume of undoped TiO2, 1 mol% Mg
doped TiO2 and 2 mol % Mg doped TiO: films.

Film Surface area Average pore diameter
(m?g") (nm)
Undoped TiO> 69.2 3
1 mol% Mg doped TiO2 67.5 4
2 mol% Mg doped TiO» 66.1 5

5.1.6 J-V Characteristics of the DSSCs

J-V curves of the fabricated DSSCs (Figure 5.8) with different photoanodes are shown
in Figure 5.9 and the results are summarized in Table 5.3. From J-V curves, various
photovoltaic characteristics of the DSSCs such as Vo, Jie, FF and # using the following

equation;

_ VocJscFF
Pin

(5.2)

where, 7 1s the efficiency of the solar cell, V. is the open circuit voltage, Js is short

circuit current and FF is the fill factor.
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Figure 5.8: Schematic diagram of the fabricated DSSC.

Figure 5.9: J-V characteristics of DSSCs based on (a) undoped TiOz, (b) 1 mol %
Mg doped TiO2, (¢) 2 mol% Mg doped TiO2 photoanodes and (d) 2 mol% Mg doped
TiO:2 photoanode with AuW/Pt/ITO CE.
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Table 5.3: Summary of J-V characteristics of undoped and doped TiO: based

DSSCs.
DSSC Voc Jse FF )
V) (mA) (%)
Undoped TiO2 based DSSC 0.72 7.19 0.65 3.36+0.01

1 mol% Mg doped TiO2 based DSSC 0.73 8.39 0.66 4.05+0.03
2 mol% Mg doped TiO2 based DSSC 0.74 11.99 0.67 6.10+0.02

2 mol% Mg doped TiO2 based DSSC 0.75 13.10 0.68 6.68+0.04
with AuW/Pt/ITO CE

Anincrease in V. and Jsc can be observed with an increase in the doping concentration.
The increase in V. is attributed to the increase in optical absorption. Synergistic effect of
band gap reduction and complete diffusion of dye molecules into the photoanode caused
an increase in optical absorption. Moreover, the presence of Mg retarded the charge
recombination thereby, enhancing the photocurrent (Liu, 2014; Tanyi et al., 2015). The
efficiencies of the DSSCs fabricated using undoped, 1 mol% Mg doped and 2 mol% Mg
doped TiO> were calculated to be 3.41, 4.05 and 6.10 %, respectively. However, further
increase in doping concentration could be detrimental for the performance of DSSCs due
to formation of electron trapping sites and grain boundaries (Liu, 2014). It can also be
observed that a further increase in efficiency of the DSSCs can be seen when the
conventional Pt/ITO CE was replaced with modified AuW/Pt/ITO CE in 2 mol% Mg
doped TiO2> based DSSC. The AuW/Pt/ITO CE was selected for performance
compatibility studies as it showed the maximum power conversion efficiency when

compared to other modified CEs (AgW/Si and AgW/ITO).
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5.2 Electrophoretically Deposited TiO: Films with Sn Surface Modification

EPD is a deposition technique in which electric field induced charged particles are
electrochemically deposited (Raphael et al., 2017). The charged particles are present in a
suspension of electrolyte, solvent and additives. Particles present in this suspension are
first charged and then drifted towards the electrode or the substrate for deposition (Chang
et al., 2010; Tsai et al., 2010). Additives were added and different electric fields were
applied to gain control over the packing density of the films. Yum et al (2005) noticed
that using the electrolysis of water, hydrogen gas is produced which forms pores in the
films during deposition. This led to the deposition of films with lower packing density
thereby, adding to the merits of EPD. High controllability, easy deposition process and
ability to tune film characteristics are the few merits that EPD offers. In this section,
fabrication of TiO; photoanode using EPD has been discussed and the compatibility of

the best photoanode was studied with modified AuW/Pt/ITO CE.

5.2.1 Morphological and Elemental Analysis

A major drawback of using EPD for TiO; films is the cracking of the film. Hamadanian
et al. (2012) noticed the size of cracks for one step EPD of TiO> increased with increase
in layer thickness. The cracks reached to the substrate and significantly degraded the
performance of DSSC. Figure 5.10 shows the SEM images of the films fabricated using
single step EPD and multistep EPD at 20 V. Film deposited using single step EPD at 20
V contains high density of the cracks as shown in Figure 5.10(a,b). The formation of
cracks was noticed during the evaporation of the solvent and the drying of the films.
Meanwhile, the TiO> film fabricated using multistep EPD (Figure 5.10(c)) is homogenous
and crack-free. During the fabrication of multistep EPD films, the films were dried after

each step due to which the crack density was observed to be significantly reduced.
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Figure 5.10: SEM images showing TiO: films fabricated using (a) single step EPD at
20 V, (b) magnified image of single step EPD at 20 V and (c¢) multistep EPD at 20 V.

The FESEM images of the TiO> films formed using multistep EPD at various electric
fields are shown in Figure 5.11. It is evident from the figures that all almost crack-free
films were obtained at all electric fields. The uniformity of the films increased and films
became denser, as the electric field was increased from 10 to 20 V. This observation is in
agreement with the previously reported results (Yum et al., 2005). The reason could be
attributed to the drop in EPD current with a rise in electric field. During the deposition
process, hydrolysis of water takes place at the cathode, which is directly proportional to
the EPD current. The hydrolysis of water results in release of hydrogen (H2) gas. When
the EPD current is high, more H> gas releases disrupting the deposition process and

creating pores in the film.
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Figure 5.11: FESEM images of TiO: films deposited by EPD at (a) 10 V, (b) 15V,
(¢) 20 V, (d) 20 V with Sn surface modification and (e) magnified image of 20 V with
Sn surface modification.
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An optimized dense nature of the films is very significant for performance of
photoanode. Too dense film results in limited absorption of dye, while too porous film
results in poor light absorption. Although, the film obtained at 20 V electric field appeared
denser than the rest of the films, it was found to be more homogenous and was chosen for
further surface modification. Bandy et al. (2011) observed similar results for film
optimization (Bandy et al., 2011). The thickness of the films was measured using surface

profiler and was found to be between 12-15 pm.

It can be observed from Figure 5.11(c, d) that on treatment of TiO> film deposited at
20 V with Sn, surface modification occurs. The morphology of the film appears more
spherical and porous after the treatment. Presence of Sn on TiO> was also confirmed by
EDX results, as shown in Figure 5.12. No impurities in any film could be observed
confirming the complete removal of electrolyte and other elemental species during
annealing, washing and drying. The nucleation and growth of Sn on TiO; are based on
sono-chemical process in which TiO; particles act as a seed for Sn particles. Sonication
process induces collapse of the bubbles resulting in excitation of the electrons in CB of
Ti0,. Generation of these electrons cause an accumulation of negative charge on the
surface of TiO2 which attract Sn cations due to electrostatic interactions. The Sn cations
are reduced to Sn particles. The electrons keep generating till the sonication process

continues and attract more Sn cations, thereby leading to the growth of Sn particles.
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Figure 5.12: EDX spectra of TiO: films deposited using EPD at (a) 10 V, (b) 15V,
(¢) 20 V and (d) 20 V with Sn surface modification.
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5.2.2  Crystal Structure, Phase and Crystallite Size Analysis

To study the phases and purity of the films, XRD analysis was conducted and the
spectra are shown in Figure 5.13. The diffraction peaks for anatase and rutile phases can
be observed; anatase being the dominant phase. This shows that anatase and rutile phases
co-exist in the films. Moreover, no peaks due to impurities were observed. As the electric
field was increased, an increase in intensity of the peaks can be observed attributed to the
increase in the crystallinity of the films. However, with Sn interaction, a slight decrease
in peak intensity occurred. This implies that Sn interacted with TiO, which affected the

XRD peak intensity. No peak for Sn metal or oxide was observed.

Figure 5.13: XRD spectra of for TiO: deposited films by EPD at (a) 10 V, (b) 15V,
(¢) 20 V and (d) 20 V with Sn modification.

Crystallite size for films deposited at 10, 15, 20 and 20 V with Sn modification were
calculated using Scherer equation (4.1) and estimated to be 21, 23, 24 and 19 nm,

respectively. Films with higher crystallinity possess greater crystallite size (Caruntu et
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al., 2006). This indicates that increasing the electric field for deposition had positive effect

on the crystallinity of the films.

5.2.3 Raman Analysis

Figure 5.14: Raman Spectra for TiO:2 deposited films by EPD at (a) 10 V, (b) 15V,
(¢) 20 V and (d) 20 V with Sn modification.

Raman spectroscopy was employed to further study the crystalline nature of the TiO>
films deposited at various electric fields and the spectra are shown in Figure 5.14. The
Raman active modes originate due to the vibration of molecular bonds. Each molecular
bond on different crystal facets have characteristic Raman active mode. According to
factor group analysis, six Raman transitions are allowed; 3Eg, 2Bz and 1A for anatase
phase of TiOz and five Raman transitions are allowed for rutile phase: Eg, Aig, Big, Bog
and multi proton process (Yan et al., 2013). In our films, 2 Eg, Bi; and A1z Raman active
modes can be observed at 140 cm™, 635 cm™, 395 cm™ and 515 cm™!, respectively, for the

anatase phase of TiO2. One active mode for rutile phase was observed for Egat 445 cm™.
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It can be deduced from these results that the anatase and rutile phases of TiO2 remained
well preserved for the deposition at different electric field intensities. No change in
Raman shift was observed for the studied films. However, with increase in the electric
field intensity, an increase in intensity of Raman spectra can be observed, attributed to
the increase in crystallinity of the films. On surface modification with Sn, a shift in the
intensity of Raman peaks can be observed confirming the interaction of Sn with TiO>

film.

5.2.4 BET Surface Area and Pore Size Analysis of the Films

Figure. 5.15 shows the N» adsorption-desorption curves for the films fabricated at
various electric fields and the Sn modified film and the surface area and average pore size
diameter are summarized in Table 5.4. It can be observed that upon increasing the electric
field, the average pore diameter of the films increases. A slight decrease in surface area
can be observed. These results are consistent with the morphological analysis using
FESEM. On interaction with Sn, the surface area and the average pore diameter almost
remains the same with a slight increase in the surface area. The pore diameter of the film
significantly affects the performance of the DSSCs. In order to enhance the durability of
DSSCs, t 1s important that the dye molecules and the electrolyte diffuse through the
surface of the film and fill the porous films completely (Benedetti et al., 2010;
Weisspfennig et al., 2014). Moreover, large pores also result in higher electron lifetime
(Wang et al., 2013). The high diffusion of dye molecules and electrolyte in the film
decreases the resistance at the interface of TiO»/dye/electrolyte leading to increased Jc.

Small pore size inhibits the complete diffusion of dye and electrolyte.
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Table 5.4: The average pore volume and the surface area of films deposited at

various electric fields.

TiO2 Film electric field Surface area Average pore diameter
(m’g") (nm)
10V 78.4 5.2
15V 77.2 6.5
25V 75.6 7.5
25 V with Sn modification 75.9 7.3

Figure 5.15: Nitrogen adsorption-desorption curves for the TiO: films deposited at
10 V,15V,20 V and 20 V with Sn modification.

5.2.5 Optical Properties of the Films

UV-vis absorption spectra, shown in Figure 5.16, for TiO; film deposited at 20 V and

the film with Sn modification was obtained in order to study the effect of Sn modification

on optical properties and the band gap of the film. On Sn modification, a red shift in

absorbance spectra can be observed.
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(a) )

(c)

Figure 5.16: Images showing (a) UV-vis spectra of film deposited at 20 V before and
after Sn modification (b) Tauc’s plot for the film deposited at 20 V (b) before and
(c¢) after Sn modification.

Band gap energies were estimated using Tauc’s plot [(ahv)’ v/s hv], where a, hv, E;
and A4 are the linear absorption coefficient, photon energy, band gap energy and
proportionality constant, respectively and y determines the characteristics of transition in
a semiconductor. A value y=1/2 is assigned for direct bandgap and y=2 is assigned for
indirect band gap (Lopez & Gomez, 2012; Sonmezoglu et al., 2011). Values of band gap
for undoped and doped films were obtained by extrapolation of the linear region in the
plots of (ahv)"” to its intersection with energy axis (hv/el). The band gap energy for TiO»
film deposited at 20 V was estimated to be 3.3 eV, which is consistent with previously
reported band gap value (G. Wang et al., 2012). A decrease in band gap energy of the

film was observed on Sn modification (3.1 eV).
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5.2.6 J-V Characteristics of the DSSCs

J-V characteristics of the DSSCs fabricated using studied photoanodes are shown in

Figure 5.17 and summarized in Table 5.5.

Figure 5.17: J-V characteristics of DSSCs fabricated using TiO:2 photoanodes

deposited using EPD at 10 V, 15V, 20 V, 20 V with Sn modification.

Table 5.5: Summary of the parameters from J-V curves.

with AuW/Pt/ITO CE

DSSC based on photoanode film Voc Jsc FF n
deposited at W) mAcm? (%)
10 V TiO; film 0.67 2.69 0.67 1.28+0.05
15 V TiO; film 0.71 3.07 0.77 1.71£0.03
20 V TiO; film 0.72 4.67 0.77 2.65+0.04
20 V with Sn modification TiO; film | 0.76 5.48 0.78 3.32+0.03
20 V Sn modification based DSSC 0.75 5.20 0.56 2.20+0.02
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An enhancement in 1 of the DSSCs can be observed with an increase in the electric
field owing to the increased homogeneity and porosity of the film. TiO/dye/electrolyte
interface exhibited lower resistance due to large pore diameter. Sn modification further
enhanced the photovoltaic characteristics attributed to the lowering of the band gap and

enhancement in photoabsorption.

Sn interaction with TiO; lattice caused a change in the Fermi level of the TiO».
Therefore, the generated electron in CB of TiO» was captured by the Sn. Meanwhile, the
Fermi level equilibrium was attained. The capture of the generated electron by Sn,
increased the lifetime of the holes, thereby, suppressing the hole-electron recombination.
However, using AuW/Pt/ITO CE unexpectedly decreased the photovoltaic performance
of the DSSC (Figure 5.18). A significant decrease in fill factor and efficiency can be
observed in DSSCs where conventional Pt/ITO CE was replaced with AuW/Pt/ITO CE.
This could be attributed to an unknown reaction occurring in the DSSC due to presence

of Sn on the surface of photoanode.
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Figure 5.18: J-V curves for DSSC based on Sn modified-20 V EPD deposited
photoanode and AuW/Pt/ITO CE.

5.3 Comparison of the Results based on Photoanode Studies

In this section, the performance of DSSCs have been compared on the bases of

different modified photoanodes and modified CE (AuW/Pt/ITO).

5.3.1 Morphological Comparison of Films Deposited using AACVD and EPD

The morphological analysis of the films fabricated using AACVD and EPD revealed
that EPD films were denser as compared to films deposited using AACVD thereby,
having higher surface area and lower porosity. These results were supported by N>
adsorption-desorption curves and the acquired data of the films deposited using AACVD

and EPD are summarized in Table 5.6.
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Table 5.6: Summary of BET surface area
deposited using AACVD and EPD methods.

and average pore diameter of films

TiO: film Surface area Average pore
(m2g™) diameter
Deposition Variant (nm)
Method

AACVD Undoped TiO2 69.2 3.0
AACVD 1 mol% Mg doped TiO» 67.5 4.0
AACVD 2 mol% Mg doped TiO» 66.1 5.0
EPD Electric field 10 V 78.4 5.2
EPD Electric field 15 V 77.2 6.5
EPD Electric field 25 V 75.6 7.5
EPD Electric field 25 V with Sn 75.9 7.3

modification

5.3.2 Device Performance Comparison based on Modified Photoanodes and CEs

The maximum performance efficiency of DSSC device among all the studied samples

was for the DSSCs fabricated using AACVD 2 mol% Mg doped TiO2 photoanode and

AuW/Pt/ITO cathode with an efficiency of 6.68 %. This indicates that these modified CE

and photoanodes were compatible with each other in a single device. The enhanced

photoabsorption, reduction in recombination and quick electron transfer from CE to

electrolyte caused an increase in the photovoltaic performance of the DSSC.
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CHAPTER 6: CONCLUSIONS AND FUTURE WORKS

6.1 Conclusions

It is concluded that conductive and well-connected Ag and Au wires can be fabricated
using DNA and RNA templating methods on various substrates, which can be used as CE
in DSSCs due to their enhanced catalytic properties. The novel technique employed in
this study demonstrates the promising prospects of an easy and highly controllable
method for fabricating conductive metal wires. The results demonstrate the successful
removal of the RNA residue using simple and cost-effective cleaning method to yield
clean Ag wires. Moreover, we have successfully fabricated well-connected DNA
templated Ag wires on ITO and Au wires on Pt/ITO substrates to be used as a modified
CE in DSCCs. Fabrication of RNA templated Ag wires on Si wafer and DNA templated
Au and Ag wires on ITO and conventional Pt/ITO CE, respectively, enhanced the
catalytic activity of the CEs thereby, enhancing the reaction kinetics and reducing the 15
reduction over potential. This substitution enhanced the overall performance of the
DSSCs as shown by the increased efficiency of the cells fabricated using AuW/Pt/ITO
CEs. Addition of appropriate amounts of SDS surfactant significantly reduced Marangoni
flow of the Ag-DNA complexes to avoid the deposition of Ag wires anywhere less than
the edges of the scribe. Another important conclusion observed was the dependency of
heights of the wires on the scaffold. When using DNA as a scaffold it was observed that
the average height of the wires decreased. Annealing also significantly reduced the
average height of the wire and the crystallite size as well making the material in nanoscale.
Among these fabricated wires on various substrates, DSSCs assembled using

AuW/Pt/ITO CE showed the maximum photovoltaic performance.

In order to develop more compatible photoanodes with our modified CEs, AACVD

and EPD methods were used with Mg doping and Sn modification of TiO; films,
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respectively. Mg doping and Sn modification enhanced the optical absorption and
reduced the band gaps of the TiO» films. The modifications were beneficial for the
working of the photoanode which enhanced the performance of the DSSCs. These
modified electrodes were assembled with AuW/Pt/ITO CEs which showed that these CEs
were highly compatible with Mg doped AACVD photoanode. However, with EPD
deposited-Sn modified TiO> films, a decrease in efficiency was observed when the
conventional Pt/ITO CE was replaced with our modified CE. The maximum performance
efficiency of DSSC device among all the studied samples was for the ones fabricated
using AACVD 2 mol% Mg doped TiO2 photoanode and AuW/Pt/ITO cathode with an

efficiency of 6.68 %.

6.2 Future Works

Improvements in the process by optimization of physical conditions and
concentrations of RNA and metal NPs could lead to further controllable printing of the
metal wires and nano-patterns. Future research using programmable ion or electron beam
writing methods could eventually pave the way forward for integration within an
industrial environment for mass-produced nano-circuits for applications in nano
electronics. Furthermore, high precision scribing methods like electron beam lithography
could be used in future to fabricate DNA templated Au nanostructures with high
controllability, which can be expected to further enhance the photovoltaic properties of

the DSSCs.
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