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ZnO and TiO, nanoparticles are very promising materials for dye-sensitized solar
cells (DSSCs) because of their unique properties such as bandgap, chemical stability,
high electron mobility, nontoxicity. A DSSC comprises of a dye adsorbed
semiconductor (TiO,, ZnO) electrode, and a liquid electrolyte containing redox couple
sandwiched between two transparent conductive oxide (TCO) glasses. However, the
efficiency of DSSCs is limited due to the charge recombination of the semiconductor
with the dye or the electrolyte used. The research work is, therefore, mainly aimed at,
to reduce the charge recombination problem. The problem has been resolved using a
synthesized oxide layer (Eu,O3, CaCO3) coated semiconductor nanoparticles (ZnO,
TiO,) as photoelectrode. For the syntheses of ZnO and TiO, nanoparticles,
respectively, the chemical precipitation and sol-gel techniques have been used
whereas, for the oxide layer coating on the surface of nanoparticles (TiO, and ZnO),
the hydrothermal method has been employed. Four different combinations
(Euz03/Zn0O, CaCO03/Zn0O, Eu,05/TiO,, and CaCOs3/TiO,) have been taken. Their
structural and compositional studies have been carried out using XRD and EDAX;
morphological analysis using SEM/TEM; optical studies using FTIR and PL. To
determine the amount of dye adsorbed on the fabricated electrodes, UV-visible
analysis of the dye desorbed solution has been done. And the solar cell parameters
such as short-circuit current density, open circuit voltage, fill factor, efficiency, have

been calculated using the current density-voltage characteristics.



This thesis presents the synthesis of CaCO3; and Eu,O3; coated ZnO and TiO;
nanoparticles by chemical synthesis route as well as the investigations of structural,
morphological and optical properties of the synthesized nanoparticles. These
nanoparticles have been employed in DSSCs, and their photocurrent density-voltage

(J-V) characteristics have been studied.

Chapter 1: Introduction

Highlights the importance and need of solar energy, and the different generations of
solar cells. Working and mechanism of DSSCs have been discussed in this chapter.
An interesting section of this chapter “recent advances in DSSCs” comprises the
recombination problem in DSSCs and their various solutions by different research
groups. Literature review of different coatings used by various researches is
presented. Importance of coating of rare earth oxides and insulating oxides on the
semiconductor (TiO,, ZnO) nanoparticles is given. The objective of the present thesis
is also discussed in brief,

Chapter 2: Materials and characterization

Provides information about the materials used (TiO,, ZnO) in the present work. The
experimental procedure for the synthesis of TiO, and ZnO nanoparticles has been
described. The fabrication procedure for the DSSCs has been discussed in detail. The
chapter also describes various characterization techniques used in the present study
for the synthesized nanoparticles and the fabricated DSSCs. Introduction, principle,
theory and instrumentation of characterization techniques have also been described.
Chapter 3: Oxide-layer coated ZnO nanoparticles and their application in dye

sensitized solar cells
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Comprises results and discussion for Eu,O; and CaCO; coated ZnO nanoparticles.
The synthesized nanoparticles have been characterized structurally through XRD,
morphologically through SEM, TEM and compositionally through EDAX. The
different bonds in the synthesized material have been studied through FTIR. Dye
desorption studies are presented, which compare the dye adsorbed on the fabricated
electrodes. The analyses of the obtained current density-voltage (J-V) characteristics
of the fabricated DSSCs are also presented.

Chapter 4: Oxide-layer coated TiO, nanoparticles and their application in dye
sensitized solar cells

Presents the results and discussion regarding Eu,Os; and CaCO; coated TiO;
nanoparticles and the DSSCs made thereof. The synthesized nanoparticles have been
characterized through XRD, TEM, EDAX, FTIR and PL spectroscopy. The dye
desorbed studies are performed to compare the dye adsorbed on the fabricated
electrodes. The J-V characteristics of the fabricated DSSCs and their analyses are
presented.

Chapter 5: Conclusions and future scope

Concludes the research work done including the future scope of this work.
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Chapter 1

Introduction



Chapter-1

Non-renewable reserves are dwindling because of high cost and environmentally
damaging retrieval techniques. So, there is a significant need for cheap and
sustainable resources. Renewable energy sources, specifically solar power, can be
extremely practical as alternatives to damaging carbon-intensive fuels. The ability to
design nanostructured semiconductors, organic-inorganic hybrid assemblies, and
molecular assemblies opens up new ways to design third generation light energy
conversion devices. Extensive research on dyes, semiconductor oxides, and redox
electrolytes is being carried out for the development of more efficient dye sensitized

solar cells.

1.1 Energy

Energy has been universally known as one of the most vital inputs for economic
growth and human development. Energy is one of the major drivers of a growing
economy like India and is an essential building block of economic development. In an
effort to meet the demands of a developing nation, the Indian energy sector has
witnessed a rapid growth [1]. In order to address the economic and environmental
consequences of energy system, the availability and consumption of energy resources
is considered. Problems arise from our dependence on combustible fuels, the
environmental risks related with their extraction, and the environmental destruction
caused by their emissions [2]. Yet no primary energy source, be it renewable or non-

renewable, is free of environmental or economic limitations.
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1.1.1 Non-renewable energy resources

The non-renewable energy resources can be defined as the energy resources that are
not sustainable and depleting at a very fast rate with increasing consumption. Fossil
fuel (such as oil, petroleum, natural gas and coal) and radioactive fuel (uranium) are
the most common non-renewable energy sources. Non-renewable energy reserves
have a very negative effect on the environment when mined, processed and
consumed. The use of non-renewable energy resources leads to air, water and soil
pollution, and produce greenhouse gases which result in climate crisis such as global
warming and acid rain. Also the non-sustainable energy resources are limited, hence

becoming more and more expensive with time.
1.1.2 Renewable energy resources

Renewable energy is generated from natural resources such as sunlight, wind, rain,
tides and geothermal heat, which are naturally replenished. Figure 1.1 shows the
various renewable and non-renewable sources of energy. Most of these renewable
energy technologies have been around for years and there is an increase in their

efficiency due to technological innovation.

Renewable Energy Non-Renewable Energy

Q r\ L 2 o

H,dopaae E nergy

L,U

Figure 1.1 Renewable and non-renewable energy resources
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Natural energy resources such as oil, coal and natural gas, required for all types of
transportation, communication, industry, houses and many other human activities, are
depleting at a very fast rate. The threat that the natural resources are being consumed
at a very fast rate, is forcing us to identify new sources of energy that are
environmentally friendly and able to replace current supplies. There is a current global
need for clean and renewable energy sources. Polymer batteries, fuel cells,
photovoltaic cells, wind power generators, and geothermal power generators are some
possible alternatives. The need of the hour is to find safe, renewable sources of
sustainable energy that do not pose any hazards in the long run. Efforts are also on to
find effective means for creating green energy, meaning energy that is environmental
friendly. Natural sources such as solar energy, wind energy, hydro energy can be
tapped and channelled to generate power through solar cells, wind turbines, etc. for
numerous applications. These energy sources are inexhaustible, unlike petroleum and
its derived products, which are getting used up faster with each passing day.
Renewable energy comes from a variety of sources. These include:

Wind power - Wind power harnesses the energy in the wind through wind turbines to
make electrical power, windmills for mechanical power, and wind pumps for water
pumping or drainage.

Hydroelectric energy - Hydroelectric energy refers to the power generated by the use
of the gravitational force of falling or flowing water.

Ocean wave energy — Ocean wave energy harnesses the undulating action of waves
to generate energy.

Biofuels - Biofuels include fuels derived from biomass, or biological materials.

Solar Power - Solar light energy can be directly converted into electricity by the

photovoltaic effect using photovoltaic cells. Solar panels are dependent on sunlight,

15



however new technologies are being developed that increase the sensitivity of the
panels so that they can generate energy even on cloudy days. In addition to solar
panels, other ways of producing energy from sunlight such as solar shingles and solar
roof tiles are becoming popular.

Renewable energy sources, specifically solar power, can be extremely practical as

alternatives to damaging carbon-intensive fuels.

1.2 Sun as the ultimate source of energy

In order to meet the increasing energy demand, we are forced to seek environmentally
clean alternate energy resources. Major options to tackle the 10 TW clean energy
demand includes carbon neutral energy, nuclear power, and renewable energy. To
produce such a huge amount of energy using fossil fuels without affecting the
environment, secure storage for 25 billion metric tons of CO, produced annually is
required. To generate 10 TW of energy using nuclear power, there is a need of
constructing everyday one new GW electric nuclear fission plant for the next 50
years. Different types of renewable energy sources are expected to contribute future
energy production, but each source can only extract a finite amount of power.
Hydroelectric resources account for only 0.5 TW possible energy production,
capturing energy from all tides and oceans 2 TW, implementing geothermal energy
over all land area, 12 TW, all globally extractable wind power, 2-4 TW, and the solar
energy striking the earth, 1,20,000 TW [3]. Among these options, solar energy stands
out as the most viable choice to meet future energy demand. Solar panels can be used
to provide electricity on a small scale to homes to supplement the electricity supply
from the national grid or can be used to power whole towns. Despite this, the energy
produced from solar energy remains less than 0.01% of the total energy demand [4].

Solar energy research symbolizes an innovative approach of addressing the challenges
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associated with shifting global energy production away from fossil fuels to provide a
secure, environmental friendly and virtually unlimited supply of energy for the future.
Although solar radiation is ideal to meet the projected demand, it requires new
initiatives to harvest incident photons with greater efficiency for example, by

employing nanostructured semiconductors and molecular assemblies [3].

1.3 Photovoltaic cell

Photovoltaic cells convert light energy directly into electricity. They are often called
solar cells because the source of light is usually the sun. A solar cell is a photonic
device that converts light energy directly into electricity and function by the
photovoltaic effect. Photo means light and voltaic means electrical current or
electricity (light-electricity). Solar cells provide direct current (DC) electricity that can
be used to power DC motors and light bulbs [5]. Solar cells can be used to charge
rechargeable batteries so that electricity can be stored for later use when the sun is not

available.

1.3.1 History of solar cells

Solar power technology is not a recent one; in fact, it dates back to the mid-century.
Use of solar power cannot be credited to one inventor but to numerous great minds. In
1839, French physicist Alexandre Edmond Becquerel discovered the photovoltaic
effect [6]. He claimed that "shining light on an electrode submerged in a conductive
solution would create an electric current”. In 1865 Auguste Mouchout was the first
man to patent a design for an engine running on solar energy [7]. He designed a
device, which could turn solar energy into mechanical steam power, and operate a
steam engine. In 1883 Charles Fritz invented the first true photovoltaic cell [8]. The

solar cell had a conversion rate of only 1-2% but represented the beginning of solar
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technology. With Albert Einstein publishing a paper on photoelectric effect in 1905, a
scientist named Robert Millikan in 1916 evidenced the photoelectric effect
experimentally [9]. Over the following 65 years, many scientists tried to improve
solar power technology and did so with great success. The first commercial solar
panel went on the market in 1956. It was very expensive, costing around $300 per
watt [10]. In 1970, there was a huge energy crisis, and people became aware that it
was becoming more and more necessary to look for alternate energy sources. As solar
panel technology improved, prices got down to $20 per watt. Research in this area
continued to produce and develop many types and structures of the materials presently

used in photovoltaic (PV) technology.

1.3.2 Generations of solar cells

Solar cells are usually divided into three main categories called generations:

1.3.2.1 First generation solar cells

The first generation photovoltaic cell consists of a large-area, single-crystal, single
layer p-n junction diode, capable of generating electrical energy from light. These
cells are typically made using diffusion process with silicon wafers. First-generation
photovoltaic cells are the dominant technology in the commercial production of solar
cells, accounting for more than 86% of the terrestrial solar cell market. The efficiency
achieved by first generation solar cells is 24% [11]. However, the expensive material
cost and the long energy payback time prevented their large spread. The single crystal
silicon based photovoltaic devices that are commercially available deliver power with
15% efficiency. The first generation solar cells suffer from high cost of manufacturing

and installation.
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1.3.2.2 Second generation solar cells

The second generation, also called thin-film solar cells, have been under intense
development for the 1990s, are low-cost, low-efficiency cells. They are significantly
cheaper to produce than the first generation cells but have lower efficiency. The
second generation of photovoltaic materials is based on the use of thin epitaxial
deposits of semiconductors on lattice-matched wafers. The most popular materials
used for the second generation solar cells are copper indium gallium diselenide
(CIGS), cadmium telluride (CdTe), micromorphous silicon and amorphous silicon
[12]. The second generation devices made up CIGS polycrystalline semiconductor
thin films brought down the price significantly, but their efficiency needed to be
enhanced in order to make them practically viable. There are two classes of epitaxial
photovoltaics - space and terrestrial. Space cells typically have higher AMO
efficiencies (28-30%) in production, but have a higher cost per watt. The efficiency
achieved by second generation solar cells is around 17%. Second generation solar
cells comprise a small segment of the terrestrial photovoltaic market, and

approximately 90% of the space market [13].

1.3.2.3 Third generation solar cells

Third generation solar cells are the leading edge of solar technology. Still in the
research phase, third generation cells have moved well beyond silicon-based cells.
Third-generation photovoltaics are proposed to be very different from the previous
semiconductor devices as they do not rely on a traditional p-n junction to separate
photo-generated charge carriers [14]. For space applications quantum well devices
(quantum dots, quantum ropes, etc.) and devices incorporating carbon nanotubes are

being studied - with a potential for up to 45% AMO production efficiency. For
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terrestrial applications, these new devices include photo-electrochemical cells,
polymer solar cells, nanocrystal solar cells, dye-sensitized solar cells. Table 1.1
compares the efficiency of the three generations of the solar cells.

Table 1.1 Comparison of different generations of solar cell [15]

Classification Jsc(mA/em?)  Voc (mV) FF N (%)

First generation solar cells

Si (crystalline) 42.2 706 0.83 24.7
Si (multicrystalline) 38.1 654 0.80 19.8
Si (thin-film transfer) 32.8 645 0.78 16.6

Second generation solar cells

GaAs (crystalline) 28.2 1022 0.87 25.1
GaAs (thin film) 27.6 1011 0.84 23.3
InP (crystalline) 29.3 878 0.85 21.9
CIGS 35.7 669 0.77 18.4
CdTe 26.7 845 0.76 16.5
Si (nanocrystalline) 24.4 539 0.77 10.1

Third generation solar cells

Dye sensitized solar cell 194 795 0.71 11.0
Dye sensitized solar cell (sub- 11.3 795 0.59 4.7
module)

Michael Gratzel and co-workers at the Ecole Polytechnique Federale de Lausanne
succeeded for the first time to produce what is known as “Gratzel Cell” or the dye
sensitized solar cell (DSSC) by sensitizing a nanocrystalline TiO, film using novel

Rubipyridl complex [16]. In dye sensitized solar cell, charge separation is
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accomplished by kinetic competition like in photosynthesis leading to photovoltaic
action. It has been shown that DSSCs are promising class of low cost and moderate
efficiency solar cells, with simple manufacturing procedures based on organic

materials [15].

1.3.3 Dye sensitized solar cells

Dye sensitized solar cell (DSSC) - a prominent member of the group of thin film
photovoltaics, and as a new innovative technology - is developing very quickly and
has been subject of increasing laboratory research since its discovery. Unlike the
crystalline and thin film solar cells that have solid-state light absorbing layers, dye
sensitized solar cells have their active component in the liquid phase. They use a dye
sensitizer to absorb the light and create electron-hole pairs in the nanocrystalline

semiconductor layer.

DSSC are a promising potential replacement for silicon-based solar cells. With
advancements in nanostructured semiconductors, high-efficiency sensitizers and
robust electrolytes, the performance of modern DSSCs is becoming more and more
competitive. DSSCs do not require complex manufacturing processes and are
mechanically robust, lightweight and semi-flexible, which make them suitable for
low-density applications, such as rooftop collectors, where traditional silicon-based
solar cells cannot be used. Simple processing, low-cost materials and a wide range of
applications are all helping DSSCs to find a foothold in the marketplace [17].

A DSSC is composed of a dye adsorbed semiconductor (TiO,, ZnO, SnO,, etc.)

electrode, a liquid electrolyte containing the redox couple I~ /i; sandwiched between

glasses having transparent conductive oxide (TCO) layer. The dye, on the electrode,

absorbs light and injects electrons into the conduction band of the semiconductor. The
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electron is then collected by a conducting glass and further supplied to load. The

electrolyte reduces the oxidized dye, thus completing the redox cycle [16].

1.3.3.1 Composition of dye sensitized solar cells

The DSSC consists of the following components (as also shown in figure 1.2):

(1) Fluorine-doped SnO, (FTO) glass substrate
(2) Semiconductor film

(3) Sensitizer

(4) Electrolyte

(5) Counter electrode

FTO glass substrate 1

N\ A

g
NY

Semiconductor film —>

Sensitizer —> /
Electrolyte —> @ Load
Catalyst —)4

Counter electrode

FTO glass substrate 2

Figure 1.2 Composition of dye sensitized solar cell

1.3.3.2 FTO glass substrate

Glass substrates are commonly used as substrate because of their relatively low cost,

availability and high optical transparency in the visible and near infrared regions. FTO
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conductive film in the form of thin layer is deposited on one side of the substrate. The
conductive film ensures low electric resistance per square. Typical value of such
resistance is 10-20€)/square at room temperature. The nanostructured semiconductor
oxide (electron acceptor) is applied on the conductive side. Before assembling DSSC,
the counter electrode (CE) is coated with a catalysing layer such as graphite, platinum
to facilitate electron donation mechanism to the electrolyte, as will be discussed under

section 1.3.3.7.
1.3.3.3 Semiconductor film

In DSSC, the semiconductor is used for charge transport, the photoelectrons are
provided from a separate photosensitive dye [18]. Photoelectrodes made of materials
such as Si, GaAs, InP, and CdS decompose under irradiation in solution owing to
photo-corrosion [19]. In contrast, oxide semiconductor materials, such as TiO,, ZnO
and SnO, have good chemical stability under visible irradiation in solution;
additionally, they are nontoxic and inexpensive. The TiO, thin-film photoelectrode is
prepared by a very simple process. TiO, colloidal paste is coated on a TCO substrate
and then sintered at 450 to 500° C, producing a TiO; film about 10 pm in thickness.
This film is composed of TiO, nanoparticles (10-20 nm), giving it a nanoporous
structure. The dye is adsorbed on the TiO, surface in a monolayer. The nanoporous
TiO, film has a high roughness factor (>1000), the amount of dye adsorbed is
drastically increased (on the order of 10" mol cm ™), resulting in an increase of LHE,
i.e., near 100% at the peak absorption wavelength of the dye. In comparison, the
amount of adsorbed dyes on the surface of single-crystal and polycrystal materials is

quite small, with only 1% LHE even at the peak wavelength [19].
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1.3.3.4 Importance of the Nanostructure

During the last two decades nanomaterials have emerged as the new building blocks
to construct light energy harvesting assemblies. Materials scientists have found that it
IS possible to design photovoltaic solar cells using nanotechnology-based
semiconductor materials such as nanowires, nanocrystals, nanorods, nanodots. Use of
the nanostructured material in solar cells reduces the cost and increases its conversion
efficiency. New capabilities enabled by the unique performance enhancements of
nanostructured materials promise to revolutionize the technology landscape.
Nanostructured materials are those having atleast one dimension of 100 nm or less;
they can be in the form of nanoparticles, nanorods, nanowires, thin films, and bulk
materials made of such structures [20]. The properties such as optical, electronic,
chemical, physical, electrical, magnetic of nanostructures are entirely different from
those of their bulk counterparts with the same chemical composition [21]. This
extraordinary aspect at nanoscale is related to their small size and large surface to
volume ratio [22]. In nanocrystals, the electronic energy levels are not continuous as
in the bulk but are discrete. This is because of quantum confinement - confinement of
the electronic wave function to the physical dimensions of the particles. Suitable
control of the properties and response of nanostructures can lead to new devices and
technologies. The nanocrystalline morphology of the oxide semiconductor film is
essential for the efficient operation of the DSSC. On a flat surface, a monolayer of dye
can absorb hardly 1 % of the incident light [23]. Employing a nanoporous
semiconductor oxide, with a roughness factor of approximately 10% dramatically
increases the light harvesting efficiency enabling to overcome the notorious
inefficiency problem. A whole range of nanostructures has been tested thus far,

ranging from simple assemblies of nanoparticles to nanorods and nanotubes [24].
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Third generation contains a wide range of potential solar innovations including

polymer solar cells, nanocrystalline cells, and dye-sensitized solar cells.

1.3.3.5 Sensitizer

Charge separation occurs at the surfaces between the dye, semiconductor and
electrolyte. As one of the crucial parts in DSSC, the photosensitizer should fulfil some
essential characteristics. (1) the photosensitizer should have the absorption spectrum
that lies in the visible to near-IR region (2) the photosensitizer should strongly bind to
the semiconductor surface (3) for dye regeneration, the oxidized state level of the
photosensitizer must be more positive than the redox potential of electrolyte (4) the
photosensitizer should be photostable, as well as electrochemical and thermal stability

are also required [25].

Among the metal complexes, ruthenium (Ru) complexes have shown the best
photovoltaic properties: a broad absorption spectrum, suitable excited and ground
state energy levels, relatively long excited-state lifetime, and good electrochemical

stability.

1.3.3.6 Electrolyte

The electrolyte takes care of the charge transport between the two electrodes in
DSSC. Basic electrolyte essentially consisted of an organic solvent and a dissolved
redox couple; the iodide/triiodide system. This electrolyte has over the years been
optimized by the inclusion of various additives, having an effect on both electrode
surface electronics and structure, as well as on the electrolyte chemistry itself [26].
The redox electrolyte should be chemically stable with low viscosity in order to

minimize transport problems, and be a good solvent for the redox couple components
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and various additives. Also, it does not cause dissolution of the adsorbed dye or the
semiconducting material of the electrodes. As many organometallic sensitizing dyes
are sensitive toward hydrolysis, water and reactive protic solvents are normally not

optimal choices [25].

1.3.3.7 Counter electrode

One of the most important components of DSSCs is the CE which collects electrons
arriving from external circuit and catalyses reduction reaction of triiodide ion. Thus,
the CE should possess high catalytic activity and high electrical conductivity for
efficient charge transport [27]. The main requirements for the counter electrode
materials used for the iodide/triiodide reduction are a low charge transfer resistance
and good chemical and electrochemical stability of the platinum/electrolyte interface.
In these terms platinum is an advantageous electrode material, because of its excellent
electrochemical performance. Platinum (Pt) is a superior catalyst used as CEs in
DSSCs. Several other materials, such as carbon materials, metal oxide, conductive
polymers, transition metal carbides, and low cost quaternary chalcogenide materials
have been used as catalyst material in DSSCs [27]. The role of Pt in the counter

electrode of a DSSC is to catalyse the reduction of triiodide ({5) ions that are
produced by the oxidation of iodide (/™) ions in the electrolyte by the oxidized dye.

Platinized FTO glass has been the preferred combination for the counter electrode of a
DSSC, due to the excellent catalytic activity of Pt for the reduction of I3 ions and due
to its light reflecting nature. Pt can be deposited using a range of methods such as
electro-deposition, spray pyrolysis, sputtering, and vapor deposition. Best
performance and long-term stability has been achieved with nanoscale Pt clusters

prepared by thermal decomposition of platinum chloride compounds [28]. Pt films

26



prepared by other methods such as electrodeposition and vapor-deposition on TCO
substrates were found to dissolve in iodide/triiodide electrolytes and are therefore not
suitable as counter electrodes in DSSCs.

1.3.3.8 Mechanism of DSSC

DSSC consists of a substrate of FTO conducting glass, a nanoporous semiconductor
oxide film sensitized by a dye for absorbing visible light, a redox electrolyte for
deoxidizing oxidized dye, and a platinized cathode to collect electrons and catalyse
the redox couple regeneration reaction, as shown in figure 1.3. In DSSCs, the light-
active component of the cell is a molecular dye which is anchored to the
semiconductor surface. After being excited by a photon, the dye molecule injects the
photoexcited electron to the conduction band of the semiconductor. The
semiconductor then transfers the electron to FTO and it reaches the counter electrode

after working on load. The oxidized dye is regenerated by reduction of {~ ions in the
electrolyte. The I~ ion is restored by the reduction of I; at the cathode. Thus the
electric circuit is completed by diffusion of I~ and I3 from and to the counter

electrode, respectively. Overall, DSSC produces electric power from light without

suffering any permanent chemical transformation [23].
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Figure 1.3 Principle operation of dye sensitized solar cell [23]
The various reactions taking place in DSSCs are given below:
(a) Excitation of dye: Sunlight passes through the TCO and excites the electron of
the dye molecule from the HOMO level to the LOMU level.
hv + dve — dye’ 1)
(b) Electron injection: Transfer of electron from LUMO level of excited dye to
conduction band of semiconductor takes place.
dye' + semiconductor — e~ (Ti0,) + dye™ (2)
(c) Working on load: Electron reaches FTO, and, then, working through the load, it
moves to the counter electrode.
e (Ti0,) + FTO — Ti0, + ¢ (FTO) (3)
(d) Regeneration of dye: The photoexcited dye gets regenerated by the oxidation of
I"to 7.
317 4+ 2dyet — Iy + 2dye (4)

(e) At counter electrode: The Pt catalyst reduces I; to I~ at the counter electrode.
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I; +2e(C.E.) =317 +(C.E.) (5)

Besides the above processes, electron at the conduction band of semiconductor can

also recombine with 7 in the electrolyte, leading to the reduced performance of a

DSSC. Therefore, the performance of DSSCs is actually determined by the
competition between the desired processes of forward electron injection and transport

and the unwanted backward electron recombination [29].

1.3.3.9 Artificial Photosynthesis

DSSC technology arose from the concept of "artificial photosynthesis” - attempting to
replicate the ability of plants to turn sunlight into useful energy. In DSSCs,
chlorophyll is replaced by a light absorbing dye, the molecules of which are excited
into a higher energetic state by incoming light. This energy is collected by a structure
of electrolytes and catalysts, much like the surrounding structure of a leaf in

photosynthesis [17].

1.3.4 Recent Advances in DSSCs

Advances in DSSCs research have produced designs for cells which may eventually
rival silicon cells for conversion efficiency, making them a serious competitor to the
current commercial technology. Presently, dye-sensitized solar panels convert about
11 — 12% of the sunlight striking them, into electricity. The researchers are trying to

increase the efficiency and make it comparable with silicon-based solar panels.

Michael Gratzel in 1991 was the first to introduce dye sensitized solar cell based on
nanoporous film of TiO, [16]. Since 1991, various high surface area electrodes of
wide band gap semiconductors have been tested in DSSCs starting with TiO, [16],

through SnO, [30,31], ZnO [32,33], Nb,Os [34,35], SrTiO; [35] etc.
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The most extensively applied and successful material so far is the high bandgap
semiconductor TiO,, which has achieved highest efficiency of 11%. TiO; remains the
most commonly employed semiconductor because its conduction band energy is in a
region accessible to many types of dyes, and it has useful surface chemistry and
excellent materials properties [36]. Among other materials ZnO is getting more
attention because of the similar energy level position of the conduction band as of
TiO,. In addition, the electron mobility and the electron transfer process from the
excited dyes are similar [37].

Extensive research is being carried out on dyes, semiconductor oxides, and redox
electrolytes and porosity of electrodes to further enhance the DSSC efficiency [25, 38,
39].

Also different morphologies such as nanorods [40], nanowire arrays [41], nanoflowers
[42], ellipsoidal shaped nanoparticles [43], tetrapods [44] of ZnO and TiO, have been
employed as photoanode for fabrication of dye sensitized solar cells.

Most of the present research on DSSCs is focused on improving spectral absorbance
by making modifications in the dye, enhancing hole transport, replacement of the
liquid electrolyte with conducting polymers or ionic solids and improving electron
transport using alternative core-shell structures or wide band gap semiconductor
materials.

One source of energy loss in DSSC is the charge recombination processes
predominantly occurring at the semiconductor/dye/electrolyte interface. On
illuminating with light, the electron in the conduction band of TiO, can either de-
excite to the HOMO level of dye (recombine with oxidized dye molecule) or
recombine with the electrolyte ions (redox species) present in the system [45].

However, charge recombination can also occur at the TCO glass support, where
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oxidized species, in the electrolyte, can be reduced by electrons flowing out of the cell
[46]; the overall effect being a reduction in the device current. This interfacial charge
recombination still remains one of the major limiting factors to the efficiency of
DSSCs.

To reduce this unwanted recombination, various methods have been tried by different
research groups. One approach is to coat the TCO with a thin compact blocking layer
of TiO; through hydrolysis of TiCl, solution. The researchers demonstrate that a
compact blocking layer on the TCO significantly improves the performance of DSSCs
[47]. Another approach is to modify the surface of the nanoporous TiO; film with
certain materials, and, thus, build an energy gradient on the surface of the electrode to
reduce the recombination [48]. In addition, doping ions like Fe, S, N have been found
to increase the photoactivity because these ions not only reduce the recombination of
electron and hole, but also extend the absorption wavelength to the visible region [3,
49,50]. Another method involves deposition of an oxide layer onto the surface of TiO,
nanoparticles to improve the performance of the DSSC through interaction on the
surface.

The literature reveals an increasing interest in the approach that is to grow a thin
coating layer of oxide having a higher band gap on the nanoparticles. Coating on the
surface of nanoparticles acts as an energy barrier at the electrode/electrolyte interface,
which reduces this interfacial recombination process in DSSC. Suppression of charge
recombination at semiconductor/dye/electrolyte interface can be achieved by coating a
higher band gap oxide layer on the semiconductor, which allows the electrons
generated upon photo-excitation of the dye to tunnel through the coating to the
semiconductor, thereby retarding the back transfer of electron to the electrolyte

solution [51-54]. However, the thickness of the coating layer should be appropriate
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(less than or equal to 1nm), or else the chance of the electron injection into the
semiconductor would be reduced. Over the past twenty years, a number of high band
gap materials such as MgO [55,56], SnO; [57], Al,O3 [58], MgTiO3 [59], rare earth
oxides [60-62] have been used as coatings on semiconductor oxides (ZnO, TiO,) and
their effect on the performance of DSSCs has been investigated. However, there has
been relatively little attention paid to structural, morphological and optical
characterization of the CaCO3 and Eu,O3 coated ZnO and TiO, nanoparticles for
application as photo-anode in DSSCs.

Rare-earth oxides have aroused extensive interest and research due to their
specific 4f electronic structure, high band gap and unique photo-electro and magneto
properties [60-62]. The rare earth oxide layer forms energy barrier on nanoparticles,
which effectively inhibits the surface charge recombination and improves the energy
conversion efficiency of the DSSCs. The dye adsorption and light harvesting
capability of electrodes are also increased by coating of rare earth oxides, which
enhances the photocurrent density and the open-circuit voltage of the DSSCs. Rare
earth oxide, coupled with semiconductor, induces energy band bending in the junction
region which facilitates its photo-activity under visible light irradiation. This has been
a motivation for the present work. Yu et. al. [60] investigated the effect of La,O3
coating on TiO, nanoparticles and found that La,O3; layer acts as the electrode-
electrolyte recombination barrier and its presence improves the DSSC efficiency. The
photoelectrochemical properties of rare earth ions (La, Ce, Nd, Sm and Gd)-modified
ZnO films based DSSC were explored and compared by Lu et al. [61]. Zalas et al.
[62] studied the electrochemical properties of DSSC fabricated using lanthanide ions
(Ce, Yb, Sc, Y, Pr, Sm, Eu, Gd, Dy, and Tm)-modified TiO, films. Reports are

available on the synthesis of Eu,O3/ZnO nanostructures and investigation of their
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structural, optical, and morphological properties [63-65]. But to the best of our
knowledge, no report on the synthesis of Eu,O3-coated ZnO and TiO, nanoparticles
for the application as photo-anode in DSSC has been found in the literature. In the
present study, Eu,O3; has been selected as the coating material, due to its high band
gap (4.1 eV), and isoelectric point (IEP), i.e., 8.0, which assists the dye adsorption
[66,67].

There have been significant reports on coating TiO, with large band-gap
semiconducting metal oxides, but a little attention has been paid to electronic-
insulating materials as the coating layer to retard the charge recombination in DSSCs.
CaCOs; is one of the electronic insulator materials. Coating semiconductor with
CaCO3; may be effective to physically separate the injected electrons and electron
acceptors and hence retard the charge recombination in DSSCs. Wang et al. used TiO;
nanocrystalline electrode coated with CaCOs, sensitized with N719 as photoanode in
DSSC, and revealed an improvement of 14.4% in efficiency as compared to that of
bare TiO, based DSSC, using an antireflective film on the cell surface [68]. S. Lee et
al. have reported the optical and electrical investigations on CaCO;3 coated TiO,
nanoparticles as well as the improvement in the energy conversion efficiency, by
2.4%, of CaCOj3 coated TiO, based DSSC as compared to that of TiO, based DSSC
[69,70]. In the present study, CaCOj3 has been selected as the coating layer, due to its
high band gap (6.0 eV), and IEP (8.3) [68-70].

This thesis presents the synthesis of CaCO3; and Eu,O3; coated ZnO and TiO;
nanoparticles by chemical synthesis route as well as the investigations of structural,
morphological and optical properties of the synthesized nanoparticles. These
nanoparticles have been employed as photoanode in DSSCs, and their photocurrent

density-voltage (J-V) characteristics have been studied.
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Chapter-2
With significant media attention focused on nanoscience and nanotechnology in
recent years, materials science is becoming more widely known as a specific and
unique field of science and engineering. Syntheses of nanoparticles allow the
development of new functional materials which have raised attention for both
scientific and industrial applications. The understanding of key parameters such as
structure, chemical composition and investigation of interfaces provide base for their
various applications. The basis of materials science involves relating the desired
properties and relative performance of a material in a certain application to the
structure of the atoms and phases in that material through characterization.
2.1 Introduction
In DSSC, among all the components, semiconductor oxide film plays a very
significant role. This is because photovoltaic performance depends considerably on
kind of inorganic material, morphology of nanoparticles, band gap and film porosity.
In DSSC, the semiconductor oxide film bears three major functions: (i) providing a
substrate for dye adsorption, (ii) harvesting the electrons injected from the dye, and
(iii) transporting the electrons toward the load through FTO [18]. Semiconductor
metal oxide materials must have properties of high surface area, high electron
mobility and good reactivity with sunlight. Also, the band energy levels of the
semiconductor must match with those of dye molecules to improve the separation of
photogenerated charges and minimize the e~ /h™ recombination [71]. In addition, the
surface microstructures, particle size and shape, doping concentration, porosity, and
film thickness of semiconductors must also be considered and optimized. Among the
several candidates for photoanode materials, TiO, and ZnO have been usually adapted

as appropriate materials for DSSC since they have demonstrated best performance
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compared to other oxide materials. These two materials have been taken for the
present study and are discussed in detail as follows:

2.2 Titanium Oxide

Titanium oxide (TiO,) is a stable, nontoxic oxide, having a high refractive index (2.5)
and is widely used as a white pigment in paint, toothpaste, sunscreen, self-cleaning
materials, and food. TiO; is a very well-known and well-researched material due to
the stability of its chemical structure, biocompatibility, physical, optical, and electrical
properties. Its photocatalytic properties have been utilized in various environmental
applications to remove contaminants from both water and air. Since then, enormous
efforts have been devoted to the research of TiO, material, which has led to many
promising applications in areas ranging from photovoltaics and photocatalysis to
photo-electrochromics and sensors. There is close match of the band gap of TiO; to
energy of the electrons emitted by many of the metallo-organic dyes used as sensitizer
in DSSC [19].

TiO; has been known to be the best semiconductor electrode material due to its
chemical stability and excellent charge transport ability [72]. TiO; exists in three
polymorphs: anatase, rutile and brookite (figure 2.1). Pure brookite phase is unstable
and difficult to synthesize. Anatase is considered to be photo-active while rutile phase
scatters light due to its high refractive index as compared to anatase. Pure rutile phase
has limited photoactivity whereas it has a considerable contribution when mixed with
anatase phase [73]. In general, TiO, is preferred in anatase form because of its high
photocatalytic activity, which is due to its more negative conduction band edge
potential, high specific area, photochemical stability as compared to other phases of

TiO, [74].
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Figure 2.1 Unit cell of the (a) rutile (b) anatase and (c) brookite TiO, [75]

Various applications of TiO, nanoparticles are associated to its optical properties.
However, due to its wide band gap, the highly efficient use of TiO, nanomaterials is
sometimes prevented. The band gap of bulk TiO, lies in the UV regime (3.0eV for
rutile phase and 3.2eV for anatase phase), which is merely (<10%) of the sun’s energy
[76]. To shift the absorbance onset of TiO, nanoparticles from UV to visible, various
methods have been employed. Modification of the surface of TiO, nanoparticles with
other semiconductors, doping of some elements, and metal-TiO, nanocomposites can
change the charge transfer properties of TiO,, thus improving the performance of
TiO, nanomaterials based devices. Another approach is to sensitize TiO, with
colourful inorganic or organic compounds that improve its optical activity in the
visible region. Improvements to the TiO, in the DSSC have been made in terms of
light absorption, light scattering, charge transport, interfacial kinetics, along with
suppression of charge recombination [77].

Several methods to synthesize TiO, nanoparticles with controlled crystalline phase
and size distribution, such as, chemical solution decomposition (CSD), chemical
vapor decomposition, two-step wet chemical method, sol—gel, ultrasonic irradiation,
hydrothermal method [78-80] have been reported.

In particular, the sol-gel process has attracted considerable attention due to the ease of

controlling various parameters such as surface area, morphology, crystallite size,
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crystallinity, and the phase structure of nanoparticles [81]. The sol-gel method is the
most commonly used for the preparation of either bare TiO, or modified TiO,. The
advantage of the sol-gel method is that it facilitates the synthesis of nanometer sized
crystallized TiO, powder of high purity at relatively low temperature [82].

In a typical sol-gel process, a colloidal suspension, called sol, is formed by the
hydrolysis and polymerization reactions of the precursors, which are usually inorganic
metal salts or metal organic compounds such as metal alkoxides. Complete
polymerization and loss of solvent leads to the transition from the liquid sol into a
solid gel phase. On heating the solid gel phase, nanoparticles can be obtained. The as-
obtained TiO, nanoparticles are amorphous. The amorphous particles get converted to
the crystalline phase on calcination. On calcination the phase variation along with the
loss of OH and OR groups takes place, which plays a role in changing the surface and
the photo-electrochemical properties of TiO, nanoparticles. The amorphous TiO, gets
converted to anatase and as the calcination temperature is increased, anatase starts
transforming to rutile. However, the reported transition temperature varies in the
range 400-1100°C, owing to the use of different precursors and processing techniques
[83].

In the present study, TiO, nanoparticles have been synthesized with the sol-gel
method from hydrolysis of a titanium precursor. This process normally proceeds via

an acid-catalyzed hydrolysis step of titanium(IV) alkoxide followed by condensation.
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2.2.1 Experimental procedure

2.2.1.1 Synthesis of TiO, nanoparticles

In a typical experiment, titanium isopropoxide was dissolved in 150 ml of anhydrous
isopropyl alcohol. A second solution was prepared in which measured quantity of
water was dissolved in 150 mL of anhydrous isopropyl alcohol. Both the solutions
were covered and stirred rapidly using the magnetic stirrer to obtain the homogeneous
solutions. The water solution was then added to the alkoxide solution under
continuous stirring of 5 hour. As a result of hydrolysis of titanium isopropoxide, white
coloured precipitates were formed. The reaction of hydrolysis of the titanium

isopropoxide proceeds as follows [83]:
Ti(C;H,0), + (2 +n)H,0 = Ti0,.nH,0 + 4C;H,0H

The precipitates were filtered, washed using deionized water and dried at 70°C to get

the TiO, powder. The powder obtained was calcined at 450°C for 2 hour.

2.3 Zinc Oxide

Zinc Oxide (ZnO) is one of the group II-VI compound semiconductors, generally
existing in two main forms: cubic zinc blende and hexagonal wurtzite structure (figure
2.2). The wurtzite structure is most stable at ambient conditions and thus most
common. The wurtzite structure consists of a hexagonal unit cell composed of
alternating planes of tetrahedrally coordinated oxygen and zinc atoms stacked along
the c-axis in the [0001] direction [84]. Each of one type of atom is surrounded by four

of another type and vice versa.
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(b)

Figure 2.2 Crystal structure of (a) cubic zinc blende (b) hexagonal wurtzite zinc oxide
[84]
ZnO is a wide-band-gap semiconductor that possesses an energy-band structure and
physical properties similar to those of TiO,, but has higher electronic mobility that is
favorable for electron transport, with reduced recombination loss when used in
DSSCs. Many studies have already been reported on the use of ZnO material for
application in DSSCs. Although the conversion efficiency, 0.4-5.8%, obtained for
ZnO is much lower than that of TiO, (11%); ZnO is still thought of as a distinguished
alternative to TiO, due to its ease of crystallization and anisotropic growth. These
properties allow ZnO to be produced in a wide variety of nanostructures, thus
presenting unique properties for electronics, optics, or photocatalysis [85, 86]. In
particular, recent studies on ZnO-nanostructure-based DSSCs have delivered many
new concepts, leading to a better understanding of photoelectro-chemical based
energy conversion. As ZnO is a direct wide band-gap (3.37 eV) biocompatible
material having large excitation binding energy (60 meV) at room temperature, it is
one of the most important semiconductor materials for applications in optoelectronics,
sensors and actuators [87]. With these attributes, ZnO has been regarded as one of the

most important nanomaterials in research and applications.
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ZnO nanostructures have been synthesized into a variety of morphologies including
nanowires, nanorods, tetrapods, nanobelts, nanoflowers and nanoparticles. ZnO
nanoparticles can be obtained with different techniques such as, chemical
precipitation, hydrothermal synthesis, chemical vapor deposition, and thermal
oxidation [88]. The chemical precipitation method is the most popular method due to
its low cost, reliability, and environmentally friendly synthetic routes. Moreover, this
method provides rigorous control of the size and shape of the nanoparticles.

2.3.1 Experimental procedures

2.3.1.1 Synthesis of ZnO nanoparticles

The chemicals and reagents used for the synthesis were of research grade and used
without purification. The synthesis of ZnO nanoparticles has been carried out using
chemical precipitation method. In typical synthesis procedure, 0.1M of
Zn(CH3C00),.2H,0 and NaOH were dissolved in water [89]. The addition of
reactant solutions of zinc acetate and sodium hydroxide initiate the process of
precipitation. The acetate group reacted with base, converting zinc acetate into zinc
oxide. ZnO nanoparticles are originated from the product solution, during the process
of precipitation. The mixture was stirred for 3 hour. So obtained particles were
washed several times with ethanol and water, and dried at 60°C for 12 hour and
further, calcined at 300°C for 1 hour.

2.4 Fabrication of dye sensitized solar cell

The fabrication process of DSSC has been shown in figure 2.3 and discussed in detail
as follows:

2.4.1 Cleaning of the FTO substrate

The fluorine doped tin oxide (FTO) glass substrates with dimensions 2 x 2 cm? have

been used for the fabrication of DSSC. FTO glasses have been chosen as the
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transparent conducting oxide because of the advantages in terms of sunlight
transmittance and electrical conductivity. Cleaning of the substrates was done
thoroughly using ethanol, acetone and distilled water assisted with ultrasonic
treatment for 5 minutes in each bath, to completely eliminate mineral and organic
contaminants.

2.4.2 Fabrication of photo-anode by doctor blade technique

Many methods are used to fabricate photo-anodes for DSSCs, including
electrophoretic deposition (EPD), screen printing, and doctor blade deposition. The
simplest and most widely used method for depositing semiconductor on the substrate
is the so-called doctor-blade method.

Doctor blade technique is based on the principle of spreading the slurry through a
moving blade onto a stationary substrate. In the doctor blade technique, well-mixed
slurry consisting of particles along with additives such as binders, dispersants is
placed on a substrate using the doctor blade. When a constant relative movement is
established between the blade and the substrate, the slurry spreads on the substrate to
form a thin sheet resulting in formation of film, with a thickness determined by a
spacer. The simplest spacer is adhesive tape, which, on an average, is between 8 and
10 mm thick, and it is placed on opposite sides of the area where the film is to be laid,
and the doctor blade is dragged across. The surface structure produced by this method
is flat, with variations based on rolling technique, flatness of the spacing material, and
position of the blade during the process. The doctor blade technique is suitable to coat
the substrate with a very wide range of film thicknesses ranging from 20 to several
hundred microns [90,91].

Typically with the FTO’s conducting side facing up, two parallel strips of scotch tape

on the edges of the glass plate were applied. Edges masked by the tape give the space
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for electrical contacts. To make homogeneous slurry, synthesized nanoparticles were
mixed with water, acetylacetone and triton-X 100 in pestle and mortar. On the top
edge of the uncovered area of the FTO, slurry of the semiconductor nanoparticles was
applied. The slurry was then spread across the FTO using a microscope slide by
means of doctor blade technique. Thin films of area 1 x 1 cm? were prepared, dried at
room temperature, followed by sintering at 450°C for 30 minute.

2.4.3 Dye sensitization

A dye solution was made by dissolving N719 dye powder in 20mL of ethanol in a
container and stirred until no traces of solid were visible. The solution becomes
deeply coloured very quickly even when only a small amount of the dye has actually
been dissolved. In this solution, the photo-electrode was slowly immersed with the
semiconductor layer facing up. The electrode was kept in the dye solution for 12 hour
for its sensitization, with container completely covered and kept in dark. Finally, the
sensitized photo-electrodes were taken out and rinsed with ethanol to remove the
unadsorbed dye [92].

2.4.4 Counter electrode

An efficient counter electrode for a DSSC consists of a thin platinum layer on the
FTO substrate. The platinized counter electrode is typically prepared with thermal
decomposition of isopropyl alcohol and platinum precursor solution on the substrate.
In the present study, the counter electrode was made by spin coating 5mM
H.PtCls.6H,O in isopropyl alcohol on FTO glass. The electrode was dried at room
temperature for 2 minutes, followed by sintering at 385°C for 15 minute.

2.4.5 Injection of electrolyte

The sensitized electrode and the counter electrode electrodes were put together with

some space left for electrical contacts. The electrodes were held together with a binder
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clip. A few drops of electrolyte comprising of LI, I,, TBP, and TBAI, in acetonitrile
were placed at the interface of the two glass plates with a dropper. The electrolyte gets
drawn into the cell by capillary effect. The excess electrolyte was wiped off with

tissue paper.

Prepare glass substrates

>

Doctor blading of TiO, Application of catalyst for
paste for photo-anode photo-cathode

Sinter electrode at 450°C
for 30 minute

v

. Sinter electrode at 385°C
Dye sensitization for 10 minute

'\/

Sandwich both the
electrodes

Y

Injection of electrolyte

J-V characteristics

Figure 2.3 Flow chart of the procedure for the fabrication of DSSC

2.5 Characterization techniques

In materials science, characterization refers to the use of external techniques to probe
into the internal structure and properties of the material. Characterization can take the
form of actual materials testing or analysis, for example, in some form of microscope.
Analysis techniques are used simply to magnify the specimen, to visualize its internal
structure, and to gain knowledge as to the distribution of elements within the
specimen and their interactions. Recent advances in nanotechnology have enabled
materials and devices to be fabricated at the nanoscale. Several articles reveal how

these improved tools enabled characterization of entirely new types of materials,
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including nano-materials from quantum dots to nano-photonics to nano-composites,
studies of spintronics and quantum-computing-related systems, and the extension of
materials characterization techniques into areas that blur the boundaries between
physics, chemistry and biology, just to name a few. New tools are being developed to
meet the challenges of manipulating structures of nanomaterials.
2.5.1 X-ray diffraction

“Every crystalline substance gives a pattern; the same substance always gives the
same pattern; and, in a mixture of substances each produces its pattern independently

of the others”

2.5.1.1 Introduction
X-rays are electromagnetic radiation with energy in the range of 100eV - 100keV.
Because the wavelength of x-rays is comparable to the size of atoms, they are ideally
suited for probing the structural arrangement of atoms and molecules in a wide range
of materials. X-ray diffraction (XRD) technique uses X-rays to investigate and
quantify the crystalline nature of materials by measuring the diffraction of x-rays from
the planes of atoms within the material.
2.5.1.2 Theory and methodology
When an x-ray beam strikes a sample and is diffracted, the distances between the
atomic planes can be measured by applying Bragg’s Law (figure 2.4), the equation of
which is stated as

nA=2d sinf

where n is the order of the diffracted beam, A is the wavelength of the incident x-ray
beam, d is the distance between the adjacent atomic planes and 0 is the glancing angle

of the x-ray beam. Since A and 6 are known, interplanar spacing can be calculated.
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Figure 2.4 Bragg’s law of diffraction [93]

2.5.1.3 Instrumental and working of XRD

X-ray diffractometer consist of three basic elements: an x-ray tube, a sample holder,
and an x-ray detector. X-rays are generated within a sealed tube which is under
vacuum. On applying current, the filament gets heated within the tube; the higher the
current, the greater are the number of electrons emitted from the filament. These x-
rays are collimated and directed onto the sample. As the sample and detector are
rotated, the intensity of the reflected x-rays is recorded. When the geometry of the
incident x-rays impinging the sample, satisfies the Bragg’s Equation, constructive
interference occurs. A detector records and processes this x-ray signal and converts
the signal to a count rate which is then output to computer monitor [94]. The pictorial

view of x-ray diffractometer is shown in figure 2.5.
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Figure 2.5 Pictorial view of x-ray diffractometer
2.5.1.4 Sample preparation
For XRD, the sample is grounded down to produce particle size less than 10 microns.
The sample is the pressed into a sample holder in order to have a smooth flat surface.
2.5.1.5 Information from XRD
The XRD pattern that includes position and intensities of the diffracted beam,
provides different information about the sample and are discussed below:

e The peak positions (20) and intensity values used to identify the type of
material by comparing them with patterns in the International Powder
Diffraction File (PDF) database, complied by the Joint Committee for Powder
Diffraction Standards (JCPDS). By this method, identification of any
crystalline compounds, even in a complex sample, can be made. Also, the
purity of a sample and the composition of any impurities present can be

determined from XRD diffraction pattern.

e Width of the diffracted peaks is used to determine the interplanar atomic

spacing (d-spacing), crystallite size and micro-strain in the sample.
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e A diffraction pattern can also be used to determine the lattice parameters of a

crystal structure.

e The position of diffracted peaks also provides information about how the
atoms are arranged within the crystalline compound (unit cell size or lattice
parameter). The intensity information is used to assess the type and nature of

atoms.

e The 20 and intensity values of peaks from a phase can be used to
quantitatively estimate the amount of that phase in a multi-component mixture

[95].

In the present study, the nanoparticles have been characterized through XRD by
PANalytical X’PertPRO MRD with CuKa (k = 1.54 A°) radiation operated at 45 kV
and 40 mA.
2.5.2 Scanning electron microscope

“Seeing is believing” therefore, imaging of nanomaterials is an essential part of

nanoscience and nanotechnology.

2.5.2.1 Introduction
Scanning electron microscopy (SEM) reveals levels of detail and complexity of a
material by using a focussed beam of electrons, which is unobtainable by light
microscopy. SEM uses a focused beam of high-energy electrons to generate a variety
of signals at the surface of solid specimens. SEM enables the investigation of
specimens with a resolution down to the nanometer scale. Hardly any segment of high
technology development - aerospace, electronics, energy, catalysis, environmental,

photonics, chemicals - would be possible without the data provided by SEM. In
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conventional SEM, which operates in high vacuum, the specimen has to be
electrically conductive or coated with a conductive layer (e.g. Carbon, Gold etc.).
2.5.2.2 Theory and methodology

As accelerated electrons in the primary beam are scanned across the sample surface,
the Kkinetic energy of the electrons gets dissipated and a variety of signals are
produced by electron-sample interaction (figure 2.6). These signals include secondary
electrons, backscattered electrons (BSE), diffracted backscattered electrons, photons,
cathodoluminescence (CL), and heat. For imaging samples, secondary electrons and
backscattered electrons are commonly used; the secondary electrons are most
significant for showing morphology and topography of samples whereas the
backscattered electrons are useful for illustrating contrasts in composition in
multiphase samples. Consequently, the secondary electron micrograph is virtually a

direct image of the real surface structure [96].
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Figure 2.6 Signals produced by electron beam and sample interaction in SEM [97]
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2.5.2.3 Instrumental and working

The diagram in figure 2.7 shows the major components of an SEM. These
components are part of seven primary operational systems: vacuum, beam generation,
beam manipulation, beam interaction, detection, signal processing, and display and
record. These systems function together to determine the results and qualities of a
micrograph such as magnification, resolution, depth of field, contrast, and brightness.
A source of electrons is focused in vacuum into a fine probe that is rastered over the
surface of the specimen. The electron beam passes through scan coils and objective
lens that deflect horizontally and vertically so that the beam scans the surface of the
sample. As the electrons penetrate the surface, a number of interactions occur that
result in the emission of electrons or photons from the surface. A reasonable fraction
of the electrons emitted can be collected by appropriate detectors, and the output can
be used to modulate the brightness of a cathode ray tube (CRT) whose x- and y-
inputs are driven in synchronism with the x-y voltages rastering the electron beam. In
this way an image is produced on the CRT; every point that the beam strikes on the

sample is mapped directly onto a corresponding point on the screen [98].
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Figure 2.7 Working of SEM [99]
The attainable resolution of the technique is limited by the minimum spot size that can
be obtained with the incident electron beam, and ultimately by the scattering of this
beam as it interacts with the sample. With modern instruments, a resolution of better

than 5 nm is achievable. Figure 2.8 shows the pictorial view of SEM.

Figure 2.8 Pictorial view of SEM
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2.5.2.4 Sample preparation

In the present study, SEM has been used to analyse the morphology, porosity and

homogeneity of the fabricated electrodes. The dried electrodes prepared form the

synthesized nanoparticles were mounted on aluminium stub using double tape.

Subsequently the electrode was coated with thin film of gold. The electrode was put

into the jaw of sample holder of SEM for analysis.

2.5.2.5 Information from SEM

e SEM plays a key role in many topics of current interest such as nanotubes and

nanofibres, high temperature superconductors, mesoporous architectures. The
homogeneity, porosity and texture of the electrodes are determined by SEM

analysis of the photo-electrodes.

e The investigation of grain size distributions and texture analysis can be done

by SEM analysis.

In the present study, thin film of gold was coated using (JEOL, FINE SPUTTER JFC-
1100) sputter coating unit and viewed under SEM (JEOL, JSM-6510LV).

2.5.3 Transmission electron microscope

2.5.3.1 Introduction

Transmission Electron Microscopy (TEM) is a technique where an electron beam
interacts and passes through a sample. TEM is an immensely valuable and versatile
technique for the characterisation of nanomaterials. It exploits the very small
wavelengths of high-energy electrons to probe solids at the atomic scale. In addition,
information about local structure (by imaging of defects such as dislocations), average
structure (using diffraction to identify crystal class and lattice parameter) and

chemical composition may be collected almost simultaneously.
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2.5.3.2 Theory and methodology
TEM exploits various interactions of electron beam-specimen; unscattered electrons
(transmitted beam), elastically scattered electrons (diffracted beam) and inelastically

scattered electrons (figure 2.9).
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Figure 2.9 Signals generated by the interaction of electron beam and sample in TEM

When incident electrons are transmitted through the thin specimen without any
interaction occurring inside the specimen, then the beam of these electrons is called
transmitted. The transmission of unscattered electrons is inversely proportional to the
specimen thickness. Areas of the specimen that are thicker will have fewer transmitted
unscattered electrons and so will appear darker, conversely the thinner areas will have

more transmitted and thus will appear lighter [98].

2.5.3.3 Instrumental and working
There are four main components of TEM: a vacuum system, an electron emission
source for generation of the electron stream, a series of electromagnetic lenses and

electrostatic plates (figure 2.10).
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Figure 2.10 Working of TEM [100]

The latter two let the operator to guide and manipulate the beam as required. The
electron beam emerges from the electron gun, and passes through a thin specimen,
transmitting electrons which are collected, focused, and projected onto the viewing
device at the bottom of the column. Imaging devices are subsequently used to create
an image from the electrons that exit the system. The entire electron path from gun to

camera is under vacuum. Figure 2.11 shows the pictorial view of TEM.
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Figure 2.11 Pictorial view of TEM

2.5.3.4 Sample preparation
The powdered samples were ultrasonically dispersed in ethanol, and a drop of this
solution was spread on carbon coated copper grid to view images.

2.5.3.5 Information from TEM

e TEM provides topographical, morphological, and crystalline information of
the nanoparticles. From the TEM analysis, the size, shape, morphology and
size distribution of the nanostructures can be determined.

e In TEM, regions with higher thickness or higher atomic numbers appear
darker in the resulting image. This fact is used for imaging multi-component
systems. Hence, the coating over the surface of nanoparticles can be easily
established making the images more perceptive for interpretation.
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e In high resolution transmission electron microscopy (HRTEM), the electron
beam interactions with the atomic columns of a crystalline specimen leads to
different contrast mechanism called phase contrast. This effect is used for
imaging the atomic distances in a crystal. It gives an additional information
like crystal lattice distances and interface information to a limit below 1 nm.

An HRTEM can show details as small as a single column of atoms.

In the present study, TEM has been carried out using Hitachi H-7500.

2.5.4 Energy dispersive X-Ray analysis

“Compositional analysis allows one to identify what those particular elements are

and their relative proportions”

2.5.4.1 Introduction

Energy Dispersive X-Ray Analysis (EDAX) is an analytical tool used to identify the
elemental composition of materials. EDAX systems are attachments to SEM and
TEM instruments where the imaging capability of the microscope identifies the
specimen of interest. The data generated by EDAX analysis consist of spectra
showing peaks corresponding to the elements making up the true composition of the
sample being analysed.

2.5.4.2 Theory and methodology

When the sample is bombarded by the electron beam, electrons are ejected from the
atoms comprising the sample's surface. The resulting electron vacancies are filled by
electrons from a higher state, and an x-ray is emitted to balance the energy difference
between the two states. Each element emits a different set of x-ray energy and is
characteristic of the element from which it was emitted. EDAX detector separates the
characteristic x-rays of different elements into an energy spectrum, and EDAX system
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software analyzes the energy spectrum in order to determine the presence of specific
elements (figure 2.12). Measuring these emissions provides both qualitative and

quantitative information about the near-surface makeup of the sample [101].
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Figure 2.12 Signals generated by the interaction of electron beam and sample in
EDAX [102]

EDAX is used to find the chemical composition of materials down to a spot size of a
few microns, and to create element composition maps over a much broader raster
area. Together, these capabilities provide fundamental compositional information for
a wide variety of materials.

2.5.4.3 Instrumental and working

EDAX are integrated into SEM or TEM instruments. EDAX system include a
sensitive x-ray detector, a liquid nitrogen dewar for cooling, and software to collect
and analyze energy spectra. The detector is mounted in the sample chamber of the
main instrument at the end of a long arm, which is itself cooled by liquid nitrogen.
The most common types of detectors are made of Si(Li) crystals and silicon drift
detectors. An EDAX detector absorbs the energy of incoming x-rays by ionization,

yielding free electrons in the crystal that become conductive and produce an electrical
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charge bias. The x-ray absorption thus converts the energy of individual x-rays into
electrical voltages of proportional size; the electrical pulses correspond to the
characteristic x-rays of the element [103]. The pictorial view of EDAX attached to

SEM has been shown in figure 2.13.

Figure 2.13 Pictorial view of EDAX attached to SEM [104]

2.5.4.4 Sample preparation
The sample preparation for EDAX is same as for SEM. The dried electrodes prepared
form the synthesized nanoparticles are mounted on aluminium stub. Subsequently the
electrode is coated with thin film of gold. The electrode is put into the jaw of sample
holder of SEM for analysis.
2.5.4.5 Information from EDAX

e EDAX is a powerful tool for contamination analysis and industrial forensic

science investigations. The EDAX spectrum gives a quick compositional

analysis.

e EDAX provides the spatial distribution of elements through mapping from
which the homogeneity of multi-phase systems can be ascertained. Analysis of
the resulting x-ray energy spectrum at each position provides plots of the
relative elemental concentration variance for each element as a function of

those position-point values along the given path.
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In the present study, the quantitative elemental composition analysis has been carried
out by energy dispersive X-ray spectroscopy (EDAX, OXFORD analytical), attached
with SEM.

2.5.5 Photoluminescence spectroscopy

2.5.5.1 Introduction

Photoluminescence (PL) spectroscopy is a powerful optical method used for
characterizing materials. A material absorbs light, creating an electron hole pair; an
electron from the valence band jumps to the conduction band leaving a hole. The
photon emitted upon recombination corresponds to the energy difference between the
valence and conduction bands, and is hence lower in energy than the excitation
photon.

2.5.5.2 Theory and methodology

When a photon strikes a sample having energy greater than the band gap energy, it
gets absorbed and thereby an electron from the valence band up to the conduction
band gets excited across the forbidden energy gap. In this process of photoexcitation,
the electron generally has excess energy which it loses before coming to rest at the
lowest energy in the conduction band. The electron eventually falls back to the
valence band. As it falls down, the energy it loses is converted back into a
luminescent photon which is emitted from the material. Thus the energy of the
emitted photon is a direct measure of the band gap energy (Eg). The process of photon
excitation followed by photon emission is called photoluminescence.

2.5.5.3 Instrumental and working

The design of fluorescence illuminators is based on control of excitation light and
emission light by readily changeable filter insertions into the light path on the way

toward the specimen and then emanating from the specimen.
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Figure 2.14 Working of PL spectrometer

It consists of four main components a light source, a sample, a light filtering system,

and a light detector. The light from the source hits the sample which causes

production of electron-hole pairs as well as electron interactions. Some of these

interactions cause an emission of light, which is then filtered to its different energies

and then recorded by the detector. A schematic of an emission experiment is

illustrated in figure 2.14 and pictorial view of photoluminescence spectrometer is

shown in figure 2.15. An excitation wavelength is selected by one monochromator,

and luminescence is observed through a second monochromator, usually positioned at

90° to the incident light to minimize the intensity of scattered light reaching the

detector. If the excitation wavelength is fixed and the emitted radiation is scanned, an

emission spectrum is produced [105].
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Figure 2.15 Pictorial view of photoluminescence spectrometer
2.5.5.4 Sample preparation
The sample for PL analysis was prepared by dispersing the nanoparticles
ultrasonically in ethanol.
2.5.5.5 Information from PL
Impurity levels and defect detection: Radiative transitions in semiconductors also
involve localized defect levels. The PL energy associated with these levels can be
used to identify specific defects, and the PL intensity can be used to determine their
concentration.
Recombination mechanisms: The emission process involves both radiative and non-
radiative recombination processes. The PL intensity and its dependence on the level of
photo-excitation and temperature are directly related to the dominant recombination
process. Analysis of PL helps to understand the underlying physics of the
recombination mechanism.
Material quality: In general, non-radiative processes are associated with localized
defect levels, whose presence is detrimental to material quality and subsequent device
performance. Thus, material quality can be measured by quantifying the amount of

radiative recombination [106].
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The PL spectra of the synthesized nanoparticles have been recorded using xenon lamp
equipped in the Perkin Elmer fluorescence spectrometer.

2.5.6 Fourier transform infrared spectroscopy

2.5.6.1 Introduction

Fourier transform infrared spectroscopy (FTIR) is an analytical tool which provides
the molecular and structural information of organic and inorganic materials. It is used
to identify unknown materials, study the quality of materials, and understand mixtures
of materials. Infrared light is absorbed within molecular bonds, causing the bonds to
vibrate. Since different molecules have different bond energies, infrared absorption is
a useful tool for both qualitative and quantitative analysis of samples. An infrared
spectrum represents a fingerprint of a sample with absorption or transmission peaks
which correspond to the frequencies of vibrations between the bonds of the atoms.
Because each different material is a unique combination of atoms, no two compounds
produce the same infrared spectrum. In addition, the size of the peaks in the spectrum
is a direct indication of the amount of material present.

2.5.6.2 Theory and methodology

When the sample is exposed to infrared radiation, molecules selectively absorb
radiation of specific wavelengths which causes the change of dipole moment of
molecules. As a result, the vibrational energy levels of molecules transfer from
ground state to excited state. The frequency of the absorption peak is determined by
the vibrational energy gap. The number of absorption peaks is related to the number
of vibrational freedom of the molecule. The intensity of absorption peaks is related to
the change of dipole moment and the possibility of the transition of energy levels.
Most molecules are infrared active except for several homonuclear diatomic

molecules such as O,, N, and Cl, due to the zero dipole change in the vibration and
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rotation of these molecules. The common used region for infrared absorption
spectroscopy is 4000 ~ 400 cm™ because the absorption radiation of most organic
compounds and inorganic ions is within this region.

2.5.6.3 Instrumental and working

The instrumentation of FTIR is derived from the classical attempt by Michelson to
measure the ether wind. A typical FTIR spectrometer consists of a blackbody infrared
(IR) source, a 50% beam splitter, a fixed and movable mirror and an IR detector
(figure 2.16). Incoming IR beam is split in two parts by the beam splitter that reflects
back from the fixed mirror and the movable mirror, respectively. The two reflected
beams are combined at the beam splitter but the difference in path lengths creates

constructive and destructive interference [107].

Fixed mirror
——

Beam|splitter
Source —— Collimator H—I

Moving mirror

Sample

Detector

Figure 2.16 Block diagram of an FTIR spectrometer
After passing through the sample, the measured signal is called the interferogram.
Performing Fourier Transform on this signal, results in the infrared spectrum. An
FTIR Spectrometer collects and digitizes the interferogram, performs the FT function,

and displays the spectrum. Figure 2.17 shows the pictorial view of FTIR spectrometer.
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Figure 2.17 Pictorial view of FTIR spectrometer

2.5.6.4 Sample preparation
The standard method to prepare solid sample for FTIR spectrometer is to use KBr.
About 2 mg of sample and 200 mg KBr were dried and ground. Then, the mixture was
squeezed to form pellets, the FTIR was performed directly on the pellets.
2.5.6.5 Information from FTIR
e It can identify unknown materials. Individual absorption peaks can be
identified and assigned to individual chemical bonds qualitatively or

quantitatively to identify individual compounds in complex systems.
e It can determine the amount of components in a mixture

In the present study, FTIR spectroscopy of nanoparticle samples in the form of pellets
has been carried out using Perkin Elmer 1615 spectrometer in the wave-number
region of 400 — 4000 cm .

2.5.7 UV-visible spectroscopy

2.5.7.1 Introduction

UV Visible spectroscopy studies the electronic transitions of molecules as they absorb
light in the UV and visible regions of the electromagnetic spectrum. When radiation

interacts with matter, a number of processes can occur (figure 2.18), including
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reflection, scattering, absorbance, fluorescence/phosphorescence (absorption and
reemission), and photochemical reaction (absorbance and bond breaking). In general,
when measuring UV-visible spectra, only absorbance is allowed to occur. It involves
absorption of ultraviolet or visible light by a molecule causing the promotion of an
electron from a ground electronic state to an excited electronic state. UV-visible
spectroscopy is a technique to determine the concentrations of substances and

therefore enables to study the rates of reactions, and determine rate equations for

reactions.
Absorption\ >
Retlection Scatlering Retraction

Figure 2.18 Different processes occur on light and matter interaction
2.5.7.2 Theory and methodology
When light passes through a sample (concentration, ¢) in cuvette (path length, b), the
amount of light absorbed is the difference between the incident radiation (l,) and the
transmitted radiation (I) (Figure 2.19). The amount of light absorbed is expressed as
either transmittance or absorbance. For most applications, absorbance values are used
since the relationship between absorbance and both concentration and path length

normally is linear.
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Figure 2.19 The graphic demonstration of Beer-Lambert Law
Transmittance (T) is defined in terms of fraction of 1 or as percentage and is defined

as follows:

or 06T = (—) X 100

Absorbance is defined as follows:
A= —logT =log (I;i) =chc

where ¢ is the molar absorption or extinction coefficient. This expression is
commonly known as Beer- Lambert law which states that the fraction of incident
radiation absorbed is proportional to the number of absorbing molecules in its path.
The greater the number of molecules that absorb light of a given wavelength, the
greater the extent of light absorption and higher the peak intensity in absorption
spectrum.

2.5.7.3 Instrumental and working

UV-visible spectrometers can be used to measure the absorbance of UV or visible
light by a sample, either at a single wavelength or perform a scan over a range in the
spectrum. A schematic diagram of a UV-visible spectrometer is shown in figure 2.20

and a pictorial view is shown in figure 2.21.
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Figure 2.20 Working of UV-visible spectrometer
The light source is usually a deuterium lamp for UV measurements (190-400 nm) and
a tungsten-halogen lamp for visible measurements (400-800 nm). For liquid samples,
an optically flat, transparent container called cuvette is used. The reference cuvette
contains the solvent in which the sample is dissolved and this is commonly referred to
as the blank. The output from the light source is focused onto the monochromator
which produces a beam of single wavelength, selected from a wide range of
wavelengths. For each wavelength the intensity of light passing through both a
reference cuvette (l,) and the sample cuvette (I) is measured. The detector converts
the incoming light into a current, the higher the current the greater the intensity. The

chart recorder usually plots the absorbance against wavelength [108].

Figure 2.21 Pictorial view of UV-visible spectrometer
2.5.7.4 Sample preparation
For UV-Visible spectroscopy, the powdered sample is ultrasonically dispersed in
ethanol. For the dye desorption studies, the electrodes were soaked in 0.1 mM

agueous NaOH solution. The UV-visible study is done on the desorbed dye solution.
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2.5.7.5 Information from UV-Visible
e UV-visible analysis can be used to identify a compound by comparative
analysis. UV visible spectrum of an unknown sample can be compared with

the spectra of known suspects.
e Dye desorption studies: The amount of dye adsorbed on the fabricated
electrodes is determined by the optical absorption spectra of dye-desorbed
solution. The higher the intensity of UV-Visible spectrum, the more is the dye

adsorbed on the electrode.

In the present study, UV-Vis absorption spectra of the desorbed dye solutions have
been recorded using AnalytikJena Specord 205 spectrophotometer.

2.5.8 Photo-electrochemical characterization

The standard characterization technique of solar cells includes the determination of
the current-voltage characteristics under light irradiance of a particular intensity.
Current-voltage characteristics were measured using Source Meter interfaced with
computer under illumination of simulated sunlight (solar simulator) as described
below.

2.5.8.1 Solar simulator

A solar simulator provides illumination approximating natural sunlight. The purpose
of the solar simulator is to provide indoor test facility for solar cells, sun screen,
plastics, and other materials and devices, in laboratory. Figure 2.22 shows the optics
of the solar simulator. Typically, high power solar simulators use an ellipsoidal
reflector to capture light from an arc lamp source inside the reflector, an arrangement
that results in a light pattern with a bright outer region and a dark centre. The xenon
arc lamp at the heart of the simulator emits a 5800K blackbody-like spectrum. The

system design features optical beam homogenization, filtering and collimation. The
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result is a continuous output with a solar-like spectrum in a uniform collimated beam.
Beam collimation simulates the direct terrestrial beam and allows characterization of

radiation-induced phenomena [109].

Optical integrator
Shutter

Spectral
correction filter
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“Collimating
lens

o Working
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reflector

Figure 2.22 Optics of a solar simulator [109]
2.5.8.2 Source Meter
A Source Meter provides four-quadrant operation. In the first and third quadrants it
operates as a source, delivering power to a load. In the second and fourth quadrants it
operates as a sink, dissipating power internally. VVoltage, current, and resistance can
be measured during source or sink operation.
2.5.8.3 Current-Voltage characteristics
One of the key measurements needed to test solar cells is the determination of their I-
V characteristics. By measuring the I-V curves, physical performances of solar cells
such as open circuit voltage (Voc), short circuit current (lsc), photo-electric
conversion efficiency (1) and fill factor (FF) can be determined which is important for
reliable work in research and quality inspection. The current-voltage characteristics of
a solar cell under illumination are shown in figure 2.23. The curve passes through the
fourth quadrant and hence the device can deliver power. Generally, the 1-V
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characteristics are represented by rotating the current axis by 180° around the voltage

axis.
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Figure 2.23 The current-voltage characteristics of a solar cell under illumination
2.5.8.4 Definitions & measuring conditions
2.5.8.4.1 Short-circuit current (Isc)
The short-circuit current is the current through the solar cell when the voltage across
the solar cell is zero (i.e., when the solar cell is short circuited). The short-circuit
current is due to the generation and collection of light-generated carriers. For an ideal
solar cell at most moderate resistive loss mechanisms, the short-circuit current and the
light-generated current are identical. Therefore, the short-circuit current is the largest
current which may be drawn from the solar cell.
2.5.8.4.2 Short-circuit current density (Jsc)
Short-circuit current density (Jsc) is short-circuit current per active area. To remove
the dependence of the solar cell area, the short-circuit current density is listed rather

than the short-circuit current.
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2.5.8.4.3 Open-circuit voltage (Voc)

The open-circuit voltage (Voc) is the maximum voltage available from a solar cell,
and this occurs at zero current. In DSSC, Voc is defined by the difference between
Fermi level of semiconductor and redox potential of electrolyte, under light
illumination.

2.5.8.4.4 Maximum power (Pmax)

A DSSC operates over a wide range of voltages (V) and currents (I). As the resistive
load on an illuminated solar cell is increased continuously from zero (short circuit
condition) to the highest value (open circuit condition), the power delivered to the
load first increases, reaches a maximum and then decreases to zero. The maximum
power point (Pmax) is achieved for a load for which the product of current and voltage
IS maximized.

2.5.8.4.5 Fill-factor (FF)

Jsc and Voc are the maximum current and voltage respectively from a solar cell.
However, at both of these operating points, the power from the solar cell is zero. The
fill factor (FF), is a parameter which, in conjunction with VVoc and Isc, determines the
maximum power from a solar cell. The FF is defined as the ratio of the maximum
power from the solar cell to the product of Voc and Isc. Graphically, the FF is a
measure of the "squareness” of the solar cell and is also the area of the largest

rectangle which will fit in the IV curve.

FF F?‘J‘IEI

" Js X Voc
2.5.8.4.6 Efficiency ()
The efficiency is the most commonly used parameter to compare the performance of
one solar cell to another. Efficiency is defined as the ratio of energy output from the
solar cell to input energy from the sun. The power conversion efficiency (n) of DSSC
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is determined by the photocurrent density measured at short-circuit, Voc, FF of the

cell, and the intensity of the incident light (P;) as shown in follow equation.

Isc X Voo X FF
P.

2.5.8.4.7 Air mass 1.5

Air mass refers to the relative path length of the direct solar beam through the
atmosphere. The air mass (AM) coefficient defines the direct optical path length
through the Earth's atmosphere, which is expressed as a ratio relative to the path
length vertically upwards, i.e. at the zenith. When the sun is directly overhead (at
zenith), the path length is 1.0 (AM 1.0). When the angle of the sun from zenith
increases, the air mass increases so that at 48.2° from the vertical the air mass is 1.5
and at 60.1° the air mass is 2.0 (figure 2.24). The air mass coefficient is commonly
used to characterize the performance of solar cells under standardized conditions.
"AML1.5" is almost universal when characterizing terrestrial power-generating panels.
The conditions for the AM 1.5 spectra were chosen by ASTM “because they are
representative of average conditions in the 48 contiguous states of the United States”

[109].

AM=PF/P, = secB, ZENITH

6.- ZENITH ANGLE :.:

Figure 2.24 The path length in units of Air Mass, changes with the zenith angle [109]
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In operation, these instruments can act as a voltage source, a current source, a voltage
meter, a current meter, and an ohmmeter. The I-V testing has been done by setting the
voltage and measuring the current while keeping the light source constant. The
efficiency of solar cell is determined current density-voltage (J-V) characteristics
obtained under illumination. A lamp with a spectrum very similar to the solar AM1.5
spectrum is used for illumination and calibrated to an intensity of 1000 Wm™ for
measurements at 1 sun intensity. A Newport solar simulator model 96000 was used
for the illumination of DSSC. A voltage is applied between the working and counter
electrode of the solar cell and the current output is measured. The voltage range
should include the voltage at which the current is zero (the open-circuit voltage) and 0
V, at which the short-circuit current density is measured. The resulting current-voltage
curve is usually referred to as a J-V curve. The collected information is sufficient to

plot the J-V characteristics and to extract the different parameters discussed above.

In the present study, J-V characteristics were measured using Keithley 2400 Source
Meter interfaced with computer under simulated sunlight from solar simulator (Model

96000, Newport).
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Chapter-3

This chapter deals with the various studies conducted for Eu,O3; and CaCOj3; coated
ZnO nanoparticles based dye sensitized solar cells. The structural, morphological and
optical properties of the synthesized nanoparticles and the analyses of the obtained

current density-voltage (J-V) characteristics of the fabricated DSSCs are presented.

3.1 Eu,03 coated ZnO nanoparticles based dye sensitized solar cells

3.1.1 Synthesis of Eu,O3 coated ZnO nanopatrticles

Synthesis of Eu,03/ZnO nanoparticles was done by a two-step process. First, ZnO
nanoparticles were synthesized by the method described in section 2.3.1.1 (sample
named as ZEOQ). For Eu,O3 coating, firstly, the synthesized ZnO nanoparticles were
ultrasonically dispersed in ethanol. In another beaker, 0.01M EuCl; in ethanol was
reduced with NaBH, and magnetically stirred for 15 minute. Now, this solution was
added drop-wise to the dispersed ZnO nanoparticles. In this technique, the primarily
synthesized ZnO nanoparticles act as nucleation sites for the Eu,O3 coating. To allow
uniform coating on the particles and prevent the coating material from being produced
separately from the particles, the coating solution was added drop-wise. Further, the
above mixture was transferred to Teflon container and autoclaved for 14 hour at
150°C. The particles were washed and filtered. The particles thus obtained were
calcined at 500°C for 30 minute, to obtain crystalline nanoparticles (this sample is
named as ZE1). Similarly, two more samples were synthesized by adjusting the

concentration of EuCl; to 0.02M and 0.03M (ZE2 and ZE3).
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3.1.2 Structural and phase analyses

Figure 3.1 shows the XRD patterns of ZEO, ZE1, ZE2 and ZE3 samples. All the peaks
in the XRD pattern of ZEO are indexed to hexagonal structure with wurtzite phase,
(JCPDS card No: 80-0075) with strong reflections from (101), (100) and (002) planes.
The XRD pattern of ZE1 shows no peak related to Eu,O3 which shows Eu,03; formed
a very thin layer, which was too thin to be detected by XRD. In the XRD patterns of
ZE2 and ZE3, the diffraction peak from cubic phase Eu,O; is indexed to (222)
(marked with * in figure 3.1), as confirmed by the JCPDS card No: 74-1988, which

demonstrates the existence of Eu,O3 on the surface of ZnO nanoparticles.

(101)

(100)
(002)

Intensity (a.u.)
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20 (degree)

Figure 3.1 X-ray diffractogram of (a) ZEO (b) ZE1 (c) ZE2 and (d) ZE3 samples
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3.1.3 Compositional analysis

Further to corroborate the XRD results, EDAX analysis has been carried out and
shown in figure 3.2. For the sample, ZEO, the EDAX spectrum (figure 3.2(a)) shows
distinct peaks of Zn and O, with atomic percentage 51.33 and 48.67, respectively,
concluding stoichiometric formation of ZnO nanoparticles. The EDAX spectrum of
the samples ZE1, ZE2 and ZE3 (figure 3.2(b), 3.2(c) and 3.2(d)) show the presence of
Zn, O and Eu elements, indicating the presence of Eu,O; coating on the ZnO
nanoparticles, as observed in XRD patterns as well (figure 3.1). A systematic decrease
in Zn content and a relative increase in the atomic percentage of Eu have been

observed with the increasing concentration of Eu,Os3 in the samples.

__Element | Atomic % | 7 | Element | Atomic % |
0K 48.67 0K 58.61
ZnL 51.33 InK 40.86

EuL 0.53

p 2
Full Scale 11361 cts Cursor: 0.000 Full Scale 243 cts Cursor: 0.000

_Element | Atomic %

0K 63.77 0K 68.54
ZnK 3525 ZnK 29.89
EulL 0.98 EulL 1557

keV|Full Scale 243 cts Cursor: 0.000

Figure 3.2 EDAX spectrum of (a) ZEO (b) ZE1 (c) ZE2 and (d) ZE3 samples

3.1.4 Morphological study

The presence of Eu,O3 on the surface of the ZnO nanoparticles has been established

from TEM of ZE2 sample. TEM micrographs of ZEO (figure 3.3(a)) and ZE2 (figure
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3.3(b)) samples reveal their spherical nature with average particle size 9.4 nm and
10.1 nm, respectively. Figure 3.3(b) confirms the coating (shown by arrows in the

inset) of Eu,O3 on ZnO nanoparticles.

(a)

Figure 3.3 TEM micrographs of (a) ZEO and (b) ZE2 samples

3.1.5 FTIR spectroscopy

The FTIR spectra (figure 3.4) reveals a series of absorption peaks, corresponding to
the vibration modes of hydroxyl, carboxylate, and alkane groups in the synthesized
samples. To be more specific, a broadband peaked at 3424 cm™' has been assigned to
the O-H stretching mode of hydroxyl group, which results from the hygroscopic
nature of ZnO. Small peaks at 2853 and 2927 cm ™" are due to C-H stretching vibration
of alkane groups. The peaks at 560 and 901 cm™ correspond respectively to the
bending vibration and stretching vibrations of Zn-O bond [110]. The peak at 1680 cm’
! has been assigned to the first overtone of fundamental stretching mode of O-H [111].
The peak observed at 1386 cm™' is due to the symmetrical stretching of the zinc

carboxylate COO bond.

78



In case of Eu,03/Zn0, the FTIR signatures of these bonds decrease which suggest that
Eu,0; exists on the surface of ZnO nanoparticles. In the FTIR spectra of ZE1, ZE2
and ZE3 samples, the band at 3424 cm™' representative of free-OH shows decrease in
intensity suggesting that the hydroxyl functional groups are occupied with Eu,0;
coating. Other bands of the spectra also show significant decrease in the peak intensity

indicating an interaction between the Eu,03 coating and ZnO nanoparticles.

% Transmittance (a.u.)
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Figure 3.4 FTIR spectra of (a) ZEO (b) ZE1 (c) ZE2 (d) ZE3 samples

3.1.6 Optical analyses
3.1.6.1 Photoluminescence studies

PL spectroscopy has been performed in order to study and understand the
phenomenon of electron—hole recombination process occurring in the bare ZnO and

Eu,03/Zn0O nanoparticles. Figure 3.5 shows the PL spectra of the synthesized
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samples. In the PL spectrum of ZEO sample, the peak at 409 nm has been assigned to
zinc vacancy [112]. The blue emission around 428 nm has been ascribed to the
excitons recombination between the electron localized at interstitial zinc and the holes
in the valence band. The peaks at 486 nm and 529 nm are possibly due to the intrinsic
defects such as oxygen vacancy [113]. The luminescence peak centered at 381 nm has
been attributed to the near band-edge (3.37 eV) emission of ZnO [114]. In PL spectra
of Eu,03/Zn0 nanoparticles, a violet band at 422 nm has been observed which may be
attributed to the interstitial oxygen and/or transition between defects (interface traps)
at grain boundaries and the valence band [115]. However, the PL intensity of ZnO
decreased with Eu,O3 coating. The decrease in the intensity has been attributed to the
fewer defects and low electron—hole (e/h*) recombination process with the surface
modification of the Eu,O3 layer located at the boundaries of ZnO nanoparticles. In
ZnO there exist some intrinsic defects, such as oxygen vacancies. The defects at the
surface may act as adsorption sites for O, and H,O. These sites can trap free electrons
and serve as non-radiative recombination centers. The coating of Eu,O; on ZnO
nanoparticles remarkably decreases the non-radiative recombination rate [115]. Thus
the PL intensity of Eu,O3; coated ZnO nanoparticles is less that of bare ZnO
nanoparticles. The intensity of ZE1 and ZE2 are almost same and least of all, which is
most likely due to Eu,03 playing the role of electrons captures, thereby depressing the

recombination process.
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Figure 3.5 Photoluminescence spectrum of (a) ZEO (b) ZE1 (c) ZE2 and (d) ZE3

samples

3.1.6.2 Dye desorption studies

The fabricated photoelectrodes were immersed in 0.3mM ethanolic solution of N719
dye (20mL) for 20 hour. To desorb the dye molecules from the electrodes, they were
soaked in 0.ImM aqueous NaOH solution. Figure 3.6 shows the UV-visible
absorption spectra of the desorbed dye obtained from the electrodes. The peaks at 370
nm and 500 nm correspond to the characteristic absorption of N719 dye. The degree
of dye adsorption on the electrode is proportional to the intensity of the optical
absorption of dye. From the absorption study, it has been found that the amount of dye
adsorbed on the ZE1, ZE2 and ZE3 electrodes show enhanced dye adsorption as

compared to the ZEO electrode.
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Figure 3.6 UV-Vis absorption spectra of the N719 dye desorbed from (a) ZEO (b)

ZE1 (c) ZE2 and (d) ZE3 electrodes

The better adsorption of the dye molecules on Eu,03/ZnO nanoparticles enhances the
DSSC performance, as this increases the concentration of photogenerated electrons by
visible light [117]. The photocurrent of DSSC is influenced by the initial number of
photogenerated electron-hole pairs, which depend on the film structure of the
electrodes. The modification in film structure leads to the change in the light-
harvesting capacity of photoelectrodes [118]. Figure 3.6 illustrates that the electrode
fabricated from the sample, ZE2 ensures maximum photon capturing in the visible
region and furthermore indicates strong light-harvesting capacity. For the generation
of high photocurrent density, the amount of dye adsorbed on nanocrystalline film
should be high. The decrease in the adsorbed dye from ZE3 electrode is due to the
decrease in the surface area of the working electrode due to high concentration of

coating precursor.
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3.1.7 Photocurrent density-Voltage (J-V) characteristics

Figure 3.7 shows the J-V curves obtained from DSSC fabricated using ZEO, ZE1, ZE2
and ZE3 nanoparticles, with an active area of 1 x 1 cm® Various parameters
calculated from J-V curve are summarized in table 3.1. From the table, it can be seen
that there is an increase in the short circuit current density (Jsc), open circuit voltage
(Voc), fill factor (FF) and efficiency () of DSSC fabricated from Eu;03/ZnO
nanoparticles compared to ZnO nanoparticles based DSSC. The coating Eu,O3 on
ZnO acts as an energy barrier, which minimizes the e/h* recombination and retards
the back electron transfer to the electrolyte, resulting in increase in the value of open
circuit voltage from 602 mV to 704 mV in case of ZEO DSSC and ZE2 DSSC,
respectively. The increased Voc for Eu,O03/ZnO DSSC indicates the introduction of
coating on ZnO nanoparticles has decreased the recombination rate of the electron to
the electrolyte by changing the conduction band edge of ZnO [119]. The interfacial
charge recombination between the electrons in the ZnO conduction band to the
oxidized electrolyte species (I3)) and oxidized dye molecules at the surface of the

nanostructured working electrode has reduced.
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Figure 3.7 J-V characteristics of DSSC fabricated using ZEO, ZE1, ZE2 and ZE3

samples

Table 3.1 The different parameters of DSSC (Jsc, Voc, FF and 1), as calculated from

the J-V characteristics

Sample  Jsc (MA/cm?)  Voc (MV)  FF 1 (%)
ZEOQ 1.34 602 0.56 0.44
ZE1 3.61 630 0.33 0.77
ZE2 4.51 704 0.45 1.45
ZE3 2.06 536 0.38 0.43

An increase in the short circuit current density from 1.34 mA/cm? for ZEO DSSC to

4.51 mA/cm? for ZE2 DSSC has been observed. The increase in short circuit current
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density can be explained by the fact that the amount of dye molecules adsorbed on
Eu,03/Zn0 electrode is higher than the bare ZnO electrode [118]. The enhancement
of Voc, Jsc and FF in case of ZE2 DSSC as compared to ZEO DSSC leads to an
increase in the overall efficiency from 0.44% to 1.45%. However, ZE3 DSSC shows a
decline in efficiency, from 1.45% down to 0.43% for DSSC fabricated from ZE2
sample. This is due to the fact that thicker coating more effectively reduces the charge
recombination but it also reduces the rate of electron injection into ZnO [45]. With the
increased distance for electrons to tunnel through the Eu,O3 coating to ZnO, Jsc has

decreased due to a reduced interfacial charge transfer rate.

The studies on all the next samples (CaCO3/Zn0O, Eu,03/TiO, and CaCOs/TiO,), J-V
characteristics of different coating concentrations were first obtained in order to
determine the sample with maximum efficiency. The rest of the characterizations were

performed for that sample only.

3.2 CaCOg coated ZnO nanoparticles based dye sensitized solar cells

3.2.1 Synthesis of CaCO3/ZnO nanoparticles

For the synthesis of CaCO3/ZnO nanoparticles, 0.01M Na,CO3z and CaCl, were
dissolved in water. This solution was then added drop-wise to the ethanolic dispersion
of ZnO nanoparticles (synthesis procedure described in section 2.3.1.1) and stirred for
about 2 hour. The solution was transferred to autoclave and put in oven at 140°C for
14 hour. The CaCO3/Zn0O nanoparticles formed were filtered and washed with ethanol
and water. The particles thus obtained were calcined at 300°C for 1 hour, to obtain

crystalline nanoparticles.
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3.2.2 Structural and phase analyses

Figure 3.8 shows the XRD patterns of ZnO and CaCO3/ZnO nanoparticles. It is clear
that in case of ZnO (figure 3.8(a)), the diffraction peaks positioned at 20 values of
31.7°, 34.4°, 36.2°, 47.5°, 56.6°, 62.8°, 66.4°, 67.9°, 69.0°, 72.8°, and 77.0° and,
respectively, indexed as (100), (002), (101), (102), (110), (103), (200), (112), (201),
(004) and (202) well match with wurtzite structure having hexagonal phase (JCPDS
No. 80-0075). From the figure 3.8(b), it has been found that in case of CaCO3/ZnO
nanoparticles there are several small diffraction peaks centred between the strong
peaks of ZnO of CaCOs. The diffraction peaks positioned at 20 values of 29.3°, 39.4°,
43.9°, and 60.7° indexed as (104), (113), (202), and (214) correspond to rhomb-
centred structure having hexagonal phase CaCO3; (JCPDS No. 85-1108). XRD peaks

corresponding to ZnO and CaCOj3 are marked as ‘Z’ and ‘C’, respectively (figure 3.8

(0)).
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Figure 3.8 XRD patterns of (a) ZnO nanoparticles and (b) CaCO3/ZnO nanoparticles
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The crystallite size as calculated using Debye-Scherrer formula has been found to be
20.0 nm and 19.3 nm, for ZnO and CaCOs/ZnO nanoparticles, respectively.
Crystallite size decreased on CaCOs coating, as the coating constrains the growth of

grains [120].

3.2.3 Compositional analysis

EDAX spectrum of CaCO3/Zn0O nanoparticle based electrode (figure 3.9) reveals that
the atomic % of the elements has been found to be Ca (1.02%), C (2.92%), Zn
(24.99%) and O (71.07%). This clearly reveals that CaCO3/ZnO nanopatrticles, are in

stoichiometric ratio, and confirms the presence of CaCO3 coating on the surface of

ZnO nanoparticles as observed in TEM images (figure 3.10(b)).

Element  Atomic (%)

0 71.07
Ca 1.02
C 2.92

Zn 24.99

Figure 3.9 EDAX spectrum of CaCO3/ZnO nanoparticles based electrode, the inset

shows the atomic and weight % of elements detected

3.2.4 Morphological study

Figure 3.10(a) and 3.10(b) show TEM image of ZnO and CaCO3/Zn0O nanoparticles,
respectively, which reveals their spherical nature. The average particle size of ZnO
nanoparticles and CaCO3/ZnO nanoparticles as calculated from histograms (figure

3.10(inset)) were found to be, respectively, 6.2 and 6.7 nm. The HRTEM image
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(figure 3.10(c)) confirms the presence of CaCO; coating on ZnO nanoparticles’

surface.

"||"m|||||HI ¥

Figure 3.10 TEM images of (a) ZnO nanoparticles and (b) CaCO3/ZnO nanoparticles
(c) HRTEM image of CaCO3/ZnO nanoparticles
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Figure 3.11 SEM images of (a) ZnO, (b) CaCO3/Zn0O nanoparticles based electrode

The morphological study of fabricated electrodes has been carried out using SEM
(figure 3.11). Figure 3.11(a) clearly reveals that ZnO nanoparticles possess spherical
symmetry having less porosity. The CaCO3/ZnO nanoparticles (figure 3.11(b)) are
found to be nearly spherical and possessing higher porosity as compared to the

electrode fabricated using ZnO nanoparticles (figure 3.11(a)). Higher surface area and
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porosity of the electrode fabricated from CaCO3/ZnO nanoparticles leads to higher

dye adsorption (figure 3.14).
3.2.5 FTIR spectroscopy

In the FTIR spectrum (figure 3.12) of bare ZnO nanoparticles, a broadband peaked at
3422cm™' has been assigned to the O-H stretching mode of hydroxyl group, which
results from the hygroscopic nature of ZnO. The peaks at 548cm™ and 890cm™
correspond, respectively, to the bending vibration and stretching vibrations of Zn-O
bond [110]. The FTIR spectrum of CaCO3/ZnO nanoparticles confirms the existence
of C-O in CO5” represented by the peaks due to antisymmetric stretching, and out of
plane bending [68]. The peak at 1636cm™ has been assigned to O-H bending

vibrations.

The peaks at 871cm™ and 1002cm™ correspond to v2 vibration mode of COs%. The
peak observed at 1444cm™ has been assigned to v3 vibration mode of CO5>". Peak at
785cm™ is due to the v4 vibration mode of CO3>. The absorption peaks 1140 cm™ is
assigned to the stretching vibration of C-O bond [121]. The peaks at 511cm™ and
598cm™ correspond to Zn-O bond [122]. The broadband at 3521cm™ and the peak at
1624cm™ have been assigned to O-H stretching modes and O-H bending vibrations of

hydroxyl group.
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Figure 3.12 FTIR spectra of (a) ZnO and (b) CaCO3/Zn0O nanoparticles

In the FTIR spectra of CaCOs/ZnO nanoparticles, the band at 3422 cm™
representative of free-OH shifted to higher wavenumber (3521 cm™). This has been
attributed to weakening of the hydrogen bonding interaction, suggesting that the
hydroxyl groups are occupied with CaCOj coating [123]. In general, the electron
injection efficiency is reduced by hydroxyl groups and physisorbed water molecules
present on the surface of ZnO nanoparticles. Consequently, the increase in the
electron injection efficiency from ZnO to FTO is expected, which enhances the

overall conversion efficiency of DSSC.
3.2.6 Optical analyses
3.2.6.1 Photoluminescence studies

Photoluminescence spectrum of bare ZnO and CaCO3/ZnO nanoparticles has been

shown in figure 3.13. An appreciable change in the PL emission spectra of
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CaC0s3/Zn0O nanoparticles has been observed due to surface modification of ZnO with
CaCOs. In the PL spectrum, peak at 402 nm has been attributed to the exciton
transitions. The violet emission at 423 nm is due to the recombination of carriers
between the electrons at interstitial zinc and the holes in the valence band [115]. The
peaks at 486 nm and 529 nm are possibly due to the intrinsic defects such as oxygen
vacancy [113]. The blue emission at 445 nm can be attributed to the surface defects of
ZnO nanostructure [124]. The emission at 460 nm has been referred to as deep-level
emission and attributed to recombination of electrons trapped in oxygen vacancies and

zinc interstitials, with photogenerated holes [125].
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Figure 3.13 Photoluminescence spectrum of ZnO and CaCQO3/Zn0O nanoparticles

However, the PL intensity of ZnO decreased with coating of CaCO3. The PL emission
mainly results from the recombination of excited electrons and holes, and thus the
lower PL intensity indicates the decrease in recombination rate. The decrease in the

intensity can be attributed to the fewer defects and low electron—hole (e/h")
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recombination process with the surface coating of CaCO3 on ZnO nanoparticles. In
ZnO there exist some intrinsic defects, such as oxygen vacancies which act as
adsorption sites for O, and H,0. These sites can trap free electrons and serve as non-
radiative recombination centers. Also, the surface O-H groups are reduced on coating,
thus resulting in reduction of the unwanted non-radiative decay pathways thereby

increasing the electron injection efficiency.

3.2.6.2 Dye desorption studies

In order to compare the amount of dye adsorbed on the electrode fabricated using
Zn0O and CaCO3/Zn0 nanoparticles, UV-visible absorption study has been performed
of the N719 dye desorbed from ZnO electrode and CaCO3/ZnO electrode. For this,
Zn0O and CaCO03/Zn0O photoelectrodes were immersed in 0.3mM ethanolic solution of
N719 dye (20mL) for 20 hour. The dyed film was dipped in 0.1mM aqueous NaOH
solution for 30 minute so that dye gets desorbed from the surface of the film. Figure
3.14 shows the UV-visible absorption spectra of the desorbed dye obtained from both
the electrodes. The absorbance of the desorbed dye from CaCO3/ZnO electrode has
been found to be more than 200% higher than that of bare ZnO electrode. The better
adsorption of the dye molecules on CaCO3/ZnO electrode is expected to enhance the
DSSC performance, as the extent of dye adsorbed decides the concentration of

photogenerated electrons by visible light.
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Figure 3.14 UV-Vis absorption spectra of dye desorbed from ZnO and CaCO3/ZnO

nanoparticles based electrodes
3.2.7 Current density-voltage (J-V) characteristics of DSSC

The performance of fabricated DSSC and its efficiency has been measured from the J-
V curves (figure 3.15). The short circuit current density (Jsc) and open circuit voltage
(Voc) for CaCO3/Zn0 nanoparticle based DSSC has been found to be higher than that

of ZnO nanoparticle based DSSC (Table 3.2).

An increase of over 100% in efficiency has been observed on using CaCOj3 coated
Zn0O based DSSC as compared ZnO based DSSC. This increase in efficiency can be
attributed to the increase in porosity of the nanoparticles due to coating of CaCO3 on
ZnO nanoparticles as illustrated in SEM analysis. The dye adsorption studies reveal
that CaCO3/Zn0O based electrode adsorbs more dye molecules as compared to bare
ZnO based electrode. The increase in dye adsorption by CaCO3/ZnO electrode leads

to an increase in Jsc as compared to ZnO based electrode. The basic CaCO3 coating on
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ZnO facilitates the better adsorption of the dye due to intermolecular electrostatic
attraction through carboxylic acid group of the N719 dye. The coating of CaCOg3
results in increase in absorbance due to its higher band gap energy (6.0 eV) and high

isoelectric point (8.2) [68].
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Figure 3.15 Photocurrent density-voltage (J-V) curve of DSSC employing ZnO

nanoparticles and CaCO3/ZnO nanoparticles

Table 3.2 The different parameters of DSSC (Jsc, Voc, FF and 1), as calculated from

the J-V characteristics

Material Jsc (MA/cm?)  Voc (MV) FF Efficiency (%)
ZnO 1.33 604 0.55 0.45
CaCO0s/Zn0O 3.26 613 0.50 1.00
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Also, as discussed in FTIR analysis (section 3.4) the decrease in OH bonds due to
coating leads to faster electron injection efficiency from ZnO to FTO. The increase in
Voc Is attributed to the fact that CaCO3; coating forms an energy barrier which
decreases the recombination rate of the photo-injected electrons with the oxidized dye
and ions in the electrolyte. Similar results have been observed using CaCO; coated
TiO, nanoparticles [68]. The performance of the DSSC has been significantly
improved by the use of CaCOj coating, which precisely controls back electron transfer

by reducing the electron hole recombination.
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Chapter-4

This chapter deals with the various studies conducted for Eu,O3; and CaCOj3; coated
TiO, nanoparticles based dye sensitized solar cells. The structural, morphological
and optical properties of the synthesized nanoparticles and the analyses of the
obtained current density-voltage (J-V) characteristics of the fabricated DSSCs are

presented.

4.1 Eu,03 coated TiO;, nanoparticles based dye sensitized solar cells
4.1.1 Synthesis of Eu,O3 coated TiO, nanoparticles

Synthesis of Eu,03 coated TiO, (Eu,03/TiO,) nanoparticles was done by a two-step
process. The synthesis of TiO, nanoparticles has been described in section 2.2.1.1. For
the coating of Eu,O3 on TiO, nanoparticles, 0.01M EuCls in ethanol was reduced with
NaBH, and, added in ethanolic solution of TiO, nanoparticles. Further, it was
autoclaved for 14 hour at 150°C. The so obtained precipitates were filtered, washed

and dried at 60°C for about 24 hour, and calcined at 500°C.
4.1.2 Structural and phase analyses

For the efficient performance of DSSC, it has been reported that the anatase phase of
TiO, nanoparticles is more preferred than rutile and brookite phases [73]. The
unstability of brookite phase and slow electron transport in case of rutile phase, make
them less desirable for DSSC applications [126]. Considering the favourable surface
chemistry and potentially higher conduction-band edge energy of anatase phase, it

was utilized for the fabrication of DSSC in the present work.
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To know the phase of TiO, nanoparticles and to validate the presence of Eu,O3 on
TiO, nanoparticles, XRD analyses have been carried out. Figure 4.1 shows the XRD
patterns of bare TiO, and Eu,O3/TiO, nanoparticles. XRD pattern of bare TiO,
nanoparticles (figure 4.1(a)) reveals the formation of anatase phase with body-
centered tetragonal structure (JCPDS Card No. 841286). In case of Eu,O3/TiO;
nanoparticles, some additional peaks related to the body-centered structure of Eu,O3
(marked as E, figure 4.1(b)) have been observed (JCPDS Card No. 760154) along
with anatase phase of TiO, (marked as T). These additional peaks corresponding to the

cubic phase of Eu,0O3 validate the presence of Eu,O3 on the surface of TiO..
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Figure 4.1 X-ray diffractogram of (a) TiO, nanoparticles (b) Eu,O3/TiO;

nanoparticles

Table 4.1 shows the crystallite size (D) of the nanoparticles as calculated from the

XRD patterns, using Debye-Scherrer formula [127] (eq. 4.1)
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D= 0.894
B [ cos@

(4.1)

where X is the wavelength (A = 1.54 A), B is the full width at half maxima of the (101)

peak, and 0 is the corresponding diffraction angle.

Table 4.1 Crystallite size calculated from the XRD pattern using Debye-Scherrer

formula
Sample FWHM 20 D (hm) Phase
TiO, 0.61 25.32 13.14 Anatase
Eu,O05/TiO, 0.65 25.60 12.37 Cubic/Anatase

The crystallite size of the Eu,03/TiO, nanoparticles has been found to be smaller than

the bare TiO, nanoparticles.

4.1.3 Compositional analysis

Further to corroborate the XRD results, EDAX analysis has been carried out. The
distribution of the Ti, O and Eu elements on the electrode surface were evaluated by
EDAX dot-mapping (figure 4.2). The green, red and blue colours, respectively, show
the EDAX dot mapping profile of Ti, O and Eu. It is clear from the EDAX dot
mapping spectrum that the surface of TiO, contains Eu and O, which supports and
confirms the formation of Eu,O3 coating on the surface of TiO, nanoparticles, as
observed in XRD patterns as well (figure 4.1). Moreover, the EDAX spectrum also

confirms the homogeneous presence of Eu,O3 coating on the TiO, surface.
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Figure 4.2 EDAX dot maping spectrum of Eu,O3/TiO; nanoparticles

4.1.4 Morphological study

SEM micrographs of TiO, and Eu,O3/TiO, electrodes (figure 4.3(a) and 4.3(b)), show
the formation of spherical nanoparticles, exhibiting porous nature. An increase in
surface roughness is noticed in case of Eu,O3/TiO, (figure 4.3(b)) electrode, which

leads to enhacement in the dye loading capability.
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Figure 4.3 SEM micrograph of (a) TiO, electrode, (b) Eu,O3/TiO, electrode

As it was difficult to distinguish Eu,O3 coating on the surface of TiO, nanoparticles

from SEM analysis, hence the TEM study was carried out and micrographs are
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shown in figure 4.4(a) and 4.4(b), respectively, for TiO, and Eu,03/TiO,

nanoparticles.
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Figure 4.4 TEM micrograph of (a) TiO,, (b) Eu,O3/TiO, nanoparticles, Histogram of

(c) TiOy, (d) Eu,03/TiO, nanoparticles

The narrow size distribution of the approximately equiaxed particles is well evident
from the histogram in figure 4.4(c) and 4.4(d). The mean size of the bare TiO, and

Eu,03/TiO, nanoparticles has been found to be, respectively, 7 nm and 8 nm.
4.1.5 Optical study
4.1.5.1 Photoluminescence study

Figure 4.5 shows the PL spectra of both the synthesized samples. The emission signal

at 485 nm is attributed to the charge-transfer from Ti** to oxygen anion in a TiOg®
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complex, related with oxygen vacancies at the TiO, surface [128]. The emission peak
at 384 nm corresponds to a direct band emission of TiO,, whereas the emission peak

at 465 nm associates to the emission process related to the presence of oxygen

vacancy defects in TiO, [129]. The peak observed around 421 nm is attributed to the
self-trapped excitons [130]. On exciting the Eu,O3/TiO, nanoparticles at 350 nm, the
Eu®* ions give emission corresponding to the °D,-'F; and °Do-'F, transitions,
respectively, at around 510 nm [131] and 628 nm [132]. A wide band in the 400 to

500 nm region related to anatase TiO, has also been observed.
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Figure 4.5 Room temperature PL spectra of TiO, nanoparticles and Eu,O3/TiO;

nanoparticles

It has been observed from the PL analysis that Eu,Os/TiO, nanoparticles give
emission having lower intensity compared to the bare TiO, nanoparticles. Generally,
PL emission intensity increases with the increasing number of emitted electrons

resulting from recombination between excited electrons and holes, and, consequently,
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decreasing the photoactivity [133]. Electron injection efficiency is reduced by
hydroxyl groups and physisorbed water molecules present on the surface of TiO,
nanoparticles. Eu,O3 coating on TiO, nanoparticles decreases surface OH-groups,
resulting in reduction of the unwanted non-radiative decay pathways, thus increasing
the electron injection efficiency [134]. The decreased intensity of PL signal at 386 nm
inferred that Eu,O3 coating on TiO, suppresses the electron-hole recombination
process on TiO; surface. The strong quenching of photoluminescence is due to the
increase in the separation efficiency of the photogenerated electron-hole pairs. This
enhances the transferring process to the FTO, leading to easier electron transfer
activities. Therefore, it can be anticipated that the performance of DSSC, fabricated

using Eu,03/TiO, nanoparticles, is likely to be better than that of bare TiO, DSSC.

4.1.5.2 Dye desorption study

The TiO, and Eu,O3/TiO, photoelectrodes were immersed in 0.5mM ethanolic
solution of N719 dye (20mL) for 20 hour. In order to compare the amount of dye
adsorbed on the electrode fabricated using TiO, and Eu,O3/TiO;, nanoparticles, UV-
visible absorption study has been performed on the N719 dye desorbed from TiO,
electrode and Eu,O3/TiO, electrode. The dyed film was dipped in 0.1 mM aqueous
NaOH solution for 30 minute so that dye gets desorbed from the surface of the film.
Figure 4.6 shows the UV-visible absorption spectra of N719 dye desorbed from both

the films.
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Figure 4.6 UV-Vis absorption spectra of the N719 dye desorbed from TiO, electrode

and Eu,Os/TiO, electrode

The better adsorption of the dye molecules on Eu,O3/TiO, nanoparticles is expected
to enhance the DSSC performance, as the extent of dye adsorbed decides the
concentration of photogenerated electrons by visible light [135]. The absorbance of
the desorbed dye from Eu,O3/TiO, nanoparticles film has been found to be 72%
higher than that of bare TiO, nanoparticles, which makes the Eu,03/TiO,

nanoparticles a potential candidate for DSSC.
4.1.6 Photocurrent density-Voltage (J-V) characteristics

Figure 4.7 shows the typical J-V curves of the DSSCs fabricated using TiO, and
Eu,03/TiO, nanoparticles. J-V characteristics have been obtained by irradiating the

assembled solar cells with simulated solar light (100 mW cm™).
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Figure 4.7 J-V curves of TiO; and Eu,03/TiO, dye sensitized solar cell

Table 4.2 summerizes the different parametrs short-circuit current density (Jsc), open
circuit voltage (Voc), fill factor (FF) and efficiency (n), as calculated from the J-V
curves. An increase in Jsc, Voc, FF and n has been observed in DSSC fabricated from

Eu,03/TiO, nanoparticles compared to TiO, nanoparticles.

Table 4.2 Photovoltaic parameters as obtained from the J-V curve of DSSCs

Sample Jsc (MA/em?)  Voe (V) FF n (%)
TiO, 5.0 0.39 0.37 0.71
Eu,0s/TiO; 5.7 0.49 0.53 1.48
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The increase in Jsc can be explained by the fact that the amount of dye molecules
adsorbed on Eu,0s/TiO; electrode is higher than the bare TiO, electrode as observed
from dye desorbed studies (figure 4.6). The higher extent of absorption of dye
molecules in case of Eu,O3/TiO; leads to higher Jsc, which results in greater light
harvesting efficiency, and, hence, improves the performance of DSSC [135]. The
coating of higher band gap Eu,O3; (4.1 eV) on TiO, acts as an energy barrier
minimizing the electron-hole recombination by increasing the surface resistance of
TiO, and retarding the back electron transfer to the electrolyte. Therefore,
recombination rate decreases between the electrons in the conduction band of TiO;
and the oxidized dye molecules at the surface of working electrode [45], which
enhances the value of Voc from 0.39 V to 0.49 V. Moreover, the coating of Eu,03
layer on TiO; surface lowers the electron loss between the FTO/electrolyte interface,
which results in increasing the fill factor from 0.37 to 0.53. The efficiency of the

DSSCs has been calculated using (eq. 4.2)

_ Jsc X Vpc X FF
B p

(4.2)
where Pj, is the power of the input light. The efficiencies have been found to be 0.71%
and 1.48% for TiO, and Eu,03/TiO, nanoparticles based DSSC, respectively. Similar
results have been observed using coating of higher band gap material such as SnO;,
CaCOj3 on TiO, nanoparticles by various researchers [68-70]. The enhancement of the

cell parameters (Voc, Jsc, FF) lead to an increase in the overall DSSC efficiency.
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4.2 CaCOg coated TiO; nanoparticles based dye sensitized solar cell

4.2.1 Synthesis of CaCOj3 coated TiO, nanoparticles

For CaCOs coating, firstly, TiO, nanoparticles (synthesis described in 2.2.1.1) were
ultrasonically dispersed in ethanol. In another beaker, 0.02M Na,CO; and CaCl, were
added in water and stirred for 15 minute. Now, this solution was added drop-wise to
the dispersed TiO, nanoparticles. In this technique, the primarily synthesized TiO,
nanoparticles act as nucleation sites for the CaCOg3 coating. To allow the coating to
uniformly form on the particles, and prevent the coating material from being produced
separately from the particles, the coating solution was added drop-wise. Further, the
above mixture was transferred to Teflon container and autoclaved for 4 hour at 100°C.
The particles were washed and filtered. The particles thus obtained were calcined at

300°C for 1 hour, to obtain crystalline nanoparticles.

4.2.2 Structural and phase analyses

The phase present in the synthesized samples has been determined by the use of XRD
(figure 4.8) showing the presence of anatase TiO, with tetragonal structure (JCPDS

No0.84-1286).
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Figure 4.8 X-ray diffractogram of (a) TiO, and (b) CaCO3/TiO, nanoparticles

The XRD pattern of CaCO3/TiO, nanoparticles shows peaks at 29.41° and 42.60°
(marked as * in figure 4.8), which correspond to CaCO3 with hexagonal structure and
rhomb-centered phase (JCPDS card No: 85-0849). The crystallite sizes of the
samples, calculated using Debye—Scherrer formula [127], have been found to be 10.52
nm and 8.23 nm for bare and CaCO3/TiO, nanoparticles, respectively; the crystallite
size of the later being smaller than the bare TiO, nanoparticles. The growth
mechanism for the bare TiO, nanoparticles involves the spreading of the domain
structure throughout the grain up to grain boundaries whereas in case of coated TiO,
nanoparticles, this spread of domain structure is restricted due to the surface coating.
This results in decrease in the crystallite size of coated TiO, nanoparticles [120]. The

presence of CaCO3 over TiO, nanoparticles can be concluded from the XRD analysis.
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4.2.3 Compositional analysis

Further to corroborate XRD results, EDAX analysis of TiO, and CaCOs/TiO;
nanoparticles has been shown in figure 4.9. The EDAX spectra of TiO, nanoparticles
(figure 4.9(a)) reveal the presence of Ti and O elements with atomic percentage
23.86% and 76.14%, respectively. The EDAX spectrum of CaCO3/TiO, nanoparticles
(figure 4.9(b)), reveals the presence Ca, C, O and Ti elements with atomic percentage
0.30%, 25.86%, 56.76% and 17.08%, respectively. It confirms the CaCO3 coating on
the surface of TiO, nanoparticles, observed in XRD patterns as well (figure 4.8).
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Figure 4.9 EDAX spectra of (a) TiO, and (b) CaCO3/TiO, nanoparticles

4.2.4 Morphological analysis

TEM micrographs of TiO, and CaCO3/TiO, nanoparticles are shown in figure 4.10(a,
b). The histograms (inset) show the narrow size distribution of the approximately
spherical particles. The average particle size of the bare TiO, and CaCO3/TiO,
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nanoparticles has been found to be, 6.60 nm and 7.33 nm, respectively. HRTEM
(figure 4.10(c)) has been used to confirm the coating of CaCOj3 on TiO, nanoparticles.
The lattice fringes of TiO, nanoparticles confirm its crystalline nature. The HRTEM
image also confirms the presence of CaCO;3 coating over the TiO, surface (shown by

black line in figure 4.10(c)).
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Figure 4.10 (a) TEM image of TiO, nanoparticles (b) TEM image (c) HRTEM image

of CaCO3/TiO; nanoparticles
4.2.5 FTIR spectroscopy

To confirm the chemical interactions of TiO, with CaCOs, FTIR study has been done
and compared with the FTIR spectra of uncoated TiO, nanoparticles, as shown in
figure 4.12. The spectra of TiO, and CaCO3/TiO; show a band observed at around

3421 cm™' characteristic of non-hydrogen bonded hydroxyl groups; this is because the
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hydroxyl group and adsorbed water dominate the surface chemistry of TiO, [136].
The peak observed in both the spectra at 1632 cm™ is attributed to the bending modes
of adsorbed water [137]. The characteristic vibrations of the inorganic Ti-O stretch
have been observed in the range 400-900 cm™. The FTIR spectrum confirms the
existence of C-O in COs* in the region of 1600 cm™ to 1300 cm™ due to
antisymmetric stretching as well as by the band at 800 cm™ to 600 cm™ due to the out
of plane bending [138]. Overlap occurs between the stretching modes of the Ti-O and
the out of plane bending modes of the COs* band. Two peaks, 1497 cm™ and 1380
cm, corresponding to the asymmetric and symmetric stretching vibrations of O-C-O
have been observed in the spectrum of CaCO3/TiO, nanoparticles, which is due to the
carboxylate group-Ti bridging structure; this confirms the presence of CaCO3 coating

over TiO; nanoparticles [68].
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Figure 4.11 FTIR spectra of (a) TiO; and (b) CaCOs3/TiO, nanoparticles
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In general, the electron injection efficiency is reduced by hydroxyl groups and
physisorbed water molecules present on the surface of TiO, nanoparticles. The
coating of CaCO3 on TiO, nanoparticles leads to reduction in surface O-H groups,
which is evident from slight decrease in the intensity of the O-H band at 3421 cm™.
Consequently, the increase in the electron injection efficiency from TiO, to FTO is

expected, which enhances the overall conversion efficiency (n) of DSSC.
4.2.6 Optical analyses
4.2.6.1 Photoluminescence studies

Due to surface modification of TiO, with CaCOg (figure 4.12), an appreciable change
in the PL emission spectra of CaCO3/TiO, nanoparticles has been observed. The
emission in nanocrystalline TiO, is due to the defects resulting from under
coordinated Ti*" ions, oxygen vacancies, chemisorbed surface species, which result in
the localized intra-band gap states that serve as electron traps. In the emission spectra
of TiO, nanoparticles, the emission peak, 384 nm, corresponds to a direct band
emission of the fundamental band gap of anatase TiO,, whereas the emission peak,
440 nm, relates to the emission process of oxygen vacancy defects in TiO, [129]. The
peak, 421 nm, is attributed to the self-trapped excitons [130], and, the emission signal,
485 nm, to the charge-transfer from Ti** to oxygen anion in a TiO¢® complex, related
with oxygen vacancies at the TiO, surface [128]. The green emission, 530 nm, can be
associated with anion vacancies on the surface of TiO, nanoparticles [139]. In case of
CaCO3/TiO, nanoparticles, the strong quenching of PL emission is due to the increase

in the separation efficiency of the photo-generated electron—hole pairs.
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Figure 4.12 PL spectra of (a) TiO; and (b) CaCOs/TiO, nanoparticles

The PL emission mainly results from the recombination of excited electrons and
holes, and thus the lower PL intensity indicates the decrease in recombination rate.
Also, the electron injection efficiency is reduced by the hydroxyl groups and
physisorbed water molecules present on the surface of TiO, nanoparticles (as
discussed in section 4.2.5). The surface O-H groups are reduced on coating, thus
resulting in reduction of the unwanted non-radiative decay pathways thereby
increasing the electron injection efficiency. This ensures better performance of

CaCO3/TiO, DSSC as compared to the bare one.

4.2.6.2 Dye desorption studies

The TiO, and CaCO3/TiO, photoelectrodes were immersed in 0.3mM ethanolic
solution of N719 dye (20mL) for 12 hour. Figure 4.13 shows the UV-visible

absorption spectra of the desorbed dye obtained from both the electrodes. The peaks
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found near 370 nm and 500 nm correspond to the characteristic absorption of N719

dye.
1.0
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Figure 4.13 UV-visible absorption spectra of the N719 dye desorbed from (a) TiO;

and (b) CaCO3/TiO;, electrode

From the desorbed dye spectra analysis, it has been found that the amount of dye
adsorbed on the CaCOs/TiO, photoelectrode has been found to be higher than that of
bare TiO, electrode. The higher basicity of the CaCOj3 favours the dye adsorption
through the carboxylic acid group of the N719 dye [140]. It is less probable for the
N719 dye to fully cover the TiO, surface without the basic CaCO3 coating due to
intermolecular electrostatic repulsion. Further, the increased dye adsorption facilitates
the enhancement of short circuit current in CaCO3/TiO, based DSSC; since the
current density is influenced by the initial number of photo-generated electron-hole
pairs [117]. Thus, CaCOs/TiO, electrode ensures more efficient photon capturing in
the visible region.
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4.2.7 Photocurrent density—voltage (J-V) characteristics

DSSC fabricated using synthesized nanoparticles have been characterized by
measuring the current density—voltage (J-V) behaviour while irradiating simulated
AM 1.5 sunlight, with a power density of 100 m\W/cm?. Figure 4.14 shows the typical
J-V curves of the DSSC fabricated using TiO, and CaCO3/TiO; nanoparticles. Table
4.3 summarizes the different parameters calculated from the J-V curve viz. open
circuit voltage, short circuit current density, fill factor (FF), and overall energy
conversion efficiency. From the Table, it is clear that, the efficiency achieved by
DSSC, fabricated using CaCO3/TiO, nanoparticles, is 1.44%, and, that of TiO,

nanoparticles based DSSC, 0.46% - an increase in efficiency by over 200%.

5 -
CaCO,TiO,

Current density (mA/cm?)

0 ! | ! | |

0.0 0.2 04 0.6 0.8
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Figure 4.14 J-V curves of the DSSC fabricated using (a) TiO, and (b) CaCO3/TiO;

nanoparticles
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Table 4.3 The different parameters Jsc, Voc, FF and n, as calculated from the J-V

curve
Sample Jsc (MA/em®) Voc (V) FF n (%)
TiO; 2.64 0.50 0.34 0.46
CaCOs/TiO, 4.49 0.71 0.45 1.44

The current density is influenced by the initial number of photo-generated electron-
hole pairs and the electron injection efficiency from dye molecules to semiconductor.
The increase in dye adsorption of CaCO3/TiO, electrode leads to an increase in the
probability of interaction between the photons and the dye molecules, and, thus,
resulting in the generation of more electron-hole pairs. Also, by CaCO3 coating, the
surface O-H groups are reduced resulting in reduction of the unwanted non-radiative
decay pathways; this increases the electron injection efficiency. Thus the current
density of CaCO3/TiO, based DSSC is 70% higher than that of the TiO, based DSSC.
The CaCOj3 being more basic than TiO, introduces the electrostatic field since it
attracts more dye molecules, which can deprotonate the TiO, nanoparticles [141]. The
CaCOj3 coating increases open circuit voltage as its high band gap and high isoelectric
point (IEP) result in reduction of electron recombination [141]. Consequently, the
open circuit voltage increases due to the increased offset between the quasi Fermi
level of TiO, nanoparticles and the redox level of electrolytes. The fill factor reflects
the quality of the electrode and the extent of electrical and electrochemical losses
taking place during the operation of the DSSC. The fill factors for TiO, and

CaCOs3/TiO, have been found to be 0.34 and 0.45, respectively. Due to the reduction
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in recombination between photoexcited carriers in the CaCO3/TiO, electrode and
triiodide ions in the electrolyte, the cell resistance decreases, which, consequently,
increases the fill factor [142]. The increase in short circuit current density, open
circuit voltage and fill factor in case of CaCOs/TiO, based DSSC has led to an

increase in efficiency as compared to TiO, based DSSC.
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Chapter-5

5.1 Conclusions

This chapter concludes the complete work of the thesis. The research work done has
been divided into two main parts:

1. Synthesis of Eu,O3 and CaCO; coated ZnO and TiO, nanoparticles and their
structural, morphological and optical characterizations;

2. Fabrication of dye sensitized solar cells using the synthesized nanoparticles and
their current density-voltage (J-V) measurements.

Four different combinations (Eu,03/Zn0O, CaCO3/ZnO, Eu,03/TiO,, and
CaCO3/TiO,) have been employed for the photoelectrode material in DSSCs. The

summary of the present work is given below:

1. Euy,03/Zn0O based DSSC

e The synthesis of ZnO, Eu,03 coated ZnO nanoparticles have been carried out
by chemical precipitation method and solvothermal treatment.

e The diffraction plane (222) of Eu,03 detected in XRD pattern demonstrated
the existence of Eu,05 on the surface of ZnO, which was further verified using
EDAX and FTIR.

e The strong quenching in photoluminescence emission, in case of Eu,O3/ZnO
nanoparticles, has been attributed to the decrease in recombination rate of
photo-generated electron—hole pairs.

e From the dye desorption study, it has been concluded that as compared to ZnO
electrodes, Eu,0O3 coated ZnO electrodes adsorbed more dye.

e The photoelectrochemical properties of the Eu,03/ZnO electrodes have been
found to improve and the energy conversion efficiency increases from 0.44%
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to 1.45% under the illumination of simulated light of 100 mW/cm?. Eu,Os
coating on ZnO forms an energy barrier, which suppresses the charge
recombination. The significant improvement of the open-circuit voltage has
been ascribed to the barrier layer effect of Eu,Os;, which depresses the
recombination process in DSSC. The improvement in DSSC efficiency has
been attributed to the enhanced dye adsorption as well as retardation of the

back electron transfer.

. CaCO03/Zn0 based DSSC

e For CaCO; coating the synthesized ZnO nanoparticles were treated

hydrothermally.

e XRD patterns of synthesized nanoparticles reveal that the ZnO and CaCOs3-
coated ZnO nanoparticles have, respectively, wurtzite and rhomb-centred

structure and both having hexagonal phase.

e TEM study reveals that ZnO and CaCOgs-coated ZnO nanoparticles possess
spherical symmetry and have average particle size, respectively, 6.2 nm

and 6.7 nm.

e UV-Vis absorption spectra shows that the electrodes fabricated from the
CaCOgs-coated ZnO nanoparticles have higher absorbance that shows their

higher dye adsorbing power.

e DSSCs fabricated using ZnO and CaCOgs-coated ZnO nanoparticles, have
been found to have efficiency respectively, 0.44% and 1.00%. An increase
of over 100% in efficiency has been registered for CaCO3/ZnO based

DSSC as compared to ZnO based DSSC. Coating of CaCO3 on ZnO
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enhances the dye adsorption and consequently its efficiency. This study
reveals that the coating of wide band gap materials such as CaCO3 on ZnO

nanoparticles enhances the efficiency of DSSCs.

Eu,0O3/TiO, based DSSC

TiO, and Eu,O3/TiO, nanoparticles have been successfully synthesized

via sol-gel and their arrested solvothermal process.

XRD of Eu,03/TiO, shows the presence of cubic Eu,O3 and anatase phase

of TiO,, both having body-centred tetragonal structure.

SEM images reveal an increase in surface roughness in case of
Eu,03/TiO, electrode, which lead to enhancement in its dye loading

capacity as compared to bare TiO, electrode.

The decreased intensity of PL intensity of Eu,O3/TiO, sample infers that
Eu,O3 coating suppresses the electron-hole recombination process on

TiO, surface.

DSSC fabricated using Eu,O3; coated TiO, nanoparticles as electrode,
exhibit a higher conversion efficiency, 1.48%, - 52 % higher as compared

to that of the bare TiO; nanoparticles, 0.71%.

Coating of high band gap Eu,O3 on TiO, nanoparticles increases the dye
adsorption, which leads to greater light harvesting efficiency, and, hence,
Jsc increases. Also the coating acts as an energy barrier, which minimizes

the electron—hole recombination at the TiO,/dye/electrolyte interface by
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increasing the surface resistance of Eu,O3 coated TiO, and retarding the

back electron transfer to the electrolyte; this, in turn, increases Voc.

CaCOs/TiO, based DSSC

CaCOg3 coating on TiO, nanoparticles has been successfully done by

hydrothermal method.

In the XRD pattern of CaCOs3/TiO, nanoparticles, CaCO3; has been
detected, demonstrating its coating on the surface of TiO,, which has been

further verified using HRTEM, EDAX and FTIR.

The strong quenching in photoluminescence emission, in the case of
CaCOg3/TiO, nanoparticles, has been attributed to the decrease in

recombination rate of photo-generated electron-hole pairs.

The dye desorption studies reveal that CaCO3/TiO, electrodes adsorbed

more dye than the bare TiO; electrode.

CaCOg3/TiO, based DSSC shows improved photo-electrochemical
properties as compared to the bare TiO, based DSSC. This is due to the
fact that CaCOs; coating on TiO, forms an energy barrier, which
consequently suppresses the charge recombination, and, thus, improves
the overall energy conversion efficiency (1) from 0.46% to 1.44% under
the illumination of simulated light of 100mW/cm?. The increase in Jsc is
attributed to higher dye adsorption of CaCO3/TiO, electrode as compared

to that of the bare TiO, electrode.
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5.2 Future scope

A large number of investigations over the past 20 years have led to significant
advances in the development of DSSCs. In future, work can be carried out to
synthesize nanowires-hollow nanoparticles composites. These nanocomposites can be
employed as photo-anode material for DSSC. The approach of using nanowires (1-D
system) is motivated by the fact that the electron transport and collection are
improved in nanowires compared to the traditional nanostructures based on
interconnected nanoparticles. In addition, the 1-D systems significantly scatter light,
and hence enhance light harvesting efficiency. Moreover, hollow nanostructures show
both light scattering and light trapping, which makes them promising for DSSC
applications. Additionally, hollow nanoparticles with varying size can be employed as

a photo-electrode material in DSSC.
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