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Abstract

The tremendous increase in population and rapid development has created se-
rious threats like energy crisis and environmental degradation. The rising price
of oil (petrol, diesel etc.) is threatening world’s economies and also on the other
hand, the pollution caused by burning of these fossil fuels are causing climate
change which is a major source of environmental concern. There is an immediate
need for the development of environmental friendly energy conversion and en-
ergy storage devices. With enhanced understanding and ability to control and
manipulate nano-synthesis on a large scale, emphasis is now being laid upon
novel applications of such materials. The most investigated of nanosystems are
semiconductor noble metals, quantum dots and functional metal oxides. Dur-
ing the past few decades the work on metal oxides has witnessed considerable
upsurge in the fields such as solar energy conversion, energy storage, water
splitting, catalysis, photocatalysis etc.

In this work we have attempted to bring focus of efficient metal oxides to ex-
plore newer application domains in the field of energy and environment. These
metal oxides can solve the problem of energy crisis as they can be efficiently
exploited in fabrication better performing eco-friendly energy conversion and
energy storage devices. This forms the brief introduction to the thesis and is
presented in Chapter 1. A brief overview of the experimental techniques used
for the synthesis of transition metal oxides is presented in Chapter 2 along with
a general outline of the instruments and methods used for the characterization
of these nanomaterials.

Chapter 3 is dedicated to Mesoporous Single Crystal (msc) T40s for lithium ion
battery (LIB). It comprises of the introduction of msc TiOy and battery, theory
of LIB, synthesis of msc 7703, preparation of electrodes for LIB application,
Characterization result and discussion on synthesized msc 7405, electrochem-
ical measurements to analyze the lithium storage Capability of msc TiO2 in
LIB including half cell studies of Li/MSC TiO5 as well as full cell studies of
L’LMTL204/MSC TiOQ.

Chapter 4 is about optimizing solar efficiency of three important kinds of solar
cell i.e. dye sensitized solar cells (DSSCs), quantum dot sensitized solar cells
(QDSSCs) and solid state solar cells using Zinc Stannate, Zny5nOy4 (ZTO) as
an anodic material. Basically, it contains synthesis of Zinc Stannate nanostruc-
tures, fabrication of ZnsSnQO4 based all three solar cell devices, Zinc Stannate
characterization result and discussion as well as J-V characteristic curves of
Zn2Sn04 based all three solar cells for Performance evaluation.
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Chapter 1

Introduction

1.1 Introduction and Motivation

In this fast growing world energy crisis is becoming one of the most important
problems at a global scale. Today approximately 36 % of energy is obtained
from oil, 24 % from gas, 28 % from coal, 6 % from nuclear source, 6 % from
hydro-power source and 1 % from renewable sources like wind and solar energy.
We have started facing the problem of depletion of available non renewable
sources of energy which are seen in the form of frequent power cut, day by
day increase in the price of diesel, petrol etc. The rising price of oil (petrol,
diesel etc.) is threatening world’s economies and also on the other hand, the
pollution caused by burning of these fossil fuels are causing climate change which
is a major source of environmental concern. Non renewable sources of energy
like coal and petroleum require costly explorations with potentially dangerous
mining and drilling, and they will become more expensive as these sources are
getting exhausted rapidly.

There needs to be immediate shift in our energy sources from non renewable to
renewable energy sources like sun, wind, hydropower, biofuels (that are grown
and harvested without fossil fuels) etc. Renewable energy source is reliable
and plentiful and will potentially be very cheap if technology and infrastructure
regarding its extraction and supply improve. Renewable energy produces very
minute amount of carbon related gases and therefore helps in restoring climate
change caused by fossil fuel usage. If we consider renewable energy sources then
solar energy is the first thing that comes into our mind. Because, every hour
the sun radiates more energy (3 X 1024 J) onto the Earth’s surface than is
consumed globally (3.5 X 1020 J) in one year. To harness the power of solar
energy efficiently, improvements in the efficiency of photovoltaics (solar cell) and
electrical storage (battery) is essential. Because today’s photovoltaic systems are
used to generate electricity to pump water, light up the night, charge batteries,
activate switches, supply power to the utility grid etc. and battery is used to



store the direct current (DC) electrical energy produced by these photovoltaics
in chemical form so that it can be transported easily from one place to another
as well as to deliver a relatively constant supply of power to electrical loads
regardless of the time of day or weather conditions. Therefore improvement in
efficiency of photovoltaic cell and battery is extremely important for our better
future.

1.2 History of photovoltaic cell

The photovoltaic effect was first observed in 1839 by Alexandre Edmond Bec-
querel via an electrode in a conductive solution exposed to light. The first
conventional photovoltaic cells were produced in the late 1954 at Bell Labora-
tories and were principally used to provide electrical power for earth-orbiting
satellites. In the 1980s, photovoltaic cells became a popular power source for
consumer electronic devices like watches, calculators, radios, lanterns and other
small battery-charging applications. After the energy crisis of the 1970s, signif-
icant efforts were made to develop photovoltaic power systems for commercial
and residential uses. To minimize the cost of solar cells for commercial pur-
pose dye sensitized solar cells were given much importance in later years. The
modern version of a dye sensitized solar cell, also known as the Gritzel cell
was invented by Michael Gritzel in 1991 and he has been awarded the 2010
Millennium Technology Prize for this invention. Currently solid state solar cell
is gaining much attention due to its high efficiency achievement.

1.3 History of battery

In 1800, Alessandro Volta described the first electrochemical battery called the
voltaic pile. Voltaic pile consists of zinc and copper plates which were separated
by a brine soaked paper disks which could produce a steady current for a consid-
erably longer time. In 1836, British chemist John Frederic Daniell invented the
Daniell cell which was the first practical source of electricity. In 1868, French
chemist Georges Leclanche designed a wet cell. In 1992, Energizer introduced
world’s first AA Lithium battery.

Nanotechnology which exploits nanomaterials (materials of dimension smaller
than 100 nm) possesses tremendous potential to solve many scientific and tech-
nological challenges faced by mankind to solve the problem of energy generation
and energy storage. Selection of correct nanomaterials is very crucial in this re-
gard. Currently metal oxides are widely used nanomaterials for optoelectronic
applications because of more charge carrier density than any other class of nano-
materials.



1.4 Metal Oxides

Metal oxides are those chemical compounds which contain one or more oxygen
atoms as anion (oxidation state of -2) and one or more metals (same/different)
as cation. The very first question that arises is that why we use metal oxides for
synthesis of various optoelectronic devices and why not metal for this purpose?
The reason is that metal oxides have the advantage over metal electrodes for
low-work-function electrodes. Nanomaterials with lower work functions gener-
ally facilitate faster electron emission because work function is the interfacial
parameter of the surface of a material that determines how easily electrons can
escape into a vacuum or gas environment. The metals that have low work func-
tions, such as calcium (Ca) and magnesium (Mg), tend to be very reactive, and
when in contact with organic molecules they will break the molecule’s chemical
bonds. On the contrary, low-work-function oxides are chemically inert, such as
zirconium oxide (ZrOs) and titanium oxide (7902). Among all metal oxides
transition metal oxides are always preferred because these oxides can be used to
tune electrode work functions in order to maximize V,. (open circuit voltage).
They have a wide range of work functions. For example, oxides of titanium,
zinc, tantalum, and zirconium—such as Ti0sy, Zn0, Tas0s and ZrO,—have
low work functions and can be used as cathode while other oxides of molyb-
denum, nickel, copper, and vanadium—»M 003,NiO, CuO and VoOs—have high
work functions and can be used as anode in optoelectronic devices. Applications
of metal oxides are huge as shown below in fig. 1.1.
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Figure 1.1: Schematic diagram of applications of Metal Oxides




Chapter 2

Experimental and
Characterization Technique

2.1 Synthesis Techniques

Over the decades researchers have developed and adopted various synthesis tech-
niques like hydrothermal method, thermal evaporation, pulsed laser deposition,
spin coating, electrospinning, sol-gel method, chemical vapour deposition etc.
Since the morphologies and properties of nanomaterials and composites mainly
depend upon their synthesis methods and therefore, synthesis of nanomaterials
is the most crucial and challenging step for the efficient use of these nanoma-
terials in several potential applications. Few synthesis techniques that we have
used for synthesis as well as thin film deposition are discussed below.

2.1.1 Hydrothermal method

Hydrothermal reaction can be defined as any heterogeneous reaction in the
presence of aqueous solvents under high pressure and temperature conditions to
dissolve and recrystallize materials that are relatively insoluble under ordinary
conditions. Supercritical water and supercritical fluids (SCF) provide an excel-
lent reaction medium for hydrothermal processing of nanoparticles, since they
allow varying the reaction rate and equilibrium by shifting the dielectric con-
stant and solvent density with respect to pressure and temperature, thus giving
higher reaction rates and smaller particles. The reaction products are to be
stable in SCF leading to fine particle formation. This technique also facilitates
issues like energy saving, the use of larger volume equipment, better nucleation
control, avoidance of pollution, higher reaction rate, better shape control and
lower temperature operations in the presence of the solvent. General structure
of Teflon lined autoclave used for hydrothermal synthesis is shown in fig. 2.1.
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Figure 2.1: A typical Teflon-lined, stainless autoclave. The inset shows the
photo of Stainless steel autoclave with Teflon liner typically used in the labora-
tory

2.1.2 Spin coating

Spin coating is a widely used technique for the thin film deposition of polymer
resist layers which are commonly used in the lithographic patterning process|1].
Spin coating is a process which involves depositing a small amount of a solution
onto the centre of a substrate as shown in fig. 2.2. This is then spun around
at a high speed so that the solution is spread out by means of centrifugal force.
The centrifugal force causes the excess solution to fly off the substrate and
simultaneously, some of the solvent evaporates. The evaporation process raises
the concentration and viscosity of the remaining solution. This high viscosity
prevents the solution from exiting the substrate and a thin film of solution
remains. Continued spinning evaporates the rest of the solvent after which a
thin film of polymer is obtained. Factors such as rotational speed (rotation
per minute i.e. rpm), acceleration, and fume exhaust contribute to how the
properties of coated films are defined.

Vacuum Chuck

Figure 2.2: Schematic picture of spin coating technique



2.2 Characterization Techniques

A detail analysis of properties of the nanoparticles is very much important in
order to employ them for any application. When dimensions of a synthesized
material are reduced to nanoscale then their properties are quite different from
their bulk nature. Structural, electronic and optical properties of a material
drastically change when the size is reduced. Sometimes such changes in the
properties can make the analysis a little complicated. Therefore it is very essen-
tial to choose the appropriate characterization technique which will give precise
and clear information about the nanomaterials under study.

2.2.1 X-ray diffraction (XRD)

X-ray diffraction is a fast, non destructive analytical technique mainly used for
the phase identification of a crystalline material. It also provides information
on unit cell dimensions. XRD patterns are generated from the constructive
interference pattern of elastically dispersed X-ray beams by atom cores. A
constructive interference occurs only for certain 0’s correlating to those planes
(hkl), where path difference is an integral multiple (n) of wavelength as given
by the Bragg’s condition:

2dsinf — n\

Where d is the interplaner distance, ‘0’ is the scattering angle, A\ is the wave-
length of the incident X-ray, and n is an integer (called order of diffraction).
In nanostructures, X-rays peaks are obtained due to diffraction by the oriented
crystallites at a particular angle which satisfy the Bragg’s condition while other
gets cancelled in the form noise. The resulting spectrum is a plot between the
intensity recorded by the detector versus diffraction angle (26). Schematic view
of XRD is shown in fig. 2.3:

Normal to surface
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Figure 2.3: Representation of X-ray diffraction



2.2.2 Scanning Electron Microscope (SEM)

Scanning Electron Microscope uses a beam of electrons focused to a spot of
approximately 1nm in diameter on the surface of the specimen and then scanned
back and forth across the surface. The surface morphology of a specimen is
revealed either by the backscattered (reflected) electrons or by electrons ejected
from the specimen when the incident electrons ejects secondary electrons. A
visual image corresponding to the signal produced by the interaction between
the beam spot and the specimen at each point and along each scan line is
simultaneously built up on the face of a cathode ray tube similar to the way
that a television picture is generated. Schematic diagram of a scanning electron
microscope with its components is shown in fig. 2.4:
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Figure 2.4: Schematic diagram of a scanning electron microscope (taken from
http://www.purdue.edu/rem /rs/sem.htm)

2.2.3 Transmission electron microscope (TEM)

Transmission electron microscope is one of the most powerful techniques for the
characterization of nanostructured materials as it allows one to achieve atomic
resolution of crystal lattices. Due to the attached energy-dispersive X-ray spec-
troscopy (EDS) techniques, it can also be used to obtain chemical and electronic
information at the sub-nanometer scale. The beam is passed through a series
of lenses to obtain the magnified image. The Objective lens mainly determines
the final image resolution. Further, when coupled with SAED (Selected Area



Electron Diffraction), the technique can provide important information on the
crystallographic directions in the structures, helpful to understand the growth
kinetics[2][3].

2.2.4 Diffuse reflectance spectroscopy (DRS)

Diffuse reflectance spectroscopy measurement with a UV-visible spectropho-
tometer is a standard technique for determining the absorption properties of
materials[4]. In DRS mode the samples that are opaque is analyzed by placing
them at the back of an integrating sphere, reflecting light off them, and gather-
ing the scattered light that bounces back. DRS is used to calculate the energy
gap of optically active semiconducting materials which can be determined by
extrapolation of tangent to Tauc’s plots[5] which is given as:

[F(R)h]Y/" = a(hv — E,)
{F(R) is modified Kubelka-Munk function: F(R) = (1-R)?/2R}

Where, R is reflectance measured from DRS of samples, h is Planck’s constant,
v is the frequency of light, « is the proportionality constant, £, is the band gap
energy and n is a number (n =1/2 for direct band gap material while n = 2 for
indirect band gap material).

2.2.5 Solar Cell Efficiency Measurement

Few important terms related to the performance of a solar cell like fill factor and
conversion efficiency are defined by parameters such as short-circuit current Isc
and open-circuit voltage Voc obtained under standard illumination conditions
(AM 1.5).

Open Circuit voltage (Voc) and short-circuit current Isc:

The open circuit voltage (Voc) is the maximum voltage, when the circuit
resistance has caused current to cease flowing. The Voc is measured under the
condition when there is no external load connected, i.e. when the impedance
is low and the current passing through the cell is 0. The short circuit current
(Isc) is the maximum current through the circuit when there is no resistance
(and hence no voltage) and thus it is calculated when the voltage equals 0.

10
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Figure 2.5: General I-V curve for a solar cell along with fill factor and conversion
efficiency.

Fill factor (FF):

It is defined as the ratio of the actual maximum obtainable power to the
product of the short circuit current and open circuit voltage. DSSC with a
high fill factor have a high equivalent shunt resistance and a low equivalent
series resistance, therefore, less amount of the current produced by the cell is
dissipated due to internal losses.

Conversion efficiency (n):

It is defined as the ratio between maximum power generated by a cell and the
incident power Pin. The incident power for efficiency calculations is 1 kW /m2
or 100 mW /cm2 (with an air mass, AM 1.5 spectrum).

Generally instead of I-V curve, we plot J-V curve i.e. voltage (V) vs. cur-
rent density (J) because J-V curve is a normalized curve whose results can be
compared with others result as current density (current per cm? area ) is a
normalized value.

Incident photon-to-current conversion efficiency (IPCE) Measurements:

The performance of a solar cell is quantified by the external quantum ef-
ficiency or the incident photon to current conversion efficiency (IPCE). IPCE
specifies how efficiently the device under test (DUT) ejects electrons for each
photon of a given wavelength. IPCE values provide practical information about
the monochromatic quantum efficiencies of a solar cell[6] (IQE). This value gives
the percentage of photons absorbed by the DUT that are converted into elec-
trons as a function of wavelength. If the absorption spectrum of the device
under test is known, the fraction of absorbed photons can be used to calculate
the internal quantum efficiency The IPCE value corresponds to the photocur-
rent density produced in the external circuit under monochromatic illumination

11



of the device divided by the photon flux that strikes the device. From such an
experiment the IPCE as a function of wavelength can be calculated from

IPCE = d)i
A

Where, e is the elementary charge, J is the current density and ¢, is the incident
photon flux.

2.2.6 Electrochemical measurements for the performance
of Lithium ion battery

Cyclic Voltammetry (CV) Curve:

Cyclic voltammetry is a kind of potentiodynamic electrochemical measure-
ment. In a CV experiment the potential of working electrode is ramped lin-
early versus current (similar to linear sweep voltammetry), however when cyclic
voltammetry reaches a set potential, the potential ramp of working electrode is
inverted. Thus, the potential scans are taken for a particular potential window
in a cyclic manner. The cyclic voltammogram trace is obtained by plotting the
current at the working electrode versus the applied voltage to give. Fig. 2.6(a)
represents a cyclic voltammetry curve in which appearance of a pair of sharp
cathodic and anodic peaks can be seen which corresponds to the faradic inser-
tion and extraction of lithium into anode (say T%0O3). Those sharp peaks appear
at two different voltages although ideally they should appear at same voltage.
This could be due to inefficient extraction of Li+ ion from anode material while
discharging. CV curve provides lots of information about the electrode and
electrode/electrolyte interaction.

J Anodic peak (a ) o
- N 3
X 3 <
W
é 1 § 2
E ] 3
E ] '8 1.5
v 4 Cathodic peak 1
0.5 ” . . !
v T ¥ R P T 50 100 150 200 250
Voltage (V) vs. Li/Li+ Specific Capacity (mAh/g)

Figure 2.6: (a) Cyclic Voltammetry curve and(b) Galvanostatic charge discharge
curve
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Galvanostatic charge-discharge curve:

Galvanostatic charge-discharge measurement is a chronopotentiometric tech-
nique which is used to characterize the electrochemical properties of insertion
materials. Chronopotentiometry is a technique in which a current pulse is ap-
plied to the working electrode and its resulting potential is measured against a
reference electrode as a function of time. In the galvanostatic charge discharge
measurement for a battery; current reversal is used to estimate the specific ca-
pacity and cyclic chronopotentiometries are used to evaluate the cycling stability
of the battery. Fig. 2.6(b) represents a general galvanostatic charge discharge
curve. If we look at the charging profile we can see that it is divided into three
regions.

e The first region (I) is characterized by a potential gain attributed to the
insertion of LiT ion and formation of the conductive Li,TiO5. The extent
of this region is directly proportional to the specific surface area ofthe
Ti05.

e The second region (II) shows a plateau at a particular voltage which is
because of the well-known two-phase mechanism as described above.

e The third region (IIT) shows a sloped curve. This is due to the process
involving surface lithium storage. The extent of this region depends on
the morphology (surface area) of the TiO5.

13



Chapter 3

Mesoporous Single Crystal
T109 for Lithium ion battery
application

3.1 Introduction

3.1.1 Mesoporous single crystal 770,

Titania (7T%02) plays an important role as a photocatalyst and photoelectrode
base material. The band gap of bulk T%0O5 lays in the UV region i.e. 3.2 eV
for the anatase phase. Ti0O exists in to three stable allotropic forms namely
anatase, rutile and brookite. Among all three forms, anatase TiO, has been
known for its high photocatalytic activity for decades[7]. The reason for high
photocatalytic activity of anatase over other polymorphs is due to high con-
ductivity of anatase phase which is also the reason because of which TiOs is
considered as a potential candidate for Lithium ion battery (LIB) application.
Mesoporous nanostructured materials have recently attracted strong interest,
as their mesoporosity offers unique features such as open porosity in often hier-
archical pore structures allows fast access of electrolyte species, reactive gases
and even liquids. Mesoporousity provides the desired highly accessible sur-
faces but many applications also demand long-range electronic connectivity and
structural coherence. A mesoporous single-crystal (MSC) semiconductor can
meet both criteria. Therefore, utilizing properties of mesoporous single crystal
TiO4 for Lithium ion battery application would be advantageous. Conventional
Ti0O2 nanocrystals require in-film thermal sintering to make electronic contact
between particles which also increases fabrication cost. We can use nanosized
TiO5 material which give a very high reversible capacity however a decrease of
volumetric energy density due to connectivity loss between particles by parasitic
reaction with electrolyte has already been reported. Therefore, correct morphol-
ogy seems to be important in determining the electrochemical performance of

14



T'iO2 materials in Li-ion batteries. In this regard, mesoporous single crystals can
acquire attention as mesoporousity provides highly accessible surface area for Li
ion insertion and single crystals allows long range structural coherence as well as
electronic connectivity. It is also very well known that mesoporous materials are
effective in increasing electrode stability particularly at high charge/discharge
rates. Till now lots of report on mesoporous anatase 7705 for application in LIB
has been reported but, no report on MSC (mesoporous single crystal) anatase
Ti0O2 has been reported. For example, mesoporous anatase 7702 via a sol-gel
method from a titanium precursor in the presence of a surfactant at pH 2 has
been synthesized[8] and the excellent rate capability that has been reported|9]
is of 184 mAhg~! at C/5, 158 mAhg~—! at 2 C, 127 mAhg~! at 6 C, and 95
mAhg~'at 30 C. Therefore in this report we synthesized single crystal meso-
porous T'iO4 sample using a reported method and applied it for the Lithium ion
battery.

3.1.2 Battery

Battery is one of the most common energy storage devices. It is also called as
electrochemical cell. Batteries are those devices which store chemical energy
and can convert this on demand to electrical energy in order to power several
electronic applications. In battery electrical energy is generated by the conver-
sion of chemical energy through redox reactions at anode and cathode. Since,
reactions at anode usually take place at lower electrode potential than that of
cathode therefore these are also termed as —ve and +ve electrode respectively.
Specific energy (energy per unit mass) for batteries is much lower than common
fuels such as gasoline. This is somewhat due to the fact that batteries deliver
their energy as electricity (which can be efficiently converted to mechanical
work), whereas using fuels have low efficiency of conversion to work. Batteries
are generally of three types:

1. primary battery which can be discharged only once and then is discarded,

2. secondary battery or rechargeable battery that can be charged several
times and can be reused and

3. batteries specially designed type used for military and medical purposes[10].

Among all the battery types, rechargeable batteries are the most popular and
commonly used batteries because of its recharging nature. There are various
types of rechargeable batteries such as nickel cadmium battery, lead acid battery
and Li ion battery[11] Among all these, Li ion battery with high energy density
and lighter weight has replaced most of the other batteries. Since we have
studied Li ion battery aspects of single crystal mesoporous 105, the focus of
the ongoing discussion is on Li ion battery. We will start with brief introduction
on Lithium ion battery.
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Lithium ion battery (LIB):

Lithium ion battery (LIB) is a kind of rechargeable battery in which lithium
ions (LiT) move from the positive electrode (cathode) to the negative electrode
(anode) while charging and vice versa while discharging. The performance of
Li ion battery largely depends upon the anode and cathode materials. These
batteries use an intercalated lithium compound as a cathode material instead
of metallic lithium (as used in lithium battery). Anodic material should have
very high accessible surface area for intercalation of large amount of lithium
ions (LiT) while charging.

3.2 Theory

While charging negative potential is applied to the negative electrode (anode)
and positive potential is applied to the positive electrode (cathode). Due to
this Li+ starts moving towards the anode side and gets intercalated into the
anodic material which is characterized by the appearance of a sharp anodic peak
in cyclic voltammetry curve. During this anodic material gets reduced. While
discharging, the battery is connected to an external load and the process gets
reversed. Anodic material is oxidized when lithium ions (Li™) get deintercalated
from this anodic material and intercalates back to the cathodic material as
shown below in figure 3.1:

Figure 3.1: Discharge process in a typical lithium ion battery
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The most common Li ion cell consists of carbon as anode and lithium cobalt
oxide (LiC00Os) as cathode. Lithium hexafluorophosphate (LiPFg) salt with
ethylene carbonate organic solvent mixture is used as electrolyte[12][13].

The basic reactions involved in charging and discharging cycles for LiCoOs and
carbon based LIBs are as follows:

At cathode (during charging and vice-versa in discharging)
LiCoOy — Li1_,C009 4+ xzLit + ze~

At anode (during charging and vice-versa in discharging)
6C +zLit +xe” = Li,Cs

Net reaction (during charging and vice-versa in discharging)

LiCoOy + 6C' — Li1—;,C003 + Li,Cs

Since we have synthesized mesoporous single crystal anatase 750 for lithium
ion battery application, therefore very well known LiT insertion/extraction
mechanism in 770> has been explained below.

Lithium insertion-extraction mechanism in anatase T304:

It is well known (both theoretically and experimentally) that during the Lit* in-
sertion, the tetragonal anatase TiOs phase is transformed into an orthorhombic
phase (Lig5Ti03) as:

TiOy + xLit +xze™ — Li, TiO3,0 < 2 < 1

A spontaneous phase separation occurs between lithium-poor Lig g1 TiO5 (tetrag-
onal) and lithium-rich Lig 57Oz (orthorhombic) and this process is character-
ized by a constant voltage. It is well known that the two phases were in equi-
librium with a continuous Lit ion flux operating between them. Besides this
two-phase Li insertion process, an additional insertion process takes place at
the surface of T905 i.e. Li ions are also stored at the surface of anodic ma-
terial besides intercalation. This surface storage mechanism is supposed to be
responsible for the presence of pseudo-capacitance in the TiOy as well as in
other material. It is now known that such mechanisms are strictly related to
the porosity, the dimensions, and the surface area of the T505.
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3.3 Method

3.3.1 Synthesis of mesoporous single crystal 770,

Synthesis of mesoporous single crystal comprises of number of steps which has
been mentioned below one by one.

Synthesis of mesoporous silica template:

50 nm silica spheres were synthesized as reported[14]. In typical synthesis, 49.5
ml of tetra ethyl orthosilicate, TEOS (sigma Aldrich) was added slowly in 375
of ethanol under constant stirring. Then 14ml D.I. water and 11 ml of ammonia
sol. (25%, sigma Aldrich) was mixed and added dropwise to the above solution.
It is constantly stirred for 24 hours at 700 rpm. It is then centrifuged at 7,000
rpm for 5 hours. Finally the product is annealed at 500°C for 30 min. (ramp
time 150 min.).

Seeding of silica template:

Seeding of silica template is done according to the reported procedure[15]. 15
uM TiCly aq. solution is prepared using HCI (1 drop) treated D.I. water (100
ml). 33 ml of the above solution is taken in a beaker and 5 g of the above
sintered silica template is added into it. It is heated at 70°C for 60 minutes
and then washed with 1 liter of D.I. water. Finally, the product is resintered at
500°C for 30 min. (ramp time 150 min.).

Meaoporous single crystal formation:

In 250 ml D.I. water 211.4 ul of HC1 (35%) is added. 40mM Titanium tetra
fluoride solution is prepared by adding 0.24772 g of TiF, in 50 ml of above
solution. 1.67ml of ionic liquid (1-n butyl-3-methyl imidazolium tetrafluorobo-
rate) is added into the above solution under constant stirring. 1 g of the TiCly
treated silica template is added to the above solution; stirred for some time and
then finally hydrothermally treated at 190°C for 12 hours. Obtained product is
washed with DI water several times and then etched for 1 hour in 170 ml of 2M
NaOH solution at 80°C under constant stirring. Finally it is vacuum filtered and
washed twice with D.I. water and twice with ethanol using PTFE filter paper
of 0.2 um pore size.

3.3.2 Preparation of electrodes for lithium ion battery ap-
plication

All electrochemical measurements to check the performance of lithium ion bat-
tery were carried out in a standard 2016 coin-cell configuration. Electrode
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preparation for half cell and full cell assembly has been followed according to
the reference[16].

For the half-cell configurations the composite electrodes were fabricated with 10
mg of accurately weighed msc TiOy or LiMnoO,4 nanofibers (active material),
1.5 mg of teflonized acetylene black (TAB-2) and 1.5 mg of Super P. They
were mixed to form the homogeneous mixture which was then pressed over a
stainless steel mesh (0.25 mm thick) on an area of 200 mm2. It is served as
a current collector. Half-cell assemblies of either Li/T%iO2 mesoporous single
crystal orLi/LiMmn2O4 nanofibers were assembled using metallic lithium (0.59
mm thick) as the reference and counter electrodes.

In the case of full cell assembly, anode-to-cathode mass ratio was balanced
according to the electrochemical performance of anode and cathode in half-cell
configurations. In both full-cell and half-cell assemblies, electrospun PVdF-
HFP (poly(vinylidenefluoride-hexafluoropropylene)) membranes gelled with 1 M
LiPFy in ethylene carbonate (EC)—di-methyl carbonate (DMC) mixture were
added between electrodes. In this PVdF-HFP gel acts as a separator as well as
an electrolyte.
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3.4 Results and discussion

3.4.1 Characterization result and discussion

3.4.1.1 XRD

101 - |

Counts

Figure 3.2: XRD of mesoporous single crystal TiO2 (inset: XRD image com-
parison purpose)

Fig. 3.2 shows the X-ray diffraction (XRD) pattern of the synthesized meso-
porous single crystal anatase Ti05. X-Ray diffraction (XRD) was recorded on
a Philips X’Pert PRO using Cu Ka radiation. The anatase phase of synthesized
TiO5 samples was confirmed from the standard PCPDF database (# 861157).
The inset image is taken from Henry Snaith’s nature paper (doi: 10.1038/na-
ture11936) for comparison purpose. The peak width of the TiO. crystals is
very much narrower which indicates the presence of micron sized crystals. The
approximate particle size of this sample was calculated using Debye Scherrer
formula

_ 0.94)
— BCosb

Where, 7 is the particle’s domain size, X\ is the wavelenth of radiation used,
B is the full width at half maximum (FWHM) and 6is the angle at maximum
intensity.

Debye Scherrer formula gave the approximate particle size of as synthesized
Ti0O5 to be 52 nm.
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3.4.1.2 SEM

Figure 3.3: (a), (b), (¢), (d) are the SEM images of synthesized mesoporous
single crystal TiOy with image magnification of 5 um, 1 um, 500 nm and, 300
nm respectively

Fig. 3.3 (a), (b), (c) and (d) are the SEM (scanning electron microscopy)
images of synthesized msc Ti02 with different magnification. Fig. 3.3 (a)
and (b) with magnification of 5 um and lum respectively is taken to confirm
that all the obtained particles are of same cubical morphology. Fig. 3.3 (c)
with magnification of 500 nm shows the porous nature as well as approximate
size of synthesized T%O2 microcrystals to be 250 nm-2 um. Fig. 3.3 (d) with
magnification of 300 nm is taken to measure diameter of each pore. It can be
seen from this figure that the most of the pores are of the diameter = 20-30 nm
which confirms the presence of mesopores in the nanocrystals. Also the pore size
of mesoporous TiO2 sample matches well with that of size of SiO2 nanoparticles
synthesized to prepare template.
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3.4.1.3 TEM

Figure 3.4: (a) and (b) are the TEM images of mesoporous single crystal 705
with magnification of 0.5 um and 200 nm respectively, (¢) the 5 nm magnified
image of msc TiO, (inset: reduced FFT (Fast Fourier Transform) image of
selected (yellow) region and (d) shows the SAED pattern of synthesized msc
Ti0,.

In order to calculate the lattice parameter as well as to determine the single
crystalline nature of mscTi0s , we have taken transmission electron microscopy
(TEM) images and selected area diffraction (SAED) pattern respectively. Fig.
3.4 (a) and 3.4 (b) are the TEM images of msc 79Oz with 0.5 um and 200
nm scale respectively. Fig. 3.4 (c¢) with inset image (reduced FFT) of selected
region is taken to calculate the dpx; spacing which is 3.7°A for [101] peak. This
d101 peak value is approximately in agreement with the theoretical value. Fig.
(d) shows the SAED pattern of msc 79O . One can see the dot pattern which
implies that the synthesized mesoporous 7705 are single crystal in nature.
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3.4.2 Electrochemical measurements to analyze the lithium
storage capabilities of MSC 7%0, in lithium ion bat-
tery

3.4.2.1 Half cell studies of Li/MSC TiO,
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Figure 3.5: (a) cyclic voltammetry profile of mesoporous single crystal (msc)
Ti04 at a scan rate of 0.1 mVs~! recorded between 1 and 3 V vs. Li in a half
cell assembly, (b) galvanostatic discharge—charge curves of msc 705 at current
density of 150 mAg~—! and (c) plot of discharge capacity vs. cycle number for
msc 17704 recorded in ambient condition

The cyclic voltammetry signature for msc 703 is shown in Fig 3.5 (a). For CV
signature of MSC TiO; , a slow CV scan at a scan rate of 0.1mVs™! is per-
formed and cycled between 1 and 3 V vs. Li. In this half cell assembly metallic
lithium acts as both counter and reference electrode whereas 7705 electrode acts
as working electrode. Cell showed an open circuit voltage (Vo) of 3.0 V. In the
first cycle presence of sharp cathodic (reduction) and anodic (oxidation) peaks
is observed at 1.62V and 2.14V respectively. These reduction (Ti** to Ti3*)
and oxidation (Ti** to Ti**) peaks are mainly because of insertion and extrac-
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tion of Li ion in TiO02 framework respectively. The sharp oxidation/reduction
peaks reveal the two-phase reaction mechanism during electrochemical lithium
insertion/extraction according to the following equilibrium:

TiOs + xLi 4+ ze~ > Li, TiO4 (ref.J17])

However, in the subsequent cycles, small deviations in the peak positions are
noted, possibly due to structural rearrangement of TiO2 crystal lattice as men-
tioned above. Overlapping of anodic peak during cycling corresponds to good
life cycle of msc TiO2 however a small reduction and shift in the cathodic peak
causes a minor capacity loss during successive cycles and is mainly because of
other possible redox reactions happening during electrochemical process.

Fig. 3.5 (b) shows the galvanostatic charge-discharge curve for synthesized msc
TiOs in a half cell assembly. From widely accepted mechanism of Li ion inser-
tion/extraction we know that During intercalation tetragonal form of anatase
TiO5 changes to orthorhombic form according to the following equation:

TiOg + xLi +xe” < Li,TiO, 0 <z <1

Due to this equilibrium exists between the lithium rich (orthorhombic- Lig 5T1O3)
and lithium deficient (tetragonal- Lig 017'iO2) which is characterized by a con-
stant voltage in the charge/discharge profile and has been well reported. Typical
galvanostatic charge/discharge measurement is taken between 1 and 3 V vs. Li
at a charging/discharging rate of 1C (1C =~ current density of 150mAg~!). Ca-
pacity of 220 and 190 mAhg~! is delivered for the first discharging and charging
respectively.

Fig. 3.5 (c) shows the plot of discharge capacity vs. cycle number for synthesized
msc Ti03. The data points in the plot were collected after every 25 cycles. An
irreversible capacity of 150 mAhg~! is achieved which is commonly reported for
anatase TiO,. Importantly the mesoporous 7705 sample when used as working
electrode in half cell assembly gives a stable discharge capacity of 150 mAhg~!
thereby proving the high stability of this material.
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3.4.2.2 Full cell studies of LiMnyO4/ MSC TiO,
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Figure 3.6: (a) Cyclic voltammetry curve (pink curve) of LiMnyO4/TiO2 in
full-cell assembly cycled between 1.6 and 2.5 V at a scan rate of 0.1 mVs~!
(blue curves are plotted to compare the performance of both LiMn2O,4 cathode
and Ti0O5 anode in half-cell assembly for under the same scan rate), (b) typical
galvanostatic charge—discharge curves for LiMnOy4/TiO4 cells in full cell as-
sembly cycled between 1.7 and 2.5 V at various current densities, C rates (1C
is assumed as 150mAhg—! ), (c) rate capability studies of LiMnsO4/TiO3 cells
cycled between 1.7 and 2.5 V at various C rates, and (d) long-term cyclability
of LiMnoO4/Ti04 cells cycled at 2 C rate.

The typical CV curves of LiMnsO4/Ti0O5 in full-cell assembly cycled between
1.6 and 2.5 V at a scan rate of 0.1 mVs~! has been shown in Fig. 3.6 (a).
In this figure, the pink curve is forLiMnsO4/TiO2 full cell which shows the
presence of sharp peaks at 72.32 and 72.0 V during the anodic and cathodic
scans, respectively. The anodic peak corresponds to the extraction of Li-ions
from the cathode and simultaneous insertion of Li-ions into the anode (oxidation
of Mn?* to Mn** and reduction of Ti** to Ti"), whereas the cathodic peak
is ascribed to the removal of Li from the 79O, and concurrent insertion into
LiMn04 (oxidation of Ti** to Ti** and reduction of Mn** to Mn3+)[17].
The presence cathodic and anodic peaks having almost the same area under
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the CV traces corresponds to the excellent reversibility during electrochemical
cycling according to the following equilibrium:

LiMnsOy4 + Ti05 <> 2XMnOs + LiTi04

Since polarization of the anodic MSC Ti02 (AV = 470 mV) in full-cell as-
sembly is much higher as compared to cathodicLiMnoO4/ (AV = 240 mV) in
half-cell assembly due to which the two anodic and cathodic peaks observed in
Li/LiMn2O4 half cell assembly is not evident in case of LiMn20,4//MSC TiO4
full cell assembly[18].

In order to confirm the rate performance, the galvanostatic charge-discharge
experiments were further performed at different current rates (C rates) from
0.1 to 8 C which is shown in fig. 3.6 (b). It be seen that a good reversible
charge capacities are obtained at different C rates which show that MSCT7O4
is a promising material for application in higher power lithium ion battery.
However the decrease in capacitance with increase in C rates is due to the
sluggish diffusion kinetics of Li ions at high rates[19].

Fig. 3.6 (c) shows the rate capabilities of LiMn204//MSC TiO4 cell in full cell
assembly at different C rates. Good rate capability and excellent cycle life with
a capacity Retention is achieved irrespective of the various C rates (from 0.1
to 8C). It is known that with increase in the current rate decrease in capacity
profile is observed this could be possibly because of the fact that the two phase
equilibrium could be achieved for longer time at higher C rate.

Long-term cyclability measurement is performed at 2 C rate in fig. 3.6 (d) and it
is shown in terms of normalized values (the initial discharge capacity 60 mAhg—!
is assumed as 100%). The data points are collected after every 20 cycles. A very
interesting cycling profiles are observed for 1000 cycles with capacity retention of
~70%, which is mainly due to the presence of mesoporousity in the anodic MSC
TiO5 which allows the spreading of electrolyte solution over large accessible area
enabling facile LiT transport properties at high current rates[20].

3.5 Conclusion

In conclusion we synthesized micron sized (200 nm -2 um) anatase 7705 single
crystals using hard template based hydrothermal method. The anatase phase of
TiO5 micro-crystals was confirmed using the x-ray diffraction and the approx-
imate particle size was calculated from Debye Sherrer equation to be (52 nm)
The as synthesized TiO2 powder has cubical morphology which was confirmed
from SEM. The single crystalline nature of 79O was confirmed from the SAED
pattern in TEM. The as synthesized 770> sample was tested for the Lithium
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ion battery performance in both half cell as well as full cell assembly. The
mesoporous single crystal TiOy sample showed a stable and reversible cyclic
capacity of 150 mAhg~! . High performance and good cycling stability have
been obtained for synthesized mesoporous single crystal T0.
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Chapter 4

Synthesis of Zinc Stannate
(Zn9Sn0y) for Solar cell

application

4.1 Introduction

First half year of my project was dedicated to synthesis, characterization and
application of Zinc Stannate (ZngSnO,) nanoparticles for Dye sensitized so-
lar cell (DSSCs), Quantum dot sensitized solar cells (QDSSCs) and solid state
sensitized solar cells.

4.1.1 Zinc Stannate, ZnySn0O, (ZTO)

Zinc Stannate, ZnoSnOy (ZTO) is a ternary wide bandgap semiconductor with
a bandgap of around 3.6 eV (Eg = 3.6 €V), but the precise bandgap energy
depends on the synthesis conditions. It is a transparent conducting oxide with
high electron mobility, high electrical conductivity, low visible absorption, and is
used widely as gas sensors, electrode materials, and photoluminescence materi-
als. It has also attracted considerable interest because of its high photocatalytic
activity. It has face-centered cubic spinel structure[22]. Spinel structure with
general molecular formula AByO, has the structure in which A*2 is in tetra-
hedral sites and two B*3 are in octahedral sites of cubic lattice. Inverse spinel
structure for Zn,Sn0Oy is shown below in Fig. 4.1:
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Face centered cubic inverse spinel Zn,SnO,
Figure 4.1: Face centered cubic spinel structure of ZnySnO,

ZTO nanostructures can be produced using a variety of methods like thermal
evaporation, high-temperature calcinations, mechanical grinding, sol-gel synthe-
sis, hydrothermal reaction, and ion-exchange reaction etc. We have synthesized
ZTO nanostructure using hydrothermal reaction method.

4.1.2 Solar Cell (photovoltaic cell)

Solar cell, also known as photovoltaic cell is an optoelectronic device which con-
verts solar energy into electrical energy by means of photovoltaic effect. Photo-
voltaic effect is basically the generation of a potential difference at the junction
of two different materials in response to irradiation with visible or other radia-
tion. This process consists of mainly three steps:

e The generation of the electron-hole pairs or excitons due to the absorption
of photons by the materials that form a junction.

e Separation of photo generated charge carriers at the junction.

e Collection of these charge carriers at the opposite terminals of the junction.

There are various types of solar cells like dye sensitized solar cell, quantum dot
solar cell, hybrid solar cell, solid state solar cell etc.

Quantum dot sensitized solar cells (QDSSCs)

Quantum dot sensitized solar cells[23] (QDSSCs) are those solar cells which
use quantum dots as a sensitizer instead of dye molecule. Quantum dots have
tunable bandgaps across a wide range of energy levels by changing the size
of quantum dots. This is very beneficial as compared to the bulk materials,
where the bandgap is fixed according to the material composition. This tunable
bandgap property makes quantum dots popular for solar cells. I have used
Cadmium sulphide, CdS as a sensitizer in QDDSCs which is a direct band
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gap semiconductor with a band gap of 2.42 e¢V. CdS has been deposited on
Zinc Stannate films by very well known Successive Ionic layer Adsorption and
Reaction (SILAR) method.

Solid state solar cells

Solid state solar cells are those solar cell which uses solid based electrolyte.
Recently perovskites are used in place of liquid electrolyte. Now a days per-
ovskites based solar cells are gaining much importance because of relatively
higher efficiency and longer life as compared to dye sensitized solar cells. Per-
ovskite is any material which has the perovskite structure i.e. calcium titanium
oxide (CaTiOs3) structure. Perovskite material has general formula as ABX3
(XIT A2+VI B4+ X 27) with oxygen atoms in the face centers of the lattice.

Dye sensitized Solar cells (DSSCs)

A DSSC is an efficient type of thin film photovoltaic cell which mainly consists of
a transparent conductive oxide, TCO layer (Fluorine doped Tin oxide, FTO) on
a glass, a wide-band-gap transition metal oxide (which is the electron acceptor),
a layer of a chromophore sensitizer (molecular dye like N719) that absorbs light
in visible region, a solid-state or a liquid-based redox medium (hole conductor
medium typically an 137 /I” redox couple in a liquid electrolyte), and a platinum-
coated FTO glass (as the cathode). The wide-band-gap transition metal oxide
along with the TCO and the dye (sensitizer) forms the photoanode of the cell.
The liquid electrolyte is sandwiched between the photoanode and the platinum-
based cathode. The structure of a dye sensitized solar cell along with its main
components is shown in fig. 4.2:

- =——3 Conducting glass electrode
. - Pt mirror

Electrolyte with redox couple (I'/ 13" )

TiO, with adsorbed dye

TCO
=—> Conducting glass electrode

i -

Figure 4.2: Illustrates the basic structure of the dye sensitized solar cell (DSSC).
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4.2 Theory

As dye-sensitized solar cells (DSSCs) are promising candidate for renewable
energy sources compared to silicon based or other solar cells due to its low pro-
duction cost, light weight, flexibility, relatively high efficiency and low environ-
mental impact during fabrication etc. its working principle has been explained
below in detail. Working principle of other two QDSSCs and solid state solar
cells are similar to DSSCs.
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Figure 4.3: A TiOy based dye sensitized solar cell with all its component ex-
plaining its working mechanism.

As shown in fig. 4.3 when sunlight falls on cell from anodic side, it passes into
the dye layer through the transparent electrode. The dye molecules absorb the
photons and reach their excited state. The electrons in the excited state can
either recombine with the holes of its valence band or can be injected into the
conduction band of transition metal oxide (semiconductor). Since the electron
injection process occurs faster (picoseconds) than the electron recombination
process (microseconds) it allows charge separation to take place with high effi-
ciency. Hence, dye molecule easily injects electrons directly into the conduction
band of the semiconductor. The holes in the valence band of dye molecule ac-
cept electrons from the electrolyte to regenerate them as neutral molecules. The
electrons injected into the semiconductor then move by diffusion to the anode
FTO coated glass, from where they are moved to an external circuit. It should
be noted that not all injected electrons reach the electron collector of the cell,
because some react with 75 in the electrolyte at the electrode/electrolyte inter-
face. This recombination process results in the decrease of the incident photon-
to-current conversion efficiency. Electrons that successfully flow out through the
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external circuit then return to the cathode (the platinum-coated FTO glass) of
the cell. At the cathode, each triiodide ion, I3 in the electrolyte gets reduced by
receiving two of the e~ returned to the cathode forming three 7~ ions (as shown
in fig. 4.3), which diffuse to the anode side of the electrolyte. At the anode,
the oxidized dye molecules then strip electrons from I~ ions in the electrolyte,
oxidizing the I~ ions back into I; ions, which then diffuse to the cathode to
complete the redox loop. The voltage generated under illumination corresponds
to the difference between electrochemical potential of the electron at the two
contacts, which generally for DSSC is the difference between the Fermi level of
the mesoporous 7O layer and the redox potential of the electrolyte. Transfer
of electrons during cell operation involves following steps:

Ti0s]|S + hv — Ti0-||S* Excitation of dye upon irradiation (1)

TiO5]|S* — Ti05|| ST + e~ Oxidation of dye due to e- injection into TiOs (2)
TiOs|| ST + e~ — Ti0s||S Dye recovers its original ground state (3)
TiOs|| ST + 21~ — TiO,||S + 315 Oxidization of the electrolyte (4)

%Ig +e — %I* Electrolyte restoration at the counter electrode (5)

Iy +2e~ — 31~ Redox reaction (6)

In the field of dye sensitized solar cells the maximum efficiency achieved till now
is 15 % by Gratzel for TiO- based dssc.

4.3 Method

4.3.1 Hydrothermal Synthesis of Zinc Stannate nanostruc-
tures

We have used hydrothermal method for synthesis of Zn,S5nO,4 because it has
advantages over methods, such as a lower reaction temperature and simpler
method for synthesizing nano-sized particles. Synthesis procedure[24] is shown
with the help of diagram given below in fig. 4.4
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0525 g of Zincchloride

+

0675 g of Tin (IV) chloride pentahydrate
added in

o0 mi of DI water/ethylene glycol mixture (1:1 volume)
Kept for stiming

25 ml of 1.3 M tert-butylamine (3.4 ml in 25 ml DI water)
aqg. solution was added to the above solution dropwise

L —4
Stirred for sometime
Obtained slurry was transferred to a 125 ml autoclave

Heated at 180°C for overnight

Obtained product is washed several times to remove extra
ammonia present in product through sedimentation method

Finally the product is dried at 80°C

Figure 4.4: Systematic procedure for hydrothermal synthesis of Zinc Stannate
nanoparticles

4.3.1.1 Preparation of Zn,Sn0O, based paste and electrode for solar
cell device

Preparation of ZnsSnOy4, ZTO screen printing paste[25]

For Solar cell application ZTO paste were made using screen printing method as
shown in fig. 4.5. At each step, liquids were added drop by drop into a porcelain
mortar. It is made in the ambient air at room temperature. The ZnySnOy,
ZTO powders stuck on the inside of the mortar should be removed in order
to grind large aggregates. To disperse ZnsSnO, paste from the mortar, it is
transferred with excess of ethanol to a beaker and stirred with magnet tip.
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| Take 1 g of Zinc Stannate (ZTO) powder and grind in a mortar (15min)

[Add 0.5 ml D.I. water to it and grind in the mortar for & min] X 5 times

[Add 0.5 ml ethanol in the above paste and grind it for 1 min] X 15 times
Transferthe ZTO paste to a beaker with using extra ethanol (3/4 vol. of beaker)

Stir with a magnetic needle (15 min), sonicate with probe sonicator [(2 sec on +
2 sec off) for 15 min], and again stir with the help of magnetic needle for 15 min

Add 3.5 ml of a- terpineol in the above solution

Stir with a magnetic needle (15 min), sonicate with probe sonicator [(2 sec on +
2 sec off) for 15 min], and again stir with the help of magnetic needle for 15 min

Add ethyl cellulose (0.45 g in 10 ml ethanol solution) and stir it for overnight

Probe sonicate it {15 min), then evaporate the ethanol with a rotary evaporator

Figure 4.5: Fabrication procedure of Zinc Stannate (ZTQ) Screen printing paste.

Preparation of nanocrystalline ZnsSn04(ZTO) electrode (anode)

For preparing the working electrode, the FTO glass was used as current collector
(resistance ~ 15 ohm/square). It was first cleaned in a detergent (liquid &
powder) solution using an ultrasonic bath for 15 min, and then rinsed with water,
ultrasonicated for 15 min and finally rinsed with ethanol and ultrasonicated for
15 min. These washed FTO coated glasses were air annealed at 450 °C for 10
minutes. A layer of paste was coated on the conducting side of FTO glass plates
by doctor blade method and kept for drying in normal air. I did 5 layers coating
of ZTO paste on FTOs for best result. It has been optimized by checking solar
cell efficiency of ZTO films with different layer of coatings. Normally 5 layer
coated ZTO thin films are ~ 12-15 um thick. After each coating, films are
subsequently heated and after final coating a sequential heating procedure is
followed which is shown below.

o 1st layer coating of ZTO paste using doctor blade method then dried in
air
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e Heated at 200°C for 10 minutes

e Repeated this drying and heating procedure till final 5th layer coating of
ZTO paste

e Finally sequential heating in programmable Nobertherm furnace is done
as:

1. 200°C for 10 min
2. 325°C for 5 min
375°C for 5 min
450°C for 15 min

ouok w

500°C for 15 min

4.3.1.2 Device fabrication procedure of dye sensitized solar cells

(DSSCs)

For dssc, the films are cooled to 70°C and then dipped into ruthenium based dye
N719 for 12-24 hrs. For DSSCs ruthenium dye N719 as a sensitizer as shown in
fig. 4.6 (a). Then the films are washed with ethanol. Then they are scratched
from its side to get the area of 0.25 cm? at the center of the FTO glass. Then
magsking is done all around this area with the help of cellophane tape so that
the cell does not get short circuit.
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Figure 4.6: (a) Ruthenium dye N719 and (b) typical DSSC in full cell assembly

Platinum (Pt) coated counter electrode (cathode) is prepared by drop casting
H, PtClg solution on a cleaned FTO coated glass. It is then air annealed at
450°C to make a uniform thin film of platinum. To prepare a full cell dye
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sensitized ZTO film (anode) and Pt coated electrode (cathode) are sandwiched
together with an iodine based electrolyte in between them. Typical image of a
dssc in a full cell assembly is shown in fig. 4.6 (b).

4.3.1.3 Device fabrication procedure of quantum dot sensitized solar

cells (QDSSCs)

For QDSSC, 5 layers coated ZTO films have been used for quantum dot sensiti-
zation. Here CdS quantum dots are used for sensitization (as it has a bandgap
of 2.4 €V). In this case also platinum is used as a counter electrode but instead
of iodine based, poly-sulphur based electrolyte is used because cadmium sul-
phides are not chemically compatible with this redox electrolyte. In aqueous
electrolytes the electron flow corresponds to the photoanodic dissolution of CdS
according to the reaction:

CdS — Cd*T + S + 2¢~ (in light)

Apparently CdS is regenerated by precipitation of the Cd?T ions by the S?~ in
the electrolyte. CdS quantum dots were deposited on ZTO films using SILAR
(Successive Ionic layer Adsorption and Reaction) method which [26] is shown
in fig. 4.7.

\

3 / . Finally rinse the film /
& Rinse the dipped %'\1‘ Now dip the film into i

- in methanol to 3
- remove loosely bound °
52- ion and CdS
Quantum dots

Dip the film in Cd2+
solution i.e. cationic § '
precursor for 20 Sec ¥

film in ethanel to .| 52- solution i.e. anionic
¥ removeloosely i Precursor for 20 Sec

ounded Cd2+ ion -0

s W NYa

Cda+
CdaMO3+ Ethanol

(a) (b) (© (d)

The systematic procedure of SILAR (Successive ionic layer adsorption and reaction)
method for the CdS thin film deposition:. (a) cationic precursor (Cd2+), (b) ethanol,
(c) anionic precursor (S2-) and (d) methanol

Figure 4.7 CdS quantum dot sensitization of ZTO thin films using SILAR
method.
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SILAR is a room temperature solution based process that can deposit atomic
layers one layer at a time. The traditional SILAR, cycle for a substrate is: (a)
dipping into cationic precursor solution, (b) rinsing, (c) dipping into anion solu-
tion and (d) rinsing. I prepared 0.02 M Cd(NOs)2.4H50 in ethanol as cationic
precursor solution and 0.02 M Na2S in methanol + D.I. water (1:1 ratio) as
anionic precursor solution. 10 cycles of CdS quantum dots were deposited on
ZTO films with the procedure as shown in fig. 4.7.

4.3.1.4 Device fabrication procedure of solid State solar cell

For solid state solar cell; perovskite (CH3N HsPbI3) was used for sensitization,
spiro-MeOTAD[27] was used as a hole transporter (deposited by spin coating
method) and gold coated electrode was used as a counter. The device fabrication
method has been adopted from reference[28]. The device fabrication was carried
out in a glove box (with humidity <1%). The Zinc Stannate layer composed of
10-20 nm sized particles was deposited by spin coating (for 30 s at 5,000 rpm)
using ZnoSnOy paste (refer fig. 4.5: Fabrication procedure of Zinc Stannate
(ZTO) Screen printing paste). The ZTO films were dried at 125 °C and then
they were gradually heated to 500°C' for 15 min and were finally cooled to room
temperature. Before the use of the films, they were again heated at 500 °C
for 30 min. For preparing C'H3N H3PbI3 perovskite (fig. 4.8 (a)) solution first
of all Pbl, was dissolved in N,N-dimethylformamide at a concentration of 462
mgml~! (71 M) under constant stirring at 70 °C. The ZTO films were then
infiltrated with this Pbls solution by spin coating (for 90 s at 6,500 rpm) and
then dried at 70 °C for 30 min. After cooling to room temperature, these films
were dipped in a solution of C H3 N H3I (in 2-propanol with concentration of 10
mgml~! ) for 20 s. Finally the films were rinsed with 2-propanol and dried at
70 °C for 30 min.

ol . 2 m+
P“"’" CH:NH:PbL; @ r | 0CH 00t

Figure 4.8: (a) Image of a CH3NH3PbI3 (perovskite) molecule and
(b) a Spiro-MEOTAD (2,2’,7,7-tetrakis(N,N-di-p-methoxyphenylamine)9,9’-
Spirobifluorene) molecule.
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The spiro-MeOTAD (fig. 4.8 (b)) was then deposited by spin coating (for
30 s at 4,000 rpm). The spiro-MeOTAD solution for spin-coating was pre-
pared by dissolving 72.3 mg (spiro-MeOTAD), 17.5 wul of a stock solution of
520mgml~1! lithium bis(trifluoromethylsulphonyl)imide in acetonitrile, 28.8 ul 4-
tert-butylpyridine (TBP) and 29 ul of a stock solution of 300 mgml~" tris(2-(1H-
pyrazol-1-yl)-4-tert-butylpyridine)cobalt(iii) bis(trifluoromethylsulphonyl)imide
in acetonitrile in 1 ml chlorobenzene. After this 80 nm of gold was deposited
by thermal evaporation on top of the device to form the back contact.

4.4 Results and discussion

4.4.1 Zinc Stannate characterization result and discussion

The obtained products were characterized with X-ray diffraction (XRD), trans-
mission electron Microscopy (TEM) and diffuse reflectance spectroscopy (DRS).
X-Ray diffraction (XRD) was recorded on a Philips X’Pert PRO using CuK«
radiation. XRD pattern as shown in fig. 4.9 (a) confirms that the product is
pure ZnySn0O,4 with the cubic inverse-spinel crystal structure. The approximate
particle size was determined to be 15nm as obtained from the Debye-Sherrer
equation.
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Figure 4.9: (a) XRD image of ZnsSnO,, (b) DRS curve of ZnsSnO4 and (c)
TEM image of Zn,SnO, nanoparticles.
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UV visible diffused reflectance spectrum was recorded using a Jasco V-570 spec-
trophotometer which is shown in fig. 4.9 (b). From DRS a band-gap of 3.6 €V
was determined for the synthesized ZnsSnO4 nanoparticles. A Low magnifica-
tion TEM shows that the obtained nanoparticles are in the range of 10-20 nm
as shown in fig. 4.9 (c).

4.4.2 Performance evaluation curves for Zn,Sn0O, based
solar cells

4.4.2.1 J-V characteristic curves of Zn,Sn0O, based dye sensitized
solar cells
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Figure 4.10: J-V characteristic of Zn2SnO4 dye sensitized solar cell (a) film
with 1 layer of ZTO coating,(b) film with 3 layer of ZTO coating, (c) film with
5 layer of ZTO coating and (d) film with 7 layer of ZTO coating.

Fig. 4.10 shows J-V characteristics of ZnoSn0O, based dye sensitized solar cells.
We have measured efficiency (1) of ZTO films up to 8 layers but, maximum
efficiency has been achieved for 5 layers which is 4.12 % under 1 sun AM 1.5
illumination.1 layer ZTO coated dssc (fig. 4.10 (a)) shows the lowest efficiency
(n) of 1.23%. The fill factor, FF (72.1%), current density, Js. (2.66 mA/cm?)
and open circuit voltage, V,. (0.51 V) are also lowest among all other dssc with
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different layers of coating. This is because of the reason that 1 layer coated ZTO
film has lesser dye loading as compared to other films hence, number of electrons
ejected by these dye molecules upon irradiation is also less as compared to other
films. Therefore due to the lack of sufficient charge carriers (electrons), solar
efficiency and other parameters have lowest value. 3 layers ZTO coated film (fig.
4.10 (b)) shows intermediate value (between 1 and 5 layers coated ZTO films)
for most of the photovoltaic parameters. 7 layers ZTO coated films (fig. 4.10
(c)) shows lower solar efficiency (2.21 %) as compared to 5 layers ZTO coated
film. This can be due to the increased recombination for higher thickness of the
film. The photoelectron injected in the higher thickness (7 layers) of ZTO has to
travel larger path length which also increases the probability of recombination
with electrolyte. Therefore, number of electrons actually reaching the collector
gets significantly reduced which in turn gives lower efficiency.
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Figure 4.11: Comparison of solar cell parameters vs. no. of ZTO coated layer,
(a) is a plot for comparing maximum obtained current density, Js. vs. no. of
layers and (b) is a plot for efficiency comparison.

Curves in fig. 4.11 show the dependence of photovoltaic parameters like current
density and solar cell efficiency on the thickness of Zn2SnO4 (ZTO) coated
through doctor blade method. Fig. 4.11 (a) and 4.11 (b) are plotted with the
values obtained from the above J-V characteristic curves for different number
of ZTO coated dye sensitized solar cells. It can be clearly seen that the best
performance has been obtained for five layers coated cell. In conclusion we
optimized the thickness of ZTO films in order to get maximum photovoltaic
performance. The optimized ZTO films were then also tested for quantum dot
sensitized solar cells described below.

4.4.2.2 J-V characteristic curve of Zn,Sn0, based quantum dot sen-

sitized solar cells
A photocurrent density of 3.4 mA/cm?, open circuit potential of 0.37V, a fill

factor of 45.9% and overall power conversion efficiency of 0.61% was obtained
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Figure (left) shows the J-V characteristic

curve of Zn:5nQ4 based CdS quantum

1 Jsc:3.39 mA/em® ey
dots sensitized solar cell under 1 sun

current DensityimA/cm’)

104 Voc:0.37V
.o ] FF:45.9%
Eff:0.61% 1.5 AM illumination. Maximum efficiency
p 00.0 n'i 0.'2 0!3 0'.-!
Volage(V) has been achieved for 10 cycles of CdS
J-V characteristic curve of Zn.Sn04based deposition which is 0.61 %.

QDSSC with CdS as sensitizer.

Figure 4.12: J-V characteristic curve of Zn,5n04 based QDSSC with CdS as
sensitizer.

for ZTO (5layers) and 10 SILAR cycles for CdS.

We have measured efficiency () of 5 layers coated ZTO films sensitized with
CdS quantum dots up to 12 SILAR cycles but, maximum efficiency has been
achieved for sensitization of 10 SILAR cycles.

4.4.2.3 J-V and IPCE curves of Zn2Sn04 based solid state sensitized
solar cells

Liquid electrolyte based sensitized solar cells suffer from the drawbacks of sealing
the device as improper sealing can lead to decrease in efficiency as well as it can
cause the electrolyte to leak in the environment causing possible environmental
hazards. Therefore there have been tremendous efforts so as to replace the liquid
electrolyte with a solid state p type hole conductor. Also the photocurrents in
liquid state DSSCs are limited by the absorption coefficient and light harvesting
ability of the photo-sensitizer. Recently organo-metal halide perovskites were
shown be much better light harvesting agents as compared to dyes because
of their high absorption coefficient. Also a solid state p type hole conductor
Spiro-MeOTAD was employed in the organometal halide sensitized solar cells
making them promising alternative over the liquid electrolyte based DSSCs. The
organometal halide perovskite sensitized solar employs similar design as DSSC
in which the metal oxide plays the role of electron transport layer, perovskite
plays the role of light absorber and the organic hole conductor plays the role
of hole extraction layer. Herein we prepared the organometal halide perovskite
based solid state solar cells with ZTO as electron transport layer. High electron
mobility and transparency of ZTO makes it an attractive candidate for these
solid state solar cells.
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We measured the J-V characteristics curve of the ZnsSnO4 based solid state
solar cells under simulated air mass 1.5 global (AM1.5G) solar irradiation (light
intensity of 95.6 mWem—2). Curves shown below in Fig. 4.13 [(a), (b) and (c)]
are J-V curves measured for cells in which Zn,S5n0O, was spin coated at 2,000,
4,000 and 5,000 rpm so as to vary the thickness of metal oxide based electron
transport layer. We can see the best performance is obtained for 4,000 rpm spin
coated device (fig. 4.13 (b)) in which the short-circuit photocurrent (J.), the
open-circuit voltage (V,.) and the fill factor are 9.4 mAem =2, 0.95 V and 56.3
% respectively. The maximum efficiency achieved in this case is 5.02 %.
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Figure 4.13: (a), (b), (c) the J-V characteristic curves of Zn2SnO4 based solid
state solar cell where ZnsSnQO, was spin coated on FTOs at 2,000, 4,000 and
5,000 rpm respectively and (d) shows the IPCE spectrum for the best performing
cell i.e. (b).

Fig. 4.13 (d) shows the external quantum efficiency or the incident-photon-to-
current conversion efficiency (IPCE) spectrum for the best performing Zn,SnO4
based perovskite solar cell. Generation of photocurrent starts at approximately
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790 nm which is in agreement with the bandgap of the C H3 N Hs Pbl3. It reaches
peak value of 48% in the short-wavelength region (= 370 nm) of the visible spec-
trum. Therefore the organometal lead halide can act as a better light harvesting
agent as compared to dyes used in DSSC.

< asl
E [a] — 0850
= >
< ool e
g o
. 0945
%8st g
2 ol £
g > 0940
& =
- 15k 3
£ S o3
E 10} ot
5 s
= o
£ 85 O pa30
E A A A i
5.0 . i " A : i L "
2000 2500 3000 3500 4000 4500 5000 2000 2500 3000 3500 4000 4500 5000
Number of rotations per minute for coating Number of rotations per minute for coating
]
5.0
56 (c) (d)
54 45
E e
w EA
w50 =
= =)
2 u g 35
Qo 5
a E
= Ew
[T
44
25
4z
i " " g " " . o " - a : e .
2000 2500 3000 3500 4000 4500 5000 2000 2500 3000 3500 4000 4500 5000
Number of rotations per minute for coating Number of rotations per minute for coating

Figure 4.14: Plot of various parameters vs. number of rotations per minute used
for coating of ZnSnQy, (a) comparison plot for maximum obtained current den-
sity, Jse, (b) comparison plot for maximum obtained open circuit voltage (V..),
(c) comparison plot for maximum obtained fill factor value and (d) comparison
plot for maximum obtained solar cell efficiency.

Curves in fig. 4.14 are plotted to show the dependence of parameters like cur-
rent density (4.14 (a)), open circuit voltage (4.14 (b)), fill factor (4.14 (c))
and solar cell efficiency (4.14 (d)) on the number of rotations per minute used
for making films of Zn,SnO,4 through spin coating method. We can see the
best performance for all the four cases have been obtained for the solar cell in
which Zn,SnQO, is spin coated at 5,000 rotations per minute. Hence, material
thickness is an important factor which determines the performance of a solar
cell. Therefore an impressive photovoltaic efficiency of 5% was obtained with
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Zn9SnOy as electron transport layer in perovskite based solid state solar cells.

4.5 Conclusion

In conclusion we investigated the Zn,SnOy as electron transport layer in sensi-
tized solar cells with liquid as well as solid state hole conductors. In particular
the thickness of Zn,SnO,4 were optimized to obtain a maximum power conver-
sion efficiency of 4.12% with N719 as sensitizer and I-/I3- as electrolyte. We
also checked the quantum dot sensitized solar cells based on ZnySn0O, as elec-
tron transport layer and CdS as sensitizer. The photovoltaic performance of
CdS sensitized solar cells however was lower possibly because of poor light har-
vesting ability of CdS or increased recombination at the CdS-electrolyte inter-
face. We further investigated the use of Zn,Sn0O, as electron transport layer in
organometal halide perovskite (C H3 N H3 PbI3) sensitized solid state solsr cells.
The spin coating speed in rpm was optimized to obtain optimum photovoltaic
performance. An impressive photo-conversion efficiency of 5% was achieved in
Zn2Sn04 based perovskite sensitized solid state solar cells which is among the
highest value obtained for ZTO as electron transport layer.
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Chapter 5

Future Scope

5.1 Mesoporous single crystal 770,

As we have seen in Chapter 3 that mesoporous single crystal (msc) T%iOois
an excellent material for Lithium ion battery application. This mscTiO2 has
highly accessible surface area therfore it can be also used in other applications
such as super capacitors, gas sensors, photovoltaics etc. Further we can make
composites of msc TiOswith other functional materials like graphene, g-C3 Ny,
Fe304etc. to tune its opto-electronic properties. We can also functionalize
pores of this material with carbon or carbon nanotubes in order to enhance its
electronic conductivity. Further, the method used for its synthesis can also be
used for synthesis of single crystal of other materials like Cus0, Cd3SnOy etc.
which are also potential candidates in the field of optoelectronic devices.

5.2 Zinc Stannate (ZnySn0O,) nanostructures

We have seen that ZnsSnOgcan be efficiently used in dye sensitized as well
as solid state sensitized solar cells. However the efficiency of ZnoSnO, based
sensitized solar cells is lower as compared to the benchmark Ti05. There-
fore in order to improvise the efficiency further the origin of lower photovoltaic
performance of ZnsSnO4 can be investigated using electrochemical impedance
spectroscopy and transient opto-electronic measurements. We can also exploit
this material in other applications like supercapacitor, water splitting, photodi-
ode etc. We can make composites of ZnsSnO,4 with other spinel (say Mn3Oy)
or anti spinel (say FesO, ) materials to tune its electrical and magnetic prop-
erties. For example ZnySn0,/Fe3Oscomposite can be used as a magnetically
separable photocatalyst.
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