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Abstract

Population growth signi�cantly expanding the boundaries of residential areas and

living standard for the mankind on the globe which further increases huge demand

of electricity consumption. To meet the tremendous growth in energy consumption,

electricity production through renewable energy resources can be considered as a

fastest-growing energy sources to meet the demand of rapid growth of electricity

generation. The Sun is the source of energy (clean and free) available to mankind

which is pervasive, readily available and renewable. Unlike fossil fuels, which are

found only in a few areas, solar energy is freely available in every part of the world.

Thus, all countries can bene�t signi�cantly from solar energy, regardless of their

geographical position. So, it is essential to harness the sun's irradiation to produce

electricity. Solar cell technology is one of the suitable technologies to harness the

solar energy to produce power. Among the various solar cell technologies such as sil-

icon solar cell, dye-sensitized solar cell (DSSC), organic photovoltaic, quantum dot

solar cells and perovskite solar cell, DSSC solar cell technology is adopted because

of its attractive features such as low cost, high power conversion e�ciencies under

cloudy and arti�cial light conditions, o�er transparency and optimum performance

to cost ratio.

DSSC has a sandwiched like architecture based on key components: working elec-

trode (photosensitive dye adsorbed on nano structured metal oxide semiconductor

based electrode), a liquid redox couple and counter electrode which plays important

role to achieve optimized photovoltaic (PV) performance. On light irradiation, the

charge collection e�ciency of DSSC depends on generation-recombination and trans-

portation of charge carriers, dye of suitable energy band gap with a larger optical

absorbance, charge transfer process at electrode/dye/electrolyte interface and losses

of charge due to kinetics role of working electrode's light absorptivity/energetics of

dye and transportation of redox ions.

In order to improve the e�ciency of the DSSC, it is required to optimize the charge

transport properties of the key components of DSSC. This research work is mainly

focused on optimizing the properties (thickness and morphology) of working elec-

trode (WE) of the DSSC sin order to achieve the optimized PV performance.

An highly crystalline TiO2 powder consisting of morphologically rice-like nanoparti-
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cles is synthesized by a simple hydrothermal process using a premixture of titanium

isopropoxide, ethanol and aqueous ammonia. An e�cient mechanism decoupling

hydrolysis and condensation promotes the formation of a rice-like morphology. As

the average particle size and BET properties of nanorice-like TiO2 were found to

be quite similar to a commercially available TiO2 (Degussa P25), their photoelec-

tric properties were compared as a DSSC electrode. Under 1 sun irradiation the

photovoltaic e�ciency of nanorice-like TiO2 was measured to be ca. 20 % higher

in contrast to the mediocre e�ciency (∼5.45 %) of P25. We suggest that together

with a generally exploited reference, such nanorice-like TiO2 could also be adopted

as a model material for various applications.

A comparative investigation involving experimental and modelling-simulation is car-

ried out to maximize the photovoltaic conversion e�ciency (η) of a DSSC device as-

sembled using N719 dye, an iodide redox liquid electrolyte and TiO2 electrode. The

measured current density-voltage (J-V) characteristics under 1 sun condition of a

pre-assembled DSSC is simulated in a tiberCAD based microscopic model (TCMM)

along with single-diode based macroscopic model (SDMM). The calibrated model

parameters are then utilized for predicting a maximum η of a DSSC belonging to

an unknown electrode's thickness (L). The microscopic simulations provided a good

qualitative nature of J-V characteristics curves for di�erent L and η values. A com-

plete and best J-V curve �tting is achieved using a TCMM by incorporating an

unaccounted series resistance of a FTO substrate. Particularly, model simulated J-

V characteristics matches perfectly well to experimental results of a post-assembled

DSSC device (η ∼ 5.46; L∼12.0 µm) with a tolerable error (<0.1 %).

The theoretically modeled equations de�ning various bulk and interface impedances

are incorporated with EIS spectrum analyzer software to �t the simulated EIS curves

with experimentally measured EIS curves to evaluate the charger transfer and re-

combination properties of the assembled DSSCs. EIS �tting parameters investigated

to study the impact of WE thickness on the charge transport properties of assembled

DSSC. It is observed that the charger transfer resistance at TiO2/electrolyte inter-

face (Rk) and series resistance (Rs) are reduced from 8 Wcm2 −→ 4.05 Wcm2 and

14.5 Wcm2 � 10.06 Wcm2 respectively which shows consistency with improvement

in electron life time (τ e) from 5.8 ms � 12.4 ms for increasing WE thickness, L =

3 µm � 12 µm. The combined impact of signi�cant reduction in Rk and Rs along

with improved trend of τ e can be considered as major factors for e�cient electron

injection across Dye/TiO2 interface hence increases short circuit current (Isc) from

1.485 mA � 2.365 mA and photovoltaic conversion e�ciency (η) from 3.55 % �

5.46 % for L = 3 µm � 12 µm, respectively. Moreover, a remarkable increment in

η (∼45 %), τ e (∼56.3 %) and a noticeable reduction in Rk(∼38.75 %), Rs (∼23.8
%) are observed for WE variations (L = 3 µm � 6 µm).
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Chapter 1

Introduction

1.1 Global Demand of energy

One of the most important and biggest problems mankind facing today is the incred-

ible increase in energy use. The United States Energy Information Administration

(EIA) reported that world's energy consumption will increase by nearly 50 % be-

tween 2018 and 2050 as clearly seen from Figure 1.1 The large fraction of increase in

energy consumption comes from those countries which are not listed in Organization

for Economic Cooperation and Development (OECD), and this growth is focused

in regions where demand is driven by the strong economic growth, particularly in

Asia [1].

Figure 1.1: Global primary energy consumption by region (2010-2050) [1]

World industrial sector energy (WISE) usage will get increased by more than 30 %

between 2018 and 2050 due to the increment in of good's consumption as clearly
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seen from Figure 1.2. The industrial sector comprises of manufacturing, agricul-

ture, construction, re�ning and mining, bags largest share of energy consumption

throughout the projection period (2010-50). It is clearly projected that consumption

for WISE is predicted to get reached to 315 quadrillion British thermal units (Btu)

by 2050.

Increase of nearly 40 % in transportation energy consumption (TEC) can be pro-

jected from the reports for 2018-2050. This signi�cant increase in TEC is largely

driven by non-OECD countries, where TEC will increase by nearly by 80 % between

2018 and 2050. The growth in personal travel and freight movement can be con-

sidered as two major factors responsible for signi�cant energy consumption in these

countries as compared to OECD countries. Reports also suggested that energy con-

sumption for residential and commercial of the sector will increase by 65 % in the

projected period, i.e. from 91 quadrillion to 139 quadrillion Btu. Moreover factors

like urbanization, rising income, and e�ciently access to electricity will also lead to

rising demand for energy [1] .

Figure 1.2: Global energy consumption by sector (2010-2050) [1]

To meet the tremendous growth in energy consumption, it is also projected that

79 % of increment in electricity generation is projected for 2018-2050 as mention in

Figure 1.3. Population growth over the projection period will signi�cantly expand

the boundaries of residential areas and living standard for the mankind belongs to

non-OECD countries. Hence give rise to huge demand for electrical appliances which

further lead to raise the electricity consumption. The development electric vehicles
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and rail expansion entering in the �eet of transportation sector is one of the major

factor which increases the demand of electricity in the projection period.

Figure 1.3: Global net electricity generation and usage by sector [1]

Figure 1.4: Global primary energy consumption by energy source (2010-2050) [1]

Electricity production through renewable including solar, wind, and hydroelectric

power can be considered as a fastest-growing energy sources to meet the demand

of rapid growth of electricity generation. Renewable energy resources will be sur-

passing the petroleum and other liquids to become the most used energy source

in projected period (2018-50) as clearly depicted from Figure 1.4. The Worldwide

annual energy consumption will get increased by 3.1 %, 0.6 %, 0.4 % and 1.1 %

in renewable, petroleum and other liquids, coal and gas consumption respectively

between 2018 and 2050. This trend clearly indicates that human being will more

rely on renewable energy resources to full �ll the energy needs. The increase of more
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than 40 % is projected for consumption of global natural gas and net consumption

will get reached nearly to 200 quadrillion Btu by 2050. Along with manufacturing of

chemical and primary metals, oil and natural gas extraction also account for growing

industrial demand. Moreover the demand of global liquid fuels consumption may

get increased by more than 20 %, and total consumption reaches more than 240

quadrillion Btu in 2050 (Figure 1.4) [1].

The rapid use of non renewable energy resources (fossil fuels) such as petroleum,

coal and natural gas has radically increased in 21st century as compared to the rate

of formation of fossil fuels which leads to complete consumption of the fossil fuel

reservoir. Hence, providing sustainable energy to mankind will be one of the major

challenges. According to the Kyoto Protocol CO2 emission has to be reduced and

this should be done by utilizing less fossil fuel. Hence, the CO2 problem is another

reason why new and environment friendly renewable energy resources are required

to be taken into account.

Our capability to meet the future needs of energy lies in the utilization of renewable

sources. Among the several kinds of renewable energy sources like solar energy, wind

power, hydroelectricity, bio-mass energy, geo-thermal power, and wave/tidal power

solar energy can be considered as one of the most promising energy source as the

sun irradiates 165 thousand terawatt (TW) of power each day to the surface of the

earth. It would be enough to match our global energy requirement by harnessing

the freely available energy direct from the sun.

1.2 Solar Energy : Source of Renewable Energy

Solar power is an energy directly received from the sun that can be converted into

thermal or electrical energy as per various requirement and applications. Solar

energy is the environmentally friendly and freely available most abundant renewable

energy source existing for the mankind.

1.2.1 Solar spectrum

The Sun is a source of black body (BD) radiation emitting everlasting amount of

energy at 5500 degree K with very wide spectrum, stretching out from the X-rays
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wavelength (0.01 nm � 10 nm) to Radio wavelength (> 1 mm) with the spectral

irradiance peak at 525 nm. Along with protecting the earth surface from excessive

high energy radiation [2], the Earth's atmosphere also transform the pro�le of the

solar spectrum as shown in Figure 1.5 .

Figure 1.5: Solar irradiance spectrum reaching at the earth's atmosphere
[2]

The earth's atmosphere provides attenuation to the solar spectrum which depends

on the atmospheric thickness (path length; PL) covered by the sun rays reaching the

earth's surface. The air mass coe�cient (AM) de�nes the direct optical path length

through the Earth's atmosphere, expressed as a ratio relative to the path length

covered vertically upwards, i.e. at the zenith. The AM is used to characterize the

solar spectrum reaching at the earth's surface after absorbing the solar radiation by

the atmosphere. For a path length L through the atmosphere, and solar radiation

incident at zenith angle z relative to the normal to the Earth's surface (Figure 1.5),

the air mass coe�cient (AM) is given by eqn.1.1, where L0 is the path length at

zenith (perpendicular to the Earth's surface) at sea level.
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Figure 1.6: Solar radiation incident at angle z relative to the normal to the Earth's
surface representing the air mass coe�cient (AM)

AM = L/L0 ≈
1

cosz
(1.1)

AM0, meaning 'zero atmospheres,' is the spectrum outside the atmosphere, and

AM1 is means that the sun is radiating directly perpendicular to the earth's surface

(z = 0°, relative atmospheric thickness = 1; (L/L0), where AM1.5 means relative

atmospheric thickness (L/L0) is 1.5 appears at z = 48.2°. Most of the earth's

population is living at the latitudes where the sun radiates its energy is located

at the angle is close to z = 48.2° throughout the year. Therefore overall annually

standard solar irradiation reaching at the earth's surface can be represented by

parameter AM1.5 which further can be opted as a standard potential parameter for

photovoltaic (PV) measurements of solar cells [3].

1.2.2 Harnessing of Solar Energy

Solar technologies can harness solar energy for a variety of uses, including power

generation, lighting or comfortable indoor environments, and domestic, commercial

or industrial water heating. A simple and elegant way to harness the energy of
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the sun is photovoltaic (PV) technology. PV devices (solar cells) are unique in

that they convert the incident solar radiation directly into electricity, making them

robust, reliable and long-lasting without noise, pollution or moving parts. Solar

cells have found in various application such satellites and space missions, solar car,

solar water irrigation and solar power supply etc. This has led to a strong research

interest for discovering new ways to use cheaper and more e�cient techniques for

solar energy.

1.3 Types of solar cell technology

In Photovoltaic (PV), photo means light and volt means to measure the electricity.

In 1983, Becquerel reports the PV e�ect by observing a system where a current was

�owing across two metal electrodes (Ag) immersed in an electrolyte solution upon

light irradiation [4]. Based on the parameters; property of photosensitive material,

components of PV system, optimum photo conversion e�ciency available, and cost

of PV power generating system, Martin Green has classi�ed PV solar cells and their

technology into three major categories described below.

1.3.1 First Generation of PV systems: 1970s

Silicon is one of the most abundant elements on earth (20 % of the earth's crust)

and found in the form of silica sand (SiO2). The abundant nature of silicon makes

it an attractive material for semiconductor industry. These PV cells are used man-

ufacture from crystalline silicon (c-Si) based semiconductor material suitable for

PV applications, with energy band gap of 1.1 eV. Crystalline silicon solar cells are

further classi�ed into two main types on the basis of silicon wafers manufacturing

process [5] shown in Table 1.1.

Table 1.1: Classi�cation and performance of 1st generation solar cells

Sr.No Type of c-Si solar cells Silicon Wafer purity E�ciency
1 Monocrystalline solar cells (Mono c-Si) Highest-grade silicon 20-25 %
2 Polycrystalline (Poly c-Si) Lower silicon purity 13-16 %
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1.3.2 Second Generation of PV systems: 1980s

Conventional technologies employed for manufacturing crystalline silicon for PV ap-

plication deal with various complex processing steps and required great deal of work.

In the 2nd generation, a few micrometers thick of multilayer of semiconductor mate-

rials are deposited on low-cost substrates such as glass, �exible plastic or stainless

steel while retaining the �rst generation of PV e�ciencies. As a result, in order to

absorb the same amount of sunlight, they need less semiconductor material to make

due to its better light absorption coe�cient. Furthermore, it is possible to pack

thin �lms into compact and lightweight structures. Table 1.2 lists the commercially

developed thin �lm solar cells [6, 7]:

Table 1.2: Classi�cation and performance of 2nd generation solar cells

Sr.No 2nd Generation solar cells E�ciency
1 Amorphous silicon (a-Si) 6-7%
2 Cadmium Telluride (Cd-Te) 15.8 %
3 Copper-Indium-Selenide (CIS) 7-16 %
4 Copper-Indium-Gallium-Diselenide (CIGS) 20.3 %

1.3.3 Third Generation of PV Systems: 1990s

Though the theoretical upper limit for converting sunlight to energy is 33% for a

conventional solar cell, the Carnot limit is approximately 95% for the same. This

opens the possibility to increasing the e�ciency of solar cells by two to three times

if various strategies for raising e�ciency without incurring excessive expenses can

be implemented. There is a lot of research going on to develop low-cost semicon-

ductor materials that can have their bandgap regulated for maximum performance,

allowing to adjust the absorptive properties of the solar cell. This is what third gen-

eration solar cells have attempted for alternative materials to harvest solar energy.

In recent years, new solar cell concepts have been introduced to enhance PV perfor-

mance. Cells of the third generation are less commercially sophisticated 'emerging'

techniques. Organic Photovoltaics (OPVs), Copper Zinc tin sulphide (CZTS), Per-

ovskite solar cells, Dye-Sensitized Solar Cells (DSSCs), and Quantum Dot solar cells

are all designed to combine the bene�ts of �rst and second generation systems. These
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technologies are expected to play a signi�cant role in fast-growing PV areas due to

low-cost materials and easy manufacturing and classi�cation with the performance

measuring parameters are listed in Table 1.3 [8].

Table 1.3: Classi�cation and performance of 3rd generation solar cells
Sr.No 3rd gener-

ation solar
cells

Material
based

E�ciency Charge
Injection
Process

Advantage Limitations

1 PV
technology
with
concentrators

Silicon-
based cells

20%-25% At the
interface
of Si semi-
conductor
junctions

Less PV
material,
hence less
cost;
Higher pro-
ductivity
throughout
the day due
to tracking

Lense �tted
solar
trackers
increases
architec-
ture's
complexity)

Multi junc-
tion solar
cells using
III-V

40% At interface
of multiple
junctions

2 Dye Sen-
sitized
Solar Cells
(DSSCs)

Dye adsorb
on nano
structured
semicon-
ductor
material

5%-15% From the
excited
photosensi-
tive dye

Fabrication
from cheap
materi-
als and
low cost;
Higher tem-
perature
perfor-
mance; Low
light perfor-
mance

Very few
dyes absorb
broad solar
spectrum.

3 Organic So-
lar Cells

Organic
polymer
materials
for electron
and trans-
port layers

4%-5 (com-
mercially),
6%-8%
(labora-
tory)

Organic
polymer
materials

Lightweight
and �exible

Low η and
instability
over time

1.4 Dye Sensitized solar cells (DSSCs)

An interesting development of solar cell technology today is that of new type of

photochemical solar cell invented by O'Regan and Grätzel in 1991 which is known

as Dye Sensitized Solar Cell (DSSC) [8]. It has attracted a lot of interest in recent

years, in research as well as in industry. A DSSC is considered as potential photo

electrochemical energy device with additional �exibility characteristics and a lower

production cost due to its simple fabrication process [10].

S = S+ + e (1.2)
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2S+ + 3I− = 2S + I−3 (1.3)

2S+ +
1

2
I−3 (electrolyte) =

3

2
I− (1.4)

A DSSC consist of a nanoporous working electrode (WE: adsorbed by suitable pho-

tosensitive dye molecules), iodide(I−)/triiodide(I−3 ) based redox electrolyte and a

counter platinum (Pt) electrode. The adsorbed dye molecules get excited upon

light illumination and injects electron in the conduction band (CB) of a working

electrode as given by eqn. 1.2. The injected electron di�uses through electrode

(inter-connected network of TiO2 nanoparticles) until it reaches the back transpar-

ent conducting oxide (TCO) or recombines. The excited dye (S+) on TiO2 surface

is then reduced back to its original state (S) by the redox electrolyte (I−) shown by

eqn. 1.3. This reduction process changes the equilibrium concentrations of redox

electrolytes and creates a concentration gradient, which tend to di�use I−3 towards

Pt electrode to preserve the equilibrium concentration of the redox electrolytes and

completes the close circuit shown by eqn. 1.4. Charge transport between the rear

Pt/TCO electrode and the dye molecules is accomplished by means of I−/I−3 redox

electrolyte [10]- [12].

To obtain a higher e�ciency (η), the key challenges are thus to enhance speci�c role

of individual components of a DSSC viz. working electrode (WE), photosensitive

dye, counter electrode (CE), an electrolyte; the bulk interfaces and various complex

processes occurring in a DSSC.

1.5 Motivation for the work

The conventional energy resources (petroleum, coal, natural gas, fossil fuel etc.)

are present in limited quantity on the earth and are being used for a long time.

Conventional energy resources are used extensively by mankind and its demand of

usage is so high that the reserves have got depleted to a great extent. Fossil fuels

(coal, petroleum, and gas) containing carbon dioxide (CO2) and other greenhouse

gases (climate change drivers) are primarily part of present and past energy sys-

tems. Fossil fuel depletion and its environmental e�ects contribute to raising global

awareness of the immediate need to identify alternative renewable energy options in
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order to ful�ll the world's requirements to sustain a high quality of life. The main

pillar for human well-being, economic growth and poverty alleviation is access to

electricity. Ensuring that everyone has enough energy access is a continuing and

pressing problem for global growth.

Very much exploitation and research for new power source has been done not only in

the areas of nuclear power generation but also in the area of unlimited renewable en-

ergy sources such as solar power generation, wind power generation etc. Sustainable

renewable energy development is considered to be one of the most critical scienti�c

and technological problems facing humankind in the globe. The renewable energy

sources like solar and wind have shown promise as possible cost e�cient alterna-

tives to fossil fuels. The Sun is the source of energy available to mankind which is

pervasive, readily available and renewable. Unlike fossil fuels, which are found only

in a few areas, solar energy is freely available in every part of the world. Thus, all

countries can bene�t signi�cantly from solar energy, regardless of their geographical

position. Compared to wind energy, the most e�ective and harmless energy source

is solar energy.

Photovoltaic (PV) technology is a simple and productive method to harnessing the

sun's energy to produce electricity. In addition with the Silicon (Si) based PV tech-

nology, one of the emerging solar cells based on natural and synthetic photosensitive

dyes called as Dye sensitized solar cells (DSSC) which can be considered as subject

of increasing interest in the PV �eld during the last few decades. Though a DSSC

consists of multiple materials, yet it is a highly realized next-generation potential

photovoltaic device that has been widely investigated due to its several advantageous

competencies features like working even under a dim/low light and an achievable

high value of e�ciency (η) using a straightforward, cost-e�ective and eco-friendly

manufacturing process.

1.6 Objectives

The key objectives of this thesis work are:

1. To fabricate the electrode and its characterization for physicochemical prop-

erties using di�erent experimental techniques (XRD, SEM, BET).
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2. To optimize the electrode parameters to achieve better photovoltaic perfor-

mance for Dye sensitized solar cells (DSSCs).

3. To propose the new explanatory theoretical models or to improve the (incor-

poration of parameters) known models of DSSCs.

4. Analysis of various charge transport properties by Electro-chemical impedance

spectroscopy (EIS).

1.7 Thesis Organization

The completed research work is compiled in the following chapters:

1.7.1 Chapter 2: Literature Review

Almost all the aspects focused on previous work relevant to the research study of

Dye sensitized solar cells are put together in this chapter. It also consists of theo-

retical, realistic, and application-based assumptions as a result of previous studies

on DSSCs. In order to compile information on the earlier research carried out in

the �eld of DSSCs, a comprehensive literature survey is conducted along with its

complete architecture. In addition to the analysis centered on working electrode

scaling, various morphologies of nanoparticles and their structural e�ect on dye so-

lar cell performance are also presented along with the di�erent methods of synthesis.

The complete set of drift and di�usion process coupled with continuity and Nernst

equations are also presented and discussed to describe the working principle of the

DSSC. The various characterization techniques in order to investigate the material,

physiochemical and photovoltaic properties (J-V) of DSSC required for explain the

performance is also included.

1.7.2 Chapter 3: Facile one-pot hydrothermal synthesis of

nanorice-like TiO2 for an e�cient dye sensitized solar

cell (DSSC)

In this chapter a highly crystalline TiO2 powder consisting of morphologically rice-

like nanoparticles is synthesized by a simple hydrothermal process using a premixture
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of titanium isopropoxide, ethanol and aqueous ammonia. The PV performance of

assembled DSSC is also compared with P25 based DSSC to analyse the charge

transfer properties in order to investigate the impact of morphological and crystalline

nature of the working electrode (WE).

1.7.3 Chapter 4: Optimizing photovoltaic e�ciency of a dye-

sensitized solar cell (DSSC) by a combined (modelling-

simulation and experimental) study

In this chapter a comparative investigation involving experimental and modelling-

simulation is carried out to maximize the photovoltaic conversion e�ciency (η) of a

DSSC device assembled using N719 dye, an iodide redox liquid electrolyte and TiO2

electrode. The measured current density-voltage (J-V) characteristics under 1 sun

condition of a pre-assembled DSSC is simulated in a tiberCAD based microscopic

model (TCMM) along with single-diode based macroscopic model (SDMM). The

calibrated model parameters are then utilized for predicting a maximum η of a

DSSC belonging to an unknown electrode's thickness (L).

1.7.4 Chapter 5: Analysis of charge transport properties of

dye-sensitized solar cell (DSSC) with TiO2 working elec-

trode by employing electrochemical impedance spec-

troscopy (EIS)

The theoretically modeled equations de�ning various bulk and interface impedances

are incorporated with EIS spectrum analyzer software to �t the simulated EIS curves

with experimentally measured EIS curves to evaluate the charger transfer and re-

combination properties of the assembled DSSCs (as mentioned in chapter 3). EIS

�tting parameters investigated to study the impact of WE thickness on the charge

transport properties of assembled DSSC.
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1.7.5 Chapter 6:Conclusion and Future Work

Here the outcomes of the research work are summarised and concluded along with

its future aspects.
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Chapter 2

Literature Review

2.1 Introduction

In 1991, O'Regan and Grätzel invented a new, functional version of TiO2 (metal

oxide) based dye-sensitized solar cells (DSSCs), which were previously unsuitable for

real world applications. DSSCs can be scrutnized as potential photo-electrochemical

energy device with additional �exibility characteristics and a low production cost

due to its simple fabrication process.

2.1.1 Architecture of DSSC

DSSC has a sandwiched like architecture as show in Figure 2.1 includes the following

key components which plays important role to achieve optimized photovoltaic (PV)

performance.

Figure 2.1: Architecture of Dye solar cell (DSSC)
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2.1.1.1 Working electrode (WE)

A layer of nanostructured semiconductor (metal-oxide) material adsorbed with pho-

tosensitive dye of suitable energy band gap is deposited at the surface of glass coated

on one side with a thin transparent conducting oxide (TCO) layer of �uorine-doped

tin dioxide (FTO) or indium doped tin oxide (ITO). In comparison with other tested

TCO, such as indium tin oxide (ITO), FTO demonstrated to have the higher work

function (i.e. 4.9 eV in contrast with 4.8 eV of ITO); in addition, the best thermal

stability, the least toxicity and low cost made FTO the most performing one for

transparent conducting layer. The indium scarcity and the consequent increasing

price the sensitivity to di�erent environments both acids and basics and the pattern-

ing complications make FTO a better choice. Some more carbon-based materials

(carbon nanotubes, nanomaterials, graphene) has been tested but values of sheet

resistance and transmittance are below the requirement for application in PV (i.e.

Rs = 10 Ωcm−2 and Tr = 90%).

The semiconductor (metal oxide) layer can be deposited by means of a variety of

methods including spraying, spin coating, dip coating, screen printing or the simple

doctor blade technique followed by sintering process at a temperature of 450 °C.

TiO2 has all along been the preferred semiconductor in DSSCs by other metal oxides

like ZnO, SnO2 and Nb2O5. Apart from traditional pigment applications, nanocrys-

talline TiO2 intrinsically possesses multifunctional attributes enabling it to be de-

ployed in environmental photocatalysts (for treating polluted air or wastewater,

self-cleaning windows, antimicrobial coatings); and in e�cient electrodes for photo-

voltaic cells, photo-electrochromics and gas sensing devices.

In the natural environment, TiO2 is mainly present in three crystalline forms:

brookite, anatase (used in DSSC) and rutile. TiO2 bandgap �ts better (3.2 eV

in anatase form; absorbs only below 388 nm) with the most successful commercial

dyes allowing an e�cient electron injection; moreover, it permits a higher dye load-

ing due to the high surface area. Lower chemical stability and higher dark current

of rutile form made it less e�cient than anatase form. The WE is composed of a

mesoporous layer of TiO2 nanoparticles (10-20 nm) on which the dye molecules are

anchored. The high surface area of the particular mesoporous semiconductor (metal

oxide) �lm is important for the e�cient device performance, as it allows absorption
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of the solar radiation by employing only a monolayer of adsorbed photosensitive dye.

Usually, the metal oxide �lm (ex. TiO2, ZnO) is deposited by the screen printing

technique, a reproducible system, of easy application for large area device and for

spreading out in the PV market.

2.1.1.2 Photosensitive Dye

It injects electrons in the semiconductor electrode (WE) upon illumination; the

photosensitive dye is regenerated by the redox electrolytes. The adsorbed dyes act

as light-harvesting intermediates in DSSCs; they absorb visible and near-infrared

solar radiation and inject the resulting excited electrons into the semiconductor

conduction band. After light absorption, the separation of the charge is normally

initiated at dye/TiO2/electrolyte interface. Generally, the overall performance of

DSSCs also depends on photo sensitizers and electron-transfer kinetics across the

interfaces. On the basis of accumulated knowledge of dyes used for DSSCs, the

photosensitive dye molecule should posses the following characteristics to generate

charge carriers and their injection in the CB of WE e�ciently:

� Strong binding between dye molecules and TiO2 nano particles by means of

an anchoring group for e�cient electron injection.

� Dye should absorb maximum portion of light spectrum and should also posses

high molar extinction coe�cient (ε, M−1cm−1) for e�cient light harvesting

with thinner TiO2 electrodes.

� The lowest unoccupied molecular orbital (LUMO) of the dye should be lo-

cated near the anchoring group and above the CB edge of the semiconductor

electrode (usually TiO2) to achieve e�cient electron injection into the CB of

TiO2.

� The dye's highest occupied molecular orbital (HOMO) should lie below the

redox mediator 's energy level to allow the oxidized dye to regenerate.

The above requirements can be ful�lled by controlling photophysical, electrochemical

properties of the dyes and the molecular orientation and arrangements of dyes on the

TiO2 surface. Many polypyridine complex of transition metals and several molecules
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such as porphyrins, phthalocyanins, vegetable and arti�cial bio-inspired pigments

have been investigated for being sensitizers for DSSC.

2.1.1.3 Redox electrolyte

The function of the redox electrolyte is to regenerate the oxidized dye molecules by

transferring the electrons from the counter electrode (CE) to the oxidized dye and

completes electric circuit by mediating electrons between WE and CE. There are two

kinetic limitations for a successful redox electrolyte, it must reduce the dye cation

before the dye cation recombines with an electron in the CB of TiO2 and it should

not allow the oxidized form of redox ions to recombine with an electron in from the

CB of TiO2. The dual criteria of fast dye regeneration and slow recombination place

a very challenging constraint on identifying e�ective redox systems.

Literature also reports that for e�cient DSSCs, I3−/I− based redox couple is a suit-

able choice of redox electrolytes. In order to avoid problems (like dye desorption,

solvent evaporation and sealing degradation) due to the liquid electrolytes several

non-traditional electrolytes like ionic liquids, quasi-solid state and solid state elec-

trolytes have been used in DSSC.

2.1.1.4 Counter electrode:(CE)

The role of CE is to catalyzing the reduction process of the oxidized form of redox

electrolytes by the back transfer of electrons, arriving from the external circuit, to

the redox system. It acts as cathode for the DSSC. The most used material for

making the CE is a thin layer of few nanometers of platinum (Pt) that is deposited

on the FTO coated glass and acts as a catalyst. In the last years, the research

e�ort was focused on testing carbon materials such as amorphous carbon, CNTs, or

graphite, GNPs, or graphene oxide (GO) for another material for CE preparation.

Necessary features for an e�cient counter electrode are following:

� The charge-transfer resistance at the electrolyte and Pt CE interface must be

low.

� The exchange current density must be high in order to have an e�cient elec-

trolyte generation

18



Modeling, Simulation and Experimental Investigation of Charge Transport
Properties of Dye Sensitized Solar Cells

� High speci�c surface area

2.2 Working principle of DSSC

Figure 2.2: Energy band diagram of DSSC and various generation and recombination
kinetics

From the Figure 2.2 it can be depicted that the adsorbed photosensitive dye

molecules get excited (path p1) upon light illumination from its ground state (S)

to its excited state (S∗) as given by eqn. (2.1). Charge separation occurs through

photoinduced electron injection (path p2) from (S∗) into the CB of the WE (semi-

conductor layer of metal oxide, TiO2), which results in the oxidation of the dye

(S+) as given by eqn. (2.2). The injected electron di�uses through electrode (inter-

connected network of TiO2 nanoparticles) until it reaches the back FTO glass (path

p3) or recombines (path r2, r3). The excited dye (S+) anchored on TiO2 surface is

then reduced back to its original state (S, through path p4) by the redox electrolyte

(I3−/I−) as shown by eqn. (2.3). This reduction process changes the equilibrium

concentrations of redox electrolytes and creates a concentration gradient, which tend

to di�use towards Pt electrode (CE) to preserve the equilibrium concentration of

the redox electrolytes and completes the closed circuit shown by eqn. (2.4). Charge

transport between the CE and the dye molecules is accomplished by means of iodide

/triiodide redox electrolyte.

S(dye) + hυ = S∗ (2.1)
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S∗(dye) = S+(dye) + ecb(TiO2) (2.2)

2S+(dye) + 3I− = 2S(dye) + I−3 (2.3)

e(Pt) +
1

2
I−3 (electrolyte) =

3

2
I− (2.4)

Excited dye molecule may relax directly to its ground state (S) by the electron from

LUMO to HOMO level through recombination path r1 (Figure. 2.2) as given by

eqn.(2.5) and this process may be responsible for the electron loss but the electron

injection rate constant (for path p2) is 1000 times to dye relaxation rate constant

(for path r1) and dye relaxation can be neglected for electron loss mechanism. CB

electrons may be captured by oxidized dye-molecules through recombination path

r2 and given by eqn. (2.6). The neutralization of excited dye should ideally occur

via the redox species only and since the dye neutralization rate constant in 100

times higher than conduction band electron captured rate so we can also neglect

this electron loss process. CB electrons may also be captured by of the electrolyte

(see Figure. 2.2) by following recombination path r3 as given by eqn. (2.7) and can

be considered as dominant path of electron capturing.

The loss of the photoinjected electrons from any recombination process leads to

degrade the PV performance of the DSSC. In principle for e�cient DSSCs, the re-

generation of the dye by I− ions should be much faster than the recombination of

electrons.

S+(dye) + e = S(dye) (2.5)

S+(dye) + ecb(TiO2) = 2(dye) (2.6)

I−3 (electrolyte) + 2ecb(TiO2) = 3I− (2.7)

Indeed, understanding the kinetics of charge-transfer processes is fundamental in

order to select the right materials for the optimization of the DSSC structure.
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2.3 Techniques for Characterization of DSSC

The DSCC can be characterized to investigate the material properties of each key

component or as complete set of solar cell:

2.3.1 For complete DSSC

In this characterization technique, the �nal assembled DSSC is considered as a main

sample to analyze its performance.

2.3.1.1 Incident photon-to-current conversion e�ciency (IPCE)

IPCE is a calculation of the solar cell's e�ciency at various wavelengths to transform

the incoming photons to photocurrent. When illuminated by monochromatic light,

it is achieved by calculating the solar cell's net photocurrent. The IPCE is computed

as the number of electrons generated by irradiation in the external circuit divided by

the number of incident photons and is calculated by using the following eqn. (2.8),

where JSC (mAcm−2) is the short circuit current density generated by the monochro-

matic light; λ (nm) and φph (mWcm−2) are the wavelength and the incident light

intensity of the monochromatic light, respectively. IPCE can also be expressed as

the product of light-harvesting e�ciency (LHE (λ)), the quantum yield of electron

injection (Φinj(λ)), the e�ciency of regeneration (Φreg(λ)) and the e�ciency dye of

collecting the injected electron (Φcoll(λ)) at the back contact or FTO. The LHE (λ)

can be expressed as LHE(λ) = 1 − 10ABS(λ), where ABS(λ) is absorbance of the

dye adsorbed on nanocrystalline TiO2 as given by eqn. (2.9). The equations (eqn.

2.8-2.9) emphasize the direct relation between the light absorption properties of the

dye, the amount of adsorbed dyes on the TiO2 surface, Φinj(λ) and the Φcoll(λ) on

the IPCE of the DSSCs. The maximum IPCEs for DSSCs are limited to 80-90 %

range; they do not reach 100 % experimentally, probably due to the re�ection and

absorption losses (10-15 %) of the TCO glass.

IPCE(%) =
1240

λφph
JSC .100 (2.8)

IPCE(λ) = LHE(λ)Φinj(λ)Φreg(λ)Φcoll(λ) (2.9)
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2.3.1.2 Current density voltage characteristics (J-V)

J-V characteristics are monitored under the standard intensity of illumination (AM

1.5 G, 100mWcm−2) by applying an external voltage between the WE and CE by

tracing the current for a given points of external voltage. J-V curve can also be

measured under dark conditions (zero light intensity) to analyse the recombination

process taking place inside the cell.

2.3.1.3 Electro Chemical Impedance spectroscopy (EIS)

EIS is an e�ective technique for characterizing the electrical properties across the

bulk and the interfaces of materials such as for DSSC to analyse the charge transport

properties at TiO2/electrolyte interface, CE/electrolyte interface etc and inside the

bulk of TiO2 electrode.

2.3.2 Characterization of DSSC components

2.3.2.1 UV-visible spectroscopy

UV-vis spectroscopy is a widely used technique for analyzing dyes and their ability

to absorb the photons at di�erent wavelengths. In this technique, a front side of the

sample is irradiated with an intensity of UV-Vis (ultraviolet visible) light and the

intensity at the back side of the sample (see Figure. 2.3) is measured. Absorbance

is de�ned by eqn. (2.10), where Io is the intensity of light at the front side of the

sample and I is the intensity to the detected at the back side of the sample. Trans-

mission (T) re�ects how much light intensity is transmitted by the sample instead

of absorbed and de�ned by eqn. (2.11). Absorbance (A) is related to the concen-

tration of the sample (C), the molar extinction coe�cient (ε),and the path length

of the light travelled (L) which are expressed by Lambert Beers law and given by

A = CεL. Moreover the combined Lambert beers law and UV-vis spectroscopy can

be used to investigate the dye coverage (molcm−2) on the TiO2 nanoparticles.

A = log10
Io
I

(2.10)

T =
Io
I

= 10−A(λ) (2.11)
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Figure 2.3: Light illumination across the sample to measure the absorbance

2.3.2.2 Fluorescence spectroscopy

As a function of wavelength, �uorescence spectroscopy calculates the emitted pho-

tons upon illumination. Photons are absorbed and electrons excited to higher energy

levels by illuminating molecules. Molecules emit photons of lower energy than the

�rst absorbed energy when they relax down to the ground state. In DSSC, the

di�erence between the level of the ground state and the excited level of a dye can

also be considered as a possible component for the absorption of the solar cell, so

the energy gap between the dye's LUMO and HOMO can be determined from the

absorption intercept and the dye's �uorescence spectra.

2.3.2.3 X-ray Di�ractometry (XRD)

XRD is a rapid analytical technique primarily used for phase identi�cation of a crys-

talline material and can provide information on unit cell dimensions. This research

method is carried out as a function of the outgoing direction by directing an x-ray

beam at a sample and calculating the scattered intensity. The scatter, also known as

a di�raction pattern, indicates the crystalline structure of the sample once the beam

is separated. In order to describe the crystal structure that most likely produced the

observed pattern, the Rietveld re�nement method is then used. For DSSCs, XRD is

employed to investigate the crystallinity (single or multi-crystalline structure) and

phase (rutile, anatase and brookite) of the synthesized TiO2 nanoparticles.
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2.3.2.4 Transient absorption spectroscopy (TAS)

TAS is a pump probe technique by using a lazer diode (Nd:YAG) with a 10 ns pulse

width to analyze and investigate kinetics of DSSCs in order to estimate the dye

regeneration rate constant and the time constants for the dye regeneration over any

instant of time. Decay characteristics achieved by TAS technique is further used to

measures the decay of the absorption of the oxidized dye with and without redox

couple to evaluate e�ciency of the dye regeneration (ηreg), which is given by eqn.

(2.12), where kreg and krec are the rate constants for the regeneration and recombi-

nation respectively. The time constants τ 1/2(redox) and τ 1/2(inert) are the half-times

with and without redox mediator, giving the regeneration and recombination half-

times.

ηreg =
krec

krec + kreg
= 1−

τ1/2(redox)

τ1/2(inert)

(2.12)

2.3.2.5 Scanning electron microscopy (SEM)

SEM is a technique uses a focused beam of high-energy electrons to generate a

variety of signals at the surface of solid specimens. The electron-sample interaction

signals reveal sample information, including external morphology (texture), chemical

composition, and crystalline structure and orientation of the sample materials. Data

is collected over a selected area of the sample surface in most applications, and a

2-dimensional image is generated that shows spatial variations in these properties.

For DSSCs, SEM technique is applied to characterize the micro structural surface

morphology (shape, size) of TiO2 nanoparticles coated on FTO glass.

2.3.2.6 Brunauer, Emmett and Teller (BET) Analysis

BET technique is applied to investigate the desired the physicochemical properties

of the material (synthesized or commercially available). The BET properties can

be measured by N2 adsorption-desorption at 77 K. Speci�c BET surface area, pore

size and pore volume can b determined by N2 adsorption isotherms using BET and

Barrett-joyner-Halenda (BJH) methods. For DSSCs, BET is applied to evaluate the

physicochemical properties of the TiO2 nanocrystalline powder.
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2.3.3 Photovoltaic (P-V) parameters of DSSCs

The P-V performance of any DSSC can be explained in terms of the parameters: (i)

photocurrent�voltage curve (JV curve), (ii) open-circuit voltage (VOC), (iii) short-

circuit current density (JSC), (iv) Fill factor (FF), and (v) overall conversion e�-

ciency (η). These photovoltaic parameters explained below:

2.3.3.1 Photocurrent voltage (J�V) curve

The J�V curves represent, in general, the most important and most direct charac-

terization method for DSSCs and for solar cells. A typical J�V curve is shown in

Figure. 2.4. Analysis of the J�V curves includes the determination of the following

parameters: VOC , (JSC), �ll factor (FF), maximum power point (MPP, (Vopt) and

(Jopt)); and overall conversion e�ciency (η).

Figure 2.4: J-V characteristics of DSSC listing performance parameters

2.3.3.2 Open circuit photo voltage (VOC)

VOC is usually measured when the current �ow in the cell is zero (i.e. open circuited

condition, see Figure. 2.4) and de�ned as the di�erence in electrical potential be-

tween two terminals of a cell under illumination. The maximum VOC of a DSSC

corresponds to the absolute di�erence between the Fermi level (VF = EF/q) of the
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CB of TiO2 and the redox potential (Vred = Ered/q) of the redox system, I3−/I−,

where EF and Ered are the fermi levels of TiO2 and redox electrolyte respectively.

2.3.3.3 Short-circuit photocurrent density (JSC)

JSC (mAcm−2) is measured for DSSC under irradiation at an applied potential of

zero volt (i.e. short-circuited condition, see �g. 2.4). It is well associated with

the interaction of photosensitive dye molecules and TiO2 nanoparticles result in

signi�cant impact on absorption coe�cient of dye and electrode injection process

from LUMO level of dye to CB of TiO2.

2.3.3.4 Maximum Power Point (MPP)

It represents maximum power density generated by the any solar cell. The points

corresponding to MPP (mWcm−2) on the PV curve are given by Vopt (optimum

voltage, V) and Jopt (optimum current density, mAcm−2) respectively and computed

as MPP = Vopt.Jopt (see �g. 2.4) The MPP majorly depends on the sharpness

(slope) of non linear region of PV curve.

2.3.3.5 Fill factor (FF)

The �ll factor (FF) of a solar cell is the ratio of the maximum power output

(MPP = Vopt.Jopt) to the product of VOC and JSC . This parameter indicates the

de�ection of the J-V characteristic from a square like curve as shown in Figure. 2.4

and expressed by eqn. (2.13).

FF =
JoptVopt
JSCVOC

(2.13)

2.3.3.6 Photovoltaic e�ciency (η)

The overall conversion e�ciency of a DSSC is de�ned as the maximum output elec-

trical power of the DSSC divided by the energy of the incident sunlight (I) on the

active surface area of solar cell. This is also called as solar energy to electricity con-

version yield. The overall η of the photovoltaic cell is calculated from JSC (mAcm−2),

VOC , (V), the FF and the intensity of the incident light (φph, mWcm−2), using the

eqn. 2.14
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η(%) =
JoptVopt
φph

=
JSCVOC
φph

.FF.100 (2.14)

The e�ciency is a function of JSC , VOC and FF of the DSSC. Consequently, improve-

ment of the overall conversion e�ciency is the result of the optimization of these

three parameters. However, a gradual increase in the overall conversion e�ciency

has been recognized in the past decade. In order to achieve higher photovoltaic

conversion e�ciency, the key components of DSSC's architecture should be design

and synthesize in order to achieve favorable photo physical and electrochemical per-

formance.

2.4 Development in Photosensitizers

The role of dye as a photo sensitizer is unique in DSSC as compared to other

solar cells. Dye increases the conversion η of the photo electrochemical cells with

photo electrode (PE) of wide band gap semiconductors. The PE itself maybe in

transparent to visible and infrared (IR) light spectrum; therefore dye is also one

of the component which is responsible for driving the e�ciency of the cell. The

ability to absorb the wide light spectrum enhances the conversion of photons into

electricity.

The techniques like molecular engineering of several organic dyes, metal complexes

and natural dyes are widely studied and focused in order to enhance the role of dye

for light absorption to improve the η of DSSC. The dye for DSSC are categorized

and discussed below:

2.4.1 Complex dyes based on Metal-composites

Dyes composed of chromophores of ruthenium (Ru) complexes which are widely

used for the DSSC applications as e�ective sensitizers [13]. Several complexes of Ru

dye eg. Ru poly pyridyl complexes are used as a charge transfer sensitizers and have

shown the η ∼ 11 % under AM 1.5 (100 mWcm−2) conditions. The improvement in

the η is noticed because of their e�cient charge transfer process and better absorp-

tion over a wide visible range [14].

The one of the famous Ru-complex photo-sensitizers is known N3 or red dye which
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is developed by Grätzel and his group. Two other dyes reported in the literature

are N749 (black dye) and N719. These are most e�ective sensitizers and because

the carboxylate groups attracted to the bipyridyl moiety decrease the ligand π∗ or-

bital's energy and further enhances the absorption spectrum (visible to near infra

red region) [15]- [19].

A new kind of ruthenium sensitizers, i.e., JK-91 and JK-92 are synthesized on sub-

stitution of one of the 2,2'-bipyridyl-4,4'-dicarboxylate groups in the sensitizer N719

into the conjugated bipyridine of the ancillary ligand to reach the η to 6.22 % and

6.75 %, respectively for DSSCs.

Researchers also synthesized a new Ru(II) sensitizer (A597) and describes its op-

tical, photo voltaic and electrochemical characteristics by employing it for DSSC

applications and investigated η = 7.25 % due presence of ligands (bipyridine and

thiocyanateco) to anchor the dye molecules at the TiO2 surface.

DSSCs based on sensitisers containing supplementary bipyridine ligands (contains,

carbazole, �uorene, etc.) tethered to a hydrophobichexyl substituent were fabri-

cated and exhibit an impressive η = 5.94 � 6.91 % more than (η = 6.36 %) and

are shows comparable performance for dye N719 (η = 7.13 %) [20]. The impact

of ligand structure over photovoltaic performance (PV) of DSSC is also investi-

gated by designing and synthesizing three thiocyanate free cyclometalated Ru-II

complexes as sensitizers for absorbing near IR regions and producing η of 5.53 %,

3.81 % and 3.43 %, respectively [21]. Few of the PV parameters of DSSCs based on

metal complexes that have been evaluated as photosensitisers are listed in Table 2.1.

Table 2.1: PV parameters of DSSCs based on metal complexes that have been
evaluated as photosensitisers

S.No Dye JSC
mAcm−2

VOC(V) FF η Reference

1 C101 5.42 0.74 0.83 11.3 [22]

2 N719 17.73 0.84 0.74 11.2 [23]

3 C106 18.28 0.74 0.77 10.57 [24]

4 C104 17.87 0.86 0.77 10.53 [25]

5 N749 20.53 0.72 0.7 10.4 [13]

6 IJ-1 19.2 0.74 0.72 10.3 [26]

7 Z910 17.2 0.77 0.76 10.2 [26]

8 N3 18.2 0.72 0.73 10 [26]

9 N945 16.5 0.79 0.72 9.6 [27]
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10 HRS-1 20 0.68 0.69 9.5 [28]

11 AB-1 19.1 0.66 0.72 9.1 [29]

12 SJW-E1 21.6 0.66 0.62 9.02 [30]

13 K73 17.22 0.74 0.69 9 [31]

14 CYC-B7 17.4 0.78 0.65 8.9 [32]

15 LXJ-1 16.5 0.71 0.74 8.8 [33]

16 HRS-2 17.47 0.69 0.71 8.65 [34]

17 K8 18 0.64 0.75 8.64 [35]

18 KC-8 17.12 0.67 0.72 8.3 [36]

19 Z955 16.37 0.7 0.69 8 [37]

20 CYC-B11 16.1 0.71 0.69 7.9 [38]

21 K51 15.4 0.73 0.68 7.8 [31]

22 KC-7 16.11 0.67 0.7 7.62 [36]

23 KC-6 15.47 0.67 0.71 7.42 [36]

24 Z907 14.6 0.72 0.69 7.3 [26]

25 K19 14.61 0.71 0.67 7 [39]

26 HC-1 13.9 1 0.52 0.57 5.2 [40]

27 DS 11.9 0.66 0.68 5.1 [26]

2.4.2 Metal-free organic dyes

Metal-free organic donor�acceptor (D�A) dyes have high extinction coe�cients to

absorb more irradiation with less dye coating thickness [41]. This makes organic

dye suitable for TiO2 �lms. More over due to their ecofriendly nature and relatively

low cost, research has been grown to synthesize metal free organic novel sensitizers

in recent years. Due to phototherapeutic and photochemical application, many

organic dyes, such as perylenes, indoline dyes, hemicyanine dyes carbazole dyes

triphenylamine dyes, porphyrin dyes, coumarin dyes, and phthalocyanine dyes, have

been intensively investigated as sensitizers and some have achieved e�ciencies more

than 10 % [42]. Employing co sensitization with an organic dye (NKX 2553 or

D131) to improve the η of black dye based DSSCs. In addition to this the η was

further enhanced up to 11.6 % by employing co adsorbent (deoxycholic acid, DCA)

in DSSC [43]. A new metal-free organic dye is also synthesized for DSSCs with η of

5.1 %.
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2.4.3 Natural dyes

The promising alternative photosensitizes for DSSCs are natural dyes because it is

cheap, versatile, plentiful, and sustainable. Natural dyes exhibit very less consump-

tions of noble metals which make them important are of study for research. Flowers,

leaves and fruits have di�erent colors in nature producing pigments for DSSC appli-

cation [44]. Many pigments have been investigated as listed in Table 2.2. Pigment

molecules and dyes, which are primarily derived from plants (sometimes from ani-

mals or minerals) with or without chemical treatment, are natural colourants. If it is

possible to manufacture an alternative dye, such as a plant dye, as well as ruthenium

complex dyes or organic dyes, it would be of interest for both economic and envi-

ronmental reasons. A aim of research on plant-based dyes for photo electrochemical

solar cells is to produce a dye that can be used with reasonable e�ciency for the

same purposes as ruthenium dyes. Many natural dyes, including anthocyanins [45],

tannins [46], carotenoids, cyanines [47], �avonoids [48] and chlorophylls [14]- [49],

have been used as sensitizers in DSSCs.

Table 2.2: PV parameters of natural dye based DSSCs

S.No Dye JSC
mAcm−2

VOC
(V)

FF η (%) Reference

Flowers

1 Begonia 0.63 0.53 72.2 0.24 [50]

2 Hibiscus sabdari�a L 1.63 0.5 0.57 0.37 [51]

3 Hibiscus rosasinesis 5.45 0.39 0.54 1.14 [26]

4 Red Bougainvil-
leaglabra

2.34 0.26 0.74 0.45 [52]

5 Ixora 6.26 0.35 0.44 0.96 [53]

Fruits

6 Tangerinepeel 0.47 0.59 63.1 0.28 [50]

7 Raspberry 0.26 0.42 64.8 1.5 [26]

8 Cheries 0.46 0.3 38.3 0.18 [26]

9 Blue berry 0.48 0.61 0.58 0.16 [26]

10 Hylocereuspolyrhizus
(Dragonfruit)

0.2 0.22 0.3 0.22 [54]

11 Wild Sicilian Prickly
Pear

8.2 0.38 0.38 1.19 [55]

12 Ivy gourdfruits 0.24 0.64 0.49 0.09 [56]

13 Melastoma mala-
bathricum

1.5 0.43 0.43 1.37 [57]

14 Canarium odoto-
phyllum

2.45 0.38 0.62 0.59 [54]
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15 Nephelium lap-
paceum

0.38 0.4 0.35 0.56 [26]

Leaves

16 Herba artemisiaesco-
pariae

1.03 0.48 68.2 0.34 [50]

17 Vernoniaamygdalin 0.07 0.34 0.81 0.69 [26]

18 Spinach 0.47 0.55 0.51 0.13 [45]

19 Festuca ovina 1.18 0.54 0.69 0.46 [26]

20 Bougainvillea 3.23 0.5 0.41 0.61 [58]

21 Sweet potatoleaves 0.57 0.59 0.41 0.14 [26]

22 Brassicaolercea
(Redcabbage)

0.5 0.37 0.54 0.13 [26]

23 Punica granatum
(Pomegranate)

2.05 0.56 0.52 0.59 [54]

24 Shiso 3.56 0.55 0.51 1.01 [26]

25 Jathopha curcas
Linn (Botuje)

0.69 0.05 0.87 0.12 [26]

26 Lawsonia inermis
(Henna)

1.87 0.61 0.58 0.66 [26]

27 Ficus reusa 7.85 0.52 0.29 1.18 [59]

2.5 Development in electrolytes

The electrolyte is considered as performance driving components in Dye sensitized

solar cells (DSSCs). It provides inner charge transport between electrodes and ef-

fectively regenerates the dye and itself during operation of DSSC. Moreover it has

immense in�uence on the photo conversion e�ciency (η) and stability of the de-

vice for long duration. In order to achieve rapid dye regeneration, iodide should

be present in su�cient concentration or di�usion of iodide ion should be fast. The

non viscous electrolyte solution provides free path for di�usion of electrolyte ions

e�ectively. Hence, required low electrolyte concentration is enough for dye regen-

eration for non viscous electrolyte solutions. For viscous electrolyte solutions, high

concentration of electrolytes hinders the di�usion process results decreases the dye

regeneration rate. An optimized viscosity for electrolyte solution is required for

proper di�usion of iodide to achieve better dye regeneration rate.Transport of triio-

dide to the counter electrode is mostly driven by di�usion; can be limited by lower

concentration of triiodide or by high viscous solvent causes an over potential results

lowering the open circuited voltage (VOC ) of the DSSC.
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The performance of the DSSC is determined by its Photovoltaic parameters (PV)

parameters (JSC , FF,VOC ,η ) which are signi�cantly a�ected by the type electrolytes

and their interaction with electrodes in DSSCs. For instance PV parameters can

be signi�cantly a�ected by redox couple transport process, di�usion of electrolytes

and the charge transfer resistance across electrolyte/electrode interface and redox

potential of the electrolyte respectively. Wide research has been carried out on

the electrolytes in order to improve the PV performance of the DSSCs [60]. Vari-

ous electrolytes utilized to develop the DSSCs are further classi�ed on the basis of

their compositions, physical states and formation mechanisms named as liquid elec-

trolytes [61]- [62], quasi-solid electrolytes [63]- [64] and solid-state conductors [65].

2.5.1 Liquid electrolytes

In 1991, O'Regan and Gratzel pioneered a successful DSSC using a very rudimentary

liquid electrolyte (LE) consisting of an organic solvent and a dissolved I−/I3− redox

pair without additives. Liquid electrolytes (LEs) should be chemically and physically

stable in DSSCs. Due to the excellent characteristics, such as smooth preparation,

better conductivity, superior wetting property at electrode and electrolyte interface

and low viscous property (for e�cient redox reactions), liquid electrolytes have been

continuously preferred for the DSSC applications to produce e�cient devices as

listed in Table 2.3.

Table 2.3: PV performance of DSSCs based on liquid electrolytes using ionic liquid
as solvents

Electrolyte composition Dye JSC
mAcm−2

VOC
(V)

FF η
(%)

D(I3
−)

(x10−7

cm2s−1

Ref.

0.2 M I2, 0.5 M NMBI
in PMImI/EMImTCM (vol
ratio 1/1)

Z907Na 12.8 0.752 0.764 7.4 6.3 [66]

0.2 M I2, 0.14 M Guan-
SCN, 0.5 M TBP in
PMImI/EMImSCN (vol
ratio 13/7)

Z907 13.3 0.746 0.72 7.0 2.95 [67]

0.1 M I2, 0.1 M LiI,
0.45 M NMBI in
PMImI/EMImDCN
(vol ratio 13/7)

Z907 12.8 0.707 0.727 6.6 4.4 [68]

32



Modeling, Simulation and Experimental Investigation of Charge Transport
Properties of Dye Sensitized Solar Cells

0.2 M I2, 0.5 M NMBI,
0.1 M GuanSCN in
PMImI/EMImB(CN)4
(vol ratio 13/7)

Z907Na 13.55 0.736 0.698 7.0 3.42 [69]

0.2 M I2 in
PMImI/EMImTFSI/
EMImTf (vol ratio 2/2/1)

D149 D149 0.612 0.676 6.67 2.48 [70]

0.2 M I2, 0.5 M NMBI in
PMImI

K19 13.07 0.678 0.71 6.27 1.9 [71]

0.2 M I2, 0.5 M NMBI,
0.12 M GuanSCN in
PMImI/EMImSCN (vol
ratio 13/7)

K19 13.99 0.707 0.71 7.05 3.0 [72]

1 M DMII, 0.15 M I2, 0.5
M NBB, 0.1 M GuNCS, 50
mM NaI in BN

C106 17.9 0.733 0.76 10 4.6 [73]

1 M DMII, 0.15 M I2, 0.5 M
NBB, 0.1 M GNCS in MPN

C103 17.51 0.771 0.709 10 � [74]

2.5.2 Quasi solid state liquid electrolytes (QSSELs)

The DSSC achieves great growth by using LEs as charge transporters. The use of

LEs, however, causes some practical problems, such as solvent leakage and volatiliza-

tion, dye photo degradation and desorption, CE corrosion and cell sealing for long

time application. These kinds of drawbacks can be solved by employing QSSELs in

DSSCs. Although the e�ciencies of DSSCs with QSSELs are often lower than those

of DSSCs with LEs, due to improved stability and better sealing e�ciency, QSSELs

can become viable alternatives to LEs [63], [75], [64]. QSS or semisolid-state is a

special state between solid and liquid-state substances. Few of the DSSCs based on

QSSELs are listed in Table 2.4

Table 2.4: PV performance of DSSCs based on QSSELs

Electrolyte composi-
tion

Dye JSC
mAcm−2

VOC
(V)

FF η
(%)

σ
mScm−1

Ref.

0.12 M I2, 0.5 M KI, 0.9
M BMIMI, in GBL, 35
wt % of PVP

N3 15.72 0.626 0.55 5.41 2.3 [72]
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CH3CO2H, TMOS,
0.5MPMImI, 0.04 mM-
NMBI, 20 mM I2 in
PC/Triton (mol ratio
4/1)

N3 12.9 0.65 0.66 5.4 0.36 [76]

0.1M I2, 0.5 M
NBB, 0.1 M GNCS,
EMII/PMII/EMISCN
(vol ratio 6/6/7) in
poly[BVIm][HIm][TFSI]
(25 wt %)

N3 12.92 0.676 0.678 5.92 5.83 [77]

PMAPII (16.wt %) 0.05
M I2, 0.05 M TBP in
GBL

TBA 14.7 0.79 0.70 8.12 4.9 [78]

0.1 M LiI, 0.45 M
NMBI, 0.4 M DMPII,
PEO/PVDF-HFP (2:3
wt %) 20 wt % in MeCN

N719 14.12 0.68 0.72 6.97 21.18 [79]

0.1 M LiI, 0.9 M
EMII/SN, 0.1 M I2, 0.5
M TBP in ACN/MPN
(vol ratio 1/4)

N719 14.8 0.674 0.75 7.46 1.272 [80]

0.5 M LiI, 0.05 M I2,
0.5 M NMBI, 10 wt
% P(MOEMImCl) in
HMImI/EMImBF4 (vol
ratio 2/1)

N719 15.50 0.618 0.64 6.1 0.4 [81]

poly(1-ethyl-3-
(acryloyloxy)hexylimidazolium
iodide) (PEAII)

N3 9.75 0.838 0.65 5.29 0.363 [82]

poly((1-(4-
ethenylphenyl)methyl)-
3-butyl-imidazolium
iodide) (PEBII) in AN
(10 wt %)

N719 18.1 0.643 0.51 5.93 0.2 [83]

Macromolecular or supramolecular nanoaggregate systems characterized by remark-

able ionic conductivity, typically higher than 10−7 S for DSSCs, usually higher than

10−3 S, are termed as QSSELs. Moreover QSSELs have both the solid cohesive

property and the liquid di�usive property, namely along with greater long-term sta-

bility than LEs. Other than DSSC applications, QSSELs are also employed in other

electrochemical and electronic applications, such as fuel cells, actuators and sensors,

secondary batteries, fuel cells, electrochromic displays and supercapacitors, and be-

cause of their exceptional properties [84]- [94].

For the preparation of QSSELs, three methods are sometimes used: (i) solidi�ca-

tion of LEs to form thermoplastic polymer electrolytes or thermosetting polymer
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electrolytes by using organic polymer gelators; (ii) solidi�cation of LEs to form

composite polymer electrolytes by using inorganic gelators, such as SiO2, nanoclay

powder; (iii) by using organic polymer or inorganic gelators for the solidi�cation of

ionic LEs [62]- [95].

2.5.3 Quasi state transport materials (SSTMs)

Stability is also the key issue for QSSELs, as the electrolytes still contain solvents

and are usually thermodynamically unstable. Solvent exudation is inevitable during

long storage or exposure to air. All SSTMs have more advantages over LEs and

QSSELs in this respect, especially in the actual large-scale application of DSSCs.

Several materials, including ionic conductors, inorganic hole-transport materials and

organic hole-transport materials have been developed to substitute LEs or QSSELs

with SSTMs [96]- [97].

Figure 2.5: PV performmance of DSSC based on electrolyte compositions [98]

Moreover few of the researcher's work also investigated the e�ects on DSSCs based

on low-viscous, binary ionic liquids (IL) and organic liquid solvents with varying

iodine concentrations ([I2]) and iodine-to-iodide ratios in electrolytes. Using inter-

mediate and low [I2] in ionic liquid-based and acetonitrile (AN) based electrolytes

respectively; optimum JSC and η were achieved. Photo electrochemical and Raman-

35



Modeling, Simulation and Experimental Investigation of Charge Transport
Properties of Dye Sensitized Solar Cells

spectroscopic measurement results show that the optimal [I2] needed in these two

types of electrolytes is in�uenced by both I3− mobility and chemical availability. The

higher [I2] required for the IL-based electrolytes partly compensate for these e�ects,

although negative e�ects from higher recombination losses and light absorption of

I2 containing species start to become signi�cant [98].

2.6 Synthesis routes for Metal Oxides (TiO2)

2.6.1 Circular shape TiO2

By the sol-gel process, hierarchically ordered titanium dioxide nanoparticles were

successfully synthesised. Powder X-ray di�raction, UV-Vis spectroscopy, (BET)

Brunauer Emmett Teller method, Barrett Joyner Halenda (BJH) analysis, �eld emis-

sion scanning electron microscopy, high-resolution transmission electron microscopy

and energy-dispersive X-ray analysis were subjected to the synthesized nanoparti-

cles.

The pattern of powder X-ray di�raction shows that the particles obtained are of

good crystallite quality in the anatase process. The isotherms of nitrogen adsorp-

tion and desorption show that the prepared material has an area of 31,71 m2g−1 and

the study of pore size distribution shows that the average pore diameters of meso-

porous TiO2 nanostructures are 7.1 and 9.3 nm. In the ultraviolet �eld, the UV-Vis

DRS spectrum shows that the TiO2 nanoparticles are absorbed. The nanoparticles'

optical band gap is 3.2 eV. Morphological experiments indicate that the particles'

morphology is circular in shape. Energy-dispersive X-ray spectrum study con�rmed

the elemental compositions of TiO2 nanoparticles. With open circuit voltage (VOC),

short circuit current (ISC) and �ll factor (FF) of 0.607 V, 13.206 mA cm−2 and 42.56

%, the conversion e�ciency of the solar cell was 3.415 % [99].

2.6.2 TiO2 microsphere

For a lot of applications, especially in the �eld of solar cells, TiO2 microspheres

(MS) are of great interest. TiO2 microsphere based solar cells often exhibit superior

photovoltaic performance due to their unique microstructure and light scattering
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e�ect. Hence it is important to explore new suitable TiO2 microspheres for high-

e�ciency solar cells. The simple one-pot solvothermal method for synthesizing TiO2

microspheres using acetone as a solvent is synthesized by the researchers. The TiO2

microspheres as prepared are made of densely intertwined nanocrystals and have

a high speci�c area of up to 138.47 m2g−1. The TiO2 microsphere-based DSSC,

like the photoanode, provides greater dye loading and light adsorption capability,

longer electron lifetime, resulting in higher short circuit current value and superior

e�ciency of power conversion compared to Dyesol (DSL) 18 nm TiO2 nanoparticles

paste. Finally, the DSSC based on the TiO2 microsphere was optimised by adding

a sublayer of TiO2 nanocrystals and post-treatment TiCl4, giving a 10.32 % high

power conversion e�ciency. Comparison of the photovoltaic properties measured

under 1 sun illumination and dye adsorption capacities for TiO2 MS and DSL-18

based DSSCs is listed in Table 2.5 [100]

Table 2.5: TiO2 MS and DSL-18 based DSSCs PV performance [100]

Cell Thickness Dye loading
(10−8molcm−2)

JSC
mAcm−2

VOC
(V)

FF η

TiO2 MS 7 µm 9.69 13.89 0.761 73.77 7.80

DSL-18 7 µm 8.82 11.88 0.759 74.81 6.76

2.6.3 Spherical TiO2

The spherical titanium glycolate precursors are subjected to a rapid microwave treat-

ment via ethylene glycol-mediated sol gel process to synthesize porous anatase TiO2

spheres ranging from 150 to 250 nm in size. It explored the e�ects of di�erent ex-

perimental conditions on the formation of precursors of titanium glycolate and �nal

spheres of TiO2. A dye-sensitized solar cell (DSSC) assembled as photoanodes with

the as-synthesized porous TiO2 spheres exhibits 5 % energy conversion e�ciency,

almost 40 % higher than that provided by the standard commercial Degussa P25

TiO2 nanopowders [101].
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2.6.4 TiO2 Anatase powder

Dye sensitized solar cells (DSSC) may be an alternative to solar cells based on

silicon that is economically feasible and technically simpler. The most e�ective

photoelectrode for DSSC is known to be �lms of nanocrystalline titanium dioxide

(TiO2). TiO2 anatase phase powder, synthesized in an acidic environment, was

used for this analysis. The average nanoparticle diameter was nearly 20 nm and

the surface area of the BET was 64.68 m2/g. By varying the proportion of TiO2

powder, α-terpineol and ethyl cellulose (EC) in their composition, di�erent TiO2

pastes were prepared. Using the doctor blade, the TiO2 paste was cast on the �uorine

doped tin oxide (FTO) coated glass surface to prepare TiO2 �lm photo-electrodes.

By comparing the conversion e�ciencies of the DSSCs produced with the 18 µm

thick photo-electrode, the composition of the paste ingredients was optimized. The

outcome of this study may be crucial for the easy preparation of reliable TiO2 paste

for use in DSSC. Composition of di�erent pastes of TiO2 nanoparticles used for the

fabrication of DSSC as listed in Table 2.6. The pure EC content was only 15 % in

the EC gel whereas rest of the 85 % was α-terpineol [102].

Table 2.6: PV performence of DSSC prepared from di�erent TiO2 by varying
proportion of TiO2 powder,α-terpineol and ethyl cellulose (EC) in their

composition [102]

.

S.No TiO2 ethyl cel-
lulose
(EC)(wt.%)

Total ethyl
cellulose
(EC)(wt.%)

Total α-
terpineol
(wt.%)

Pure EC
(wt.%)

η (%)

1 20 20 60 77 3 4.6

2 23 17.5 59.5 74.38 2.63 5.18

3 26 15 59 71.75 2.25 7.27

4 29 12.5 58.5 69.13 1.88 6.25

5 32 10 58 66.5 1.5 5.1

2.7 Improvements in photoanode

The main function of the WE is to harvest the incident photon e�ciently and to

provide transportation path for the charge carriers with minimum recombination

centers. WE should also capable to bind the dye molecules at TiO2(metal oxide)
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surface in order to collect photo generated e�ciently at near the Dye/TiO2 interface

upon light illumination. The metal oxide layer of WE should inherit the following

characteristics to achieve excellent electron generation and transportation process.

� Surface area of metal oxide nano particles should be large in order to increase

the dye loading capacity of WE

� Follow the transparency for visible spectrum (400nm � 700 nm) so that losses

of incident photon can be minimized

� LUMO level of the dye molecules must lie above the CB of the TiO2 (metal

oxide) for electron injection e�ciently

� Su�ciently high electron mobility to achieve e�ective electron transportation

process across network of TiO2 nano particles

� Inactive to electron recombination across TiO2/electrolyte interface

The photoanode is considered as a imperative component of DSSC for anchoring dye

molecules for electron transfer upon light illumination. The better electron transport

is required to minimize the electron recombination to obtain e�cient DSSCs. Faster

electron injection process (dye to TiO2 CB) results high performance DSSCs with

rapid electron transport. An e�cient research has been continuously carried on high

speci�c surface area, light scattering e�ect, enhanced charge-collection η and rapid

charge transport for improving the performance of TiO2 based photo-electrodes.

The spatial distribution of semiconducting particles of WE such as microstructure,

particle size, pore size and porosity plays an vital role in modulating the PV char-

acteristics of DSSC. The screen printing method and doctor blade technique can be

employed to coat the oxide �lm on the FTO glass of WE. The nature of deposited

oxide �lm critically depends on the technique of �lm coating as well as on the phys-

ical properties of the respective slurry paste (e.g., viscosity, binder type, solvent

type, etc) which may further a�ects the performance of DSSC. Increasing electrode

thickness also enhances the light absorption hence increases the charge generation

which impact on the cell performance. Few of the works done in this area are listed

below.
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2.7.1 Improvements in nano structures of photoanode

A simple solution deposition method without the need of seed or fresh deposition

solution was used to synthesize ZnO micro-�owers for the application DSSC fabri-

cation with ZnO PE. The ZnO micro-�owers/nanoparticles bilayer �lm-based DSSC

reports much higher light harvesting light harvesting e�ciency, lower resistance and

longer electron lifetime as compared with the ZnO nanoparticles �lm-based DSSC.

Moreover 47 % of improvement in η is observed for monodispersed aggregates ZnO

layer alone due to the scattering e�ect of ZnO micro-�owers layer [103].

Dye-sensitized solar cells were synthesized and applied to Echinoid-like particles

(DSSCs) to enhance the Dye-loading by increasing their surface. In addition, di�use

re�ectance showed that the micron size of echinoid-like particles caused a scattering

e�ect. The increase in JSC resulting from the increase in dye loading compensated

for the reduction in VOC and resulting improvement in η from 6.63 % to 6.74 % [104].

Work in DSSC's Titania photoanode has successfully assimilated carbon nanotubes

(CNT) with a hierarchical porous structure synthesized by process called controlled

phase separation [105]. The results showed lower series resistance, e�cient charge

injection, and improved electron life time. For e�ective DSSCs, the charge trans-

port and separation properties are desirable. Moreover, the addition of CNTs to

the Titania matrix increased the critical thickness with which the cell could achieve

maximum performance.

DSSCs were fabricated using photoanodes made from graphene TiO2 nanocompos-

ites to investigate the dependency of the size of graphene sheets on the cell perfor-

mance. It is reported that smaller graphene sheets improved the dye adsorption,

leading to higher. The DSSC incorporated with graphene sheets of 184 nm exhibited

the largest enhancement in e�ciency (increased by 49 %) as compared to the cell

without grapheme [106].

A TiO2 �lm of double layered nano structure employed for the development of photo

anodes for DSSCs [107]. The performance of the DSSCs fabricated of composite

photoanodes of TiO2 nanoparticles (NPs)/NPs (TiO2 P-P), TiO2 NPs/nano-belts

(NBs) (TiO2 P-B), TiO2 NBs)/NBs (TiO2 B-B) is also investigated. It is observed

that TiO2 NB layer improves the light scattering and the TiO2 NP layer improves

the dye absorbing capacity of the �lm which further improves the overall η of DSSC
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to 4.81 %, 3.55 % and 0.36 % for TiO2 P-P, TiO2 P-B and TiO2 B-B respectively.

Various research works discussed the growth mechanism of zinc oxide (ZnO) samples

of di�erent morphologies. It reports electrochemical deposition (ECD) technique to

grow ZnO samples by controlling the concentration of precursors. The in�uence of

the morphology of ZnO samples on the performance of the assembled DSSCs based

on ZnO working electrode (WE) by investigating their PV characteristics, quantum

e�ciency (QE) and electrochemical impedance spectrum (EIS).

By using ECD technique along with controlling the concentration of precursors, ZnO

sample of di�erent morphologies eg. �lm, nanowire and nanosheet are studied and

employed for the DSSCs applications. It is reported that the DSSC fabricated with

ZnO nanowire array as WE shows improvement in dye absorption and also enhanced

the rate of photon utilization which further provides the rapid collection channels

for the photo-excited carriers. Therefore, the PV improves the PV performance and

η of the DSSC based on ZnO nanowire (WE) [108].

Table 2.7: Summary of performance parameters on improvements in
nanostructures of photoanode.

S.No Proposed idea JSC
mAcm−2

VOC
(V)

FF η Ref.

1 Application of ZnO micro-�owers
as scattering layer for ZnO based
DSSCs with enhanced conversion
e�ciency

[103]

Type ZnO nanoparticles �lm based cell 8.03 0.49 0.56 2.31
ZnO bilayer �lm-based cell 10.30 0.53 0.55 3.20

2 Echinoid like particles with high
surface area for DSSCs [104]

Type Single layer �lm using echinoid
particles

10.2 0.747 0.67 5.15

Single layer �lm using beads par-
ticles

3.58 0.797 0.70 2.02

Double layer �lm using echinoid
particles

13.6 0.741 0.67 6.74

Double layer �lm using beads par-
ticles

13.1 0.749 0.67 6.63

3 Hierarchical porous titania/CNT
composite photoanode synthe-
sized by controlled phase separa-
tion for DSSC

[105]

CNT
wt%

0.16 3.60 0.681 0.53 1.29

0.32 10.12 0.680 0.56 3.85
0.64 5.82 0.685 0.52 2.18
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1.28 4.44 0.680 0.55 1.66
4 Performance enhancement

of DSSCs by incorporating
graphene sheets of various sizes

[106]

Graphene
thick-
ness

1.2 µm 11.87 0.68 0.63 5.09

444 µm 12.92 0.68 0.66 5.31
292 µm 13.75 0.68 0.60 6.15
184 µm 14.66 0.68 0.66 6.62

5 DSSCs based on TiO2 nano par-
ticles/nano belts double layered
�lm with improved PV perfor-
mance

[107]

Type TiO2 P�B 14.1 0.557 0.61 4.81
TiO2 P-P 11.2 0.505 0.62 3.55
TiO2 B-B 0.97 0.637 0.58 0.36

6 ZnO photo anodes with di�erent
morphologies grown by electro-
chemical deposition

[108]

Type ZnO �lm 0.1855 0.449 0.18 0.018
ZnO nano sheet 0.2501 0.553 0.22 0.025
ZnO nano wire 1.5743 0.668 0.30 0.320

7 Hydrothermal synthesis of ori-
ented ZnO nanorod nanosheets
hierarchical architecture on zinc
foil as �exible photoanodes for
DSSCs

[109]

Type Nano-rods 1.321 0.538 0.49 0.35
NR-NS 3.041 0.524 0.42 0.67

8 Improving photo electric conver-
sion e�ciency of DSSC using
ZnO/ZnP composite nano- rods

[111]

Type Composite ZnO/ZnP on FTO 15.4 0.51 0.20 1.58
Composite ZnO/ZnPon ZnO �lm 15.9 0.55 0.20 1.76
ZnO nanorods on FTO 5.51 0.65 0.38 1.37

9 Controllable synthesis of rutile
TiO2 nano-rodarray,nano-�owers
and microspheres directly on �u-
orine doped tin oxide for DSSCs

[110]

Type Nano-rodarray 4.64 0.81 0.51 1.90
Nano-�ower 4.04 0.75 0.50 1.53
Microsphere 5.12 0.78 0.48 1.94

The hierarchical architecture of ZnO nanorods-nanosheets (NR-NS) consisted of

long nanorod backbones, and thin nanosheet branches were synthesized by using

a two-step hydrothermal growth process for the application of DSSCs on the zinc

foil substrate. The photovoltaic results showed that the ZnO NR-NS hierarchical

architecture-based DSSC short-circuit current density increased signi�cantly com-
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pared to that of DSSC based nanorods, which was due to higher dye loading and

superior light scattering within the photoanode of the NR-NS hierarchical architec-

ture. As a result, the η of the hierarchical architecture based DSSC based on ZnO

NR-NS increased by 90 % compared to that of the DSSC based on nanorods [109].

Using a simple hydrothermal process, TiO2 �lms with various morphologies directly

grown on �uorine-doped tin oxide (FTO) substrates were prepared. Assembled

DSSC with TiO2 microsphere �lms grown as a photoanode on the FTO substrate

achieves an overall photoelectric conversion e�ciency of 1.94 % and ISC of 5.12

mAcm−2 due to the rough surface, which is higher than that of the nanorod array

and DSSCs based on nano �ower [110] ( see summary in Table 2.7).

2.7.2 Seed layer and preparation methods

Application of mesoporous TiO2 for DSSC is widely preferred in order to implant

high density of dye molecules onto the surface of TiO2 nano particles for enhancing

the photon absorption. DSSC sometimes also su�ers from problem of short circuit

between TCO and liquid electrolyte due to highly mesoporous property of TiO2.

This undesirable phenomenon can be regulated by employing a compact layer of

sol-gel processes TiO2 nano particles of size 5-10 nm. Later sol-gel processes were

replaced by RF sputtered TiO2 �lms.

A vital component for improving the η of DSSCs based on of ZnO nanorods array

is the dye adsorption which can be investigated by the dye adsorptivity factor of

single nanorod and the density of nanorod arrays.

With increasing seed layer thickness, the density of the nanorod arrays gradually

increases, further forming large surface area for dye adsorption e�ciently. Further-

more, the increased dye loaded molecules on the surface is the result of continuous

increasing the number of desorption/adsorption cycles. As a result, it is noted that

the photocurrent densities (JL) and η of ZnO nanorod array-based DSSCs have sig-

ni�cantly improved [112].

By combining the commercial titanium powder P-25 with a titanium sol gel, the

TiO2 photoanode was prepared. Two monolayer photoanodes with ultrasonic and

without ultrasonic TiO2 pastes of approximately the same thickness were prepared

and their results were compared with the overall performance of the DSSC cells. The
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ultrasonic TiO2 photoanode was e�cient for DSSCs where the improvement of the

overall energy conversion e�ciency is achieved for the sonicated TiO2 photoanode

with the presence of PEG was almost double that of the non-sonic �lm [113].Few of

the key improvement reported in the seed layer deposition are listed in Table 2.8.

Table 2.8: PV performance of DSSC with respect to experiments conducted on
seed layer (SL).

S.No Fabrication of Photo-anode JSC
mAcm−2

VOC
(V)

FF η
(%)

Ref.

1 ZnO nano rod based DSSC
[112]

thickness of
SL

10 nm 1.85 0.55 0.37 0.38

20 nm 1.95 0.55 0.37 0.39

50 nm 2.05 0.55 0.36 0.40

75 nm 2.10 0.55 0.36 0.42

100 nm 2.08 0.55 0.36 0.42

2 Monolayers photoanodes, with
and without ultra sonic treat-
ment

[113]

Type With ultrasonic treatment 7.25 0.71 0.516 2.67

Without ultrasonic treatment 3.68 0.63 0.561 1.31

3 Optimized spin coating process
for seed layer formation [114]

Combination Bare-FTO+DT51 5.88 0.444 0.47 1.21

SC2+DT51 6.90 0.515 0.63 2.23

SC4+DT51 6.94 0.494 0.55 1.87

SC6+DT51 6.08 0.496 0.58 1.76

Using an alcoholic TiCl4 solution, an optimized spin coating method was created

and correlated to the �nal properties of the layer. To achieve a uniform layer, the

physicochemical features of the precursor solution and the spin coating parameters

have been optimized. The results were compared with those obtained using a tradi-

tional dip coating technique, showing that blocking layers are produced by the newly

developed spin coating process, resulting nearly 84 % of improvement in η [114].

Using tetrabutyl titanate as the starting material, nanocrystalline TiO2 was pre-

pared through hydrothermal synthesis. The reaction temperature changed from 120

°C to 160 °C with a constant reaction time of 12 h, and the pH value of the reaction

medium ranged from 1 to 9. The experimental results showed that the pH value

in�uenced the phase of the powder, while the particle size depended on the temper-
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ature of the reaction. Pure TiO2 anatase was obtained at a pH of 3. The DSSC's

solar energy conversion e�ciency provided with pure TiO2 anatase prepared at 140

°C was reported to 3.64 %, which was higher than that prepared under any other

conditions with TiO2 as listed in Table 2.9. The TiO2 (P25) purchased was used for

comparison to make a DSSC. It turned out that the e�ciency of all TiO2 DSSCs

prepared by hydrothermal synthesis was greater than that of P25 [115].

Table 2.9: PV parameters of assembled DSSCs from TiO2 prepared at 140°C under
di�erent pH values [115]

S.No Samples Anatase con-
tent, (%)

VOC
(V)

JSC
mAcm−2

FF η (%)

1 pH = 1 81 0.71 4.62 0.66 2.17

2 pH = 3 100 0.71 8.17 0.62 3.64

3 pH = 5 89 0.68 7.20 0.62 3.02

4 pH = 7 87 0.69 7.33 0.66 3.31

5 pH = 9 85 0.72 6.44 0.64 2.98

6 P25 75 0.68 5.65 0.55 2.12

Graphene�titania �lms were developed by aerosol deposition with varying graphene

concentration from 0.1 to 1.0 wt % to produce G�TiO2 �lms for DSSC applica-

tion as listed in Table 2.10. The optimal concentration was reported at 0.3 wt %,

which reduced the rate of recombination, favoring the formation of pairs of photo-

generated electron-holes. The conversion e�ciency decreased owing to higher ab-

sorption of light by graphene present on the surface, thus reducing the generation

of electron�hole pairs for concentrations higher than 0.3 wt % [116].

Table 2.10: Parameters for DSSCs based on di�erent graphene concentrations [116]

S.No Sample (wt
%)

VOC (V) JSC
mAcm−2

FF η (%)

1 Pure 0.68 7.20 64.26 3.14

2 0.1 0.75 8.92 60.95 4.08

3 0.3 0.75 10.93 61.26 5.02

4 0.5 0.74 10.90 59.12 4.77

5 0.7 0.72 9.27 60.14 4.00

6 1.0 0.69 8.67 60.47 3.62

For parallel modules, �exible dye-sensitized solar cells (FDSSCs) are introduced

with varying numbers of arrayed TiO2 WE. Instead of a single cell, FDSSCs are
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typically manufactured as a module type to improve the PV characteristic parame-

ters and η are listed in Table 2.11. The general modules of the FDSSCs are designed

as parallel strip-shaped and parallel forms of interconnection, and there are some

advantages, such as simple production, low cost and simple structure. The active

areas of FDSSCs are the same (0.48 cm2) in this recorded study and have di�erent

amounts of thin TiO2 �lms.

The single strip-shaped (TSP) WE of TiO2 have a higher internal resistance than

thin �lms of TiO2. The best way to solve the problem, higher internal resistance

than single TiO2 thin �lm, is therefore to produce the di�erent quantities of arrayed

�exible TiO2 WE. As a result, the FDSSC, which has the WE of the TSP TiO2, has

a higher η (0.25 %) than other TiO2 thin �lms [117].

Table 2.11: Performance parameters of FDSSCs with di�erent quantities of TiO2

thin �lms [117]

S.No Di�erent quantities of
TiO2 thin �lms

VOC (V) JSC
mAcm−2

FF % η (%)

1 single strip shaped 0.78 0.56 35.06 0.15

2 double strip shaped 0.70 0.86 36.19 0.22

3 triple strip shaped 0.71 1.11 31.67 0.25

TiO2 �lms of about 100 nm thickness were RF-sputtered at room temperature on

indium-tin-oxide coated glass substrates and used as the compact layer for fabri-

cation of DSSCs. The PV characteristics of the DSSCs with AM 1.5 illumination

showed a very high VOC of 780 mV, a high RSH of 400 KΩ, JSC = 12.3 mA/cm2

and FF = 61 %, while the VOC , RSH , JSC and FF of the DSSCs manufactured

with traditional sol-gel processed TiO2 compact layers were 520 mV, 463 KΩ, 5.4

mA/cm2 and 46 % respectively [118].

2.7.3 Experiments with semiconductor materials

It is observed that absorption of visible light spectrum can be increases by doping

narrow band gap semiconductor to TiO2. When a narrow-band meso-porous TiO2

electrode to enhance the light harvesting η of DSSCs. Few of the metal chalcogenide

semiconductors such as cadmium sul�de (CdS), cadmium selenide (CdSe), lead sul-

�de (PbS), and CdS/CdSe are used to fabricate quantum dot-sensitized solar cells
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(QDSSC).

The various working electrodes based on quasi-core�shell TiO2/PbS composites are

fabricated by a simple hydrolysis process. Results investigated that apportion spec-

tra is shifted from UV to visible range. Various experimental works (samples F1-

F11) were carried out consisting di�erent proportions of the elements (by weight)

and performance of the various associated DSSCs is listed in Table 2.12 [119].

Table 2.12: PV parameters of DSSCs from di�erent experiments. [119]

S.No Experimental
substrate

VOC (V) JSC
mAcm−2

FF η (%)

1 F1 0.65 13.86 0.57 5.11

2 F2 0.64 13.72 0.54 4.85

3 F3 0.71 11.07 0.54 4.26

4 F4 0.69 10.19 0.57 4.03

5 F5 0.71 6.19 0.67 3.56

6 F6 0.67 6.87 0.71 2.96

7 F7 0.62 16.55 0.56 5.75

8 F8 0.61 15.42 0.60 5.70

9 F9 0.71 16.37 0.52 6.05

10 F10 0.77 9.48 0.60 4.35

11 F11 0.71 8.89 0.60 3.82

A new idea for improving the e�ciency of TiO2 DSSC by proposing of a double-

layer �lm doped with various Zinc (Zn) ions, with a variety of morphologies and

phase arrangements. The light absorption and scattering is improved by low energy

bandgap. The PV parameters of DSSC assembled for TiO2 mono layer (composi-

tions of Anatase and Rutile) and TiO2 double layer (as light scattering layers) with

various Zn atomic % along with dye loading are listed in Table 2.13 and Table 2.14

respectively [120].

The thickness dependent performance of TiO2 passivated DSSC grown by sput-

ter technique on F-doped SnO2 (FTO) electrode as listed in Table 2.15. The idea

of implementing this technique is to investigate the optical transparency, surface

roughness and passivation properties of the TiO2 layer passivating the FTO elec-

trode which are the function of thickness of the TiO2 passivating layer. More over

it is reported that the η of the cell is critically dependent on the thickness of RF

sputtered TiO2 layer inserted between FTO electrode and nanoporous TiO2 layer.

Hence 50nm thick TiO2 passivating FTO electrode showed the maximum power η
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of 4.42 % due to e�ective prevention electron back reaction (electron/electrolyte

recombination) as shown in table below [121].

Table 2.13: PV parameters for fabricated mono layer DSSC [120]

S.No Experimental
substrate

VOC
(V)

JSC
mAcm−2

FF η Zn at% Adsorbed
dye
(10−8cm−2)

1 ZT0 0.70 11.98 0.61 5.18 0.00 8.82

2 ZT2 0.69 12.74 0.60 5.32 0.257±0.01 9.05

3 ZT5 0.66 14.29 0.60 5.73 0.507±0.01 9.41

4 ZT7 0.65 13.95 0.59 5.45 0.757±0.01 9.32

5 ZT10 0.64 12.88 0.59 4.95 0.107±0.01 9.16

Table 2.14: PV parameters for fabricated double layer DSSC [120]

S.No Experimental
substrate

VOC
(V)

JSC
mAcm−2

FF η Zn at% Adsorbed
dye
(10−8cm−2)

1 ZT5/N0 0.68 14.77 0.60 6.14 0.50±0.01 7.95

2 ZT5/N5 0.67 13.48 0.60 5.50 0.50±0.01 7.42

3 ZT5/NM0 0.68 16.02 0.60 6.58 0.50±0.01 8.39

4 ZT5/NM5 0.66 14.61 0.59 5.85 0.50±0.01 7.9

Table 2.15: DSSC PV performance fabricated on TiO2/FTO/glass substrate with
di�erent thickness of TiO2 passivating layer [121]

PCE (%) JSC
mAcm−2

VOC (V) FF (%)

FTO/glass 3.8 7.78 0.79 61.0

TiO2-10 nm 4.18 8.82 0.79 64.5

TiO2-20 nm 4.20 9.00 0.78 59.0

TiO2-50 nm 4.42 10.38 0.78 54.2

TiO2-100 nm 4.13 9.38 0.79 55.3

2.8 Improvements in counter electrode (CE)

Various researches to develop Platinum (Pt) free counter electrode (CE) are carried

out in order to minimize the fabrication cost of DSSC. In this research area CEs

were produced using graphene nanoplatelets (GNPs) or multi-wall carbon nanotubes

(MWCNTs) or various weight % of hybrid GNPs and MWCNTs mixtures. These

materials have been dispersed using PEDOT: PSS polymer and then deposited on
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FTO glass as well as on a non-conducting glass substrate by a drop casting method.

Results show the improvement in η and life of CE (see Table 2.16).

Researchers also examine DSSCs incorporated with carbon nano-onions as CE. The

candle �ame deposition technique is carried out to deposit synthesized carbon nano-

onion nanoparticles on Cu sputter coated glass substrates (see Table 2.16). DSSCs

performances indicated that the carbon nano-onion based CE exhibit comparable

performances to conventionally used Pt and could be scaled up in industrial pro-

duction [122].

Table 2.16: PV performance of DDSC by modi�cation in CE.

S.No CE Proposed idea JSC
mAcm−2

VOC
(V)

FF η
(%)

Ref.

1 Counter electrodes using nano
particles

Type C hybrid/glass type CE 8.275 0.64 0.47 2.48

PEDOT:PSS/glass type CE 0.686 0.4 0.4 0.11

GNPs/glass type CE 2.46 0.6 0.34 0.51

2 Carbon nano onion CE 7.65 0.68 0.65 3.39
[122]

3 Fabrication of transparent CE
[123]

Type Pt nano particle based CE 11.24 0.82 0.67 6.17

Sputtered Pt based CE 10.84 0.815 0.72 6.36

It is reported that a highly transparent Pt CE can be achieved by spray coating of

Pt nano-particles (NPs) on pre heated substrates and 86 % reduction in the con-

sumption of Pt is observed during the experimental work which further reduces the

cost of fabrication of DSSC [123].

A composite photo electrode with Pt nanoparticles (NPs) is deposited on three

dimension FTO glass. This 3D FTO conductive grid was fabricated as the CE

of DSSC, which exhibits larger electrochemical active surface area (9.54 m2/g) and

lower charge transfer resistance (2.1 Ω) in iodide/triiodide (I−/I3−) redox electrolyte

than the conventional planar CE which further results 14 % higher η [124].

A nano-structure-based Pt counter electrode was manufactured to increase the per-

formance of the DSSC by assembling silver (Ag) NPs on glass substrates and de-

positing a thin Pt layer. DSSCs with nano-particulate structure have improved the

overall PV characteristics [125].
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2.9 E�ect of annealing on PV response

The improvement in the photoelectrochemical properties of the manufactured cell

sintered at elevated temperatures can be due to (1) an increase in crystallinity

which is bene�cial in the geometry of anchoring dyes leading to faster electron

injection [126], (2) an increase in the size of the grain leading to an improvement in

the scattering of light and a decrease in the interconnection between particles [127].

In addition, the increase in annealing temperature increases the injection of electrons

by enlarging the coe�cient and lifetime of electron di�usion. At more than 500 °C,

the overall photovoltaic characteristics were drastically reduced (see Table 2.17).

This may have been caused by the reduction of the substrate's conductivity due to

conductive �lm degradation [128].

Table 2.17: Impact of annealing temperature variation on DSSC PV
performance [128]

Annealing tem-
perature (oC)

VOC
(mV)

JSC
mAcm−2

FF η (%)

350 522 0.43 0.36 0.081

400 496 0.52 0.32 0.084

450 564 0.66 0.29 0.11

500 525 0.59 0.24 0.082

550 522 0.58 0.24 0.079

2.10 Encapsulation of DSSCs

UV radiation and environmental deterrents can degrade semiconductor photoelec-

trodes, photosensitive dyes (synthetic pigments and complexes), and other nanoma-

terials used in photocatalytic water splitting.The equipment's encapsulation requires

the appropriate non-corrosive (with electrical exposure), non-conducting, extremely

transparent barrier material Therefore, the barrier material should possess some of

the crucial properties which help the e�ective functioning of these devices to be used

in the previously discussed speci�c applications [129]- [130].

� Flexibility: The encapsulant material, as well as the device substrate, must be

�exible enough to prevent cracks formtion.
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� Hermetic: The device must be totally sealed from the outside environment,

safeguarding it from external degradants such as O2, H2O, chloro�uorocarbons,

and UV rays.

� Extremely low gas permeability: The encapsulant should act as a barrier

against penetrating gases such as oxygen and moisture.

� Stability: The encapsulant must be stable in terms of dimensions, chemical

properties (non-corrosive), thermal properties, and electrical properties.

� Processing ease: Processing compatibility with the �nal product for integration

is a critical criterion in terms of energy and economic savings.

As a result, several organic and inorganic materials are being studied for their usage

as encapsulants in order to meet these speci�c requirements.

A new family of Fe1−xS/Fe3C-NCNTs hybrids, with the architecture of �Fe1−xS load-

ing on Fe3C-encapsulated and N-enriched carbon nanotubes�, was strategically es-

tablished by a facile in-situ carbonization-sulfurization process and developed as CE

catalysts in DSSCs. The electrochemical results showed that the hybrids delivered

an excellent catalytic activity for I3− reduction with a low charge transfer resistance

of 1.56 Ω, and the Fe1−xS/Fe3C-NCNTs CE based DSSC achieved a high power

conversion e�ciency of 8.67%, which is superior to 7.75% of the device based on

traditional Pt CE. Furthermore, the DSSC with Fe1−xS/Fe3C-NCNTs hybrid CE

also showed an extraordinary electrochemical stability in long-term operation.

The impact of cellulose nanocrystals (CNCs) made from bacterial cellulose (BC)

and nano�brillated cellulose (NFC) on the structural properties of polyurethane

(PU) composites are also investigated [131] . The feasibility of using the polymer

composite to encapsulate dye sensitised solar cells piqued the researchers' curiosity.

Both CNCs were esteri�ed before being mixed with the polyurethane in a solution

method. In this study, the strongest PU nanocomposite. �lm was obtained when 2

wt % of the esteri�ed BCNCs was applied to the polymer matrix. The results from

thermal analysis indicate that the onset temperature for decarboxylation step of the

polymer increased after adding the modi�ed CNCs. The water vapor transmission

rate of the PU �lms was rapidly dropped by 56% when 0.5 wt % of the esteri�ed

BCNCs was added. Percentage visible light transmission through the polymer com-
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posite �lms was above 80%, regardless of the type and concentration of the CNCs.

By encapsulating dye sensitized solar cells with the polymer/esteri�ed B-CNC com-

posites, it was found that the lifetime of the devices can be extended by more than

336 h without losing its initial power conversion e�ciency.

Hence from the literature survey it is understood that the optimum electrolyte con-

centration and type of electrolytes are two vital electrolyte parameters in order to

control and optimize the performance of the DSSC. Improving the Dye regeneration

capability of electrolytes and recombination kinetics enhances the dye regeneration

e�ciency of the solar cell. Electrode thickness can be considered as critical compo-

nent which determines the light harvesting capability of DSSC device. EIS curve

�tting technique can be one of the e�cient methodology to investigate the charge

transport properties for the evaluation of electron recombination kinetics and their

life time across TiO2/electrolyte interface.

Controlling the electrode (WE) thickness, slurry or paste preparation and compo-

sition, particles shape, size, porosity and its distribution in the oxide �lm can be

treated as major factors which have signi�cant potential in order achieve optimum

performance of DSSC. The discussed modi�cations can be considered in order to

modulate the physical and chemical properties of WE to enhance PV performance

of DSSC.

The variations of morphology, size and crystal phase of TiO2 micro/nanostructures

have potential to enhance the performance of the DSSC by improving dye loading,

superior light scattering ability, and/or faster electron transport and longer elec-

tron lifetime. Hence by �nding the high yielding routes for synthesis of various

morphologies for TiO2 nanoparticles with suitable band gap can be considered as

another approachable method to improve the cell performance and same is discussed

in chapter 3.
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Chapter 3

Facile one pot hydrothermal

synthesis of nanorice-like TiO2 for an

e�cient dye sensitized solar cell

(DSSC)

3.1 Introduction

Apart from traditional applications, nanocrystalline TiO2 intrinsically possesses

multi-functional properties such as environmental photocatalysts (polluted airs,

wastewaters, self-cleaning windows having antimicrobial activity); e�cient elec-

trodes for photovoltaic, photo-electrochromics and gas sensing devices etc. In this

matter, several physical techniques and chemical approaches have been successfully

used to prepare various crystal forms and anisotropic shape nanosize crystalline

TiO2 materials [132]- [134]. Among these chemical approaches, a low temperature

hydrothermal (HT) reaction is widely preferred because of its simplicity, low-cost,

and ability to readily control the physicochemical properties of material need to

be synthesized e.g. crystallinity, size and morphology of particles, and textural

Brunauer-Emmett-Teller (BET) features (surface area; pore's shape/size and vol-

ume). Such controlled desired physicochemical properties of material can be achieve

by making a tailored combination among the reaction variables viz. time, tempera-

ture, type of precursors (pristine or chemical modi�cation), type of solvent and pH
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controlling agent etc.

Here, in this chapter, we report a simple and facile low temperature HT synthesis of

high crystalline nanorice-like TiO2 powder, whose pore's size and volume are though

relatively larger than to a commonly exploited model (Degussa, P-25) powder, yet

both these TiO2 powders have more or less comparable average particles' size and

BET surface-area. As the nanoparticles of these TiO2 powders di�ers in their shape

(P-25 is nearly spherical) so such shape dependent superior charge transfer proper-

ties of nano-rice like TiO2 is highly re�ected in an easily implemented a low cost

DSSC device technology, which could ful�l our future needs of clean energy [135].

Under global light illumination (1 sun, AM 1.5 G), and identical electrode fabrica-

tion and DSSC assembling conditions, cell made of nanorice-like anatase TiO2 easily

gave a solar to electric conversion e�ciency (η) ca. 6.49 %, an enhancement of ca.

19 % with respect to that of a reference cell made of a commercially available and

commonly exploited benchmark TiO2 (Degussa, P-25).

3.2 Adsorption of a gas on the material's surface by

BET Analysis

The basic element of the theory of BET is the adsorption of a gas (adsorbate) on

the surface of the material. The physical adsorption due to the Vander Wall forces

existing between the gas molecules and adsorbing surface and chemical adsorption

due to formation of resultant products by chemical reaction solid surface and gas

molecules are the two major type of adsorption phenomenon [136]- [138]. All the

adsorbed molecules forming the layer are in contact with the surface of the adsor-

bent [139]- [142], [144]- [145]. In addition to this it is possible to compare the net

amount of gas adsorbed with its surface area of the adsorbent material [143]. In a

closed-packed structure, this coverage can happen when molecules are close to each

other or when scattering across the surface as well. Solid and gas interacting force

keeps the gas molecules on the surface of the adsorbent material.

On the other side, more than one layer of gas molecules is generated with multilayer

adsorption, so it can be easily stated that all the gas molecules are not available

to make the contact with the top surface adsorbent layer. Therefore, gas molecules
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start interacting to each other in their vapor phase. These interaction energies of the

vapor phase are close enough to match the energies in solid-gas interaction that con-

tributes to the gas adsorption at the top of gas molecules that are already adsorbed

on a solid's surface. As a consequence, a gas condenses into a liquid phase [146].

When the temperature of the absorbent surface is lower than the critical tempera-

ture of gas molecules, multilayer adsorption is a common phenomenon.

The pressure increases until it reaches to a value close to the bulk vapor pressure

during the formation of adsorbate molecules [146]. After monolayer (ML) and sub-

sequently ML adsorption on the pore walls, capillary condensation signify that pores

are �lled with condensed gas. The increased Vander Waals interactions between gas

molecules at con�ned space of pores leads to vapor-liquid phase transitions below

the bulk liquid's saturation vapor pressure (Psat) [137]- [147]. From BET analysis

its can be assumed that each adsorbed layer is not interfering to it next layer during

the ML adsorption. Hence Langmuir equation can be applied on each adsorbed

layer [148]- [149]. Molecules act as absorption sites in the layers below the initial

one The BET equation is established as given by eqn. 3.1 [147].

P/P0

n(1− P/P0)
=

1

nmC
+
C − 1

nmC

(
P

P0

)
(3.1)

3.2.1 N2 gas Adsorption Technique

Adsorption can be de�ned as the �tendency of one component of the system to

have a higher concentration at the interface than it has in either of the adjacent

bulk phases". Considering a solid-�uid type system where the �uid density contin-

uously increases near the region of solid �uid interface. Adsorption phenomenon is

further categorized into physisorption and chemisorptions illustrating whether the

gas molecules and the surface layer are interacting through chemically interactive

forces or physically interactive forces in nature. Experiments to analyze the ph-

ysisorption process are carried out with various gases and under various sets of

pressure-temperature conditions. Conditions like low temperature and higher pres-

sure are also preferred for e�cient adsorption and these experiments are capable

to investigate the surface area and pore's structure of the porous sample material

(textural properties).
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Now day's nitrogen gas (N2) at 77 K is normally used for characterize the textural

properties and to analyze mesoporous nature of the sample (TiO2 etc). Gases like

carbon dioxide at 273 K, argon at 87 K, and krypton gas at 77 K may also be used

for the characterization to study the adsorption process. Moreover analysis of ad-

sorption taking place at higher pressures, where the gas is in the supercritical stage,

provides the information on the nature of the surface of the sample and its gas ad-

sorption potential, as well as information on the surface area and surface properties

of the sample (TiO2 etc.).

3.2.2 Experimental Procedure and fundamentals principles

of BET

In this procedure, a discontinuous static volumetric method is used to investigate the

amount of gas adsorbed on the sample by conducting experiments on Micromerit-

ics ASAP 2010� instrument after the preparation of sample. Prior to the analysis,

degassing of the sample (1-2 gm) inside the tube is done by creating vacuum (<10

µm Hg) and then heating it at 200 oC for 24 Hrs. Further heat treatment under

vacuum conditions is done until the sample out�gassing rate reach below to 0.005

Torr/min over a 15 minute interval (∼16�24 hours). The dead volume of the tube

is measured volumetrically by using helium before performing experiment for ad-

sorption isotherm. The helium evacuation is performed from the sample tube and

the tube is then kept in cryogenic liquid nitrogen (LN2). Afterwards, the sample

tube is dosed with N2 (of known amount) with precisely controlled pressures. The

amount of adsorbed gas on the solid surface at constant temperature is measured

at discrete pressure (P) steps over the relative equilibrium pressure P/P0 range of

0.0075 to 0.995.

After increasing the pressure up to condensation pressure (branch of adsorption),

the pressure reduces from the pressure point P0 (branch of desorption). During

this operation data sets are collected and reported as the pro�le of isotherm re-

lated to adsorption process. This results in the characteristics where quantity of gas

adsorbed per mass (moles or volume (cm3/g) is plotted as a function of P/P0.
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3.2.3 Qualitative Interpretation of N2 Isotherm Pro�le

Combined analysis of isotherm's shape and its hysteresis pattern is considered as

vital characteristics for the interpretation the nature of physisorption mechanism and

solid-gas interaction which are capable for the qualitative prediction of the variety

and type of pores present in the adsorbent. Along with four types of hysteresis

patterns (H1-H4), IUPAC further estimates six types of adsorption isotherms (Type

I-VI) [19] where three are discussed in detail in this chapter which are particularly

critical reason behind the formation of isotherms for unconventional gases and oils

as shown in (Figure 3.1) [150]- [151]. Di�erent mesopore shapes are characteristic

of the various hysteresis patterns H1-H4.

3.2.3.1 Isotherm: Type I

A microporous (MP) adsorbent shows a concave-shaped isotherm for the ranges

P/P0 < 0.01 until it reaches a plateau. For this range of relative pressure relative

pressure isotherm shows very high adsorption (see Figure 3.1(a)). The small mi-

cropores result in overlapping the possible adsorption �elds of opposite walls. This

overlapping potential energy creates an increased interaction of absorbent-adsorbate

resulting in high uptake of adsorption at low relative pressures. This phenomenon

is called as the �lling of micropores. The limited uptake (plateau) depends on the

sample's cumulative accessible volume of micropores.

3.2.3.2 Isotherm: Type I

A fully reversible isotherm (Figure 3.1(b)) can be exhibited by a non-porous or

macroporous (MaP) substance where adsorption and desorption follow exactly the

same direction. At lower ranges of relative pressures (P/P0 < 0.2), these isotherms

initially have a concave form followed by a linear area and eventually a convex form

similar to the P/P0 axis at higher relative pressure (P/P0 > 0.4). This isothermal

pro�le re�ects a mechanism of gas monolayer-multilayer adsorption on the open and

stable solid surface.
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3.2.3.3 Isotherm: Type IV

A characteristic hysteresis loop would have prominent mesoporous (MeP) content

(Figure 3.1(c)), which is consistent with capillary condensation and evaporation tak-

ing place in mesopores. The isotherm pro�le is identical to Type II isotherms at

lower ranges of relative pressure (P/P0<0.4), representing a monolayer to multi-

layer adsorption process on mesopore and macropore walls. The gas condenses in

the mesopores into bulk liquid at higher relative pressures at pressures below the

saturation vapor pressure with the formation of a gas-liquid meniscus (capillary con-

densation). The pro�le of isotherms indicates a plateau with decreased adsorption

at high P/P0. The restricting adsorption plateau at high P/P0 suggests complete

�lling of mesopores and subsequent adsorption on the external surfaces.

The hysteresis loop is a feature of mesopores present in the Type IV isotherms. Sev-

eral models exist to describe the phenomenon of hysteresis in adsorption isotherms

[152]. Hysteresis could be predicted from non-connecting cylindrical mesopores due

to variations in shapes of meniscus during capillary condensation (adsorption) and

evaporation (desorption) [153].

In mesoporous materials with non-connecting cylindrical pore systems such as meso-

porous silica SBA-15, such phenomena generate hysteresis pro�les [152]. The pore

network and pore communication e�ects are other mechanisms that lead to hystere-

sis [152], [154]- [155]. The path dependence in such interconnected pore-network

systems is due to di�erent sequences in which the molecules of the probe encounters

the pores during the process of adsorption and desorption, resulting in hysteresis.

(a) Type I Isotherm (b) Type II Isotherm (c) Type IV Isotherm

Figure 3.1: Isotherm pro�les of various materials (a) purely MP (Type I) (b) MaP
(Type II) and (c) purely MeP (Type IV) [150]
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The variation in mesopore shapes results di�erent characteristic for H1 to H4 hys-

teresis patterns (Figure 3.2). The materials which have the property of narrow

distribution of cylindrical or tubular pores are exhibiting the H1 hysteresis pattern

(see Figure 3.2). The H2 (Figure 3.2) types indicate a complex, interconnected pore

structure with narrow pore openings. The H3 hysteresis loop (Figure 3.2) types are

mostly found in materials with platy particles having slit-shaped pores. The H4

hysteresis loop (Figure 3.2) types also result from slit-shaped pores, but are associ-

ated with micropores in general.

Figure 3.2: Hysteresis shapes of adsorption isotherm usually formed in subcritical
N2 adsorption [150].

3.3 X-ray Di�raction (XRD)

An e�ective non-destructive technique for characterizing crystalline materials is X-

ray di�raction (XRD). It includes information of structures, phases, orientations of

crystals (texture), and other structural parameters, such as average of grain size of,

crystallinity, strain, and crystal defects. XRD is based on constructive monochro-

matic X-ray interference and a crystalline sample. XRD peaks are produced by

constructive interference in a sample by a monochromatic beam of X-rays dispersed

from each set of lattice planes at speci�c angles. Consequently, in a given material,

the XRD pattern is the �ngerprint of periodic arrangement of atoms.

In 1912, it is also discovered that crystalline substances behave close to the spac-

ing of planes in a crystal lattice as three-dimensional di�raction gratings for X-ray

wavelengths [156]. A cathode ray tube, �ltered to emit monochromatic radiation,
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collimated to concentrate, and directed towards the sample, produces these X-rays.

When conditions satisfy the Bragg's law, the interaction of the incident rays with

the sample produces constructive interference (and a di�racted ray) as shown in

Figure 3.3 and given by eqn. 3.2.

nλ = 2dSinθ (3.2)

Figure 3.3: Bragg's Di�raction patters of Incident Rays for estimating interatomic
distance (d)

Where �n� is representing integer numbers, �λ� is X-ray wavelength of, �d � is the

di�raction producing interplanary spacing, and �θ� is the angle of di�raction. In a

crystalline sample, this law relates the wavelength of electromagnetic radiation to

the di�raction angle and lattice spacing. It is also necessary to analyze the powdered

material for all possible di�raction directions of the lattice by scanning the sample

through the set of 2θ angles, all should be achieved.

Each sample or compound follows the uniqueness for the set of d-spacing. Therefore

these di�racted peaks �nally transformed d-spacings for the identi�cation of the

sample by contrasting the d-spacings to the reference patterns. Three fundamental

elements are composed of X-ray di�racto-meters (see Figure 3.4): an X-ray tube, a
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sample holder and an X-ray beam detector [157]. By heating a �lament to produce

electrons, accelerating the electrons towards a target by applying a voltage, and

bombarding the target material with electrons, X-rays are produced in a cathode

ray tube (see Figure 3.4(a) and Figure 3.4(b)).

(a) Schematic diagram of a di�ractometer sys-
tem

(b) XRD Instrument for analyzing crystal
phases and crystallinity

Figure 3.4: XRD system

When the electrons have enough energy to dislodge the target materials inner

shell electrons, a characteristic X-ray spectrum are formed. In order to generate

monochromatic X-rays necessary for di�raction, �ltering is needed by foils or crys-

tal monochrometers. Copper, with CuKa radiation D 1.5418 Å, is the most common

target material for single-crystal di�raction. These X-rays are collimated and the

sample is targeted. The intensity of the re�ected X-rays is registered as the sample

and detector are rotated. As Bragg's law is met by the geometry of the incident
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X-rays impacting the sample, positive interference occurs and a peak of intensity

appears. This X-ray signal is captured and analyzed by a detector and the signal is

converted to a count rate, which is then sent to a system such as a printer or com-

puter monitor. The X-ray di�ractometer geometry is such that the sample placed

at goniometer which rotates at an angle θ along the direction of the collimated X-

ray beam while the X-ray detector is placed on an arm to absorb and rotate the

di�racted X-rays at an angle of 2θ . Data is obtained at 2θ from 5o to 70o, angles

preset in the X-ray scan, for standard powder patterns. For certain research stud-

ies in geology, environmental sciences, material science, engineering, and biology,

determination of unknown solids is important. For the analysis of a wide range

of materials including semiconductors , polymers, �uids, metals, plastics, minerals,

thin �lm coatings, catalysts, pharmaceuticals, solar cells, microelectronics, and ce-

ramics, XRD characterization technique is also globally adopted [158]. Strength and

limitations of X-ray powder di�raction (XRPD).

Strengths

1. E�ciently recognize (< 20 min) the unknown sample (material)

2. Provides unambiguous mineral identi�cation in most situations

3. Broad availability of units of XRD

4. Reasonably easy analysis of data

Limitations

1. Access to the standard inorganic compound reference �le is required.

2. Material must be processed into a powder in amounts of tenth of grams

3. Detection limit for mixed materials is 2 % of the sample.

4. Indexing of patterns for nonisometric crystal systems is complex for unit cell

determinations.

3.4 Scanning electron microscope (SEM)

A scanning electron microscope (SEM) is used to investigate the external morphol-

ogy (texture), chemical composition, and crystalline structure and orientation of
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materials making up the sample. Signi�cant amounts of kinetic energy are carried

by accelerated beam of incident electrons in a SEM. When these accelerated elec-

trons interacted with electrons of the solid sample material, they starts decelerating

and loses their energies which further transform into the generation of variety of sig-

nals.These type of generated signals comprise of secondary electrons (SEs), backscat-

tered electrons (BSEs), di�racted BSEs are used to determine crystal structures and

mineral orientations), photons, visible light (cathodoluminescence -CL), and heat.

For imaging samples, SEs and BSEs are commonly used. The SEs is most valuable

for showing morphology and topography on samples and backscattered electrons in

multiphase solid samples are most valuable for illustrating contrasts in composition.

The inelastic collision between electron in the sample's atomic orbital (shell) and

incident beam of electrons occurs. Electron releases energy in the form of X-rays

during its transition from higher energy level (HEL) to the lower energy levels (LEL).

The wavelength associated with the X-rays highly depends on the energy separation

between HEL and LEL. Therefore every X-ray created is the characteristics of the

element present in the sample. During the SEM analysis X-rays produced through

the electron interactions do not lead to sample loss, therefore SEM is also stated

as �non-destructive� sample characterization technique so that sample materials can

be repeatedly analyzed.

In order to allow the sample to be imaged in a SEM, it is often necessary to prepare

the sample with additional processing steps before a sample can be observed in the

SEM. This method often makes the sample conductive, more stable under the elec-

tron beam and in a vacuum, or optimizes the geometry between the surface of the

sample, the electron, and one (or more) of the SEM-attached detectors.

Nano-sized materials, in particular, have the problem of agglomerating or aggregat-

ing, and special treatment of the samples is required for proper imaging of these

samples [159]. The type of sample preparation depends on the material type. Con-

ductive nano sized materials such as metal oxides need little preparation, are very

vacuum-stable, and under the electron beam are often stable. Sample preparation

often consists of attaching them to a stub by using conductive tape for these types

of samples. Due to their conductive nature, they often do not need to be coated

with a metal or carbon sputter to help dissipate the accumulation of charge on the
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sample surface. In order to enable good images and proper particle size analysis

of nano-sized materials, sample preparation is therefore critical. In order to obtain

accurate dimensions of nano-sized materials, understanding of the sample is crucial.

3.5 Materials and Methods

Ti-isopropoxide (TTIP, 97 %), ethanol (EtOH, 99.9 %) and ammonia solution (NH3,

28-32 wt % in water) were obtained from commercial sources and used as received.

A premixture was made by simply diluting pristine TTIP with EtOH (1:6 molar ra-

tio) inside a Te�on vessel (∼100 mL), and after 10 minute of mild magnetic stirring

ca. 70 ml of aqueous solvent (pH∼12; adjusted by NH3 of tripled deionized water;

Millipore, 18 MΩ−1) was carefully poured to this premixture. Within few seconds,

white slurry was formed, which was kept at stirring for ca. 10 min. Then reaction

was carried out at 150 °C for 12 hr as shown in Figure 3.5.

Figure 3.5: Magnetic stirring of white slurry

The resulted white products were collected by centrifugation (see Figure 3.6(a)) and

excessive washing with deionized water (Figure 3.6(b)). The �nal TiO2 powder was

obtained by drying the white product at 100 °C for 4 hr (Figure 3.6(c)). and fol-

lowed by the grinding (see Figure 3.6(d)).
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(a) The sample of white slurry solution is
centrifuged for 20 min. at 12000 rpm

(b) centrifugation seperated the white pre-
cipate collected at the botton of the vessel

(c) The white precipitate is collected and
heated overnight at 100 °C

(d) Final TiO2 powder is collected after
manually grinding process.

Figure 3.6: Slurry to TiO2 powder formation

Crystalline-phase and average particle size of the processed sample (see Figure

3.6) were measured by using X-ray di�raction (XRD, PRO-MPD, Philips di�rac-

tometer) for the sample shown in Figure 3.7. BET properties were measured

by N2 adsorption-desorption at 77 K (Micromeritics ASAP-2010). Speci�c BET

surface-area ((SBET )), pore-volume (VP ) and pore-size (DP ) were determine from

N2 isotherms using BET and Barrett-Joyner-Halenda (BJH) methods respectively.

Morphological features were examined by �eld-emission Scanning electron microscopy

(SEM; XL30S FEG, Philips Electron Optics B.V).
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Figure 3.7: Sample preparation for XRD analysis

The TiO2 and/or Platinum (Pt) counter electrodes were prepared by screen printing

the mesoscopic TiO2 paste made with the procedure given in reference [160] and/or

by depositing the hexachloro-platinic acid-based paste onto conducting FTO glass

substrates (TEC-10). TiO2 and Pt-electrode were sintered at 500°C and 400°C

for ca. 30 min respectively. The redox electrolyte consisted of 0.5 M 1-butyl-3-

methylimidazolium iodide, 0.05 M I2, 0.5 M 4-tert-butylpyridine in acetonitrile.

Figure 3.8: DSSC �lled with electrolyte

The N719 dye adsorption capacity of electrodes were measured by immersing them

overnight into 0.1 M NaOH solution (EtOH to water ratio 1:1) and calculating

the concentration of N719-dye (extinction co�cient ∼1.41Ö104 L.mol−1 cm−1) by

its light absorbance (peak at 515 nm) using UV-Vis spectroscopy (UV-2401PC,

Shimadzu Corp.) The current-voltage characteristics of the assembled DSSC (see

Figure 3.8 and 3.9)with Peccell solar simulator (Model: PEL-L11) were measured
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under dark and 1 sun (100 mW.cm−2, AM 1.5 G) illumination (see Figure 3.10). Us-

ing a Reference 600 Potentiostat (Gamry Instruments), electrochemical impedance

spectra (EIS) were measured under 1 sun bias light at open-circuit conditions.

Figure 3.9: Assembled DSSC

Figure 3.10: J-V Characterization of assembled DSSC

3.6 Results and Discussion

Several crystalline TiO2 powders were synthesized, however here we present one

typical TiO2 (obtained by a premixture of 1 mole of TTIP with 3.5 moles of EtOH),

which is closely comparable to P-25 in its average particle size, BET surface area

and pore's characteristics, and show much better parametric performance as an elec-

trode �lm for a DSSC.

In the XRD pattern (Figure 3.11(a)), it is clearly seen that synthesized TiO2 is highly

crystalline with pure anatase (JCPDS Card No. 04-0477), whereas P-25 is a typical
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biphasial in nature and consisted about ca. 73 % anatase ( ∼27 % rutile) as esti-

mated by the intense 101 peaks of its anatase and rutile phases respectively [161].

The average particles' size of prepared TiO2 is comparable with P-25 (see Table

3.1), which was estimated by XRD(101) peak using well known Scherrer's equation

[34]. Both TiO2 and P-25 powders were found mesoporous in nature (see Figure

3.11(b)) with comparable BET surface areas (see Table 3.1). The mesoscopic nature

of powders is clearly indicated by their N2 adsorption-desorption (H3-type, IV-type;

BDDT classi�cation) hysteresis loops, and such kinds of loops and BJH pore-size

distributions (see inset, 3.11(b) are typical to the nanoparticles having unordered

cylindrical type pore-structures. As shown in Figure 3.11(b), N2 capillary cohesion

of as prepared TiO2 powder occurred relatively at higher pressure indicating its

larger pore features than that of a P-25 powder (see Table 3.1).

Table 3.1: Structural, textural BET features and DSSC parameters of an isotropic
Degussa P-25 and rice-like anataseTiO2

Particle
Size

SBET VP DP VOC JSC FF η Dye
loading

f p

(nm) (m2g−1) (ccg−1) (nm) (V) (mAcm−2) (%) (nano
molcm−2)

(Hz)

P-
25

19.52 42.26 0.1211 13.05 0.788 9.45 73.2 5.45 0.569 20.58

TiO2 18.86 43.59 0.1952 21.94 0.845 10.78 71.3 6.49 0.571 15.52

Microscopic SEM images (see Figure 3.12(a)) show the porous nanoparticles in pre-

pared anatase TiO2 and biphasial P-25 powders, respectively. It is clearly noticed

that P-25 nanoparticles are nearly isotropic in shape, whereas TiO2 nanoparticles

are rice-like in their shape, and such anisotropic morphological growth of particle is

highly expected from ongoing hydrolysis-polycondensation reactions of a molecularly

modi�ed pristine monomeric i.e. Ti-precursor (Ti(OPr)4) reacted with EtOH. When

pristine Ti(OPr)4 was mixed with EtOH, it is possible that some of the less elec-

tronegative OPr ligands are replaced by the more electronegative OEt ligands, hence

forming a new chemical precursor Ti(OPr)4−x(OEt)x [162]- [163]. Thus di�erence

in electronegativity of two ligands should promote an e�cient decoupling between

hydrolysis and polycondensation reactions [162]. Inevitably, a lesser electronegative

ligand is removed quickly by OH− group during hydrolysis, whereas a higher elec-
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tronegative ligand is mainly replaced by OH− group during the polycondensation

process, and consequently, a decoupling between hydrolysis and condensation reac-

tions had played a key role in formation of anisotropic shape of nanoparticles, which

is concluded from Figure 3.12(b).

(a) XRD patterns of Degussa P-25 (i) and prepared TiO2 (ii). R (2θ=27.460)
represents the rutile-phase)

(b) N2 adsorption-desorption BET curves (insets; pore-size distributions) of De-
gussa P-25 (i) and prepared TiO2 (ii)

Figure 3.11: XRD and BET characteristics of P25 nd rice like TiO2
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(a) Degussa P-25

(b) nanorice-like anatase TiO2

Figure 3.12: Microscopic SEM image of powder samples

Though having comparable SBET and average particles' sizes (see Table 3.1) to that

of a routinely exploited biphasial and isotropic P-25 powder material, yet, in any

suitable potential application, nanorice-like TiO2 powder material should demon-

strate better performance due to its high crystallinity, pure phase, and more impor-

tantly a distinct anisotropic shape of its nanoparticles (see Figure 3.11 and Figure

3.12). In this view, we have tested the performance of DSSC made of a nanorice-like

TiO2 powder and a reference P-25 TiO2 powder. It is worthwhile to mention that

70



Modeling, Simulation and Experimental Investigation of Charge Transport
Properties of Dye Sensitized Solar Cells

DSSC assembling parameters are �rst optimized for spherical shape P-25 TiO2, and

such conditional parameters are also further taken as a reference for nanorice-like

TiO2 [160].

(a) Photocurrent-voltage characteristics nanorice-like anatase
TiO2 and P-25 (see Table 1)

(b) Bode plots nanorice-like anatase TiO2 and P-25 (see Table 1)

Figure 3.13: J-V and EIS characteristics of the samples

Figure 3.13(a) shows the measured photocurrent-voltage (V-I) characteristics of

cells. It evident that under identical standard 1 sun light illumination and fab-

rication condition of electrode; open-circuit voltage (VOC) and short-circuit pho-

tocurrent density (Jsc) of nanorice-like TiO2 electrode are much improved to that
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of a reference P-25 electrode. Though reference P-25 showed a relatively better �ll

factor (FF) due to its advantageous compact electrode �lm made of nearly spherical

shape nanoparticles, however η of nanorice-like TiO2 electrode was much higher (ca.

20 % enhanced) in contrast to biphasial and isotropic P-25 TiO2 electrode.

As evident in Figure 3.13(a), higher VOC of nanorice-like TiO2 electrode could be

attributed to its aforementioned pure phase and an enriched crystallinity i.e. sharp

and intense XRD peaks. On the other side, along with crystallinity, enhanced Jsc

of nanorice-like TiO2 electrode might have initiated with factors like larger dye-

adsorption amount and a better electronic conductivity. However, a very little

di�erence was observed for adsorbed amounts of photosensitizer (N719-dye) (see

Table 3.1) in the interconnected mesoporous network of both isotropic P-25 as well

anisotropic nanorice-like TiO2, which could be understood in terms of a compara-

ble BET surface area of the powder samples employed for electrode fabrication (see

Table 3.1).

Therefore, in contrast to isotropic and biphasial P-25 electrode, it obvious that

a higher Jsc of nanorice-like TiO2 electrode is expedited from an enriched crys-

tallinity, pure phase and more importantly anisotropic shape that could possess a

better charge conductivity in relation with a higher life-time (τ el) for dye-injected

electrons into CB of mesoporous oxide �lm structure to the back conducting FTO

glass substrate [164]. The τ el was estimated from Bode-phase plots of EIS measure-

ments of respective electrodes (see Figure 3.13(b)). The peaks of characteristic fre-

quency (fp=1/2πτ el) of oxide/dye/electrolyte interface for anisotropic and isotropic

electrode �lm were situated at 15.52 Hz and 20.58 Hz respectively, thus indicated

an improved τ el (ca.25 %) of dye-injected charge carriers in an anisotropic rice-like

anatase TiO2 �lm to that of a biphasial and spherical P-25 �lm. Such an improved

τ el is obvious as any well crystalline anisotropic charge conducting geometry provides

a suppressed charge recombination due to lesser defects and traps in the electron

�lm [160].

The reported HT synthesis can be considered as convenient and readily scalable pro-

cess to synthesized nanorice-like TiO2 nano particles for the application of e�cient

DSSCs. Moreover scaling TiO2 electrode thickness is another methodology to im-

prove PV performance of the cell. Microscopic simulations are preferable approach
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for investigation of generation and recombination kinetics involved in the cell in or-

der to achieve optimized electrode thickness with minimizing the fabrication cost.

In chapter 4 a detailed analyses of microscopic simulated results are reported along

with experimental results to describe the mismatched performance of the cell by

adopting hybrid micro macroscopic simulations.
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Chapter 4

Optimizing photovoltaic e�ciency of

a dye-sensitized solar cell (DSSC) by

a combined (modelling-simulation

and experimental) study

4.1 Introduction

The photovoltaic solar energy is one of the most growing industries which is con-

tinuously focusing on new techniques to enhance the global e�ciency of the cells

and also relating the cell performance with environmental conditions [165]- [170].

According to literature survey mentioned in [171]- [173], there is a wide variety of

photovoltaic cell technologies in the marketplace today, using di�erent types of ma-

terials and can be categorized into three generations, depending on the raw material

used and the level of commercial maturity. First generation photovoltaic systems

use the technology of crystalline as well as multi crystalline silicon solar cells. Second

generation photovoltaic systems are based on thin �lm amorphous silicon; cadmium

telluride (CdTe); copper indium selenide (CIS) and copper, indium gallium dieseline

(CIGS). Third generation photovoltaic systems include organic photovoltaic tech-

nologies that are still in progress or have not been widely marketed and new concepts

in development. Dye sensitized solar cells (DSSC) are one of the suitable example

of light harvesting devices falls in third generation photovoltaic technology. The
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�rst dye sensitized solar cells (DSSC) were proposed in 1991 by Michael Gratzel and

Brian O'Regan. These cells belong to the group of hybrid solar cells, since they are

formed by organic and inorganic materials. DSSCs have been extensively studied

to minimize problems related to e�ciency, cost of production and environmental

issues [174]- [177]. The main di�erence of this type of cell compared to conventional

solar cells is that the functional element which is responsible for the absorption of

light (the dye) is separated from the transport mechanism of the charge carriers.

Thus impure raw materials and simple cell processing techniques reduces the cost

of the device.

Though a DSSC consists of multiple materials, yet it is a highly realized next-

generation potential photovoltaic device that has been widely investigated due to

its several advantageous competencies features like working even under a dim/low

light and an achievable high value of η using a straight forward, cost-e�ective and

eco-friendly manufacturing process. To obtain a higher η, the key challenges are

thus to enhance speci�c role of individual components of a DSSC viz. working

electrode (WE), counter electrode (CE), an electrolyte; the bulk interfaces and

various complex processes occurring in a DSSC [178]. Among these components,

WE (charge facilitator) is the heart of a DSSC, which is a dye (photosensitizer)

coated porous nanostructured thin �lm of TiO2 nanoparticles or other types oxides

or nano-morphologies (wire/rod/rice/tube etc.) directly or indirectly fabricated

onto an optically transparent conducting oxide (FTO) substrate [179]. On light

irradiation, an excited dye injects electrons into �lm, which di�uses or recombines

until �nally collected at the back of FTO substrate [180]. Since a total charge col-

lection depends on its generation, recombination and transportation, hence a dye

of suitable energy band gap with a larger optical absorbance is required. Further,

losses of charge carriers needed to mimicked by optimizing kinetics role of WE, light

absorptivity/energetics of dye, transportation of redox ions and charge transfer at

electrode/dye/electrolyte interface [181]- [183].

Interestingly, rather than optimized DSSC performance (J-V characteristics and η)

by unwieldy cost-time consuming repeated fabrication/assembling processes, one

could predict an optimum η in advance using much faster, safer, inexpensive and

reliable alternative methods like modelling and simulation techniques [184]- [186].
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In particular, an optimum J-V characteristic and a maximum achievable η of any

logical circuit based theoretical DSSC model (ideally capturing all the underlying

physical processes of a real time DSSC device) could be theoretically predicted as

long as necessary experimental input data of at least one pre-assembled DSSC are

available for initializing the simulation process. Based on well-calibrated theoretical

models, the input or output simulated results along with controlled tuneable pa-

rameters can then be used as a reference for optimizing the performance of DSSC,

which help in reducing the time and the fabrication/assembling cost, as only one

more post-assembling process is required to achieve an optimum DSSC device.

Here in this chapter, the assembling and J-V characteristics of a sandwiched type

DSSC assembled by a WE (L∼3.0 µm) made from commercially available and nearly

spherical shape TiO2 nanoparticles (Degussa, P-25), an iodide /triiodide redox liq-

uid electrolyte and photosensitizing dye N719 is reported. The measured J-V curve

of assembled DSSC was generated by simulating a theoretical DSSC by TCMM-

simulation (drift-di�usion of collective charge carriers) and SDMM-simulation in

MATLAB (single p-n junction diode; Lambert W-function technique) [187]. The

correlated and calibrated input model parameters (microscopic model: L, porosity,

recombination kinetics, light absorbance of a N719 dye etc.; macroscopic model:

shunt resistance ∼RS, series resistance ∼RSH etc.) were further utilized in con-

trolled simulation to achieve a maximum L corresponds to an optimum η of a DSSC

device. The validation of correlated simulation and experimental output parameters

(VOC - open-circuit voltage; JSC - short-circuit photocurrent density; FF- �ll factor;

η; PMAX- maximum power density; VOPT - voltage at PMAX ; JOPT - current density

at PMAX) of DSSC are discussed together with pro and cons of input parameters of

theoretical models.

4.2 Electrode fabrication, DSSC assembling and J-

V measurements

Electrode fabrication and DSSC assembling were done according to the procedure

as given in reference [160]. A homogenous paste was made by mixing P-25 pow-

der, α-terpineol and ethyl-cellulose. This paste was screen printed on commercially
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available F-doped SnO2 (FTO; TEC 8) glass substrate. The TiO2 electrode (active

area ∼0.25 cm2; L∼3.0 µm) was soaked in a 0.5 mM solution of N719 dye (ace-

tonitrile and tert-butanol 1:1 volume ratio) for 24 hours. As received N719 dye

from Solaronix has been used (no puri�cation was done). The counter electrode

was Pt-coated FTO glass substrate. Dye coated electrode were rinsed in anhydrous

ethanol, dried in N2 �ow and a sandwich type DSSC has been assembled by stacking

and sealing electrodes (spacer of 60 µm thickness; thermoplastic Surlyn frame) �lled

with a redox couple electrolyte (0.5 M 1-butyl-3-methylimidazolium iodide, 0.05 M

I2, 0.5 M 4-tert-butylpyridine (TBP) in acetonitrile).

Electrical contacts were made by silver (Ag) soldering and Copper (Cu) wires. J-V

characteristics of an assembled DSSC were measured under 1 sun (100 mW/cm2,

AM 1.5G) illumination with Peccell solar simulator (Model: PEL-L11). The mea-

sured output parameters (VOC ; JSC ; FF; η; PMAX ; VOPT ; JOPT ) of a DSSC are

listed in Table-4.2.

4.3 Theoretical modelling and simulation of a DSSC

structure

With the current assembling and fabrication processes of a DSSC structure, the im-

pact of TiO2 (L) on J-V characteristics curve is predicted and studied by a TCMM-

simulation under a static 1 sun light illumination. Further, it is assumed that a

total charge neutrality is maintained in modelling and simulation work. The results

of microscopic and macroscopic simulations are compared with the results of a real

time experimental work.

One-dimensional microscopic modelling-simulation is performed in multiscale tiber -

CAD software in which a set of drift-di�usion equations, continuity equations (eqn.4.1-

4.4), and Poisson's relation are used for facilitation of charge carriers (electrons, holes

and redox ions) describing the kinetics involved in the operation of DSSC and fur-

ther used to understand the kinetics involved in DSSSC (see Figure. 4.1) [188].

∆.(µene∆.φe) = (G−R) (4.1)
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∆.(µI−nI−∆.φI−) =
3

2
(G−R) (4.2)

∆.(µI−3 nI
−
3

∆.φI−3 ) = (G−R) (4.3)

∆.(µcnc∆.φc) = 0 (4.4)

Where µI−3 , µI− , µe and µc are the mobility of I−3 , I
−, electrons and cation; nI−3 , nI− ,

ne and nc are the concentrations of I−3 , I
−, electrons and cation. G and R represent

the generation and recombination rate of carriers as given by eqn. (4.10,4.12). The

purpose to consider cation is to maintain charge neutrality of the device and there

will be no current contribution due to cation. We assume valid Einstein's relation

(eqn.4.5) between mobility (µ) and di�usion coe�cient (D), where k is Boltzmann

constant, T is temperature and e is charge on electron.

D =
kT

e
µ (4.5)

The concentration of the various species in a cell is governed by Maxwell�Boltzmann

distribution and given by eqn. (4.6-4.9) under equilibrium condition.

ne = NCBexp(−kT (eϕ− eφ− Ec)) = n̄eexp(−kTe(ϕ− φ)) (4.6)

nI− = ¯nI−exp(−kTe(ϕ− φI−)) (4.7)

nI−3 = ¯nI−3 exp(−kTe(ϕ− φI−3 )) (4.8)

nc = n̄cexp(−kTe(ϕ− φc)) (4.9)

where Ec is the conduction band (CB) edge in TiO2, ϕ is the electrical potential, NCB

is the e�ective density of states in TiO2 conduction band and φ is the electrochem-

ical potential. The barred quantities in chemical equation refer to the equilibrium

concentrations at no sunlight condition. The generation term (G) related to the �ux

of photons which absorbed by the dye coated active TiO2 regions. The generation

rate (G) is evaluated by considering the dye absorption spectrum (N719) in the

present study of DSSC [189]- [191] and de�ned by the eqn. (4.10).

G(x) =

∫ 800 nm

400 nm

(α(λ)ψ(λ)e−α(λ)x)dx (4.10)
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where ψ(λ) is the spectral power �ux simulating a standard solar illumination on at

1 sun. Parameter α(λ) is the absorption coe�cient of the dye chemisorbed on the

TiO2 . Above 800 nm, the absorption of the dye is quite small.

The recombination depends on the loss mechanisms at the electrolyte/TiO2 inter-

face [192]. The principal losses occur when an electron from the CB of TiO2 re-

combines with the triiodide. In the case of a DSSC, the charge transfers occur at

the interfaces of the electrolyte with the Pt contact and with the TiO2. The total

reaction of I−3 /I
− redox electrolyte is a two-electron reaction (eqn. 4.11) [193].

I−3 (electrolyte) + 2e(TiO2) = I− (4.11)

The recombination rate, R is governed by the eqn. (4.12) and mainly a�ected by

recombination constant rate ke (for recombination path r3), concentration of elec-

trolytes, electron density and β is the exponent for the electron density.

R = ke

nβe√nI−3
nI−

+
¯
nβe

√
¯nI−3
¯nI−3

n−
I

 (4.12)

Beside drift-di�usion equations, the Poisson's equation (eqn. 4.13) is considered

for the internal potential drop in the cell with dye generation rate G and k3 (dye

regeneration rate constant) for oxidized dye molecule concentration,N+
D (eqn. 4.14).

− ε∆ϕ = e(nc − nI−3 − nI− −N
+
D − ne + n̄e) (4.13)

N+
D =

G

k3

(4.14)

Redox energy level of the electrolyte is expressed by the Nernst equation and given

by eqn. (4.15). The I−3 /I
− boundary conditions at the cathode are related to a

Butler�Volmer (BV) eqn. (4.16-4.18) and controlled by the concentration of redox

species. j0
cathode is the exchange current density, which describes the charge transfer

between Pt and I−3 at equilibrium; ∆nI− and ∆nI−3 are the di�usion over potential.

All the barred terms represents respective quantities in dark condition. Eredox
0 is the

standard redox potential; where L is the length of the electrode and represents the

current density.
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Eredox = E0
redox +

kT

2
ln

(
¯nI−

3nI−3
n3
I− ¯nI−3

)
(4.15)

j = j0
cathode

exp

βe

kT
∆n

I−3 − exp

−(1− β)e

kT
∆nI−

 (4.16)

∆nI−3 =
kT

eβ
ln

(
nI−3 (L)

¯nI−3

)
(4.17)

∆nI− =
kT

e(1− β)
ln

(
nI−(L)

¯nI−

)
(4.18)

The BV equation �xes the total current density that must split between I−3 and I−

species. Beside the boundary conditions (eqn. 4.19-4.21), simulations also included

two other constraints for these two ionic species (eqn. 22-24).

∫ d

0

(nI−(x) + 3nI−3 (x))dx = ( ¯nI− + ¯nI−3 )L (4.19)

∫ d

0

nc(x)dx = n̄cd (4.20)

∆.(µI−nI−∆.φI−) =
1

2e
j (4.21)

∆.(µI−3 nI
−
3

∆.φI−3 ) = − 3

2e
j (4.22)

All the above equations (eqn. 4.1-4.22) are implemented in a �nite-element solver

tiberCAD by considering equivalent 1 D structure of DSSC as shown in Figure. 4.2,

that produced the several DSSC results viz. I-V characteristic curves, density pro-

�les, total recombination etc. [194].

In this microscopic model (see Figure 4.1), all injected electrons are considered from

the excited state of dye only, and not from TiO2 band gap excitation. The trapping

and de-trapping of dye-injected electrons is neglected in an electrode irrespective to
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its L value [195]. This model consisted of two regions: 1) mesoporous electrode of

TiO2 nanoparticles surrounded by a liquid electrolyte; and 2) a liquid electrolyte in

contact with a counter-electrode (covered by a thin Pt-layer) [196]- [198]. Optical

losses caused by a liquid electrolyte are not included and it is assumed that each

absorbed photon injected one electron into conduction band of TiO2. Moreover,

it should be noted that only one dominant electron recombination loss mechanism

(r3�between TiO2 and electrolyte; see Figure 4.1) is considered in the present mi-

croscopic model [199].

Figure 4.1: Illustration showing the working principle and the components of a
DSSC structure, where dash arrows represented the various paths (time-scales) for
electron loss.

Macroscopic modelling-simulations are performed in MATLAB tool. A non-ideal

single-diode model is used (see Figure 4.3; eqn. 4.23) for keeping the simplicity and

an accurate representation of simulation results (minimum error in a nonlinear J-V

curve) of a DSSC structure. This model consist of: 1) a photocurrent source (JL;

depends upon light irradiance) connected in parallel with a non-ideal diode (n, ide-

ality factor; J0, saturated dark current density) 2) a series resistance (Rs; capturing

total resistive losses within cell) and 3) a shunt resistances (Rsh; representing losses

due to an increased conductivity at junction/edges of cell) [200]. Based on Schokley

81



Modeling, Simulation and Experimental Investigation of Charge Transport
Properties of Dye Sensitized Solar Cells

theory of a p-n junction diode, the J-V characteristics curve of such a non-ideal

single-diode model [201]- [202] is mathematically expressed by eqn. 4.23, where VT

is the thermal voltage. Due to implicit transcendental form of this eqn. 4.23, it is

quite tedious task to extract individual diode parameters by a common least-square

curve �tting method, therefore this cumbersome extraction process was made sim-

ple by changing the implicit form into an explicit form with the application of a

Lambert W-function (see eqns. 4.24 and 4.25) [203].

Figure 4.2: 1-D microscopic DSSC model used in tiberCAD software (only signi�cant
loss mechanism r3 of Figure. 4.1 is used in simulation)

Figure 4.3: 1-D macroscopic electrical DSSC model used in MATLAB simulation

Precautions were taken during simulations, as the accuracy of extracted input pa-

rameters (JL, J0, n, Rs and Jsh) depends on the choice of their initial surmise, which

may tend to lead a non-convergence equation. Moreover, as the number of �tting

parameters increases, the non-linear �tting method loses their ability to give the

accurate results.
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4.4 Correlations between Simulation and Experi-

mental Results

By considering the pre assembled DSSC based on a WE (N719 adsorbed nanopar-

ticles based TiO2 electrode, active area ∼ 0.25 cm2, L ∼ 3.0 µm), a liquid redox

couple electrolyte I3−/I− and counter Pt-electrode,the J V characteristics obtained

experimentally (see Figure. 4.4) is utilized to calibrate the simulation parameters of

the tiberCAD software by performing TCMM simulations for 1-D microscopic DSSC

device model (see �g.4.2) under standard 1 sun light illumination conditions. The

calibrated parameters are noted down (Table 4.2) after achieving close �t between

the experimental and simulated results (see Figure. 4.4 and Table 4.1).

J = JL − Jo
(
exp

V + JRsh

nVT
− 1

)
− V + JRs

Rsh

(4.23)

J =
Rsh(JL + Jo)− V

Rs +Rsh

− nVT
Rs

W (Q) (4.24)

Q =
JoRshRs

nVT (Rs +Rsh)

(
(Rsh(RsJL +RsJo + V )

nVT (Rs +Rsh)

)
(4.25)

Table 4.1: Experimentally measured results* and simulated** DSSC PV perfor-
mance parameters

JSC
mAcm−2

VOC
(V)

VOPT
(V)

JOPT
mAcm−2

PMAX

mWcm−2
FF
(%)

η (%)

5.95** 0.812** 0.71** 7.74** 5.495** 84.2** 4.07**

5.94* 0825* 0.66* 5.2* 3.432* 72.5* 3.55*

Along with the experimentally measured results, the simulated output DSSC param-

eters are listed in Table 4.1. A discrepancy in a FF (and η) among experimental and

simulated J-V characteristics curves is clearly observed in Figure 4.4, and such mis-

match in FF is more pronounced in a non-linear region of J-V curves. This mismatch

can be understood in terms of limitations imposed in model software, particularly

neglecting the resistance contribution of a FTO substrate in a WE is one of the

key limitations of TCMM (tiberCAD) simulations. Despite of an overestimation in

FF, however it is clear form Table 4.1 that at-least VOC and JSC obtained through

real time experiments and theoretical microscopic model-simulations matches well
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for a TiO2 electrode (L ∼ 3.0 µm) and provides motivation to carry out further

simulations for various electrode thicknesses.

Figure 4.4: TCMM-simulation and experimental J-V characteristic curves of a DSSC
at L∼3.0 µm

Table 4.2: Calibrated input parameters obtained by microscopic mod-
elling�simulations of 1D DSSC model at L = 3 µm thick TiO2 electrode (see Figure
4.4)

S.No Input parameters (for TCMM simula-
tions)

Calibrated values

1 Electron relaxation rate, ke 0.07x104 s−1

2 Electron mobility, µe 0.02 cm2/V s
3 Iodide difusion constant, DI− 8.5x10−6 cm2/s

4 Triiodide difusion. constant, DI−3
8.5x10−6 cm2/s

5 Initial conc. of iodide,[I−] 0.45 M

6 Initial conc. of triiodide,[I−3 ] 0.45 M

7 Recombination exponent, β 0.75

8 Cell porosity, P 0.5

9 Cell area, A 0.25 cm2

By adapting all the calibrated input parameters of Table 4.2 as references, TCMM-

simulation is repeated for various L (6.0 � 18.0 µm) of a WE, so that more mean-

ingful (qualitative and quantitative) insights could be gain about the L dependency

of output parameters.
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Figure 4.5: TCMM-simulation J-V characteristic curves of a DSSC at L (3 � 18
µm)

4.5 Results and Discussion

By considering results of TCCM simulation (see Figure 4.4; Table 4.3), three more

DSSC devices for di�erent L (6.0, 9.0 and 12.0 µm) of a WE are fabricated/assembled

and characterized (see section 4.2). Experimental values together with simulated

output parameters of such devices are listed in Table 4.3, and for quick and simple

observations, their L dependency behaviors are plotted in Figures 4.6-4.9 and Figure

4.11.

From Table 4.3 or Figures 4.6-4.9, a systematic WE (L) dependency of various

DSSC output parameters (VOC , JSC , FF, η) is clearly noticeable i.e. an increasing

JSC (∼5.95�9.4 mAcm−2) with an increasing thickness (∼ 3�12 µm) and then a

decreasing JSC for other higher values of thicknesses (above 12 µm). Additionally,

η of a DSSC WE follows the similar tendency (see Figure 4.6), while exhibiting its

optimum (η ∼ 6.23 %) for a particular WE (L ∼ 12.0 µm). Despite of having a

much higher η in simulated J-V characteristics plots, above results suggested that η

is indeed essentially determined by JSC , and its trend is fully veri�ed by the experi-

mental measurements (see Figures 4.6-4.9; Table 4.3) [204]. As the light transmitted

into the depth of a WE, a gradual decrease in power density of light takes place and
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excessive electron density becomes lower, therefore results in decrease in VOC (0.812

� 0.78 V) in an initial range of L, 3.0�9.0 µm [205]- [207]. For further increments

in L (12.0� 18.0 µm), VOC shows insigni�cant variation [208] and settled at close to

0.78 V. Moreover, comparison of the simulated parameters with experimental mea-

surements, the signi�cant variation could be easily interpreted in terms of typical L

dependent behaviour of JSC caused by two competing simultaneous and contradic-

tory kinetics occurring a WE i.e. generation and recombination of charge carriers

in an assembled DSSC structure (See Figure 4.1) [209].

Figure 4.6: TCMM-simulation and experimental output parameter; JSC of a
DSSCs obtained under 1 sun illumination for various L of a TiO2 electrode

Figure 4.7: TCMM-simulation and experimental output parameter; VOC of a
DSSCs obtained under 1 sun illumination for various L of a TiO2 electrode
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Figure 4.8: TCMM-simulation and experimental output parameter;FF of a DSSCs
obtained under 1 sun illumination for various L of a TiO2 electrode

Figure 4.9: TCMM-simulation and experimental output parameter; η of a DSSCs
obtained under 1 sun illumination for various L of a TiO2 electrode

The incomplete dye covering together with a lack of light intensity deep into

a thicker WE lead a gradual decrease in its JSC . Besides this, a thicker WE �lm

o�ers more bulk resistance at the interconnected grain boundaries of TiO2 nanopar-

ticles [210]- [211].

Based upon the above discussions i.e. a subtle balance between two opposite charge

transport kinetics (see Figure 4.1) and adopting the calibrated input model pa-

rameters of a reference WE (see Figure 4.1; Table 4.2) in microscopic modelling-

simulation studies, L ∼12 µm (see Figures 4.6-4.9; Table 4.3 and 4.4; FF ∼ 84.76

%; VOC ∼ 0.782 V; JSC ∼ 9.4 mAcm−2; η ∼ 6.23 %; JL ∼ 9.49 mA−2 and RS ∼
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29.37 mWcm2 ; see Table 4.3 and 4.4) was estimated as optimum L of a WE, as fully

supported by the aligned parallel experimental measurements. Note that RS or RSH

values (see Table 4.4 of an individual WE are estimated from a slope of J-V curve

using SDMM simulations, while neglecting the contribution (resistance in RS) of a

FTO in J-V curves.

Table 4.3: Experimentally measured results* and simulated** DSSC PV perfor-
mance parameters

Parameter L= 3 µm L= 6 µm L= 9 µm L= 12 µm L= 15 µm L= 18 µm

JSC
mAcm−2

5.95**
5.94*

8.28**
8.70*

9.15**
9.2*

9.4**
9.45*

8.93**
- -

8.72**
- -

VOC (V) 0.812**
0.825*

0.79**
0.82*

0.78**
0.80*

0.782**
0.79*

0.78**
- -

0.78**
- -

VOPT (V) 0.71**
0.66*

0.695**
0.647*

0.685**
0.63*

0.69**
0.616*

0.685**
- -

0.68**
- -

JOPT
mAcm−2

7.74**
5.2*

7.943**
7.97*

8.82**
8.39*

9.03**
8.8*

8.57**
- -

8.41**
- -

PMAX

mWcm−2
5.495**
3.432*

5.52**
5.15*

6.04**
5.29*

6.23**
5.42*

5.87**
- -

5.718**
- -

FF (%) 84.2**
72.5*

84.31**
72.30*

84.65**
71.9*

84.76**
73.2*

84.22**
- -

84.08**
- -

η(%) 4.07**
3.55*

5.52**
5.15*

6.06**
5.3*

6.23**
5.46*

5.87**
- -

5.71**
- -

Figure 4.6-4.9 and Table 4.4 clearly depict that for a particular WE (L∼12 µm), the

high percentage values of FF (∼16%) and η (∼14%) obtained in TCMM-simulations

as compared to their experimental values, are consequences of assumptions made by

model simulation software (tiberCAD), particularly as FTO series resistance could

not be taken into simulations. Therefore, the e�ects of L on J-V curves are further

investigated in MATLAB using SDMM-simulation with an application of a Lambert

function (see Figure 4.3; eqn. (4.23-4.25)). For SDMM simulations, previously as

resulted TCMM-simulations and experimental J-V curves of various L are taken as

inputs, and a better �tting is achieved by applying a least square �tting method

within a minimum permissible error range (SSE = 8.5x10−7 to 5x10−6, R square =

0.9965 to 0.9974, RMSE = 1x−4 to 1x10−3).

The extracted macroscopic model input parameters (JL, J0, n, Rs and Rsh) for di�er-

ent values of L (TCMM simulated J-V characteristics; see Figure 4.5) are reported

and compared in Table 4.4. For all L of a WE, Table 4.4 depicts a much lower
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(ca. ∼103 fold) magnitude of Rs resulted in TCMM-simulation than to its values

extracted from experimental J-V curves.

Table 4.4: Experimentally measured results* and simulated** DSSC PV perfor-
mance parameters

L Rs
(mΩcm2)

Rsh
(KΩcm2)

(n) Jo JL

3 µm 106.6**
11.32x103*

66.95**
63.2*

1.389**
1.432*

1.024**
1.88*

6.087**
5.82*

6 µm 67.4* 92.42* 1.35* 1.4* 8.48*

9 µm 37.62* 97.06* 1.292* 0.7* 9.38*

12 µm 29.37**
7.07x103*

973**
82.5*

1.365**
1.39*

2.55**
3.4*

9.49**
9.04*

15 µm 40.11* 151* 1.263* 0.48* 9.04*

18 µm 80.42* 117* 1.365* 3.142* 8.93*

The drastically lowered values of RS closely re�ected a much higher FF and η for

all L of a WE as re�ected in all TCMM-simulations. To overcome the limitation

of TCMM-simulation, the FTO resistance is considered through the combination of

TCMM-simulation and SDMM-simulation, and this combined approach is referred

as hybrid micro-macroscopic model simulation (HDMM-simulation).

Figure 4.10: HDMM-simulation model
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Figure 4.11: Experimental and TCMM-simulation J-V characteristics curves
obtained under 1 sun light illumination for an optimized DSSC (L=12 µm) along
with HDMM simulation curve by considering FTO resistance (7.07x103 mΩcm2)

Figure 4.11 shows the comparison of J-V curves among an experimental, a TCMM-

simulation and a HDMM-simulation for a DSSC producing a maximum η for a

particular L (ca∼12 µm) of a WE. It is clear that a very close �tting of performance

parameters of the solar cell (see Table 4.5) is obtained between J-V curves obtained

by a real time experiment and a HDMM-simulation. Moreover, a dramatic in�u-

ence a FTO resistance in Rs (unaccounted in microscopic model and a counted in

macroscopic model) and curve �tting is clearly noticed. The last column in Table

4.5 shows the percentage error in HDMM-simulation with their real time measured

experimental values. The maximum percentage error in η and FF is found to be η ∼

0.06 % and 0.52 % respectively, between measured experimental values and HDMM

simulations.

Additionally, the variation of photocurrent density (JL) with L is entirely consistent

with the dependency of RS on L value (see Figure 4.12). The RS is determined to

be a minimum for a particular TiO2 electrode (L∼ 12 µm), and this could be ex-

plained by considering the two simultaneously competing contradictory mechanisms

occurring in an electrode i.e. generation and recombination of charge carriers in an

assembled DSSC structure [212]- [213].
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Table 4.5: Comparison among TCMM-simulation, Experimental and HDMM-
simulation parameters for an optimized DSSC structure consisting a TiO2 electrode
(thickness L=12 µm, 0.25 cm2).

Parameter Microscopic
simulations
TCMM

Experimental
results (Exp)

Hybrid
Model
simulations

% error
Exp -
TCMM

% error
Exp�Hybrid
model

RS mΩcm2 29 7.07x103 7.07x103 99.58 0

JSC mAcm−2 9.4 9.45 9.49 0.53 0.423

VOC (V) 0.782 0.79 0.783 1.012 0.886

VOPT (V) 0.69 0.616 0.613 12.013 0.487

JOPT mAcm−2 9.03 8.8 8.92 2.613 1.363

FF (%) 84.76 73.2 73.58 15.8 0.52

η(%) 6.23 5.464 5.467 14.02 0.055

Figure 4.12: Thickness dependent output parameter (RS, JL) of a DSSC TiO2

electrodes obtained by SDMM simulations performed in MATLAB

Increasing the thickness of WE increase the dye absorbance in the TiO2 porous voids

thus enhance the light absorbance in the photoanode (WE) and further increases

the density of photo- generated carriers. Hence photo current density increases but

at the same instant of time, series resistance of the electrode also tends to increase

in order to a�ect the cell performance.

It can be understood from the above results shows that scaling the electrode thick-

ness shows improvement in PV performance of the DSSC. However, the performance

of the cell is directly depends on the mechanism of the charge transfer processes oc-
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curring inside the cell. Thus it is essential to explore the electron transport proper-

ties impacting net charge transportation and accumulation at the various interfaces

and bulk regions present in the cell. In chapter 5, electrochemical impedance spec-

troscopy (EIS) analysis is employed for analyzing these mechanisms describing the

relationship between the cell's performance and its architecture.
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Chapter 5

Analysis of charge transport

properties of dye sensitized solar cell

(DSSC) with TiO2 working electrode

by employing electrochemical

impedance spectroscopy (EIS)

5.1 Introduction

Electrochemical impedance spectroscopy (EIS) is widely preferred technique to elu-

cidate the charge transfer (CT) and transport properties of the DSSCs [214]- [227].

It is a steady state approach that measures the current response as a function of

frequency to the application of an AC voltage.

This chapter reports the Electrochemical impedance spectroscopy (EIS) characteris-

tics of a sandwiched type DSSCs assembled by a WE (L= 3 µm�12 µm) made from

commercially available and nearly spherical shape TiO2 nanoparticles (Degussa, P-

25), an I3−/I− redox liquid electrolyte and photosensitizing dye N719 (as discuused

in chapter 4). EIS is employed on DSSCs in order to insight on many signi�cant

processes taking place inside the cell of in order to investigate the charge transport,

transfer, and accumulation in DSSC such as: (i) electron percolation inside TiO2 �lm

through di�usion and I3−/I− di�usion in the electrolyte solution; (ii) recombination
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(e-I3−) at TiO2/electrolyte (T-E) interface (iii) regeneration of I− at Pt/electrolyte

(P-E) interface; and (iv) capacitive elements inside cell including interfaces, CB, and

across the TiO2 network [215], [218]- [222]. The Nyquist diagram usually involves

three semicircles attributed to the Nernst di�usion inside the electrolyte, the electron

transfer at the oxide/electrolyte interface, and the redox reaction at the platinum

counter electrode in the order of increasing frequency. The characterized EIS spec-

trums (nyquist and bode plot) are further utilized to investigate the charge transfer

and transport properties of the DSSC fabricated for electrode thicknesses (L) from

3 µm - 12 µm (discussed in chapter 4) by curve �tting method using EIS spectrum

analyzer software. EIS sectrum were measured using a reference 600 potentiostat

(Gamry Instruments) under 1 sun in the open-circuit condition.

5.2 Fundamentals of EIS

The net impedance over a wide range of frequency (ω = 1/2πf) across the circuit el-

ement of the electrical network is computed by measuring the ac current on applying

ac input voltage across the circuit element. The eqn. (5.1) is used to calculate the

resulting impedance Z(ω) of the system [214]- [215], [217] provided that I(ω, t), is

su�ciently small to be linear in relation to V(ω, t) or vice versa. Depending on the

numerous CT process taking place inside the DSSC, V(ω, t) and I(ω, t) may di�er

amplitude and phase at a range of certain frequencies (f) resulting in the impedance

for the corresponding CT process. Any electrical network is said to be powered with

dc current when the frequency (f) of the applied voltage source is close to 0 Hz, and

the network's impedance is evaluated by its DC resistance (Rdc), i.e. zero phase

impedance is given by eqn. (5.2) [215], [223]:

Z(ω) =
V (ω, t)

I(ω, t)
(5.1)

Z(0) =
V (0, t)

I(0, t)
= Rdc (5.2)

For an small signal AC input voltage described by V(ω, t)= V0. e−jωt, generates AC

current which is expressed by I(ω, t) = I0. e−jω(t−θ). It is clearly shown that there

is a phase di�erence (θ) appearing between voltage and current. Eqn.(5.1) can be
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written as eqn. (5.3).

Z(jω) =
V0

I0

e−jω (5.3)

Again, eqn. (5.3) can be also expressed in terms of magnitude of net impedance

(|Z|) and given by eqn. (5.4)

Z(jω) = |Z|e−jω (5.4)

After applying Euler's theorem eqn. (5.4) can be expressed by eqn. (5.5)

Z(jω) = |Z|(cosθ + jsinθ) (5.5)

The total impedance of the electrical network is expressed by eqn. (5.6) [13,16]

Z(ω) = ZRe + jZIm (5.6)

where ZRe =|Z|.cosθ and ZIm = |Z|.sinθ are representing real and the imaginary

impedances of Z(jω) respectively. Impedance's magnitude (|Z|) and θ are expressed

as eqn. (5.7) and eqn. (5.8) respectively.

|Z| =
√
Z2
Re + Z2

Im (5.7)

θ = tan−1

(
ZIm
ZRe

)
(5.8)

There are various ways to display the computed EIS data to analyze CT character-

istics of the DSSC. One of the plots termed as Nyquist plot where is plotted against

ZRe in the complex plane. Plotting of other parameters from EIS curves; log|Z| and

θ as a function of logf is known as Bode plot. Moreover plotting ZIm against logf also

helps to investigate the charge recombination properties inside the cell [214]- [217].

5.3 EIS Spectra of DSSCs

The process involved in CT and electron loss mechanism involved in DSSC is shown

in Figure 5.1 where path (1) represents the electron injection process. The charge

injection e�ciency depends on the energy gap between LUMO level (lowest unoccu-
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pied molecular orbital) of dye and CB of TiO2 and capability of the dye molecules

anchored on the surface of TiO2 nanoparticles. These properties regulates the elec-

tron injection time at dye/TiO2 interface. After injection process, electron transport

towards FTO glass by di�usion process through path (2).

Figure 5.1: Representation of CT kinetics(1) e-injection process, (2) e-di�usion
inside TiO2 �lm, (3) dye regeneration (4) regeneration kinetics of I3−/I− (5)

di�usion of I3− in electrolyte solution (6) di�usion of I−, (7)recombination of TiO2

CB electrons with I3− and(8)e-S+ recombinations

The ability of electron di�uses inside the network of TiO2 nano particles is governed

by the di�usion resistance o�ered by TiO2 network which further depends on the

electron recombination process taking place at the surface of TiO2 (T-E interface)

or inside the bulk of TiO2. It can be assumed that electrolytes ions (I3−/I−) present

uniformly in the solution. The triiodide redox electrolyte di�uses towards the oxi-

dized dye molecules and regenerates them through path (3) and gets self oxidized

into iodide ion. This dye reduction process enhances the concentration gradient of

iodide ions which furthers tends to di�use the iodides towards the Pt coated FTO

glass so that it get reduced to form triiodide ions (path (4)) to maintain the dye

regeneration kinetics in the cell. It can be easily understood that better di�usion

property for path (6) and path (5) of the electrolyte ions are required in electrolyte

solution to maintain the redox reactions in the cell. So in terms of electrical quan-

tity, it can be also understood that electrolyte solution should provide lower di�usion

resistance for the electrolyte ions for faster redox reactions in order to enhance re-

generation of redox mediator (I3−/I−). The oxidized dye molecules may also get
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reduced by capturing electron from the TiO2 network through path (8) and this

path can be considered as the recombination path. However, the dominant electron

loss mechanism can be given by the electron capturing by triiodide ions through

path (7) which is further in�uenced by the charge recombination kinetics involved

at the T-E interface. Charge recombination kinetics further decides the charge re-

combination across the T-E interface i.e. higher the CT resistance at T-E interface

lower is the electron recombination through path (7) or vice versa. From the above

discussion it can be illustrated that performance of the DSSC fabricated with var-

ious electrode thicknesses (L = 3 µm �12 µm) can be also expressed in terms of

impedances in the bulk and at the interface regions present in the cell.

Employing EIS determines the current response as a function of frequency by apply-

ing ac input voltage V(ω,t) resulting Nyquist plots usually involves three semicircles

(I-III) corresponds to di�erent charge transport process at the interface and inside

the components of the DSSC. A DSSC is usually composed of a photosensitive

(N719,N3,LEG4) dye adsorbed on FTO glass substrate coated with mesoporous

�lm of nanocrystalline TiO2 which acts as working electrode WE, an I3−/I− derived

redox couple, and an Pt-FTO glass substrate acting as CE. The photo electrochemi-

cal processes, including electronic and ionic processes (di�usion and recombination)

taking place in the DSSC has been widely investigated by EIS.

A well frequency distribution of several time constants for the di�erent CT paths

(paths 1-8) gives rise to three distinct arcs as shown in Figure. 5.2(a) or representing

three distinct peaks in plotted in Bode plot (see Figure. 5.2(a)) of EIS of a DSSC.

The theoretical and experimental approach [224]- [228] has been used to assign these

semicircles in the EIS spectrum to the corresponding CT processes. The three semi-

circles are clearly depicted from the Figure. 5.2(a). As traversing towards ω = 0

rad/s, the semicircle - I (near ω ∼ ∞ rad/s) representing the CT processes taking

place at Pt/electrolyte interface with a characteristic frequency ωCE, the second

(II) or middle semicircle corresponds to the electron di�usion in the TiO2 �lm and

electron back reaction with I3− at the TiO2/electrolyte interface at characteristic

frequency ωd and ωk respectively, and the third (III) semicircle plotted near low

frequency region corresponds to the di�usion of I3− ions in the electrolyte solution

with a characteristic frequency ωD.
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(a) Nyquist Plot of DSSC observed from EIS spectrum repre-
senting three semicircles (I-III)

(b) Bode Plot of DSSC observed from EIS spectrum

Figure 5.2: Example of EIS pattern for DSSC

All characteristic frequencies except ωd are shown in the Bode plot (Figure.

5.2(b)), ωd. is appearing as a break point as high frequency limit of semicircle II of

Nyquist plot (Figure. 5.2(a)) at certain steady-states but not in the Figure.5.2(b).

The physical parameters representing the electron transport inside the DSSC can be

determined by curve �tting of experimentally measured EIS spectra to an equivalent

circuit comprises of resistances and capacitances [225]- [229]. The most preferable

equivalent circuit of the complete DSSCs is a represented by transmission line model

as shown in Figure 5.3, where rct represents the CT resistance related to recombina-
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tion at TiO2/I3− interface; chemical capacitance of the TiO2 �lm is given by cu; rt is

representing electron transport (di�usion) resistance in TiO2 �lm; Zd corresponds to

Warburg element showing the Nernst di�usion of I3− in electrolyte; RPt and CPt are

the CT resistance and double-layer capacitance (DLC) at the Pt CE; Rct and CTCO

are the CT resistance and the corresponding DLC at exposed TCO/electrolyte in-

terface; RCO and CCO are the resistance and the capacitance at TCO/TiO2 contact;

RsTCO is the sheet resistance of FTO glass. It is considered as L is the thickness of

the mesoscopic TiO2 �lm [218].

Figure 5.3: Transmission line model: Equivalent circuit representing complete
DDSSC

The most signi�cant processes are listed below with the equivalent impedance which

is individually responsible for shaping the EIS of complete DSSCs.

5.3.1 Ohmic Series Resistance

For DSSSC, sheet resistance of electrode substrate (TCO glass) and the resistance

of the electrolyte solution may be considered as a major contributor to the ohmic

series resistance (ROS) in DSSCs. For (ROS), the impedance (ZOS) is given by eqn.

(5.9).

ZOS = ROS (5.9)

5.3.2 Charge transfer (CT) at the CE

RPt at electrolyte/CE interface (see Figure. 5.3) is related to the redox reaction

involving I− and I3− in order to proceed the reaction;e(Pt) + 1/2.I−3 = 3/2.I−.
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RPt is expressed by Buttler-Volmer equation with exchange current density (j0) and

given by eqn. (5.10) [234].

RPt =
RT

mFj0

(5.10)

where R (8.31 Jmol−1K−1) is the ideal gas constant, F (96485.33 Cmol−1) is Faraday

constant,T is the temperature (K), and m is number of electrons participated in the

reaction. CT process at the counter electrode (CE) can be modeled by considering

a parallel R-C circuit (see Figure. 5.3) with the equivalent impedance (ZPt) which

can be expressed by given eqn. (5.11).

ZPt =
RPt

1 + jnCERPtQPt

(5.11)

Therefore, ωCE can be determined by eqn. (5.12) and QPt, equivalent capacitance

(CPt) can be determined by eqn. (5.13).

ωCE =
1

RPtQ
1/nPt

Pt

(5.12)

CPt = Q
1/nPt

Pt R
1/nPt−1
Pt (5.13)

5.3.3 Electron Di�usion and Recombination at the WE

In DSSCs, electron transport in the TiO2 is coupled with electron loss mechinism at

the TiO2/electrolyte interface, typically referred as a recombination. Several study

groups have thoroughly researched the di�usion and recombination impedances ex-

perienced by electrons at the WE of DSSCs [224], [226], [230]- [231]. The equivalent

impedances for di�usion and recombination process as given by ZWE (see eqn.(5.16))

which is signi�cantly appears in the semicircle II of EIS spectra of DSSC as shown

in Figure. 5.2(a). The characteristic frequencies, ωk and ωd are clearly depicted

in Figure. 5.2(a)) and given by eqn. (5.14-5.15). In practice, CPE is also consid-

ered as a distributed capacitance in order to account the non ideality present in the

di�usion-recombination processes in DSSC. For this case, ωd for ZWE can be also

given by eqn.(5.14) [232]- [233].

ωk =
1

RkQ
1/nk

k

(5.14)
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Similarly, ωd can be written as eqn. (5.15) [232]- [233]

ωd =
1

RdQ
1/nk

k

(5.15)

ZWE =

√
RdRk

1 + (jω/ωk)nk
Coth

√(
ωk
ωd

){
1 +

(
jω

ωd

)nk
}

(5.16)

where Rd is the electron transport or di�usion resistance, Rk is the electron transfer

resistance related to e/ I3− recombination, and Qk and nk are the CPE (constant

phase element,) prefactor and index, respectively. Additionally, Cu is termed as

chemical capacitance formed across the TiO2 �lm permeated with electrolytes and

given by eqn. (5.17).

Cu = Q
1/nk

k R
1/nk−1
k (5.17)

5.3.4 Di�usion of I3
− in the Electrolyte Solution

The solution of redox couple is maintained such that, the [I−] � [I3−], so it can

be assumed that, mainly I3− contributes to the di�usion impedance (in electrolyte

solution) that appearing at near ω ∼ 0 rad/s region (see Figure. 5.6). The di�usion

impedance of I3− ions is modeled by transmission line of �nite-length (FL) with

short-circuits terminus and the corresponding FL Warburg impedance (ZDI) [225]-

[227] is given by eqn. (5.18).

ZDI
= RDI

√
DI/δ

2

jω
tanh

√
jω

DI/δ2
(5.18)

where ZDI is the di�usion impedance experienced by I3−, DI is the di�usion co-

e�cient of I3−, and δ representing di�usion length of I3− in electrolyte solution,

which is considered as half of electrolyte spacer [226]. Eqn. (5.18) is also illustrat-

ing an impedance of FL di�usion with absorbing boundary condition provided that

ωD = DI/δ
2. The frequency maxima (ωmax ∼ peak frequency) are related to ωD as

ωmax = 2.5ωD.
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5.3.5 Representation of EIS Spectra of Complete DSSCs

According to Figure. 5.2(a) and Figure. 5.2(b), the impedances ZOS, ZWE,ZDI ,

and ZPt are capable to de�ne a complete equivalent electrical circuit representing

DSSCs [218]- [227]. Thus, net impedance across the anode and cathode of the DSSC.

(ZDSSC) can be expressed as by summation of eqn. (5.9), (5.11), (5.16), and (5.18)

and given by eqn. (5.19) and shown in Figure. 5.4.

Figure 5.4: Schematic representing Net impedance ZDSSC across anode and cathode

ZDSSC = ZOS + ZPt + ZWE + ZDI
(5.19)

5.4 Results and Discussion

Along with PV curves of the DSSCs, the power generated curves are also mentioned

in Figure. 5.5(a)-Figure. 5.5(c). It can be clearly depicted that the maximum

power (Pmax) generated by the DSSCs upon light illumination increases from 3.35

mW�5.46 mW for L = 3 µm �12 µm (see Figure. 5.5(b)). As the L increases (3

µm �12 µm), the dye loading also enhances which further enhances the dye ab-

sorbance, hence increases the light absorption. Assuming TiO2 is not of absorbing

any light spectrum. Dye is the only photosensitive material responsible for absorb-

ing the photons. The light absorbing capability of dye coated WE directly related

to its L is given by eqn. (5.20), where A is absorbance of dye, C is dye concentration

(M), ε is molar extinction coe�cient of dye (M−1cm−1).

A = CεL (5.20)

Surface area of the TiO2 �lm increases with electrode thickness L of WE results

more anchoring sites for N719 dye molecules to get adsorbed. As clearly seen from
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eqn. (5.20) absorbance increases with L hence it increases the number of photons

absorbed by photosensitive dye which further increases charge generations to en-

hance ISC (see Figure. 5.5(c)).Increasing the L, improves the η of DSSCs from 3.55

% � 5.45 %, FF do not show signi�cant variations and VOC reduces from 0.825

V � 0.79 V (see Figure. 5.5(c)). The overall improvement in the η of the cell is

mainly driven by the number of photons absorbed by the WE. In addition to analy-

sis of light absorbing capability of WE, it is also required to investigate the CT and

transport properties of DSSCs with various electrode thicknesses (L).

(a) I-V characteristics of DSSCs (b) Power characteristics of DSSCs

(c) PV parameters of fabricated DSSCs of L
= 3 µm �12 µm

Figure 5.5: PV curves and performance of the DSSCs

The EIS characteristics for the fabricated DSSC (L = 3 µm �12 µm) are measured

and shown in Figure.5.6 representing Nyquist plot and it is clearly observed that

measured bode plot from EIS spectra have three semicircles for every DSSC fab-

ricated for L = 3 µm �12 µm. Measured semicircles in the EIS spectrum were

allocated to the corresponding processes of CT taking place in the DSSC.
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As traversing from ω ∼ ∞ rad/s � 0 rad/s (see Figure. 5.6) ZPt is describing the

�rst (I) semicircle which is representing CT processes at the P-E interfaces with

ωCE, ZWE is describing the second (II) is representing to the electron di�usion in

the TiO2 �lm coupled with electron back reaction with I3− at the T E interface,

and ZDI describing third (III) semicircle (∼ωD) at near of ω ∼0 rad/s region cor-

responds to the di�usion of I3−. It is also observed that the real part of impedance

of DSSC (ZRe) at ω = 0 rad/s is also shifting towards the lower values of ZRe for

increasing L (3 µm�12 µm) and it can be illustrated that series dc ohmic resistance

is also decreasing on increasing L. It can be easily depicted from the Figure. 5.6

that the height and width of the second semicircle de�ned for ZWE is also decreases

for increasing L (3 µm �12 µm). Additionally the peak of ZIm is shifting towards

the low frequencies (see Figure. 5.6, Figure. 5.10). The eqn. (5.16) can be rear-

ranged for assumption nk = 1, ω � ωd rad/s and given by eqn. (5.21) and further

separately expressed for high frequencies (ω � ωk rad/s) and low frequency (ω � ωk

rad/s) regions and given by eqn. (5.22) and eqn.(5.23) respectively [221]- [223] and

di�erence between eqn.(5.23) and eqn. (5.22) relates the width (∼Rk) of the second

semicircle de�ned by (ZWE).

ZWE =
Rd

3
+

Rk

1 +
jω

ωk

(5.21)

ZWE(ω ∼∞rad/s) =
Rd

3
(5.22)

ZWE(ω ∼ 0rad/s) =
Rd

3
+Rk (5.23)

From the above equation it can be illustrated that width of the second semicircle rep-

resents the resistance Rk as CT resistance related to electron recombination with I3−

ions at the T-E interface. Figure. 5.6 clearly depicts that Rk is decreases for increas-

ing; hence CT resistance decreases for L (3 µm �12 µm). Increasing L (3 µm �12

µm) increases the dye loading capacity of the TiO2 electrodes which further tends

to increase electron-hole pair generation upon light illumination hence increases

ISC(mA) as shown in Figure. 5.5(c). Figure. 5.6 also illustrates that the impedance

point ZWE(ω >> ωk) = Rd/3 and impedance point ZWE(ω << ωk) = Rd/3 + Rk

which is shifting towards the lower values of ZRe that clearly indicates that electron
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di�usion resistance inside the TiO2 �lm also varies for increasing L.

Figure 5.6: Nyquist Plots of fabricated DSSCs of L = 3 µm �12 µm

To investigate and validate the charge transport properties in terms of parameters

quoted in eqns. (5.9-5.18), it is required to �t the simulated EIS curves (Nyquist

plot) based on theoretically modeled equations (eqn. 5.9, 5.11, 5.16, 5.18) with ex-

perimentally measured the EIS curves for fabricated DSSC of L (3 µm �12 µm)

in order to analyze impact of electrode thickness on charge transport properties of

DSSC. Fitting of simulated EIS curves are done by EIS spectrum analyzer soft-

ware by incorporating LevMarq and NM Simp algorithm. In this software, ZOS

is simply modeled as ohmic resistance R1, ZPt is representing a double layer ca-

pacitance at electrolyte/CE interface which is modeled as CPE. CPE resembles

with the capacitance but impedance angle is not 90o, so the admittance of CPE

is given by YCPE = (jω)nCEQPt. The equivalent capacitance of CPE is given by

CPt = Q
1/nPt

Pt R
1/nPt−1
Pt . Now ZPt is modeled as CPE in parallel with R2 = RPt in

the software. The ZWE is modeled as U (user de�ned) element (see eqn. 5.24) in

the software by mentioning real and imaginary part and given by eqn.(5.25-5.26).

ZUelement =
Rd

3
+

ω2
kRk

ω2 + ω2
k

− j ωωkRk

ω2 + ω2
k

(5.24)
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ZRe =
Rd

3
+

ω2
kRk

ω2 + ω2
k

(5.25)

ZImj =
ωωkRk

ω2 + ω2
k

(5.26)

The impedance for I3− in the electrolyte solution (ZDI) is modeled by equivalent

impedance element (ZWs1) called Warburg short terminus given by eqn. (5.27),

where Wsr (Ωcm2 s−0.5) and Wsc(s−0.5) are known as the Warburg coe�cients.

ZWs1 =
Wsr√
ω

(1− j)tanh
(
Wsc

√
jω
)

= WsrWsc

√
2

√
1

W 2
scjω

tanh
(√

W 2
scjω

)
(5.27)

Comparing eqn. (5.27) and eqn. ((5.18), it is observed that the di�usion resistance

for I3− in the electrolyte solution, (RDI) can be expressed in terms of Warburg

coe�cients and given by eqn. (5.28), where Wsc = δ/D0.5
I .

RDI
= WsrWsc

√
2 (5.28)

The Figure. 5.7 shows the equivalent circuit representing the various impedances

inside the DSSC and employed for �tting experimentally measured EIS curves for L

(3 µm �12 µm). to obtain the charge transport properties illustrating the kinetics

involved in the solar cell.

Figure 5.7: Equivalent model of DSSC representing electrochemical impedances
responsible for charge transport properties involved in CT kinetics

Figure 5.8 and Table. 5.1 shows the simulation window of EIS spectrum analyzer and

upper limits and lower limits for the �tting parameters which are representing charge

transport parameters, where R1(Ωcm2) = ROS, R2(Ωcm2) = RPt, P1(µFcm2) =

QPt, n1 = nPt, UP1(Ωcm2) = Rd, UP2(Ωcm2) = Rk, and UP3(rad/s) = ωk re-

spectively.
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Figure 5.8: Shows the simulation window of EIS spectrum analyzer

On the basis of above description, the following �tted EIS curves are achieved as

shown in Figure 5.9 for DSSC fabricated for L = 3 µm �12 µm.

Figure 5.9: Fitted Nyquist plots (EIS curves) using EIS spectrum analyzer
software for DSSC L = 3 µm � 12 µm.
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Table 5.1: Limits for parameters of equivalent circuit (EIS) model)

Limits R1 R2 P1 n1 Wsr1 Wsc1 UP1 UP2 UP3

Upper 15 10 0.5 1 10 0.2 10 100 150

Lower 2 2 1x10−5 0.05 0.1 0.05 0.005 1 1

Table 5.2: Fitted parameters (eqn. 5.9-5.28) achieved from EIS spectrum analyzer
for DSSCs L = 3 µm � 12 µm

L(µm) R1 R2 P1 n1 Wsr1 Wsc1 UP1 UP2 UP3

3 3.125 1.73 15.3 0.757 1.625 0.48 0.01 8 175.64

6 3.2 1.82 38.3 0.67 1.06 0.59 0.18 4.9 110.25

9 2.92 1.89 37.5 0.67 1.49 0.53 0.275 4.25 95.61

12 3.0 1.48 43.3 0.65 1.36 0.62 0.564 4.05 80.67

Simulations are carried out to achieve Nyquist Plots (see Figure 5.8) of an equiv-

alent circuit (see Figure. 5.7) representing electrochemical impedances occurring

inside DDSCs. Table 5.2 listed the �tted parameters for EIS spectrum analyzer for

DSSCs achieved by �tting of simulated Nyquist plots with experimentally measured

Nyquist Plots (EIS curves) for DSSC DSSC for L = 3 µm �12 µm. On the basis

of listed parameters in Table 5.2, Table 5.3 listed the charge transport properties

computed from eqn. eqn. 5.9-5.28.

Table 5.3: Charge transport properties (eqn. 5.9-5.28) of DSSC (L = 3 µm � 12
µm) achieved by �tting of measured EIS curves by EIS spectrum analyze for DSSC

L(µm) ROS RPt QPt n1 RDI Rd Rk fk
3 3.125 1.73 15.3 0.757 1.11 0.01 8 27.45

6 3.2 1.82 38.3 0.67 0.88 0.18 4.9 17.54

9 2.92 1.89 37.5 0.67 1.16 0.275 4.25 15.21

12 3.0 1.48 43.3 0.65 1.19 0.564 4.05 12.83

From Table 5.3 and Figure. 5.6, it can be illustrating a consistency between the

width of the Nyquist plots (L = 3 µm �12 µm) and the electron transport re-

sistance, Rk. Squeezing of the width of the Nyquist plots is clearly interprets the

decrease in Rk from 8 Ωcm2 � 4.05 Ωcm2 for L = 3 µm �12 µm respectively. For

spacer of 60 µm, the computed values of di�usion constant (DI) for I3− electrolyte

by relation, Wsc = δ/D0.5
I are 1.56x10−4cm2s−1, 1.04x10−4cm2s−1, 1.28x10−4cm2s−1
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and 0.95 x10−4cm2s−1 for L = 3 µm, 6 µm, 9 µm and 18 µm respectively. In addi-

tion to DI , the CT resistance (RPt) across P-E interface does not show signi�cant

variation for L.

Characteristic frequency fk also shifted towards low frequencies for increasing L (see

Table 5.3) and improves the electron life time (τ e) in the TiO2 electrode (see Table

5.4). The net series ohmic resistance (RS) of the DSSC can be also expressed in

terms of charge transport parameters observed from EIS curve �tting and given by

eqn. (5.29) and listed in Table 5.4. It is observed that the Rs (see eqn. 5.29) of

the DSSC is also decreases with L such that highest value of RS (14.5 Ωcm2) is

noticed for L = 3 µm and insigni�cant variations for remaining L. It can be easily

interpreted as Rk at T-E interface reduces for increasing the L.

RS = ROS +RPt +RDI
+Rk +

Rd

3
(5.29)

Table 5.4: Series resistance (RS), electron life time (τ e) and characteristic
frequency (fk) estimation through EIS curve �tting method for DSSC L = 3 µm �

12 µm

Parameters L = 3 µm L = 6 µm L = 9 µm L = 12 µm

Rs(Ωcm
2) 14.5 11.04 11.62 10.06

τ e(ms) 5.8 9.07 10.4 12.4

fk 27.45 17.54 15.21 12.83

ωd(x10
−4) 21.9 0.477 0.235 0.092

Ln(µm) 2400 163 139 86

From the Figure. 5.10 It is clearly depicted that the peak of the imaginary impedance

(Zimj) shifting towards the lower frequencies for increasing the electrode thicknesses

(L = 3 µm � 12 µm) i.e. characteristic frequency fk decreases from 27.45 Hz �

12.83 Hz for increasing L = 3 µm � 12 µm. Additionally is also noticed that peak

of the imaginary impedance (-Zimj) also decreases from 4.1 Ωcm2 � 2.23 Ωcm2

for increasing the electrode thicknesses (L = 3 µm � 12 µm) respectively. The

electron life time is given by τ e(1/2πfk); calculated as 5.7 ms, 9.07 ms, 10.4 ms, 12.4

ms for DSSC fabricated for L = 3 µm, 6 µm, 9 µm and 12 µm respectively. It is

clearly investigated that electron life time get improved for increasing L (3 µm� 12

µm). Improvement in electron life time can be also considered as another factor for

increases in ISC and overall η of the DSSC. Moreover it is clearly observed that for
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each L as listed in Table. 5.3, the relation Rk � Rd validates the presence of strong

di�usion of electrons in TiO2 electrode which can be illustrated as high conductivity

of the electrode.

Figure 5.10: Plots of DSSC, L = 3 µm �12 µm representing the characteristic
frequency fk and τ e.

In addition to Rk � Rd, the consistency with ωd � ωk is also reported (see Table.

5.4 and Table. 5.4) as given by eqn. (5.30). Despite of existing �nite Rk in DSSC

causing recombination at T-E interface, the lower electron di�usion resistance (Rd)

in TiO2 WE is continuously transporting the injected electrons e�ciently at the front

TCO glass substrate. It can be easily understood that di�usion and recombination

processes occurs simultaneously at WE however the relation Rk /Rd � 1(see Table

5.3) is seems to be existed for L = 3 µm� 12 µm to maintain the electron transport

e�ectively through di�usion process. The computed values of e�ective di�usion

length (Ln) of the electrons is listed in Table 5.4 given by eqn.(5.31) are much

higher than each electrode thickness (L).

Rk

Rd

=
ωd
ωk

(5.30)

Ln = L
Rk

Rd

(5.31)
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The maximum VOC that can be achieved is given by eqn. (5.32), where EF is de�ned

as fermi level of TiO2 semiconductor and Eredox is de�ned as redox potential of the

redox couple which depends on the electrolyte concentration resulting impact on

VOC (see eqn. 5.33).

VOC = EF + Eredox (5.32)

Eredox = Eo +
RT

nF
ln

[I−3 ]

[I−]3
(5.33)

Figure. 5.5(c) clearly depicts that VOC is decreases from 0.825 V � 0.79 V for L

= 3 µm � 12 µm. Here Eredox remains �xed due to �x I3−/I− concentration, so

shifting EF downwards resulting lowering of VOC (see eqn. 5.32). Moreover the

energy di�erence between LUMO and HOMO levels of dye is also remain constant,

hence it can be illustrated that lowering of EF resulting e�cient electron injection

(Dye�TiO2). The improved life time can be attributed to reduced recombination

of photo-generated electrons between the T-E interface.

The recombination depends on the loss mechanisms at the electrolyte/TiO2 inter-

face. The principal losses occur when an electron from the CB of TiO2 recombines

with the triiodide. Losing electron tends TiO2 to p type semiconductor, shifts the

EF downwards, and reduces open circuit voltage.
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Chapter 6

Conclusion and Future Scope of the

Work

6.1 Conclusion

Crystalline nanorice-like anatase TiO2 powder can be well synthesized in a one-pot

HT reaction simply by taking advantage of the electronegativity di�erence of the

attached ligands. The average particle size and exposed BET surface area of the

resulting nanorice-like TiO2 powder are quite similar to those of a commercially

available benchmark (reference) TiO2 powder (Degussa P25). The reported HT

synthesis process is very convenient, easy and readily scalable. Moreover the syn-

thesized nanorice-like TiO2 material showed good performance in a DSSC. Thus,

such nanorice-like TiO2 could be potentially adapted as a reference material in nu-

merous applications, whenever and wherever possible.

Thickness of a working electrode (WE) a�ected the performance of its assembled

DSSC structure. TCMM-simulation depicts that as thickness increase, short-circuit

photocurrent density (Jsc) �rstly increases (∼ 5.95�9.4 mAcm−2) for electrode

thickness from 3 µm to 12 µm, and achieve a maximum (9.4 mAcm−2) at 12 µm

and then decreases (9.4 mAcm−2 -8.72 mAcm−2) for electrode thickness from 12

µm to 18 µm. The maximum Jsc (9.4 mAcm−2) is obtained for a 12 µm thick

WE. The similar trend is observed for maximum power points and DSSC e�ciency.

The optimum value of value of electrode thickness is found to be consistent with

the experimental results and a single diode model as well (SDMM). In general, the
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simulated TCMM results do not match well with the experimental observations,

particularly a �ll factor (error 15.8 %) and e�ciency (error 14.02 %), and probably

one of the possible major reasons is an unaccounted FTO resistance in simulation

(tiberCAD) software. To account the FTO resistance, HDMM-simulation is carried

out where the extracted value of Rs from experimental J-V curve is used along with

other SDMM parameters extracted from TCMM (as input). The obtained simulated

DSSC results are in close agreement with the experimental results with the tolerable

permissible error for FF∼0.52 % and for η∼0.055 %.

Henceforth, clever, feasible and well understandable modelling-simulation study just

requiring initial experimental data of a preassembled DSSC device could become

highly economical and bene�cial to make an optimized DSSC through only and only

one more additional post assembling process. It have been recently proved that the

performance of the dye solar cell can be improved by developing new semiconductor

absorber, counter electrodes and electro-hole transporter layers which should o�er

new opportunities in light harvesting areas. Photoelectrode is the critical component

which determines the light harvesting capability of DSSC device. Hence by �nding

the high yielding routes for synthesis of various morphologies for TiO2 nanoparticles

such as nano rods and rice like structures with suitable band gap and, the e�ciency

of DSSC device will be able to match with the e�ciency of other type of solid state

devices.

Thickness of a working electrode (WE) a�ected the performance of its assembled

DSSC structure. Surface area of the TiO2 �lm increases with electrode thickness L

of WE results more anchoring sites for N719 dye molecules to get adsorbed. There-

fore more photons get absorbed by the DSSCs leads to more charge generation upon

light illumination and may lead to enhance the η of DSSC. However the analysis

of di�usion process and recombination kinetics of charge carriers is also further re-

quired for investigation of charge transport properties a�ecting the performance of

the cell. Simulating and �tting of EIS curves achieved from theoretical modeled

equations using EIS spectrum analyzer software can be considered as a promising

approach for parameters extraction for realization of charge transport properties of

the DSSCs. The �ndings of improved life time (τe) of electrons is attributed to

reduced recombination rate (ωk, 175.64 rads−1 � 80.67 rads−1) of photo-generated
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electrons across the TiO2/electrolyte interface hence increases the CT. More over

EIS �tted results also investigated that e�ective electron di�usion length Ln (2400

µm � 86 µm) in WE is much greater than electrode thickness L (3 µm � 12 µm)

which further satis�es Rk �Rd required in order to maintain strong di�usion inside

the WE. The combined e�ect of improved dye loading and τe (5.8 ms � 12.4 ms)

are considered as responsible factors to increase the η of the DSSC from 3.55 % �

5.46 % for L = 3 µm � 12 µm respectively From the results, scaling of the WE can

be considered as an critical component for light harvesting in DSSC system which

further improves the η.

Variations in TiO2 micro/nano structure shape, size and crystal phase have the

potential to improve the DSSC's performance by improving dye loading and better

light scattering, or faster electron transportation and longer electron lifetime. DSSC

can be viewed as important factors, which have considerable potential to optimize

its performance by controlling electrode (WE) thickening, slurry or paste prepara-

tion and composition, particle form, size, porosity and its distribution in the oxide

layer. The EIS curved �tting technique for the evaluation of electron kinetics and

their lifetime over TiO2/interface electrolyte's is a cost-e�ective tool to examine the

charge transport properties. The discussed modi�cations can be considered in order

to modulate the physical and chemical properties of WE to enhance PV performance

of DSSC.

6.2 Future Scope

Inspite of achieving great development in photovoltaic performance (PV) (η), DSSCs

are still under research to match the e�ciency with those of conventional Si-based

solar cells. However DSSC has attracted signi�cant attention of both scientists and

market globe wide for last few decades. The cost e�ective fabrication process of

DSSCs make them viable and e�cient solar cells. It is observed that low cost to

commercialize DSSCs along with better improved PV performance may replace con-

ventional solar cells near future. Various research groups are continuously perform-

ing experiments for improving the e�ciency and viability of the cell. A widespread

study has already started to achieve signi�cant gain in the e�ciency. These include
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the use of e�cient photo sensitizers to inject the photo generated charge carries into

the working electrode, solid state electrolytes for better temperature response, syn-

thesis routes to transform morphology and crystalline property of electrode etc. The

DSSC can produce electricity under low light conditions, including indoor lighting.

Due to the structural design and di�erent color dyes, the cell features colors and

transparency. Therefore, DSSCs can be used on architecture, interior applications,

electronic devices, and portable power systems.
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