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ABSTRACT 

With the growing demand of the photovoltaic market, high cost of the traditional 

silicon-based solar cells has been the biggest barrier for its widespread use of solar 

energy conversion. New generation solar cells, aiming at the low-cost and high- 

efficiency photovoltaic devices, have been researched for a couple of decades. Among 

the new generation solar technologies, dye-sensitized solar cell (DSSC) normally 

employing a nanoporous TiO2 photoanode draw a quite attention to meet future solar 

energy market demanding because its realizable low-cost property and high-efficiency 

achievement. Continuing efforts have been devoted to improve the performance of 

DSSCs. However, there are still several drawbacks need to be overcome. The major 

drawbacks mainly focus on the electron recombination and low-efficiency electron 

transport in the nanoporous TiO2 photoanodes, which significantly limit the practical 

application of DSSCs. Therefore, the main task of this thesis is to retard the electron 

recombination and to improve the electron transport efficiency in the nanoporous 

TiO2 photoanodes for DSSCs through interfacial and structural modification strategies. 

In this work, the TiO2 nanoporous films were screen-printed on the fluorine-

doped tin oxide (FTO) glass substrates using a screen-printing technique. The 

resultant nanoporous structures were optimized through three modification 

approaches: (i) interface modification at FTO/TiO2, (ii) electron transport network 

modification of the TiO2 nanoporous films, and (iii) bandgap engineering by applying 

a TiO2/La2O3 core-shell structure. The modified TiO2 nanoporous films were used as 

the photoanodes for fabrication of DSSCs. DSSCs performance with the control and 
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modified photoanodes were systematically studied utilizing a series of photovoltaic 

characterizations including photocurrent-photovoltage (I-V), dark current, open-

circuit voltage decay (OCVD) and incident photon to electricity conversion efficiency 

(IPCE). The influence of electron transport and recombination in the fabricated 

photoanodes on DSSCs performance was comprehensively studied. And a simple and 

effective method for quantitative characterization of the electron transport resistance 

in the photoanodes was developed and validated for DSSCs.  

Firstly, the interface between FTO substrate and TiO2 nanoporous film was 

modified using a titania organic sol, which was synthesised for deposition of a 

compact TiO2 layer on FTO substrate by a dip-coating technique. The resultant 

compact layer typically has a thickness of ca. 110 nm as indicated by its SEM image, 

and consists of anatase phase as confirmed by the X-ray diffraction (XRD) pattern. 

Compared with the control DSSCs without this compact layer, the solar energy-to-

electricity conversion efficiency, short-circuit current and open-circuit potential of the 

DSSCs with the compact layer were improved by 33.3%, 20.3% and 10.2%, 

respectively. This can be attributed to the merits brought by the compact layer. The 

compact layer effectively reduce the electron recombination by blocking the direct 

contact between the redox electrolyte and the conductive FTO surface, providing a 

larger TiO2/FTO contact area with more electron transport pathways and improving 

the adherence of TiO2 to FTO for efficient electron transport. 

Secondly, electron transport networks were optimized using the same titania 

organic sol and TiCl4 aqueous solution to modify control nanoporous TiO2 network 

for DSSCs. As a result, in comparison with the control and TiCl4 modified 

photoanode, an efficient electron transport network was successfully built in the sol 



 xii 

modified photoanode. This was due to a thin TiO2 film being superimposed on the 

porous TiO2 structure, covering bare conducting substrate surfaces (FTO) and 

bridging gaps between TiO2 nanoparticles, which was clearly indicated by the SEM 

and TEM images. Dark current measurement suggested that, the sol modified 

photoanode had a remarkably slower photoelectron recombination due to the reduced 

bare FTO surface. This optimized network facilitates the electron transport in the 

DSSC system by removing the dead ends of electron pathways, connecting gaps 

along the electron pathways, and physically enlarging electron pathways, which can 

be demonstrated by the improved performance of photocurrent and open-circuit 

potential. Consequently, the overall energy conversion efficiency of the DSSC was 

significantly enhanced by 28% after this simple and low- cost modification approach 

using the titania organic sol. The significant performance improvements observed 

from the organic sol modified DSSCs suggest that the proposed modification method 

is a promising alternative to the traditional TiCl4 modification method. 

Thirdly, a bandgap engineering strategy was applied for the TiO2 using an 

organic lanthanum solution for DSSCs. A novel photoanode with a TiO2/La2O3 core-

shell structure was fabricated by surface modification of the control nanoporous TiO2 

film. This modification resulted in a La2O3 thin layer (i.e., the shell) covering the 

surface of the TiO2 nanoporous particles (i.e., the core) and the bare FTO surface area. 

The photoanode was characterised with SEM, XRD, X-ray photoelectron 

spectroscopy (XPS), BET surface area measurement, UV–vis diffuse reflectance 

spectroscopy and UV-vis spectrophotometry. On one hand, the proposed modification 

enhances the light scattering by 12%, significantly improves light-harvesting 

efficiency and generates more electrons. On the other hand, the La2O3 shell 



 xiii 

considerably retards electron recombination through the energy barrier effect and 

blocking electron leakage pathways to the dye and electrolyte. In addition, the 

electron transport efficiency was improved by allowing the electron injection from 

the excited dye via tunnelling effect and collecting more electrons due to the reduced 

recombination rate. Consequently, both open-circuit potential and short-circuit 

current of the DSSCs with the core-shell structure increased significantly, and the 

overall energy conversion efficiency of the DSSC was dramatically boosted to 8.1%, 

compared with 5.7% for the control nanoporous TiO2  photoanodes. 

Finally, based on the characterizations of the control nanoporous TiO2 films and 

modified films, a simple photoelectrochemical method was developed to measure the 

intrinsic electron transport resistance (R0) of TiO2 photoanodes. R0 is considered as 

the sum of electron transport resistance at the TiO2/FTO interface and among TiO2 

nanoparticulates during the electron transport process, which is independent of the 

manner of electron injection, its physical and chemical environments. Because TiO2 

photoanodes are the common electron transport pathways for DSSC process and the 

photoelectrocatalytic oxidation process, R0 can be also considered as a quantitative 

measure of the electron transport resistance of the photoanodes in DSSCs. The 

proposed method will provide a simple and rapid alternative to quantitatively evaluate 

the quality of the TiO2 photoanodes for DSSCs using R0 values.  

For validation of the proposed photoelectrochemical method, a series of 

TiO2/FTO nanoporous photoanodes with different electron transport resistances were 

prepared by tuning the electron transport network and film thickness using the 

titanium organic sol and the TiCl4 aqueous solution. R0 values of the photoanodes 

were characterized and subsequently used to correlate with the key performance 
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parameters of the corresponding DSSCs. The preliminary results suggested that these 

surface modifications did not significantly affect the surface area, film thickness, dye 

loading and optical properties of the TiO2 film, but significantly decreased the R0 

values. Furthermore, the DSSCs photoanodes with lower R0 values due to the organic 

sol or the TiCl4 modification displayed better photovoltaic performance than the 

corresponding unmodified photoanodes. Therefore, it was concluded that the 

performance improvements were mainly attributed to the decrease of the R0 values, 

which validates the proposed electrochemical evaluation method. 

In summary, in this work, a series of TiO2 nanoporous photoanodes with 

optimized interface and structures for alleviating the electron recombination and 

facilitating the electron transport were prepared by applying different low-cost 

modification strategies. These DSSCs, employing the modified TiO2 photoanodes, 

showed significant improvement in photovoltaic performance and higher energy 

conversion efficiency was achieved when compared with the control TiO2 

photoanodes. In terms of high-efficiency achievement and low-cost property, these 

modification strategies are considered successful and practical applications for 

performance improvement of DSSCs. 
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CHAPTER 1 

GENERAL INTRODUCTION
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1.1  Introduction 

Over the last 50 years, the human population has rapidly multiplied from 1.6 

billion to 6.1 billion.
1
 This large population consumes huge amounts of energy.

1
 As 

the world population continues to grow, more energy is expected to be consumed in 

the future. The unsustainable population growth and excessive energy consumption 

have raised the level of CO2 – the primary global warming gas, so dramatically that 

the Earth’s climate has been altered in a way never experienced before in modern 

times. Agricultural expansion and forest depletion produce CO2, but it is our 

dependence on fossil fuels that propels monumental atmospheric change.
2
 Currently, 

we rely on burning fossil fuels, which contain high percentages of carbon, to produce 

more than 80% of the energy consumed globally (14 TW).
3
 This nearly exclusive 

reliance on the combustion of carbon releases unsustainable levels of CO2, which has 

already had adverse environmental consequences, in particular, global warming.
2
 

Moreover, fossil fuels are a non-renewable and finite resource,
4
 i.e., fossil fuels do not 

have a future in helping to meet the growing energy demand.
4
  

A global movement toward the generation of renewable energy is therefore 

under way to help meet increased energy needs. The global warming effect and 

limited energy resources require us to quickly come to terms with renewable, cost-

effective and environmental technologies, for all of our energy use in the future. Only 

then can sustainable energy consumption with economic reality be realized and satisfy 

future energy demands. The challenge is to maintain and improve living standards as 

well as supporting strong economic growth while utilizing energy sources that are 

renewable and do not adversely affect the environment. In meeting this challenge, 

http://en.wikipedia.org/wiki/Carbon
http://en.wikipedia.org/wiki/Renewable_energy
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there is no doubt that renewable energy sources will play a key role in the long-term 

weaning of energy supplies from strict reliance on oil, coal, and natural gas.
5
 

Among the different types of renewable energy resources being exploited (e.g. 

sunlight, wind, rain, tides, geothermal heat and biofuels, etc.), solar energy is perhaps 

the most appealing as the energy source is readily available worldwide as a free, clean 

and inexhaustible resource.
6
 With over 10

12
 terajoules of sunlight striking the surface 

of the earth every year,
7
 the potential for solar energy to meet the world’s current and 

future energy demand is limitless for all practical purposes. It holds tremendous 

potential to benefit our world by diversifying our energy supplies, reducing our 

dependence on fossil fuels, relieving the global-warming effect and environmental 

pollution. Therefore, solar energy is considered to be an ideal alternative energy that 

will possibly satisfy our sustainable energy supplies while considering environmental 

safety and economic realities in the future.  

Among the techniques for solar energy utilization, such as solar thermal
8
 and 

solar chemical technologies,
9
 solar electricity has been a steadily growing and popular 

energy technology.
10

 Today it is best known as a method for generating electric power 

by using solar cells. Due to the growing demand for renewable energy sources, the 

manufacture of solar cells has advanced dramatically in recent years.
10

  

1.2    Solar cells 

Solar cells, also called photovoltaic cells by scientists, contain solar photovoltaic 

material
11

 and convert sunlight directly into electricity. The photovoltaic effect was 

firstly discovered by Edmond Becquerel in 1839.
12

 However, it was not until more 

than 100 years later, that the first commercially viable demonstration of a solar cell 

http://en.wikipedia.org/wiki/Sunlight
http://en.wikipedia.org/wiki/Wind
http://en.wikipedia.org/wiki/Rain
http://en.wikipedia.org/wiki/Tidal_energy
http://en.wikipedia.org/wiki/Geothermal_energy
http://en.wikipedia.org/wiki/Electric_power
http://en.wikipedia.org/wiki/Solar_cell
http://en.wikipedia.org/wiki/Renewable_energy
http://en.wikipedia.org/wiki/Solar_cell
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was revealed to the world by the researchers at Bell Labs in 1954 with the invention 

of the crystalline silicon (Si)-based cell.
13

 Soon after solar cells were being used to 

power space satellites and smaller items like calculators and watches. Today, solar 

cells have established markets in a variety of applications ranging from consumer 

electronics and small scale distributed power systems to centralized megawatt scale 

power plants.
14

 Thousands of people power their homes and businesses with 

individual solar photovoltaic systems.
13

 

With a successful track in challenging energy demand, the direct utilization of 

solar radiation to produce electricity using solar cells is close to an ideal way to make 

use of nature's renewable energy source. Also, solar cells have another competitive 

advantage: they are mobile and flexible. They can supply electricity on-site in remote 

areas and for mobile applications, they can be independent of the electricity 

distribution grid.
15

 

1.2.1  Conventional solar cells 

Conventional solar cells are made out of semiconducting materials, usually 

crystalline Si,
12

 which generally produce the most efficient solar cells to date.
14

 

Electronically, the Si solar cell is a very large area p-n junction diode.
16

 The working 

mechanism of Si solar cells based on p-n junctions is illustrated in Figure 1.1.
16

 A p–n 

junction is formed by joining n-type and p-type semiconductor materials, as shown in 

Figure 1.1 below.  

The term junction refers to the boundary interface where the two regions of the 

semiconductor meet. The valence band and conduction band are separated by a gap, 

known as the bandgap energy (Eg) of the semiconductor. Since the n-type region has a 
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high electron concentration and the p-type has a high hole concentration, electrons 

diffuse from the n-type side to the p-type side. Similarly, holes flow by diffusion from 

the p-type side to the n-type side.  

 

Figure 1.1  Band structure and charge transport in a typical p–n junction solar 

cell 

When the electrons and holes move to the other side of the junction, they leave 

behind exposed charges (positive charge on the n-type side and negative charge on the 

p-type side), which are fixed in the crystal lattice and are unable to move. Thus, an 

internal electric field forms between the positive charge in the n-side and negative 

charge in the p-side. When photons are absorbed in the solar cells, they transfer their 

energy to electrons (e
-
) in the valence band of the semiconductor and promote them to 

higher energy states in the semiconductor conduction band, leaving behind positive 

charges, or holes (h
+
), in the valence band.  The generated electrons and holes migrate 

towards the p–n junction and are pushed away from each other towards the opposite 

ends of the solar cell by the internal electrical field. Subsequently, the electrons and 

holes are transported to opposite polarity electrodes to produce a drift current. The 
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solar cells provide a means for electrons to leave the solar cell, pass through an 

external circuit to deliver electrical power, and return to the cell to recombine with the 

holes to complete the electrical circuit. 

Currently, single-crystal and polycrystalline Si solar cell modules dominate the 

photovoltaic technologies with 94% of the market share.
17

 Commercial modules are 

based on single p–n junctions and have solar-to-electricity power conversion 

efficiencies between 12% and 18%.
18

 The commercial solar cell module price has 

dropped by 20% for every doubling of cumulative module production since 1976.
14

 

Despite this significant progress during the last two decades, the primary shortcoming 

of the Si solar cells continues to be the high module price; less than 0.1% of global 

power is produced using Si solar cells because of their high production cost.
19

 Low 

production volumes, modest conversion efficiencies, high temperature processing, 

and the need for high-purity feedstock contribute to the high manufacturing cost of Si 

solar cells. In addition, solar cells made from Si are limited to a maximum conversion 

efficiency of 31% for unconcentrated sunlight.
20

 The high cost and limited conversion 

efficiency of Si solar cell modules must be improved to make solar energy more 

competitive than fossil fuels in the energy production market. However, achieving 

competitive cost-to-efficiency ratios will require breakthroughs in the Si photovoltaic 

technology. This has engendered the concept of a new generation of modules that 

strive to achieve high conversion efficiencies at a low cost.  

In order to further reduce the cost of produced electricity for solar applications, 

thin-film solar cells, referred to as the second generation solar cells,
15

 have been 

developed based on amorphous silicon
12

 or nonsilicon materials such as cadmium 

telluride
20

 that are more absorbent than crystalline silicon and can be processed 
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directly onto large area substrates. However, despite laboratory demonstrations of 

cells with high efficiencies (i.e., 19% for CIGS
21

 and 16% for CdTe
22

), the controlled 

manufacturing of second generation solar cells remains a challenge and their 

commercial use while growing are not widespread. 

1.2.2  New generation solar cells 

Third generation solar cells, are a range of novel alternatives to “first 

generation” (high-efficiency, but high-cost silicon p-n junction solar cell) and “second 

generation” (low-cost, but low-efficiency thin-film) solar cells.
22

 Third generation 

concepts are based on devices that can exceed the theoretical solar conversion 

efficiency limit for a single energy threshold material.
14

 The approaches to third 

generation photovoltaics aim to achieve high-efficiency solar cells using materials 

that are nontoxic and unlimited in abundance in the earth.
13

 

Along with the nanotechnology boom of the past decade, nanomaterials have 

emerged as the new building blocks to construct solar energy conversion assemblies 

with the aim to achieve high-efficiency and low-cost properties in next generation 

solar cells.
23

 At the nanoscale, a number of physical phenomena have been identified 

to improve the collection and conversion of solar energy.
23

 Nanoparticles and 

nanostructure have been shown to enhance the absorption of light, increase the 

conversion of light to electricity, and provide better thermal storage and transport.
23

 A 

better understanding of the conversion and storage phenomena at the nanoscale is 

critical in exploiting the benefits of nanotechnology. 

The next generation solar cells based on nanotechnology normally employ thin 

films composed of an interpenetrating network of inorganic or organic semiconductor 

http://en.wikipedia.org/wiki/Silicon
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particles with mesoscopic (2-50 nm) sizes. These mesoscopic particles allow the 

formation of junctions with very high contact areas instead of the flat morphology 

used by conventional thin-film cells.
15
 These new nanomaterials based approaches do 

not rely on conventional single p–n junctions and have been widely investigated as 

third generation technologies.
22

 They have been seen as a practical and promising 

method for the fabrication of third generation solar cells. 

Various strategies have been developed in recent years to construct solar cells 

using organized assemblies of nanostructure architecture. These include: (i) dye-

sensitized solar cells
24

 which are electrochemical cells that require an electrolyte; (ii) 

hybrid approaches in which inorganic quantum dots are doped into a semiconducting 

polymer matrix or by combining nanostructured inorganic semiconductors such as 

TiO2 with organic materials;
25

 (iii) and all-organic solid-state approaches.
26

 

The most well known and studied unconventional photovoltaic system is the 

dye-sensitized solar cell developed by Grätzel in 1991
27

 that belongs to the group of 

thin-film solar cells. It is based on a semiconductor formed between a photosensitized 

anode and an electrolyte, and is a photoelectrochemical system. This cell is extremely 

promising because it is made of low-cost materials and does not need an elaborate 

apparatus to manufacture. These new dye-sensitized solar cells can be fabricated 

without the use of expensive and energy-intensive high temperature and high vacuum 

processes.
28

 They are compatible with various supporting materials and can be 

produced in a variety of presentations and appearances to enter markets for domestic 

devices and architectural or decorative applications.
29

 In bulk it should be 

significantly less expensive than conventional silicon cell designs. At the moment this 

unique photoelectrochemical solar cell, based on a TiO2 nanoparticle photoanode 
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sensitized with a light-harvesting metallo-organic dye, is at its early 

commercialization stage offering an interesting alternative for the existing silicon 

based solar cells as well as thin-film solar cells. Although its conversion efficiency is 

currently still lower than the best thin-film cells, its price/performance ratio should be 

high enough to allow them to compete with fossil fuel electrical generation (grid 

parity).
18

 

In summary, dye-sensitized solar cells, which are closely related to 

nanotechnologies, have demonstrated promising light-harvesting properties as the 

next generation solar cells that could potentially lead to the realization of low-cost and 

high-efficiency properties to meet future energy demands. 

1.3  Dye-sensitized solar cells (DSSCs) 

1.3.1  History of DSSCs 

As the basis of DSSCs, the dye-sensitization technique originated in 1873 with 

Vogel and Berlin.
30

 However, the sensitization mechanism was not well understood 

until the extensive photoelectrochemical studies of dye-sensitized single-crystal 

electrodes in the 1960’s and 1970’s.
30

 However, compared with silicon based 

photovoltaic devices, the performance of these early DSSCs was poor (efficiency < 

1%).
27

 The major obstacle was the low light harvesting efficiencies of these single-

crystal cells by a dye monolayer adsorbed onto a planar semiconductor surface. Some 

improvements in efficiency were achieved by coating a thick layer of dye onto the 

planar semiconductor surface; however, the energy conversion efficiency was still 

limited to less than 2% due to the low charge-collection efficiency from the remote 

dye molecules. 
27

 

http://en.wikipedia.org/wiki/Conversion_efficiency
http://en.wikipedia.org/wiki/Price/performance_ratio
http://en.wikipedia.org/wiki/Fossil_fuel_electrical_generation
http://en.wikipedia.org/wiki/Grid_parity
http://en.wikipedia.org/wiki/Grid_parity
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A breakthrough in DSSC performance occurred in the early 1990’s by the 

research group of Grätzel
27

 who creatively demonstrated that a practical 

photoelectrochemical device with high light-harvesting efficiency could be fabricated 

using a thin (~10 µm) mesoporous titanium dioxide layer on conducting glass (coated 

with fluorine doped tin oxide, FTO) as a high-surface-area support for adsorption of a 

monolayer of a ruthenium sensitizer dye. Substantial improvements in DSSC 

efficiency have been achieved since then, and the record AM 1.5 conversion 

efficiency for a DSSC currently stands at 11.5%,
31

 making it comparable to the 

conventional p-n junction silicon solar cells in terms of efficiency and cost-effective.  

Despite intense study of DSSCs over the past two decades, the increase in 

conversion efficiency has been insignificant and several aspects of the physics and 

chemistry of the DSSC remain unclear or controversial. These mainly concern the 

mechanism of electron transport in the photoanodes, dye sensitization kinetics and 

electron recombination at the substrate/TiO2/electrolyte interface. A full 

understanding of these processes is critical if further progress is to be made in device 

optimization of DSSCs for widespread use in the photovoltaic market. 

1.3.2  DSSC components  

The typical DSSC (commonly referred to as the Grätzel cell) is comprised of 

four major parts as shown in Figure 1.2: 
27

 

(1) A monolayer of adsorbed dye molecules;  

(2) Nanocrystalline semiconductor substrate (photoanode); 

(3) Redox mediator electrolyte;  

(4) Platinum coated counter electrode. 

Understanding the function of these four components is crucial when striving for high 
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solar energy conversion efficiency.  

 

Figure 1.2  Schematic diagram of a typical Dye-sensitized Solar Cell
27

 

1.3.2.1     Sensitizers 

The absorption of incident light in the DSSCs is realized by specifically 

engineered sensitized dye molecules anchored on the surface of the semiconductor 

electrode. To achieve a high light-to-energy conversion efficiency in the DSSC, the 

properties of the dye molecule attached to the semiconductor particle surface are 

essential. Desirable properties can be summarized as: 

a. Absorption: The dye should absorb light at wavelengths up to about 920 nm, i.e. the 

energy of the exited state of the molecule should be about 1.35 eV above the 

electronic ground state corresponding to the ideal band gap of a single bandgap solar 

cell.
32

 

b. Energetics: To minimize energy losses and to maximize photovoltage, the exited 

state of the adsorbed dye molecule should be only slightly above the conduction band 

edge of the semiconductor, i.e., TiO2, but high enough to present an energetic driving 
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force for the electron injection process. For the same reason, the ground state of the 

molecule should be only slightly below the redox potential of the applied electrolyte, 

i.e., I
-
/I3

-
.
33

   

c. Kinetics: The process of electron injection from the exited state to the conduction 

band of the semiconductor should be fast enough to outrun competing unwanted 

relaxation and reaction pathways.
33

  

d. Stability: The adsorbed dye molecule should be stable enough in the working 

environment (at the semiconductor-electrolyte interface) to sustain about 20 years of 

operation at exposure to natural daylight.
29

 

e. Adsorption properties: The sensitizers should have good adsorption abilities to the 

semiconductor surface. The efficient adsorption of dye on the semiconductor surface 

is critical for the high performance of DSSCs. Normally the dye with outstanding 

performance in DSSCs contains anchoring groups that can firmly adsorb on the 

semiconductor surface.
34

 

These are the required qualifications for an ideal photovoltaic sensitizer. Much 

of research in dye chemistry is devoted to the identification and synthesis of a 

sensitizer matching these requirements, while retaining stability in the 

photoelectrochemical environment. The anchoring group of the dye ensures that it 

spontaneously assembles as a molecular layer upon exposing the oxide film to a dye 

solution. This molecular dispersion ensures a high probability that, once a photon is 

absorbed, the excited state of the dye molecule will relax by electron injection to the 

semiconductor conduction band.
29

 



 13 

For the excited dye molecules, a proton (H
+
) transferred from the carboxylate 

groups of the sensitizer to the semiconductor positively charges the semiconductor 

and leaves an excess negative charge on the dye.
35

 The resulting electric field 

promotes electron injection into the semiconductor while impairing the reverse 

process. Further retardation arises from the driving force of the back reaction which 

significantly exceeds its reorganization energy. Recapture of an electron by the 

oxidized dye is therefore highly unlikely, given that the kinetics of its reduction by the 

contacting electrolyte is much faster.
29

 The basis for the insensitivity of dye-sensitized 

electrochemical interfaces to parameters such as surface texture is now obvious, and 

the use of nanocrystalline thin film structures with a roughness factor of over 1000 

has become standard practice.
28

 

The best photovoltaic performance, both in terms of conversion yield and long 

term stability, have so far been achieved with polypyridyl complexes of ruthenium 

and osmium.
32

 For example, the ruthenium complex cis-RuL2(NCS)2, known as N3 

dye and discovered in 1993,
29

 has been a popular sensitizer for mesoporous solar cells.    

A credible challenger was identified in 2004 named “black dye” [tri(cyanato)-2,2'2"-

terpyridyl-4,4'4"-tricarboxylate]Ru(II). The reported incident photon to current 

conversion efficiency (IPCE) response of the black dye extends 100 nm further into 

the IR than that of N3.
28

 Among several subsequent studies of high molar extinction 

coefficient ruthenium sensitizers on this track, the C101 dye with a 4,4′-bis(5-

hexylthiophen-2-yl)-2,2′-bipyridine ligand (L1) further improved the DSSC efficiency 

to 11.3%, becoming the first sensitizer to out-perform the well-known N3 dye.
36

 In 

2009, DSSCs with the CYC-B11 ruthenium sensitizer set a world record DSSC 

efficiency of 11.5%,
31

 enabling greatly improved DSSCs performance. 
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In recent years, organic dye
37

 and semiconductor quantum dots
38

 have been 

intensively studied as the alternative sensitizers in the future for the DSSC application. 

When considering organic dye structure, porphyrins and phthalocyanines merit 

particular attention,
37

 the former because of the analogy with natural photosynthetic 

processes and the latter because of their photochemical and phototherapeutic 

applications. Further interesting candidates are cyanines and merocyanines,
37

 which 

are widely employed as sensitizers in silver halide photography. While the former are 

probably too unstable for use in the DSSCs, the latter are an interesting prospect, 

especially for applications in the transparent and solid state versions of the cell that 

are discussed below.  

Semiconductor quantum dots are another attractive option for panchromatic 

sensitizers. These are II-VI and III-V type semiconductors particles whose size is 

small enough to produce quantum confinement effects.
39

 The absorption spectrum of 

such quantum dots can be adjusted by changing the particle size.
23

 Thus, the bandgap 

of materials such as InAs and PbS can be adapted to match the optimal value of 1.4 

eV.
39

 During the last decade, a wealth of information has been gathered on the 

physical properties of these materials and further research is being actively pursued. It 

has been shown that quantum dots can indeed act as efficient sensitizers for 

mesoporous oxide films.
40

 The advantage of these sensitizers over conventional dyes 

is their very high extinction coefficient, allowing thinner films of the mesoporous 

oxide to be used.
41

 This would reduce the dark current, increasing Voc and the overall 

efficiency of the cell. One problem with this approach is the photocorrosion of the 

quantum dots which will almost certainly happen if the junction contact is a liquid 

redox electrolyte.
41
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1.3.2.2     Photoanodes 

The photoanodes in DSSCs are usually a semiconductor material with 

intermediate conductivity, which serves as the carrier for the monolayers of the 

sensitizer using their huge surface and the medium of electron transport to the 

conducting substrate. The electrical properties of semiconductor photoanodes are well 

defined by the energy band theory.
42

 An important energy level associated with the 

semiconductor photoanode is the Fermi-level (EF), which is defined as the energy at 

which the probability of a quantum state being occupied by an electron is exactly half. 

For pure, undoped semiconductor photoanode, the EF is located half way between the 

EVB and ECB. Under conditions of illumination, a semiconductor photoanode is no 

longer at thermal equilibrium. When the semiconductor reaches at a steady state, at 

which point EF is refereed to as the quasi-Fermi level.
42

 

The exciton generated at the dye is separated into free carriers at the dye–

photoanode interface. There are two driving forces for this charge separation:
43

 (i) the 

charge separation is energetically favoured because the conduction band of the metal 

oxide is at lower energies than the LUMO (lowest unoccupied molecular orbital) of 

the dye; (ii) the charge separation is entropically favoured because there is a larger 

density of electronic energy states in the conduction band of a crystal than molecular 

orbital of a dye. Binary metal oxides such as TiO2,
44

 ZnO,
45

 ZrO2,
46

 Nb2O5,
47

 Al2O3,
48

 

and CeO2
49

 and ternary compounds such as SrTiO3
50

 and Zn2SnO4
51

 have been tested 

for their use as photoanodes in DSSCs.  Among them, TiO2, ZnO, and Nb2O5 have 

been the most popular choices as photoanodes in DSSCs. TiO2 has been the material 

of choice since 1991 to address the fundamental issues of DSSCs; and therefore is 

considered as the model system. 
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 (1) TiO2 photoanodes 

TiO2 is a relatively cheap, abundant, nontoxic, biocompatible, oxide 

semiconducting material. These interesting properties make it useful for various 

applications in the area such as solar cell, gas sensors and photocatalysts.
52, 53

 TiO2 is 

known as an n-type semiconductor, which contains donor-type defects such as oxygen 

vacancies and titanium interstitials.
54

 TiO2 exists naturally in three crystalline 

polymorphs, namely rutile (Eg=3.05 eV), anatase (Eg=3.23 eV) and brookite (Eg=3.26 

eV).
55

 Rutile TiO2 scatters light more efficiently and is chemically more stable than 

that of anatase.
56

 For photocatalysis, however, anatase is perceived as the more active 

phase of TiO2 because of its surface chemistry and potentially higher conduction-band 

edge energy. Perhaps because of the latter property,
57

 anatase has been the common 

material for DSSCs, even though rutile is potentially cheaper to produce and has 

superior light-scattering characteristics, a beneficial property from the perspective of 

effective light harvesting. Recently, rutile has achieved similar Voc  to anatase despite 

the difference in their conduction band. However, the observed photocurrent density 

using rutile was about 30% less than that of the anatase,
56

 which was ascribed to the 

lower surface area; and therefore, decreased the amount of dye loading.
56

 

Most successful TiO2 photoanodes have a nanostructured mesoscopic 

morphology, which can provide a high surface area for dye adsorption.
58

 The 

mesoporous morphology of the TiO2 film is essential for the efficient operation of the 

DSSCs. On a flat surface, a monolayer of dye absorbs at most a small percent of 

striking light because it occupies an area that is several hundred times larger than its 

optical cross-section. Employing a mesoscopic oxide to support the monolayer of a 

sensitizer allows one to overcome this inefficiency problem. To date, the most 
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successful DSSCs developed using TiO2 contain a thick layer (~12-15 µm) of 

mesoporous TiO2 of particle size 20-25 nm
59

 or a thin layer (~2-5 µm) of TiO2 of 

particle size ~400 nm to improve light scattering on the top of the mesoporous particle 

film.
60

 However, these mesoporous layers usually have a high porosity of ~60% and 

random network of nanoparticles,
61

 which increase the electron loss in DSSCs due to 

carrier recombination where the electrons have to cross many particle boundaries. 

With the popularity of low-dimensional nanostructures in recent years, a whole 

range of TiO2 nanostructures has been tested to date, ranging from simple assemblies 

of nanoparticles to nanotubes, nanowires and nanofibers.
62

 These studies are 

motivated by the expectation that the transport of charge carriers along the tubes is 

more facile than within a random network of nanoparticles.
63

 Hence, low dimensional 

nanostructures should produce a lower transport resistance than nanocrystalline films 

thereby facilitating the collection of photogenerated charge carriers.  

Frank and colleagues compared the transport and recombination properties of 

nanotubes and spherical nanoparticles films used in DSSCs by frequency-resolved 

photovoltage spectroscopy.
64

 Both morphologies displayed comparable transport 

times; however, recombination was much slower in the nanotube films. This 

observation indicates that the nanotube-based DSSCs have significantly higher charge 

collection efficiencies than their nanoparticle-based counterparts.
64

 TiO2 nanowires 

are fabricated using different methods such as electrophoresis, hydrothermal method 

and oxidation of metallic titanium.
63

 However, lengths of the nanotubes and 

nanowires obtained are limited to a few micrometers for DSSCs fabrication, which 

significantly limits its dye loading capabilities and therefore efficiency. Unlike other 

one-dimensional nanostructures such as nanowires and nanotubes, which are grown 
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directly onto the FTO plate, TiO2 nanofibers were directly developed on conducting 

glass plates by the layer deposition method.
65

 The DSSCs fabricated using the 

electrospun nanofibers produced efficiencies of ~6% using conventional N3 dyes.
65

 

Although great effort has been devoted to the low-dimensional structures of TiO2, no 

conversion efficiency has been reported over the nanoporous TiO2 based DSSCs. 

Thus, the nanoporous TiO2 is still one of the hottest nanostructures for researchers to 

achieve higher efficiency for TiO2-based DSSCs in the future. 

(2) ZnO photoanodes 

The ZnO is a II–VI semiconductor (Eg~3.37 eV)
66

 that crystallizes either in 

cubic zinc-blende, cubic rocksalt, or hexagonal wurtzite structure.
67

 The hexagonal 

wurtzite is the lowest energy structure of ZnO. The conduction band energy of ZnO is 

-4.3 eV with respect to vacuum, similar to that of TiO2.
68

 Thus, hexagonal ZnO has 

been actively sought as a replacement for the TiO2 electrodes.  

Various nanostructures of ZnO including nanoparticles,
69

 nanowires,
70

 

nanotubes,
71

 and nanorods,
72

 have been explored for DSSCs. Hagfeldt and colleagues 

studied the electron transport in nanostructured ZnO and discussed their findings 

under the framework of multiple trapping diffusion models similar to that applied to 

TiO2.
73

 The density of traps is reported to be less for ZnO compared with that of TiO2. 

This lower trap density makes the electrons move faster through the ZnO nanoporous 

network. Thus, the electron life time in ZnO is longer than that in TiO2. Despite the 

superior transport properties of ZnO, the DSSCs using ZnO produced inferior 

performances. The best efficiency reported to date for ZnO electrodes is lower than 

7% when it is incorporated with N719 sensitizer and iodide/triiodide electrolyte.
74

 The 

poor photovoltaic performance utilizing ZnO electrode mainly stems from the 
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stability of ZnO in acidic conditions.
73

 The protons derived from Ruthenium 

complexes such as N3 and N719 make the dye loading solution relatively acidic and 

dissolve the surface of ZnO, generating Zn
2+

/dye aggregates. Such aggregates 

decrease the electron injection efficiency, thus lowering the DSSCs performance.
73

  

(3) Nb2O5 photoanodes 

Several groups used Nb2O5 as photoanodes in DSSCs with the structure of 

nanoparticles,
75

 nanosheets,
76

 or TiO2–Nb2O5 bilayers
77

. The Nb2O5 is a wide 

bandgap semiconductor with bandgap energy of 3.49 eV,
78

 which is about 0.29 eV 

larger than that of TiO2 (anatase). Because of its larger bandgap and higher 

conduction band edge compared with anatase, Nb2O5 DSSCs with N3 dye showed 

higher Voc than that achieved using anatase TiO2. However, Nb2O5 sensitized by 

mercurochrome dye showed Voc lower than that achieved using anatase. Sayama and 

colleagues used porous semiconductor films of Nb2O5 in DSSCs sensitized by the N3 

dye.
79

 They observed that the Nb2O5 semiconductor cell had the next highest IPCE of 

18% compared with the TiO2 cell, for which an IPCE of 45% was reported under 

similar cell fabrication conditions. This observation was explained by the difference 

in the electronic structure of these semiconductors. The electrons are assumed to be 

transported mainly through the conjugated orbitals of the ester linkage and 

semiconductor conduction band. However, by developing proper chemical techniques 

nanocrystalline Nb2O5 with high BET surface area (25 g/cm
2
)
79

 could be prepared 

even if it is much lower than that of mesoporous TiO2. More attention is required to 

develop mesoporous Nb2O5 as well as their one-dimensional nanostructures. Similar 

to other materials, the actual mechanism of charge transport through mesoporous 

Nb2O5 is yet to be explored. In view of its higher conduction band energy and high 
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chemical stability, Nb2O5 could be a suitable alternative to TiO2 on the way to 

developing high-performance DSSCs. 

(4) Ternary photoanode materials 

Besides the simple binary metal oxide systems, ternary metal oxide systems 

such as SrTiO3
50

 and Zn2SnO4
51

 have been considered as photoanode materials in 

DSSCs. The SrTiO3 is a semiconductor with bandgap similar to TiO2 (3.2 eV).
80

 

However, its conduction band is relatively higher than that of TiO2 which could result 

in a higher Voc. Its high dielectric constant makes SrTiO3 behave as electrically 

mesoporous even with a large particle size of ~80 nm. The conversion efficiency 

reported for DSSCs using SrTiO3 is relatively poor, which is explained due to the 

specific surface structure of SrTiO3.
81

 The energetically favoured surface of SrTiO3 is 

(001) face, which has two possible terminations, SrO or TiO2.
81

 The SrO surface is 

more basic; and therefore, poorly adsorbs the negatively charged carboxylate group of 

the sensitizer. The poor photovoltaic performance might result from the decreased dye 

loading onto the semiconductor. 

Two groups have reported Zn2SnO4 as the photoanodes for their application in 

DSSCs.
51, 82

 The bandgap of Zn2SnO4 is ~3.8 eV.
82

 Research on Zn2SnO4 was 

initiated following an observation that the efficiency of a DSSC that used a mixture of 

ZnO and SnO2 as working electrode was dramatically enhanced.
83

 The Zn2SnO4 cells 

reported efficiency up to 3.8% which is close to the highest efficiency reported for 

ZnO fabricated under similar conditions (4.1%) and much higher than that reported 

for SnO2 (1.2%).
51

 In addition, Zn2SnO4 cells also overcame the stability problem 

associated with ZnO against acidic dyes. In this sense, the ternary oxide (Zn2SnO4) is 

more attractive than its simple binary components (ZnO and SnO2) as the electrode 
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material for DSSC.  

1.3.2.3     Electrolytes   

The redox couple present in the electrolyte is of crucial importance for stable 

operation of a DSSC, transporting the charge between the photoanode and the counter 

electrode during dye regeneration.
29

 After electron injection, the oxidized dye must be 

re-reduced to its ground state as fast as possible by the electron donor in the 

electrolyte. Thus, the choice of the charge mediator should take into account the dye 

redox potential, which must be suitable for its efficient regeneration. Also, the redox 

couple must be fully reversible and should not exhibit significant absorption of light 

in the same spectral region as the dye.
84

 The electrolyte composition also affects the 

photovoltage (Voc) of DSSCs, which is the difference between the Fermi level of the 

semiconductor and the electrochemical potential of the redox pair.
59

 

The most used electrolyte in DSSCs consists of the iodide (I
-
)/triiodide (I3

-
) 

redox couple, since it exhibits an electrochemical redox potential suitable for 

reduction of several oxidized dyes and the best kinetic properties. The most efficient 

DSSCs to date use I
-
/I3

- 
redox mediator and photoelectrochemical measurement are 

most commonly carried out in acetonitrile containing 0.5M LiI and 0.5M I2.
24

 

However, since triiodide solutions are coloured and present absorption bands in the 

visible region, high concentrations may reduce light absorption by the dye.
84

 

Moreover, I3
- 
ions can react with injected electrons and high concentrations increase 

the dark current.
85

 Thus, the concentration of I
-
/I3

- 
must be optimized.  

The application of other charge mediators with different electrochemical 

potentials was also investigated, for instance, the redox couples (SeCN)2/SeCN
-
 and 
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(SCN)2/SCN
-
 dissolved in acetonitrile.

86
 These redox couples present a more positive 

equilibrium potential than the I
-
/I3

- 
redox pair, however, the photovoltage of the 

DSSCs does not increase as expected, and the cells present lower efficiencies. From 

transient absorption spectroscopy, it was demonstrated that the lower efficiencies 

were related to a slower dye regeneration rate when SCN
-
 or SeCN

-
 were used instead 

of I
-
. The challenge for the chemist is to identify new redox couples that are well 

matched to that of the sensitizer, while maintaining all the advantages of the 

iodide/triiodide system.   

1.3.2.4     Counter electrodes  

The counter electrode is one of the most important components in DSSC.
87

 The 

task of the counter electrode is the reduction of the redox species used as a mediator 

in regenerating the sensitizer after electron injection.
84

 At present, several different 

kinds of counter electrodes have been reported, for example: platinized transparent 

counter electrode,
88

 carbon counter electrode,
89

 and conductive polymer counter 

electrode.
90

 The counter electrode is chosen according to the particular application of 

the DSSC. For power-producing windows or metal-foil-supported DSSCs, one must 

employ a transparent counter electrode, e.g. a small amount of platinum deposited on 

FTO glass or plastic. On the other hand, to make an inexpensive cell one should 

consider a low cost material such as a carbon catalyst for the counter electrode.  

Platinum-loaded conducting glass has already been widely used as the standard 

for DSSC counter electrodes. The reactions at the counter electrode depend on the 

type of redox shuttle used to transfer charge between the photoanode and the counter 

electrode. In many cases the I
-
/I3

- 
couple has been employed as the redox mediator. 

Electrochemical reduction and thermal deposition were compared as deposition 
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methods for platinum on the transparent conductive glass substrate.
87, 91

 The thermally 

deposited Pt was more stable and showed a higher exchange current for the couple. 

The thermal deposition of a Pt film (<10 nm thick), using H2PtCl6 as a precursor on a 

TCO-substrate, produced a low resistance of 1.3 Ω·cm
2
 comparable to that of the 

40 nm thick sputtered Pt,
91

 confirming the superiority of the thermal deposition 

method. DSSCs with conversion efficiencies greater than 11% also employ Pt as a 

catalyst for the counter electrode.
59

 

1.3.3 Working mechanism 

The working mechanism of DSSCs differ completely from those of 

conventional photovoltaics and generally make use of thin films of porous 

nanocrystalline TiO2 onto which dyes are adsorbed with the object of harvesting solar 

radiation. The DSSC mechanism emphasizes interfacial processes rather than the bulk 

processes that mostly control silicon p–n junctions and other conventional cells.
27,84

  

DSSCs work on a different principle, whereby the processes of light absorption 

and charge separation are differentiated.
84

 Light absorption is performed by a 

monolayer of dye (D) absorbed chemically at the semiconductor surface (Figure 1.3). 

After being excited (D*) by a photon of light, the dye is able to transfer an electron to 

the semiconductor by a process called injection.
84

 Electrons in the semiconductor are 

collected through their transport in the photoanode. This transport occurs mainly by 

diffusion. The original state of the dye is subsequently restored by electron donation 

from the electrolyte, usually an organic solvent containing redox system, such as the 

iodide/triiodide couple. This process called regeneration.
84

  The regeneration of the 

sensitizer by iodide intercepts the recapture of the conduction band electron by the 

oxidized dye. The iodide is regenerated in turn by the reduction of triiodide at the 
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counter electrode, the circuit being completed via electron migration through the 

external load. The theoretical maximum voltage that such a device could deliver 

corresponds to the difference between the redox potential of the electrolyte and the 

quasi-Fermi level of the electron in the semiconductor. The operating cycle can be 

summarized in chemical reaction terminology as:
84 

Photoanode:  D hv D
*   

Absorption                              (1.01) 

                                    D* D e
-

TiO2) Electron injection                   (1.02) 

2D I
- 

2D + I3
-
 Dye Regeneration                            (1.03) 

Counter electrode:     I3
-

2e
-
(Pt) 3I            Iodide Regeneration                      (1.04)        

 
Figure 1.3    Working principles of DSSC. The sensitizer (D) coated on the surface of 

TiO2 absorbs the solar light and is raised to the excited state (D*). The 

photo-excited dye injects an electron into the conduction band of TiO2. 

The conduction band electrons then cross the film and are transported to 

the external current circuit. The electrons are then returned to the cell 

through a counter electrode. Between this counter electrode and the 

oxide is an electrolyte containing a redox couple, i.e. iodide/triiodide. 

The electrons reduce triiodide to iodide ions which diffuse from the 

counter electrode to the nanocrystalline film surface where they 

regenerate the sensitizer by electron transfer to the sensitizer cations, 

while the iodide is simultaneously oxidized back to iodine or triiodide   
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There are at least eight fundamental processes during this cycle:
24

 

i. Photon absorption, which is determined by the absorption wavelength window, 

intensity of solar radiation at that window, and absorption cross-section of the dye. 

ii. Radiative recombination, i.e., the relaxation of the excited dye directly into its 

ground state, and its rate constant. This process typically occurs in a time scale of 

several nanoseconds. 

iii. Exciton diffusion length. 

iv. Interfacial electron transport, i.e., injection of electron from the dye to the 

photoanode, and its rate constant. The interfacial electron transport occurs typically in 

a time scale of several picoseconds. 

v. Electron back transfer, i.e., the capturing of conduction band electrons by the 

oxidized species in the electrolyte, and its rate constant. 

vi. Interfacial charge recombination, i.e., the capturing of conduction band electrons 

by the oxidized dye molecules, and its rate constant. 

vii. Electron transport through the photoanode material controlled by (a) the diffusion 

coefficient of electrons, (b) phonon relaxation through which an electron loses its 

energy through electron–phonon interaction. 

viii. Redox potential of the electrolyte and rate constant of electron transfer to the 

oxidized dye.  

Among these processes, interfacial charge transfer is three orders of magnitude 

faster than radiative recombination; and electron back transfer is two orders of 
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magnitude faster than interfacial charge recombination.
84

 Therefore, it is reasonable to 

assume that these two factors i.e., radiative recombination and interfacial electron 

transfer, make a negligible contribution to the final conversion efficiency.  

1.3.3.1     Light absorption           

The absorption of light by a monolayer of dye is weak because of the fact that 

the area occupied by a molecule layer is much larger than its optical cross section for 

light capture.
29

 A respectable photovoltaic efficiency cannot, therefore, be obtained by 

use of a flat semiconductor surface but rather by use of the porous, nanostructured 

film of very high surface roughness as discussed above. When light penetrates the 

photosensitized semiconductor “sponge”, it crosses hundreds of adsorbed dye 

monolayers.
29

 The mesoporous structure thus fulfils a function similar to the thylakoid 

vesicles in green leaves, which are stacked in order to enhance light harvesting by 

chlorophyll. 

 
                       (a)                                           (b)                                         (c)  

Figure 1.4    Molecular structures of three common photosensitizers for DSSCs:
92

  

(a) N719 dye, (b) N3 dye, and (c) black dye  

Figure 1.4 represents the molecular structures of three efficient photosensitizers 

for DSSCs including N719 dye, N3 dye and the black dye.
92

 The adsorption of the 

dye to the semiconductor surface usually takes place via special anchoring groups 

attached to the dye molecule. In the N3 dye these are the four carboxylic groups 
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(COOH) at the end of the pyridyl rings (Figure 1.4b). The COOH groups form a bond 

with the TiO2 surface by donating a proton to the TiO2 lattice. 

 

Figure 1.5    Charge transfer processes between N3 dye and the TiO2 lattice:
29

 1. 

Metal to ligand charge transfer excitation; 2. Electron injection 

The absorption of a photon by the dye molecule happens via an excitation 

between the electronic states of the molecule. For example the N3 dye has two 

absorption maxima in the visible region at 518 nm and at 380 nm. The excitation of 

the Ru complexes via photon absorption is of the metal to ligand charge transfer 

(MLCT) type
93

 (Figure 1.5). The highest occupied molecular orbital (HOMO) of the 

dye is localized near the metal atom, Ru in this case, whereas the lowest unoccupied 

molecular orbital (LUMO) is localized at the ligand species, in this case at the 

bipyridyl rings. At excitation, an electron is lifted from the HOMO level to the 

LUMO level.
29

 Furthermore, the LUMO level, extending even to the COOH 

anchoring groups, is spatially close to the TiO2 surface, which means that there is 
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significant overlap between the electron wavefunctions of the LUMO level of the dye 

and the conduction band of TiO2.
29

 This directionality of the excitation is one of the 

reasons for the fast electron transfer process at the dye-TiO2 interface. 

1.3.3.2     Charge separation 

 As the next step of the conversion of light into electrical current, a complete 

charge separation must be achieved. The charge separation in DSSCs is based on an 

electron transfer process from the dye molecule to TiO2 and a whole transport process 

from the oxidized dye to the electrolyte.
27

 On thermodynamic grounds, the preferred 

process for the electron injected into the conduction band of the titanium dioxide 

films is the back reaction with the oxidized sensitizer. Naturally, this reaction is 

undesirable because, instead of electrical current, it merely generates heat. The 

electron transfer mechanism is strongly dependent on the electronic structure of the 

adsorbed dye molecule and the energy level matching between the excited state of the 

dye and the conduction band of the TiO2.
27

 While charge separation in the 

semiconductor p-n junction arises from the electric field in the space-charge layer in 

the junction area, the situation in a nanoparticle electrode-electrolyte interface is quite 

different. The individual particle size in the nanostructured electrode, typically a few 

tens of nanometres, is too small for the formation of a space charge layer inside the 

particles. Furthermore, no significant macroscopic electric fields are present between 

the individual nanoparticles in the bulk of the electrode. In this case, the absence of 

band bending is a result of the individuality of each nanocrystalline particle.
84

 

However, the electrolyte surrounding all the particles effectively decouples the 

particles and screens any existing electric fields within about a nanometer. 

While the band bending inside the particles is inhibited, there exists however an 
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electric field at the semiconductor-electrolyte interface due to the adsorbed dye 

molecules (Figure 1.3).
84

 The dye molecules have usually acid groups (COOH) as 

attachment units and upon binding a proton is released to the oxide surface leaving the 

dye molecule negatively charged (Figure 1.5). The potential difference across the 

consequently formed Helmholtz’s layer is estimated to be approximately 0.3 eV, and 

it will help to separate the charges and to reduce recombination.
94

 

Hence, the major mechanism for the charge separation is the energy level 

positioning (Figure 1.3) between the dye molecule and the nanoparticle.
84

 The excited 

state of the dye (the LUMO level) is above the conduction band edge of the TiO2 and 

the dye’s HOMO level is below the chemical potential of the redox pair 

iodide/triiodide in the electrolyte, both presenting an energetic driving force for the 

electron and hole separation.  

1.3.3.3     Charge transport 

In a DSSC, charge transport happens by electron transport in the nanostructured 

TiO2 electrode and hole transport in the electrolyte as I3
-
.
84

 Although the electron 

transport process has attracted intensive study due to several interesting fundamental 

questions concerning it, both charge transport mechanisms are equally important for 

the operation of the solar cell.
95, 96

 During irradiation, photoexcited electrons are 

injected from the dye into to the TiO2 conduction band and are transported to the back 

contact and the external circuit. Iodide ions in the electrolyte reduce the oxidized dye 

through. Finally the triiodide ions formed in this reaction are reduced to iodide at a 

platinized counter electrode through hole transport.
84

  

Charge collection in the DSSC is surprisingly efficient considering that injected 
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electrons travel relatively slowly towards the substrate by diffusion and remain in 

close proximity to electron acceptors in the electrolyte.
84

 It is known that electron 

transport is strongly dependent on light intensity.
97

 Electron transport properties are 

therefore best studied using techniques such as intensity-modulated photocurrent 

spectroscopy (IMPS),
98

 wherein a small sinusoidal light intensity is superimposed on 

a larger steady background level illuminating the solar cell. A closely related 

technique, intensity-modulated photovoltage spectroscopy (IMVS), can be used to 

measure electron lifetime under open-circuit conditions.
99

 

The semiconductor nanoparticle network works not only as a large surface area 

substrate for the dye molecules but also as a transport media for the electrons injected 

from the dye molecules.
27

 Because of the porous structure of the photoanodes and the 

screening effect of the electrolyte, the electrode can be viewed as a network of 

individual particles through which electrons percolate by hopping from one particle to 

the next.  As mentioned above, the small size of the particles prevents the formation 

of a space charge layer and a built-in electric field inside the particles. Therefore the 

transport of electrons cannot be by drifting in an electric field. Recombination 

processes being efficiently blocked at the semiconductor electrolyte interface and the 

generation of electrons to the conduction band of the TiO2 particles under illumination 

results in an electron concentration gradient in the electrode with the electrons 

transferred to the FTO back contact layer by diffusion.
100

 

Measurements have shown that the diffusion of electrons is characterized by a 

distribution of diffusion coefficients, which have been related to hopping of electrons 

via surface traps of different depths.
101

 These electron traps are localized energy states 

just below the conduction band edge of the TiO2 and play a significant role in electron 
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transport.
102

 Because of the majority carrier nature of the TiO2 electrode, trapping of 

electrons in bulk states does not lead to recombination losses. Instead trapping of 

electrons at the TiO2 surface may be a pathway for recombination, resulting in 

photocurrent losses and also photovoltage losses for kinetic reasons. In addition, the 

trap states will lead to a lower quasi-Fermi level for the electrons under illumination 

and thus to a reduced photovoltage.
102

 

The diffusion coefficient of electrons depends on the electron quasi-Fermi level 

under illumination.
103

 At low light conditions only deep traps participate in the 

electron transport causing a low diffusion coefficient. Increasing the light intensity 

raises the electron quasi-Fermi level and deep traps are filled at steady state condition, 

while shallow traps contribute to the electron motion, resulting in a larger diffusion 

coefficient. Increasing the illumination level thus increases the conductivity of the 

TiO2 electrode by filling the trap states.  

In summary, the picture of electron transport in the nanostructured electrode of 

DSSCs is presently incomplete and much more basic research must be done in the 

future. Understanding the mechanisms of charge transport in the nanostructured 

electrode electrolyte systems is important for the further development of the dye-

sensitized nanostructured solar cell concept and its practical applications. 

1.3.3.4     Charge recombination 

Recombination of generated electrons with holes in the dye-sensitized 

nanostructured TiO2 electrode can, in principle, occur both after the electron injection 

and during its migration in the TiO2 electrode on its way to the electrical back 

contact.
104
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Illumination of the dye-sensitized electrode initially in equilibrium generates a 

transient electric field between the injected electrons in the TiO2 and the oxidized 

species in the electrolyte.
105

 This electric field could in principle oppose further 

charge separation and promote recombination, although in DSSC the mobile ions in 

the electrolyte can easily rearrange and effectively screen the light induced opposing 

fields in steady state conditions throughout the electrode film.
105

 

There are several possible recombination pathways inside the cell. One involves 

recombination of conduction band electrons with the oxidized dye before the dye can 

be regenerated:
106

                                

 D e
-

TiO2)  D                                          (1.05)  

However, in the several dyes that have been studied to date, this reaction is a 

remarkably slow process (microseconds to milliseconds) at short circuit, and thus 

does not limit the short-circuit photocurrent.
107

 The rate of reaction (see Equation 1.05) 

and the other recombination reactions, increases as the potential of the substrate 

electrode becomes more negative, for example, as the cell voltage charges from short 

circuit (0 V) to its open-circuit photovoltage (often between -0.6 and -0.8 V vs. the 

counter electrode). At open circuit, all the photoinjected electrons recombine by one 

mechanism or another. 

The two other pathways are the recombination of conduction band electrons 

with the oxidized redox species (R
+
):

107
  

  e
-

TiO2) + R
+   

 R                                                (1.06)    

and the recombination of an electron in the FTO substrate, with the oxidized redox 

species:
107

                   

 e
-

FTO) + R
+   

 R                                                 (1.07)    
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This reaction (see Equation 1.07) occurs because the nanocrystalline TiO2 does not 

completely cover the FTO substrate; there are numerous spaces between the colloidal 

particles where the substrate comes into direct contact with the redox solution. 

Reaction (1.06) is favoured by the high surface area of the TiO2 relative to the FTO, 

but reaction (1.07) is favoured by the high concentration of electrons in the FTO 

relative to the TiO2.
107

 The relative rates of the two reactions also depend on the 

chemical nature of R
+
, as described below. From the perspective of an electrical 

circuit model, reaction (1.06) and reaction (1.07) represent shunt (or parallel) 

resistances; a faster reaction rate corresponds to a lower resistance.
108

 When the 

recombination processes, especially reaction (1.06), are considered, it seems 

surprising that the DSSC works at all. Diffusion of the photoinjected electron through 

the ~10 µm thick nanocrystalline TiO2 is quite slow (average transit time ~10 ms),
109

 

and over its entire path the electron is within a few nanometres of the oxidized redox 

species. Therefore, it is vital for the efficient operation of the cell that the 

recombination rates of e
-

TiO2) and e
-

FTO) with R
+
 [reactions (1.06) and (1.07)] 

would be extremely slow.  

1.3.4     Performance characterization 

1.3.4.1     Air mass 1.5 

In astronomy, air mass is the optical path length through Earth’s atmosphere for 

light from a celestial source.
110

 As it passes through the atmosphere, light is 

attenuated by scattering and absorption; the more atmosphere through which it passes, 

the greater the attenuation. The attenuation, known as atmospheric extinction, is 

described quantitatively by the Beer-Lambert-Bouguer law.
111

 

http://en.wikipedia.org/wiki/Astronomy
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http://en.wikipedia.org/wiki/Beer-Lambert-Bouguer_law
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Figure 1.6  The definition of various global (G) air mass (AM) conditions. Most 

reference solar cells are measured under illumination condition AM 

1.5
110

 

“Air mass” normally indicates relative air mass, the path length relative to that 

at the zenith at sea level,
110

so by definition, the sea-level air mass at the zenith is 1 as 

shown in Figure 1.6. Air mass increases as the angle between the source and the 

zenith increases, reaching a value of approximately 38 at the horizon. The reference 

Air Mass 1.5 solar spectra are published by the American Society for Testing and 

Materials (ASTM),
112

 for testing and evaluation of photovoltaic devices. Briefly, there 

are three components: the Air Mass 0 spectrum, for the solar radiation outside the 

atmosphere; the direct normal solar radiation under Air Mass 1.5 condition; and the 

total solar radiation including the diffuse solar radiation under Air Mass 1.5 

condition.
112

  

1.3.4.2     Photovoltaic parameters 

The performances of DSSCs are mainly characterized mainly by six parameters: 

(i) short-circuit photocurrent (Isc), (ii) open-circuit voltage (Voc), (iii) maximal power 

output (Pmp), (iv) fill factor (FF), (v) solar energy-to-electricity conversion yield (η), 

and (vi) incident photon-to-current conversion efficiency (IPCE). These photovoltaic 

http://en.wikipedia.org/wiki/Zenith
http://en.wikipedia.org/wiki/Sea_level
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parameters are explained below. 

1. Short-circuit current (Isc) 

The short-circuit current Isc corresponds to the short circuit condition when the 

impedance is low and is calculated when the voltage equals 0.
113

  

           I (at V=0) = Isc                                                            (1.08) 

Isc occurs at the beginning of the forward-bias sweep and is the maximum 

current value in the power quadrant. For an ideal cell, this maximum current value is 

the total current produced in the solar cell by photon excitation.
114

 

Jsc is the photocurrent per unit area (mA·cm
–2

) when a DSSC under irradiation is 

short-circuited. A high Jsc value is associated with the following characteristics: 1) 

intense light absorption capabilities of dyes over the wide region of sunlight, 2) high 

electron injection efficiencies from photoexcited dyes to the CB of the TiO2, and 3) 

efficient reproduction of the oxidized dye by I
-
.
114

 

2. Open-circuit voltage (Voc) 

The open-circuit voltage (Voc) occurs when there is no current passing through 

the cell. 
113

 

                         V (at I=0) = Voc                                                            (1.09) 

Voc is also the maximum voltage difference across the cell for a forward-bias 

sweep in the power quadrant.
115

 The power (P) produced by the cell in Watts can be 

easily calculated along the I-V sweep by the equation P=IV.   At the Isc and Voc points, 

the power will be zero and the maximum value for power will occur between the 

two.  The voltage and current at this maximum power point are denoted as Vmp and Imp 

respectively. 
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3. Maximal power output (Pmp) 

For a given bias voltage, the power output of the cell is the product of the 

measured cell current and the voltage P(V)=IV. Imp and Vmp are the coordinates of the 

maximum in the P(V) curve (maximum power point).
113

  

4. Fill factor (FF) 

The Fill Factor (FF) is essentially a measure of quality of the solar cell.
113

  It is 

calculated by comparing the maximum power to the theoretical power produced by 

both the open-circuit voltage and short-circuit current combined. 

A larger fill factor is desirable, and corresponds to an I-V sweep that is more 

square-like.  Typical fill factors range from 0.5 to 0.82.  Fill factor is also often 

represented as a percentage as shown in Equation 1.10.
113
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5. Conversion efficiency (η) 

Efficiency is the ratio of the electrical power output Pout, compared to the solar 

power input, Pin, into the solar cell.  Pout can be taken to be Pmp since the solar cell can 

be operated up to its maximum power output to get the maximum efficiency.
114
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P

P
        (1.11) 

Pin is the product of the irradiance of the incident light, measured in mW/cm
2
, 

with the surface area of the solar cell.  The maximum efficiency (ηmax) found from a 

light test is not only an indication of the performance of the device being tested but, 

like all of the I-V parameters, can also be affected by ambient conditions such as 

temperature and the intensity and spectrum of the incident light.
114
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6.  Incident photon-to-current conversion efficiency (IPCE)     

The IPCE is defined as the number of electrons flowing through the external 

circuit divided by the number of incident photons and can be represented by Equation 

1.13:
116

  

                  
   

    

in

sc

Pe

hcJ

photonsincidentofnumber

electronscollectedofnumber
IPCE                      (1.12) 

Where λ, e, h and c are the incident wavelength, elementary charge, Planck constant 

and speed of light, respectively.
116

  A plot of IPCE versus excitation wavelength is 

termed an IPCE spectrum or a photocurrent action spectrum. The IPCE spectrum is 

very useful for the evaluation of a new dye sensitizer for DSSCs.
116

 

1.3.4.3     Performance of DSSCs 

The low-cost properties and high energy conversion efficiencies of DSSCs have 

naturally been one of the reasons for the rapidly expanded interest in DSSC 

research.
27

 In 2001, Grätzel’s group reported efficiency ~10.4% using the black dye, 

20 nm TiO2 particles, and the iodide/triiodide electrolyte.
24

 The same group had 

broken this record and reported efficiency ~11.04% using N3 dye, 20 nm TiO2 

particles, and guanidine thiocyanate electrolyte.
117

 In 2006, Han and colleagues from 

Sharp Co. (Japan) reported efficiency ~11.1% using the black dye with an increase in 

the haze of TiO2 electrode and the iodide/triiodide electrolyte.
58

  In 2008, Wang and 

his colleagues set the efficiency record to 11.3% using a ruthenium sensitizers 

(C101),
36

 however, this was broken by Grätzel’s group in 2009 with an efficiency of 

efficiency of 11.5% using a ruthenium complex(CYC-B11),
31

 which is currently the 

record holder. The solar cell efficiencies presented in Table 1.1 clearly demonstrate 

that the DSSCs excel over other excitonic solar cells and p–n junctions made using 

amorphous and nanocrystalline silicon. Attempts to replace the TiO2 with some 
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other large band-gap semiconductor, such as In2S3/In2O3,
118

 SnO2,
119

 ZnO,
120

 Nb2O5
79

 

and Zn2SnO4
51

  has in general not been very successful to date. 

Table 1.1 State of the art performance solar cell
121

 

 

Because DSSCs contain components such as sensitizers, photoanodes, 

electrolytes and counter electrodes, we must optimally tune conditions involving these 

factors to attain maximum cell performance. For example, the electrolytes, such as 

redox species, counter cations, and solvents, highly influence the photovoltaic 

performance of DSSCs, in addition to the sensitizer and nanocrystalline 

semiconductor thin film.
122

 Careful engineering of all the components, based on a 

thorough understanding of the physical processes in DSSCs, is critical in improving 

efficiency and designing devices with new concepts.  

In terms of DSSC stability, to become economically viable and commercially 

feasible technology, the dye-sensitized solar cells should be capable of maintaining 

stable performance in operating conditions over several years, preferentially tens of 

years.
84

 However, the question of long-term stability of the dye-sensitized solar cells 

seems to remain unsolved for the time being. The long term stability of the dye cells 

can be divided into at least following components:
84
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a.  Inherent photochemical stability of the sensitizer dye adsorbed onto the TiO2 

electrode and in interaction with the surrounding electrolyte; 

b.  Chemical and photochemical stability of the electrolyte; 

c.  Stability of the Pt-coating of the counter-electrode in the electrolyte 

environment; 

d.  Quality of the barrier properties of the sealing of the cell against intrusion of 

oxygen and water from the ambient air, and against loss of electrolyte solvent 

from the cell through the sealing.  

The interaction of these factors and possibly those not yet discovered makes the 

situation in the dye cell very complex. The chemical composition of the electrolyte 

has been observed to change over time by the formation of decomposition products of 

the electrolyte species and the dye.
123

 These products may furthermore interact with 

the dye molecules or other species at the TiO2/electrolyte interface with deleterious 

effects to the cell performance in the long term.
123

 In general, it is believed that the 

long-term stability is not an intrinsic problem of the technology, but can be improved 

by engineering of the chemical composition of the cells.
124

 

1.4  Nanocrystalline TiO2 based DSSCs 

1.4.1  DSSCs efficiency 

DSSCs based on nanocrystalline TiO2 have exhibited solar energy-conversion 

efficiencies up to 11.5%.
58

 So far, most of the efficient DSSCs employ the 

nanoporous TiO2 layer as the photoanodes.
59

  The nanoporous nature of the TiO2 layer 

provides high surface area that is of great importance to the efficient photon-to-

electricity conversion, which is due to the enhanced dye loading and solar light 
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absorption.
84

  Some of the best performances for dye-sensitized nanocrystalline TiO2 

solar cells reported by different groups until 2009 are presented in Table 1.2.  

 Table 1.2   Some of the best performances from the dye-sensitized nanostructured 

TiO2 solar cells (laboratory scale) based on efficiency measurements 

Dye η 

(%) 

Area 

(cm
2
) 

Illumination 

(mW/cm
2
) 

Reference 

CYC-B11 11.5 0.16      100 (AM 1.5) Grätzel 2009
31 

C101 11.3 0.16      100 (AM 1.5) Wang Peng 2009
36

 

N3 11.2 0.16      100 (AM 1.5) Nazeeruddin 2005
125

 

N3 11 0.25      100 (AM 1.5) Green  2001
18

 

Black dye 10.4 0.25      100 (AM 1.5) Grätzel 1997
126

 

The high efficiency over 11% has made the nanocrystalline TiO2 DSSCs more 

competitive as a candidate of low-cost third generation solar cells.  However, the 

nanoporous structure also brings drawbacks:
105

 (i) the inherent conductivity of the 

film is very low, which increases the overall electron transport resistance of the solar 

cells; (ii) the small size of the nanocrystalline particles does not support a built-in 

electrical field, subsequently resulting in serious interfacial charge recombination 

which could significantly reduce the solar-to-electricity conversion efficiency of 

DSSCs; (iii) the nanoporous structure of the photoanodes allows the electrolyte to 

penetrate through the entire layer to the counter electrodes making the 

semiconductor/electrolyte interface three-dimensional for the electron loss. 

Consequently, for further performance development of DSSCs with nanocrystalline 

TiO2 films, these drawbacks of the mesoporous structure need to be overcome. 

Systematic investigation is in demand for control of the interfacial dynamics of the 

TiO2/electrolute/FTO in DSSCs. Optimisation of the photoanodes while keeping the 

merits of the nanoporous structure has been one of the simplest and most efficient 

ways for promoting better understanding of the electron transport mechanism in the 
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photoanodes as well as improving the performance of DSSCs in recent years.
127-129

  

1.4.2  Optimisation of nanoporous TiO2 photoanode 

The design of TiO2 photoanodes used in DSSCs have been continuously 

renovated since 1991 to enhance their efficiency by increasing the light scattering 

properties of the metal oxide film,
130

 suppressing charge recombination,
106

 improving 

the interfacial energetic
107

 and altering the particle morphology.
131

  

One strategy for minimizing recombination losses in DSSCs receiving 

considerable interest at present is the insertion of blocking layers at the TiO2/FTO 

interface.
47

 These blocking layers function as insulating spacers, increasing the 

physical distance between charges and the oxidative species in the electrolyte, thereby 

retarding charge recombination dynamics. FTO is commonly used as transparent 

anodes for DSSCs solar cells. FTO surfaces display the characteristic morphology of 

tin oxide crystals. The FTO roughness increases the probability of having short 

circuits. FTO acts as an oxygen and metal ion source with direct contact of oxidative 

species in the electrolyte. In order to minimize these effects, Grätzel and co-workers 

put an additional compact layer between FTO and nanocrystalline TiO2 layer.
85

 

Although it seemed promising for solar device applications, use of a blocking layer 

was inevitable because of the ohmic contact formed. The blocking layer in between 

the nanocrystalline TiO2 layer and the FTO electrode increased the current output by 

three to four orders of magnitude.
85

 Suppression of electron leakage at the interface of 

FTO and TiO2 nanoparticles also plays an important role in the improvement of 

electron conversion efficiency, especially in the increase of the open-circuit voltage of 

solar cells.
132

 Therefore, abundant research has been focused on the blocking strategy 

for efficiency improvement of DSSCs. Numerous semiconductor layers have been 
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investigated as blocking layers, such as TiO2,
85

 Nb2O5,
47

 and Al2O3.
133

 Moreover, it 

needs to be of an optimum thickness. A barrier layer that is too thin gives rise to the 

possibility of cracking thus electrical shorts, while a barrier layer that is too thick 

increases the series resistance thereby reducing the photocurrent amplitude and fill 

factor.  

Another approach to improve the electrical transport properties was to form a 

core-shell of wider bandgap material than TiO2,
134

 which was an idea brought from 

the bandgap engineering of compound semiconductors. Core–shell structures are a 

configuration designed for photoanodes in DSSCs to reduce the recombination rate at 

the photoanode/electrolyte interface.
134

 A core–shell nanostructured photoanode 

usually consists of a nanoporous TiO2 matrix that is coated with a shell of another 

metal oxide or salt. It is preferable that the coating is conducted conformably upon the 

preformed core semiconductor particles; the fabrication of coating films can be 

expected to result in insulating or energy barriers between the nanoparticles, 

increasing the physical separation of injected electrons and oxidized dye, thereby 

retarding the recombination reactions. The conduction-band potential of the shell 

should be more negative than that of the core semiconductor (TiO2). This establishes 

an energy barrier which hinders the reaction of electrons in the core with the oxidized 

dye or redox mediator in the electrolyte. Several shell materials such as ZnO,
48

 

Al2O3,
48

 SiO2,
134

 Nb2O5,
47

 SrTiO3
135

 and CaCO3
136

 have been reported to form an 

energy barrier (or a surface dipole layer) on the nanoporous TiO2, enhancing the solar 

cell performance to a large extent. It is further noted that such energy barrier layers 

will also retard the desired interfacial charge separation reactions. A modest reduction 

in the charge separation dynamics can be achieved without loss of charge separation 
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yield and therefore device efficiency. Careful control of coating layer thickness is 

therefore essential to allow optimum retardation of the recombination dynamics, 

whilst retaining a yield of photoinduced electron injection. 

1.5.  Scope of the thesis 

The primary goal of this work is to optimize the nanocrystalline structure of 

TiO2 photoanodes to achieve high efficiency dye-sensitized solar cells and to 

systematically investigate the electron transport and recombination mechanism in the 

TiO2 photoanodes. Based on the literature investigation, this goal can be realized 

using the following strategies. 

1.5.1  Interface modification 

The nanoporous nature of the TiO2 layer provides high surface area that is of 

great importance to efficient photon-to-electricity conversion because it enhances dye 

loading and solar light absorption. However, it also provides abundant TiO2 surface 

sites (direct route) and bare FTO conducting sites (indirect route), where the photo-

injected electrons may recombine with I3
- 
species in the redox electrolyte (2e

-
 + I3

-
  

3I
-
). The recombination will cause the loss of the photocurrent thereby significantly 

decreasing the photovoltaic performance of DSSCs.  

In this part, a TiO2 organosol will be synthesized under very mild reaction 

conditions. A TiO2 compact layer was introduced from the TiO2 organic sol using a 

dip-coating method, which is simple and low cost. Compared with the porous 

structure derived from a commercially available TiO2 paste, the resulting TiO2 

compact layer possesses a dense structure that was found to be beneficial to the 

performance improvement of the DSSCs. As the organic sol synthesis and coating 
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processes do not require high temperature or high pressure reaction environments, or 

sophisticated and costly equipment, the preparation of the compact TiO2 film is 

therefore a low cost process.  

1.5.2  Electron transport network modification 

Another drawback of employing porous TiO2 coating layers is the decreased 

connectivity between TiO2 particles as the connectivity between particles can be 

significantly reduced within a porous structured TiO2 coating layer. A decrease in 

connectivity can lead to an increase in electron transport resistance that facilitates 

photoelectron recombination with excited dye hence reduces photoefficiency. The 

photoelectron transport crosses a porous TiO2 layer through pathways where TiO2 

particles interconnect and connect to the conducting substrate. However, some of 

these pathways may be not interconnected in a porous TiO2 layer, which will limit the 

number of options for photoelectrons transport via different pathways with the 

shortest distance and lowest resistance. A longer pathway has a higher resistance and 

increased probability of recombination. It may also be the case in which some TiO2 

particles are isolated from any electron pathway that is connected to the conducting 

substrates. The photoelectrons injected to these dead-ended locations could only be 

consumed via a recombination process with surface adsorbed dyes in their excited 

status and/or through a direct electrochemical reaction with I3
-
 at the TiO2/electrolyte 

interface. It is believed that the loss of photoefficiency due to the poor connectivity 

may be as important as the loss of photoefficiency caused by electron leakage.  

In this part, I propose a simple modification method that can add a dense 

blocking layer and effective electron transport networks to a TiO2 porous layer 

fabricated with commercial TiO2 paste. The method employs a titanium organosol as 
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the coating solution to form a thin layer of dense coating at the interface of conducting 

substrate/TiO2 porous structure and filling the gaps between TiO2 particles. I expect 

this new structural configuration could be used to collectively tackle the electron 

leakage and electron transport efficiency problems experienced when a photoanode is 

constructed with porous TiO2 as a continuous network is constructed in the porous 

structure.  

1.5.3  Bandgap engineering  

 The theoretical maximum Voc of DSSC could be correlated to the difference in 

energy between Fermi level of the photoanode semiconducting oxide and the redox 

potential of the electrolyte in DSSC. It has been argued that the differences in 

photovoltaic behaviour must arise from intrinsic differences between these oxides. 

Therefore, attempts have been made to increase Voc of DSSC through flatband 

potential engineering using high-bandgap semiconductors with high flatband potential 

values for modification of the TiO2 photoanode.   

 In this part, La2O3 was used as a surface modifying material to reduce the 

surface states and change the bandgap of the nanoporous TiO2 photoanode. A novel 

photoanode with a TiO2/La2O3 core-shell structure will be constructed using an 

organic lanthanum solution. This modification will result in a La2O3 thin layer (i.e., 

the shell) covering the surface of the nanoporous TiO2 particles (i.e., the core) and the 

bare FTO surface area. The resulting photoanodes are characterised with scanning 

electron microscope (SEM), X-ray diffraction (XRD), X-ray photoelectron 

spectroscopy (XPS), BET surface area measurement, UV–vis diffuse reflectance 

spectroscopy and UV-vis spectrophotometry. The proposed TiO2/La2O3 core-shell 

structure is expected to form an energy barrier layer and passivates the surface states 
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of TiO2 nanoporous photoanodes. Thus, the electron recombination will be retarded 

significantly, which is beneficial to the improvement of the open-circuit voltage and 

short-circuit photocurrent.  

1.5.4 Photoelectrochemical quantification of electron transport resistance

DSSC performance is strongly related to the electron transport resistance in the 

photoanodes. The interfacial and transport network modifications will significantly 

change the electron transport resistance. For this part, a simple and effective 

photoelectrochemical method is proposed for evaluation of the quality of photoanodes 

in DSSCs. The overall electron transport resistance of a TiO2/FTO photoanode was 

measured by a photoelectrochemical method. It consisted of a variable resistance (R1) 

and constant resistance (R0). The R0 value measured in the photoelectrocatalytic 

process is an intrinsic property of the TiO2/FTO photoanode and is considered as the 

electron transport resistance of the TiO2/FTO photoanode when the photoanode is 

used in the DSSC process. The proposed method is validated by a good correlation 

between the R0 values of various photoanodes and the performance of their 

corresponding DSSCs. The expected results should be that the DSSC photoanode with 

lower R0 value imparts better photovoltaic performance. The proposed electron 

transport resistance measurement can provides a simple and effective alternative to 

evaluate the quality of the photoanodes for DSSCs.  
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CHAPTER 2 

EXPERIMENTAL
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2.1  Materials 

2.1.1  FTO glass substrate 

Transparent conducting oxides (TCO) have attracted broad interest for their 

wide-ranging application in solar cells, optoelectronic devices, sensors and functional 

coatings.
137

 With the rapid growth of the global photovoltaics market, thin film solar 

cells will become the mainstream for photovoltaic applications in the future. TCO, 

with the remarkable property of optical transparency and electrical conductivity, will 

become the essential substrate material for almost all thin film solar cells.
137

 Superior 

TCO can greatly improve the efficiency of these solar cells and consequently lower 

the cost of solar electricity.
137

  

Among all the TCO, tin oxide is extensively studied as a wide bandgap 

nonstoichiometric semiconductor with a low n-type resistivity and high transparency 

in the visible region.
138

 The nonstoichiometric resistivity can be further reduced by 

doping to a level suitable for application in thin film solar cells.
139

 Due to the 

worldwide efforts, some doped TCO, such as tin-doped indium-oxide, fluorine-doped 

tin oxide (FTO) and aluminium-doped zinc-oxide, have been widely researched.
139

 

Among them, FTO shows very good thermal and chemical stability.
140

 Additionally, 

FTO thin films adhere strongly to glass substrates and resist physical abrasion and 

chemical attack. Besides, FTO thin films exhibit high optical visible transparency and 

electrical conductivity,
140

 which are highly attractive since many new generation solar 

cells, such as DSSCs, undergo thermal and caustic chemical treatments during 

preparation. Therefore, FTO glass with FTO is commonly the best option as the TCO 

glass on the light incident side of DSSCs.
139
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FTO films can be deposited on glass substrates through various deposition 

methods, including metal organic chemical vapor deposition (MOCVD),
141

 reactive 

sputtering,
142

 chemical vapour deposition,
143

 spray pyrolysis
144

 and pulsed laser 

deposition (PLD).
145

 However conventional fabrication techniques typically involve 

magnetron sputtering of the FTO film.
146

  

For all the experiments reported in this thesis, high transmission FTO glasses 

(sheet resistance 14 /square) with a thickness of 3 mm were purchased from 

Pilkington. The commercial FTO glasses were used as the transparent conductive 

substrates for fabrication of photoanodes and counter electrodes in DSSCs. 

2.1.2  TiO2 paste, electrolyte and dye 

Precursor paste for the preparation of nanoporous TiO2 photoanodes has been 

essential for high performance and practical DSSCs.
147

 For the best-performing TiO2 

electrodes, the synthesis of TiO2 paste usually involves hydrolysis of Ti(OCH(CH3)2)4 

in water at 250°C (70 atms) for 12 h, followed by conversion of the water to ethanol 

by three-times centrifugation.
148

 Finally, the ethanol is exchanged with a-terpineol by 

sonication and evaporation a process that takes three days in total.
148

 This long-time 

procedure of TiO2 pastes is economically unsuitable for industrial production and has 

to be shortened. To achieve this, a lot of research has been devoted to fabricate 

screen-printing paste using the commercially-available TiO2 powder (P25, 

Degussa).
149, 150

 Most of the pastes based on water and alcohols induce TiO2 

aggregation and yielded poorly reproducible results in long-term experiments. 

However, a-terpineol-based pastes are very stable over the long-term and give better 

reproducible results for the fabrication of TiO2 photoanodes.
151

  

http://en.wikipedia.org/wiki/Pulsed_laser_deposition
http://en.wikipedia.org/wiki/Pulsed_laser_deposition
http://en.wikipedia.org/wiki/Sputtering
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For these investigations, I used the commercial TiO2 paste (DSL 18NR-T) as 

precursor materials for fabrication of the control TiO2 photoanodes for DSSCs. This 

paste mainly contains anatase nanoparticulates and is optimised for transparent titania 

films, which is suitable for screen printing using a synthetic 43T mesh screen (or 

similar). After drying, this paste can be fired around 500°C and the resulting sintered 

layers are generally transparent with a dry film thickness of around 5 µm for one 

printed layer and 12 µm for three printed layers. 

 Organic based liquid electrolyte (EL141) containing I
-
/I3

- 
redox couple were 

supplied by Dyesol (Australia), consisting of gamma butyrolactone, iodine, lithium 

iodide and imidazole compound and used as the redox couple for all the investigations.  

Dyesol’s B2 dye, also known as N719 (RuL2(NCS)2·(H2O)4(TBA)2, L-2,2'-

bipyridyl-4,4'-dicarboxylic acid, TBA-tetrabutylammonium) is considered as the most 

common high performance dye. It is a hydrophilic dye and soluble in alkaline water 

solutions. It is recommended in solution with ethanol or acetonitrile/tert-butanol when 

utilized for sensitizing the fabricated TiO2 nanoporous film for DSSCs. 

Platinized counter electrodes on FTO substrate with low resistance and high 

electrocatalytic activity for I
-
/I3

-
 redox couple in DSSCs will be employed for the 

DSSC measurements. The platinum will be deposited onto the FTO surface by a 

pyrolysis method using the precursor solution of hydrogen hexachloroplatinate 

hexahydrate (H2PtCl6·6H2O). 

2.2  Fabrication of DSSCs 

2.2.1  Screen-printing technique 
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The properties of the TiO2 porous structure, such as particle size and porosity 

are highly associated with the fabrication techniques. In general, a doctor-blade 

technique is commonly employed to fabricate TiO2 films with high porosity by 

coating a water-medium TiO2 paste onto a transparent conductive glass.
150

 However, 

a screen-printing technique is more popular from a practical and industrial view. This 

technique can be not only applied for large scale production of DSSCs, but also for 

controlling the thickness of the TiO2 films, and to ensure the reproducibility of high 

quality films.
150

 The screen-printing technique possesses a wide range of applications, 

e.g., in the field of gas sensing, thermistors and fuel cells.
150

 This technology is 

simple, robust, and can be industrially implemented with relatively low equipment 

cost; hence it has been an attractive method for small to medium scale production of 

TiO2 films for DSSCs. Screen-printed solar cells were first developed in the 

1970’s.
152

 As such, they are the best established, most mature solar cell fabrication 

technology, and screen-printed solar cells currently dominate the market for 

photovoltaic modules.  

Briefly, the screen-printing technique consists of three components:
153

 the 

screen, which acts as the image carrier, the squeegee (usually rubber materials) and 

the employed titania paste. The screen uses a porous mesh, made of porous fabric or 

stainless steel stretched tightly over a frame made of metal. Proper tension is essential 

for accurate printing.
153

 A stencil is photochemically produced on the screen. The 

stencil defines the image to be printed and is referred to as the image plate.
153

 

The principle of screen printing is shown in Figure 2.1.
153

 A pattern is 

photographically defined on a stainless steel or synthetic screen by means of an 

emulsion layer. The titiania paste to be screen printed is properly pressed through the 
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screen area using the rubber squeegee. Important screen printing parameters are: the 

viscosity of the paste, the mesh size of the screen (number of meshes per inch), the 

snap-off distance between the screen and the substrate (Figure 2.1) and the pressure 

and speed of the squeegee. After levelling for a couple of hours (depending on the 

property of the paste), the printed wet film is dried in an oven (e.g. at 80°C, 30 min). 

By then, the film consists of loose conglomerates and the post-sintering step converts 

the wet film into a compact film. 

 

Figure 2.1  The screen-printing process for deposition of TiO2 films 

A self-designed screen-printing device using a synthetic 43T mesh screen was 

equipped for the deposition of the commercial TiO2 paste. To prepare the DSSC 
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working electrodes, the FTO glass used as current collector was first cleaned in a 

detergent solution using an ultrasonic bath for 15 min, and then rinsed with distilled 

water and acetone. After treatment in a 2M NaOH for 30 sec, the FTO glass plates 

were rinsed again and ready for the screen-printing process. A layer of paste was 

coated on the FTO glass plates by screen-printing, kept in a clean box for 4 h so the 

paste could relax to reduce surface irregularity and then oven-dried for 30 min at 

80°C.  This screen-printing procedure (with coating, storing and drying) was repeated 

to acquire the desired thickness of the nanocrystalline-TiO2 working electrode. 

Subsequently, these films were sintered in a muffle furnace at 450°C for 30 min.  The 

resultant nanoporous films with the film size of 1 cm
2
 were used as the control 

samples for further modification for all the investigations. 

2.2.2  Dye adsorption 

Before dye sensitizing, the prepared TiO2 films were baked in an oven at 80°C 

for 30 min. Before cooling, the baked TiO2 films were immersed into a 0.5 mM N719 

dye solution in a mixture of acetonitrile and tert-butyl alcohol (volume ratio: 1:1) and 

kept at room temperature for 20-24 h to complete the sensitiser uptake.
154

 The dye-

sensitized films were washed with anhydrous acetonitrile after the dye adsorption 

process to remove excess dye and then dried in the N2 flow before the photovoltaic 

measurements. In order to assess the dye loading amount, the loaded dye was 

desorbed completely from the dye-sensitized films into NaOH ethanolic solution (10
-4 

M).
120

 Subsequently, a spectrophotometer (Varian, Cary 4500) was used to measure 

the concentration of the desorbed dye solution. 

2.2.3  Counter electrodes fabrication 

The spin-coater (TJ800, China) and the spin-coating method were used for the 
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process of counter electrode preparation as shown in Figure 2.2. To prepare the 

counter electrode, a hole was drilled in the FTO glass by sand blasting. The perforated 

sheet was washed with H2O as well as with a 0.1 M HCl solution in ethanol and 

cleaned by ultrasound in an acetone bath for 10 min. After removing residual organic 

contaminants by heating in air for 15 min at 380°C, the Pt catalyst was deposited on 

the FTO glass by spin-coating with a drop of 5 mM H2PtCl6 isopropanol solution.
155

  

This coating was dried at 50°C for 15 min in an oven and heated at 380°C for 15 min 

in a muffle furnace.
155

 

Figure 2.2  Spin-coater (TJ800, China) (a) and the spin-coating process (b) for 

platinum counter electrode preparation 

2.2.4  Cell assembly 

The cross-section structure of a DSSC is shown in Figure 2.3. The dye-

sensitized TiO2 electrode and Pt counter electrode were assembled into a sandwich 

type cell and sealed with a thermoplastic gasket of 30 µm thickness made of the 

ionomer Surlyn (Dyesol).  A drop of the I
-
/I3

-
electrolyte (about 10 μL) was put in the 

hole in the back of the counter electrode. The electrolyte was then introduced into the 

cell via vacuum backfilling. Briefly, the cell was first placed in a small desiccator to 

remove the internal air. Exposing it again to ambient pressure causes the electrolyte to 

be driven into the cell. Finally, the hole was sealed using a thermoplastic ionomer film 

of 30 µm thickness (Dyesol) and a cover of aluminium foil (0.1mm thickness). A 
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mask with a window area of 0.15 cm
2
 was used to define the active illumination area 

of the DSSCs. 

 
Figure 2.3    Cross-section structures of DSSCs assemblied with thermoplastic 

ionomer films.  

2.3  Photovoltaic and photoelectrochemical characterizations 

2.3.1  Photovoltaic device setup 

The characteristics of photocurrent-photovoltage (I-V), dark current and open-

circuit voltage decay (OCVD) of solar cells were measured by a Princeton Applied 

Research (PAR) Scanning Potentiostat (Model 362) using a 500W Xe lamp 

(Changtuo, Beijing) coupled with an AM 1.5 filter (Sciencetech, Canada) as shown in 

Figure 2.4.  Light intensity was changed using meshes in front of the light source. The 

incident light intensity was measured by a broadband probe (Newport, 70268) and a 

radiant power meter (Newport, 70260).  

In particular, dark current is measured with the applied system without 

illumination.
156

 The OCVD experiment was conducted by monitoring the subsequent 
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decay of Voc after cutting off the illumination on DSSCs under open-circuit 

condition.
157

 

Figure 2.4     The photovoltaic system for photocurrent-photovoltage, dark current 

and open-circuit voltage decay measurement 

2.3.2  IPCE experimental setup 

The determination of the photocurrent under monochromatic illumination is 

established to derive IPCE, which is defined by the ratio of the number of electrons 

generated in the solar cell to the number of photons incident on the photoactive 

surface of the device at a given wavelength.
158

 In general the IPCE is measured under 

short-circuit conditions and is graphically displayed versus the corresponding 

wavelength in a photovoltaic action spectra. The IPCE corresponds to the photo 

response or external quantum efficiency.
159

  

Figure 2.5  The photovoltaic system for IPCE measurement 
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The IPCE as a function of wavelength was measured with a Newport 66902 150 

Watt Xe-lamp in combination with an Oriel Cornerstone 130 monochromator and a 

Keithley 236 source measure unit controlled by LabView software as shown in Figure 

2.5. The number of incident photons on the device was calculated for each 

wavelength by using a calibrated Si-diode as a reference.  

2.3.3  Cyclic voltammetry (CV) and linear sweep voltammetry (LSV)  

Electrochemistry provides a powerful tool for the study of charge transport and 

recombination processes at TiO2/electrolyte interfaces.
160

 Cyclic voltammetry (CV) is 

one of the most commonly used electrochemical techniques, and is based on a linear 

potential waveform; that is, the potential is changed as a linear function of time.
161

 

The change rate of potential with time is referred to as the scan rate.  The simplest 

technique that uses this waveform is linear sweep voltammetry (LSV).
160

 The 

potential range is scanned starting at the Initial potential and ending at the Final 

potential.  

 

Figure 2.6  Schematic diagram of photoelectrochemical experiment setup 

For my investigations, all the LSV and CV experiments were carried out at 25°C 

in 0.10 M NaNO3 solution in a three-electrode cell. The schematic diagram for the 
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photoelectrochemical measurement system is displayed in Figure 2.6. A working 

electrode was mounted in a special holder with an area of 0.78 cm
2
 exposed to UV 

illumination via a quartz window. A scanning potentiostat (PAR 362, Princeton) was 

used to conduct the LSV measurements. Potential and current signals were recorded 

using a PC (Dell) coupled to a MacLab 400 interface (AD Instrument). The light 

source was a 150 W xenon lamp (Trusttech, Beijing, China) with regulated optical 

output and an UV-band-pass filter (UG-5, Schott). The output UV light intensity was 

measured at 365 nm wavelength using a UV irradiance meter (UV-A, Instruments of 

Beijing Normal University, China).  

2.4  Materials characterizations 

2.4.1  UV-Vis absorbance and diffuse reflectance 

Ultraviolet-visible (UV-Vis) absorbance and reflectance spectroscopy is ideal 

for characterizing optical and electronic properties of semiconductor films, such as 

TiO2 and has been widely used as a powerful characterization method in the 

photovoltaic field.
162, 163

 

The absorption edge or band edge is defined as the transition between the strong 

short-wavelength and the weak long-wavelength absorption in the spectrum of a solid, 

generally a semiconductor.
164

 The spectral position of this edge is determined by the 

energy separation between the valence and conduction bands of the material.
164

 In the 

case of transparent solids, the absorption edge can be measured using transmittance 

techniques.
60

 The UV-Vis absorbance was measured using a Cary 4500 (Varian, 

Australia) spectrophotometer for this study. 

Diffuse reflectance measurements provide a more appropriate means of 
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measurement for powdered materials.
82

 UV-Vis diffuse reflectance measurements of 

novel semiconductor structures were acquired using the Cary 4500 spectrophotometer 

equipped with a Praying Mantis diffuse reflectance accessory. Based upon the onset 

of the diffuse reflectance spectra of the powdered materials, the absorption edge and 

band gap energies of the nanocomposites were determined and compared.
82

 

2.4.2  Scanning electron microscopy (SEM)  

Scanning electron microscopy (SEM) is a powerful technique for the 

morphology and structure characterizations of semiconductor materials.
47, 136, 165, 166

 

The scanning electron microscope (SEM) uses a focused beam of high-energy 

electrons to generate a variety of signals at the surface of semiconductor samples.
167

 

The signals that derive from electron-sample interactions reveal information about the 

sample including external morphology, chemical composition, crystalline structure 

and orientation of materials making up the sample. In most applications, data are 

collected over a selected area of the surface of the sample, and a 2-dimensional image 

is generated that displays spatial variations in these properties. The SEM instrument 

of JEOL 890 assumes the task for the characterization of prepared nanomaterials for 

this study. 

2.4.3  Transmission electron microscopy (TEM) 

The transmission electron microscope (TEM) is generally used to characterize 

the microstructure of semiconductor materials with very high spatial resolution.
120, 156

 

Information about the morphology, crystal structure and defects, crystal phases and 

composition, and magnetic microstructure can be obtained by a combination of 

electron optical imaging and electron diffraction.
120, 156

 

http://serc.carleton.edu/research_education/geochemsheets/electroninteractions.html
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The transmission electron microscope uses a high energy electron beam 

transmitted through a very thin sample to image and analyse the microstructure of 

materials with atomic scale resolution.
168

 The electrons are focussed with 

electromagnetic lenses and the image is obtained on a fluorescent screen, or recorded 

on film or digital camera.
168

 The electrons are accelerated at several hundred kV, 

producing wavelengths much smaller than that of visible light (for example, 200 kV 

electrons have a wavelength of 0.025 A).
168

 The resolution of the optical microscope 

is limited by the wavelength of the light used. TEM instrument of JEOL 4010 were 

employed to investigate the morphologies and crystallinity of the prepared materials 

for this study. 

2.4.4  X-ray diffraction (XRD) spectroscopy  

X-ray diffraction (XRD) spectroscopy is a rapid analytical technique primarily 

used for phase identification of a crystalline material and can provide information on 

unit cell dimensions.
169-171

  The composition of the crystalline films or powers can be 

determined using the X-ray diffraction method.  

X-ray diffraction is based on constructive interference of monochromatic X-rays 

and a crystalline sample.
172

 These X-rays are generated by a cathode ray tube, filtered 

to produce monochromatic radiation, collimated to concentrate and directed toward 

the sample.
172

 The interaction of the incident rays with the sample produces 

constructive interference (and a diffracted ray) when conditions satisfy Bragg’s Law 

(nλ=2d sin θ).
172

 This law relates the wavelength of electromagnetic radiation to the 

diffraction angle and the lattice spacing in a crystalline sample. These diffracted X-

rays are then detected, processed and counted.
172

 By scanning the sample through a 

range of 2θ angles, all possible diffraction directions of the lattice should be attained 

http://serc.carleton.edu/research_education/geochemsheets/BraggsLaw.html
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due to the random orientation of the powdered material. Conversion of the diffraction 

peaks to d-spacings allows identification of the mineral because each mineral has a 

unique set of d-spacings.
172

 Typically, this is achieved by comparison of d-spacings 

with standard reference patterns. 

XRD is most widely used for the identification of unknown crystalline materials 

(e.g. semiconductor compounds).
173

 Determination of unknown element is critical to 

studies in material science for quantitative analysis.
173

 Physical characterizations of 

semiconductor films were investigated by X-ray diffraction (XRD, Philips PW3020) 

for this study. 

2.4.5  X-ray photoelectron spectroscopy (XPS)  

X-ray photoelectron spectroscopy (XPS) is a powerful surface analysis 

technique, which provides elemental information about a surface as well as chemical 

state information.
174, 175

 A sample material is bombarded by monoenergetic soft X-

rays, causing electrons to be ejected.
176

 Emitted photoelectrons are collected as a 

function of their energy from which binding energies can be obtained using the 

Einstein Equation:
176

 

                             Eb = hν − Ek − Φ                                                 (2.01) 

where Eb is the binding energy of the electron, Ek its kinetic energy and Φ the work 

function of the spectrometer. On a finer scale it is also possible to identify the 

chemical state of the elements present from small variations in the determined kinetic 

energies. For this study, the XPS measurement was carried out using the instrument of 

Physical Electronics 549. 
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CHAPTER 3 

 INTERFACE MODIFICAION 
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3.1  Introduction 

DSSC consists of a dye-adsorbed porous TiO2 layer on fluorine-doped tin oxide 

(FTO) glass as a working electrode, a Pt thin film counter electrode and an electrolyte 

normally containing I
-
/I3

- 
redox couple.

29
 Under the illumination of solar light, dye 

molecules are excited and electrons are produced. To generate meaningful electrical 

power from DSSC, the electrons need to pass four important interfaces of DSSC: 

dye/TiO2, TiO2/FTO, electrolyte/counter electrode, and dye/electrolyte.
84

 The 

nanoporous nature of the TiO2 layer provides high surface area that is of great 

importance to the efficient photon-to-electricity conversion because it enhances dye 

loading and solar light absorption. However, it also provides abundant TiO2 surface 

sites (direct route) and bare FTO conducting sites (indirect route), where the photo-

injected electrons may recombine with I3
- 
species in the redox electrolyte (2e

-
 + I3

-
  

3I
-
).

85
 The recombination will cause the loss of the photocurrent. So the photovoltaic 

performance of DSSC is seriously decreased.  

The introduction of a compact layer between the interface of the FTO/porous 

TiO2 (see Figure 3.1) has been proven theoretically and practically effective to block 

the electron recombination via the indirect route.
94

 This compact layer is much denser 

than the TiO2 layer; therefore, it can reduce the contact surface area for bare FTO sites 

and the redox electrolyte (so called blocking effect). Semiconductors, such as TiO2
94

 

and Nb2O5,
47

 have been used as a blocking layer for the fabrication of DSSCs. Among 

them, the compact TiO2 layer is the most suitable candidate as the blocking layer and 

has been investigated most frequently.
132, 177, 178

 Besides the blocking effect, higher 

density of the compact layer, together with larger contact area and improved 
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adherence between the TiO2 layer and FTO surface provides more electron pathways 

from TiO2 to FTO for photo-generated electrons, which facilitates electron transport 

and subsequently improves the electron transport efficiency. 

 

Figure 3.1    Schematic diagram of the DSSC with a compact TiO2 layer 

The modification layer can be coated directly on the conductive substrate by 

dip-coating,
156

 spray pyrolysis method,
177

 chemical vapour deposition
156

 and 

sputtering methods.
178

 However, the overall cost for the resulting DSSCs can be 

dramatically augmented if the coating process involves complicated fabrication 

procedures or equipment.  

In this work, a TiO2 organic sol is synthesized under very mild reaction 

conditions. TiO2 compact layer was introduced from the TiO2 organic sol with a dip-

coating method, which is simple and low cost. Compared with the porous structure 
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derived from a commercially available TiO2 paste, the resulting TiO2 compact layer 

possesses a dense structure that was found to be beneficial to the performance 

improvement of the DSSCs.
156

 It is noted that, to our knowledge, this is the first time 

for such a TiO2 organic sol to be used for the modification of the DSSC photoanode. 

The organic sol synthesis and coating processes do not require high temperature and 

high pressure reaction environment (i.e., hydrothermal reaction, or sophisticated and 

costly equipment (such as spray pyrolysis method, chemical vapour deposition and 

sputtering methods), the preparation of the compact TiO2 film is therefore a low cost 

process.  

The improvement of the DSSCs performance, in terms of open-circuit voltage 

(Voc), short-circuit current density (Jsc) and solar energy-to-electricity conversion 

efficiency ( ), was observed. The mechanism for the increased efficiency of the 

DSSCs is proposed based on the physiochemical characteristics of the compact films. 

The photovoltaic investigations of the DSSCs also include dark-current measurement, 

IPCE, open-circuit voltage decay (OCVD)
157

 and the dependence of Jsc on incident 

irradiation power (Pin).   

3.2  Experimental 

3.2.1  Materials 

Titanium butoxide (97%), diethanolmine (99%), anhydrous acetonitrile (99.8%), 

1-butanol (99.9%) and chloroplatinic acid hexahydrate (H2PtCl6·6H2O, ≥ 37.5% as Pt) 

were purchased from Sigma-Aldrich. Ethanol (99.5%) and isopropanol (99.7%) were 

supplied by Ajax Finechem and Merck respectively. Milli-Q water was used for the 

sol preparation. TiO2 paste (DSL 18NR-T), dye (B2) and organic based liquid 
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electrolyte (EL141) containing I
-
/I3

- 
redox couple were supplied by Dyesol (Australia), 

compositing of gamma butyrolactone, iodine, lithium iodide and imidazole compound. 

Fluorine-doped tin oxide (FTO) glass ( 14 /square) was from Pilkington. 

3.2.2  Organic sol synthesis and deposition of a compact film 

A TiO2 organic sol for TiO2 compact layer was prepared at room temperature by 

a sol gel method.
52

 Briefly, 68 mL of Tetrabutyl titanate and 16.5 mL of 

diethanolamine were dissolved in 210 mL absolute ethanol, and then the mixture was 

stirred vigorously for 1 hour at room temperature (Solution A). A mixture of 3.6 mL 

H2O and 100 mL ethanol (Solution B) was added dropwise into the Solution A under 

stirring. The resulting solution was aged for 24 hours at room temperature resulting in 

the TiO2 organic sol. The resultant sol was then used for the coating of a compact 

TiO2 film (namely, C film) on the FTO surface by dip-coating with a withdrawing 

speed of 2 mm/s. The sol coated FTO substrate after removal from the sol were dried 

in an oven at 60°C in air atmosphere for 10 min and followed by a sintering process in 

a furnace at 450°C for 2 h.  

3.2.3  Film preparation and modification 

Both the FTO substrates with and without the compact film were subject to the 

coating of a porous film by the screen-printing technique
136

 with the commercial TiO2 

paste as described in Section 2.2.1. The resultant films were dried in an oven at 85°C 

for 10 min and the coating process was repeated until a thickness of 12 µm was 

obtained. Subsequently the films were sintered in a furnace at 450°C for 30 min. The 

resultant porous TiO2 films with and without the compact film were designated as 

compact-porous film (namely, CP film) and porous film (namely, P film), and the 

corresponding electrodes were CP and P electrode, respectively. 
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Counter electrodes were fabricated by depositing a transparent platinum thin 

film on FTO substrate from H2PtCl6 isopropanol solution with the spin-coating and 

pyrolyzing method as mentioned in Chapter 2.
155

 

3.2.4  Film characterization  

The surface morphologies of the prepared films were characterized by scanning 

electron microscopy (SEM, JSM 890). The crystalline phase of the TiO2 thin films 

were determined by XRD (X-ray diffraction) using a diffractometer (Philips PW3020) 

with Cu K  radiation.  

Electrochemical characterizations of cyclic voltammograms were carried out for 

the bare FTO electrode and FTO with compact film electrode in a three electrode 

system made of teflon holder linked with a scanning potentiostat (PAR 362, 

Princeton). The supporting electrolyte was 0.1 M PBS prepared by mixing the stock 

solutions of 0.1 M Na2HPO4 and 0.1 M NaH2PO4 containing 0.5 mM 

K3[Fe(CN)6]/K4[Fe(CN)6] as the redox couple.
179

 A platinum sheet (20×30 mm) and 

an Ag/AgCl electrode served as the counter electrode and reference electrode, 

respectively. 

3.2.5  Dye adsorption  

The P and CP films were immersed into a dye solution (3×10
-4 

M in butanol and 

acetonitrile, 1:1, v/v) for 24 h. The dye-anchored films were washed with anhydrous 

acetonitrile after the dye adsorption process, and then dried in N2 flow before 

measurements. In order to analyse the dye loading, dye was desorbed completely from 

the dye-adsorbed films into NaOH ethanolic solution (10
-4 

M).
120, 180

 A 

spectrophotometer (Varian, Cary 4500) was used to measure the desorbed dye 
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concentration in this solution. 

3.2.6  DSSCs assembly and characterizations 

The assembly procedure for DSSCs followed the instructions in Section 2.2.4. 

The setup for the photovoltaic measurements including the photocurrent-photovoltage 

(I-V), dark current and OCVD of solar cells referred to Section 2.3.1. The IPCE 

measurement was performed using the system mentioned in Section 2.3.1. Specially, 

the I-V characterization was conducted under Pin of 85 mW·cm
-2

 for the η calculation 

and a mask with a window area of 0.15 cm
2
 was used to for defining the active 

illumination area of the DSSCs.. The dependence of Pin on the Jsc and Voc was also 

investigated.  

From the OCVD experiment, the electron lifetime ( n ) is determined by the 

reciprocal of the derivative of the decay curves normalized by the thermal voltage, using 

Equation 3.01:
157

       

 
where kB is Boltzmann constant, T is absolute temperature, e is the positive elementary 

charge, and dVoc/dt is the derivative of the transient open-circuit voltage. 

3.3  Results and discussions 

3.3.1  Characterizations of films 

Figure 3.2 shows the SEM cross-section image of a CP film, where the layered 

structure of the CP film is clearly indicated. SEM analysis showed both the porous 

film and compact films have a crack-free and uniform structure. The porous film has a 
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typical porous structure with an average particle size of 25 nm. In a sharp contrast 

with the porous film, the compact film has a dense and flat surface, as well as a 

compact internal structure with an average particle size of 10 nm. The thickness of the 

C film is normally ca. 110 nm. The C film resulted from the organic sol dip-coating 

process is much more solid than that from aqueous TiO2 sol-gel dip-coating method.
59

  

 
Figure 3.2    SEM cross-section image of TiO2 porous film with a pre-deposited 

compact layer  

The compactness of the C film was further validated by the cyclic 

voltammograms using the bare FTO and compact later covered FTO as the  working 

electrodes in a three-electrode system in 0.1 M PBS solution containing 0.5 mM 

K3[Fe(CN)6]/K4[Fe(CN)6] as the redox couple. As shown in Figure 3.3, it can be seen 

that without the compact layer, a typical redox peak was observed for the bare FTO 

working electrode. However, with the deposition of the compact film on the FTO 

substrate, the redox peak can not be found in the cyclic voltammogram. This 

suggested the surface of the FTO substrate was fully covered and the TiO2 film is 

compact enough to block the electrolyte penetration through the film to reach the 
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FTO surface. No redox reaction happened for the FTO with compact film. Thus, the 

redox peak can not be observed, which confirmed the superior compactness of the 

TiO2 compact layer derived from the organic sol.  
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Figure 3.3   Cyclic voltammograms for the bare FTO electrode and FTO with 

compact film electrode in 0.1 M PBS water solution containing 0.5 mM 

K3[Fe(CN)6]/K4[Fe(CN)6] as the redox couple and at a sweep rate 20 

mV/S 

The C film originated from the organic sol has a very similar dense structure to 

that from the conventional spraying pyrolysis deposition (SPD) method,
156

 which may 

be due to the fact that both methods used organic precursor rather than aqueous TiO2 

colloid. Comparing with the SPD compact film, the organic-sol compact film has a 

more uniform and flat surface (with no lumps that are caused by the aggregation of 

mist from the spraying). The porous structure of the porous film enlarges the surface 

area greatly, up to a factor of 1000 as compared to a flat surface,
156

 which facilitates 

the dye adsorption loading and also enables light harvesting due to its reflective 

nature.  

The X-ray diffraction patterns of the C film, P film and CP film are shown in 
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Figure 3.4. Anatase and rutile phase peaks were marked as “A” and “R”, respectively. 

The compact film consists of pure anatase phase TiO2, showing only diffraction peaks 

corresponding to the anatase phase. In contrast, the P film and CP film have both 

anatase and rutile phases. The XRD patterns and relative intensity of the P film and 

CP film were almost identical. In fact, the content of anatase phase of TiO2 for the P 

film and CP film are 92.3% and 92.5%, respectively. This implies that, compared with 

the P film, the compact layer of the CP film will have little influence on the surface 

behaviour, such as dye adsorption and mass transport of I
-
/I3

-
 between the porous TiO2 

layer and the counter electrode. 
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Figure 3.4    XRD spectra of the compact film, porous film, and compact-porous film 

3.3.2  Dark current 

Controlling the back electron transport in DSSC is vital to enhance the solar 

energy-to-electricity conversion efficiency.
85

 Dark current measurement in DSSC 

cannot be related directly to the back electron transport process, since the electrolyte 

concentration in the films and the potential distribution across the nanoporous 
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electrode in dark are different than those under illumination.
156

 However a 

comparison of dark current between the investigated cells can provide useful 

information regarding the back electron transport process.
156

 So dark current 

measurement of DSSC has been considered as a qualitative technique to describe the 

extent of the back electron transport. The origination of the dark current stems from 

the existence of naked FTO sites due to the porous nature of the TiO2 structure. The 

porous structure provides pathways for the commonly used liquid redox electrolyte 

(e.g., I3
- 
species) to penetrate through the P film and contact the bare conductive FTO 

surface. At these bare sites, the potential is thermodynamically favourable for the 

reduction of the oxidative species, mainly I3
-
. This causes electron recombination and 

results in the loss of photocurrent. A comparison between the dark currents obtained 

from DSSCs with and without the compact layer can provide a qualitative measure for 

the current leakage due to the back electron transport.
156

 Preventing the recapture of 

injected electrons by I3
-
 at the photoanode is critical to reduce the current leakage in 

DSSCs.  
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Figure 3.5   Dark current of the DSSCs with the porous film and compact-porous film 

electrodes 
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Figure 3.5 shows the dark current-voltage characteristics of the DSSCs of the P 

film and CP film with the applied bias from 0 to 0.75 V. The onset of the dark current 

for the P film occurs at a bias about 0.40 V, with a subsequent dramatic increase of 

dark current with the increase of potential. In contrast, for the DSSCs with the CP 

film, the onset potential shifted to 0.60 V; furthermore, the dark current of the CP film 

increased much slower than that of P film when potential was greater than 0.60 V. In 

other words, under the same potential bias, when the potential was >0.4 V, the dark 

current for the CP film was noticeably smaller than that for the P film. The increase of 

the onset potential and the reduction of the dark current demonstrated that the CP 

successfully reduced the reaction sites for the reduction of I3
-
, i.e., the leakage of 

electrons from the bare FTO was blocked by the compact layer. 

3.3.3  Incident photon-to-current conversion efficiency (IPCE) 

The IPCE is defined as the ratio of the number of electrons in the external 

circuit produced by an incident photon at a given wavelength. Using Equation 1.12, 

the IPCE values of the DSSCs with the P and CP electrode as a function of the 

illumination wavelength are shown in Figure 3.6. As expected, the DSSCs with the 

CP films showed higher conversion efficiency in the wavelength range of 400 ~ 700 

nm than that with P electrode. For example, the porous TiO2 film shows a maximum 

IPCE of 64% at a wavelength of 540 nm, while the compact CP film illustrates an 

IPCE of 82%. The IPCE can be rationalized using the following Equation:
158

 

where A is the absorptivity referring to the fraction of the incident light absorbed by 

the dye molecules. φinj is the injection efficiency, that is, the probability that the 

excitation of an adsorbed dye molecule leads to electron injection into the TiO2 

(3.02)                                                      )( collinjAIPCE
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conduction band, and ηcoll is the collection efficiency. 
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Figure 3.6 Photocurrent action spectra of the DSSCs with the porous film and   

compact-porous film electrodes  

The parameters A and φinj, are directly related to the dye loading on the TiO2 

surface of the CP and P film sample. In order to identify the mechanism of the IPCE 

enhancement using the compact layer, the dye loadings on the TiO2 surface of the 

both electrodes were investigated. The adsorbed dye on TiO2 surface in both samples 

was firstly eluted completely in the NaOH ethanolic solution, and then subject to the 

quantitative analysis using a UV-vis spectroscopy.
180

 Using an absorptivity of 

ε=13900 M
-1

·cm
-1

 at 540 nm, the number of dye molecules absorbed on the surface of 

the P and the CP films were 1.005×10
17

 and 1.006×10
17

 respectively.  

The dye loading of the both samples were similar; therefore, parameters A and 

φin, of both samples can be considered the same. It could be assumed that the 

parameters A and φinj played a minor role on the IPCE. Dominating factor for the 

IPCE enhancement logically should be the increased electron collection efficiency 

ηcoll,  which is consistent with the literature.
97
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The increased ηcoll is due to the use of the compact layer with the mechanism 

behind this potentially due to the increased number of electron pathways of the 

compact layer and the blocking effect for the back electron transport to the electrolyte. 

The former originates directly from the dense structure of the compact layer as 

demonstrated in SEM images in Figure 3.2. Under a given solar light intensity and for 

a given amount of dye photo reaction sites, the number of photo-generated electrons is 

constant. The electron collection efficiency and the electron recombination ratio will 

determine the IPCE. An increased contact area of compact TiO2 with the FTO surface 

is obviously in favour of the decrease of the electron transport resistance and the 

increase of the electron collection efficiency. At the same time, the compact layer also 

significantly reduced the naked FTO reaction sites, where the back electron transport 

reaction was dramatically suppressed. These two factors worked synergistically 

together and lead to the increase of the ηcoll, and ultimately, enhancement of IPCE. 
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Figure 3.7    J-V curves of the DSSCs with the porous and compact-porous electrodes 
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3.3.4  Photocurrent density-photovoltage (J-V)  

J-V curves of the DSSCs with and without the blocking layer are shown in 

Figure 3.7 and the photovoltaic characteristics of these DSSCs were summarised in 

Table 3.1. Compared with the traditional DSSCs without the compact layer, the 

performance of the DSSCs with the compact layer, in terms of solar energy-to-

electricity conversion efficiency, short-circuit current density and open-circuit 

potential, was significantly improved by 33.3%, 20.3% and 10.2%, respectively. The 

dye adsorption and light scattering properties of the CP film showed negligible 

difference to the P film. Therefore, the improvement of the overall performance of the 

solar cell was logically due to the introduction of the C film.  

Table 3.1  Photovoltaic characteristics of the DSSCs with the porous and compact-

porous electrodes 

Electrodes Jsc (mA cm
-2

) Voc (mV) FF (%) η (%) 

P electrode 11.62 626 66.3 5.7 

CP electrode 13.98 690 66.7 7.6 

The short-circuit current of DSSCs is mainly influenced by two factors:
181, 182

 

dye loading and the charge recombination at photoanode. In my experiment, the 

calculated dye loading amounts for the P and CP films were found to be 1.98×10
-4

 

g/cm
2
 and 1.99×10

-4
 g/cm

2
 respectively, suggesting that the dye loading amount has 

little influence on the Jsc. Hence, the main factor influencing the Jsc of the DSSCs 

studied should be the charge recombination at FTO/electrolyte interfaces. With the 

application of the compact film, the recombination sites (bare FTO sites) are reduced 

and the charge recombination in the DSSCs is effectively suppressed as demonstrated 

in the dark current measurement in Figure 3.5. At the same time, comparing with the 

porous structure of the P film, the TiO2/FTO contact area was increased also due to 
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the introduction of the C film (see SEM image in Figure 3.2). Furthermore, the 

density of the C layer is higher than that of the porous structure of the P film. As a 

result, more effective electron pathways are generated via this compact layer to 

facilitate electron transport. Consequently, more electrons can be collected at the 

conduction band of the photoanodes and transported to external circuit, resulting in 

the improvement in Jsc of the DSSCs.  

At a given sun illumination, the flux of injected electrons should be the same for 

the DSSCs with the P film and CP film. The improvement of Voc may be explained 

due to the increased number of electron pathways and therefore less resistance to 

electron transport to the FTO interface. The compact layer also favours the 

accumulation of electrons at the interface of FTO resulting in a more negative Fermi 

level and thus a larger Voc.
183

 

It is interesting to note that the IPCE of the DSSCs with the blocking layer had 

only a small improvement, (i.e., range from 0% to 8% depending on the wavelength), 

comparing with the DSSCs without the blocking layer (see Figure 3.6). In contrast, 

the photocurrent of the DSSCs dramatically increased (ca. 20%) when the blocking 

layer was applied between the FTO and porous layer (see Figure 3.7). This non-

consistency was attributed to the different experimental conditions (i.e., different light 

intensity) used in these two measurement. The light intensities (< 0.108 mW/cm
2
) of 

the monochromatic light applied in the IPCE measurement were much lower than the 

light intensity (85 mW/cm
2
) used in photocurrent measurement.  It was suggested that 

the spectral measurement of the IPCE of DSSCs can not be used to predict the IPCE 

under white light, solar light or even very high intensities of monochromatic light.
97

 

In other words, IPCE is also light intensity dependent. Therefore, the spectral 
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measurements of the IPCE should be compared under the same light intensity to 

provide quantitative information of the blocking effect of the compact layer. 

3.3.5  Open-circuit voltage decay (OCVD)             
 

OCVD technique has been employed as a powerful tool to study the electron 

lifetime in DSSCs and can provide some quantitative information on the electron 

recombination velocity in DSSCs.
157

 In order to conduct the OCVD measurement, the 

simulated solar light is illuminated at DSSCs and a steady-state voltage was obtained. 

This indicated that equilibrium between electron injection and electron recombination 

is attained at the FTO surface. A potentiostat then monitors the decay of photovoltage, 

(Voc), after interrupting the illumination. The decay of the photovoltage reflects the 

decrease of the electron concentration at the FTO surface and conduction band of 

TiO2, which is mainly caused by the charge recombination. In other words, the 

recombination velocity of photoelectron is proportional to the response of the OCVD. 

Figure 3.8a shows the OCVD decay curves of the DSSCs with and without the 

blocking layer, i.e., the CP film and P film. It was observed that the OCVD response 

of the DSSCs with the blocking layer (CP film sample) was much slower than that 

without the blocking layer (i.e., P film sample), especially in the shorter time domain 

(within 15 sec).  

Electron lifetime ( n) was proposed to quantify the extent of electron 

recombination with the redox electrolyte and has been proven effective. n was 

calculated with the OCVD results in Figure 3.8a according to Equation 3.01. Figure 

3.8b compares the results of the dependence of n on the open-circuit voltage for 

DSSCs with and without the compact layer. It clearly demonstrates that, at any given 

open-circuit potential, the electron lifetime of the CP film cell was longer than that 
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of the P film.  Because the dye adsorption and light scattering due to the introduction 

of the C film are negligible as illustrated in previous sections, the difference in 

OCVDs was mainly due to the blocking effect of the compact layer. This suggests 

that the electrons injected from excited dye can survive longer and hence can facilitate 

electron transport without undergoing losses at the bare FTO surface. In conclusion, 

the OCVD measurements in Figure 3.8 demonstrated that the compact layer was able 

to reduce the photoelectron recombination speed effectively and prolong the lifetime 

of the photoelectrons.  

           

Figure 3.8   (a) Open-circuit voltage decay curves of DSSCs with the porous and 

compact-porous films; (b) Electron lifetime as a function of the 

photovoltage of DSSCs with the porous and compact-porous films 
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3.3.6  Variation of Jsc with the input power (Pin)  

Because the amount of the photo-generated electrons is directly proportional to 

the Pin, the variation of Pin can be used to adjust the amount of photo-generated 

electrons in the study of the electron transport process. The investigation of the 

dependence of Jsc on Pin may provide useful information on the electron transport 

kinetics due to the introduction of the compact layer.  
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Figure 3.9  The variation of Jsc with Pin for the DSSCs with the porous and 

compact- porous electrodes 

Figure 3.9 shows that Jsc of the DSSCs with the P and CP electrodes were in 

direct proportion with Pin within the maximum illumination level studied (100 

mW/cm
2
). This indicates that the current density for both P and CP solar cells were 

limited by the Pin, rather than other electron transport processes, such as mass 

transport of I3
-
 or electron transport at the counter electrode under the investigated 

power range . More importantly, the slope for the CP electrode (i.e., 0.161), was 

15.8% higher than that for the P electrode (i.e., 0.139), which indicates that 15.8% 

more electrons were collected from the same amount of photo-generated electrons 
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(under the same Pin) at the FTO surface.
184

 This again confirms that the use of the 

compact layer facilitates the electron transport at the porous TiO2/FTO interface as 

explained in the previous sections.  

3.4  Conclusions 

The effect of the compact layer on the performance of the DSSCs was 

investigated. The compact TiO2 film can not only effectively reduce the electron 

recombination by blocking the direct contact between the electrolyte and the 

conductive FTO surface, but also provide a larger TiO2/FTO contact area and 

improved adherence of TiO2 to FTO. Compared with the traditional DSSCs without 

the compact layer, the solar energy-to-electricity conversion efficiency, short-circuit 

current and open-circuit potential of the DSSCs with the compact layer were 

improved by 33.3%, 20.3% and 10.2%, respectively. 
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ELECTRON TRANSPORT NERWORK 

MODIFICATION
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4.1   Introduction 

TiO2 photoanode plays an important role on determining the performance of a 

DSSC. A typical photoanode for DSSC applications commonly consists of a porous 

TiO2 layer coated on conducting substrate (i.e., FTO) with adsorbed dye (e.g., N719) 

at the TiO2 surface.
29, 185 

The porous TiO2 layer essentially serves the purposes of 

collecting and transporting photoelectrons injected by the photo-excited dye via TiO2 

conduction band to the conducting substrate then to the external circuit. High porosity 

and suitable pore sizes of the porous TiO2 layer enhance the dye adsorption capacity 

and light scattering ability, which imparts high light-harvesting yield and energy 

conversion efficiency.
29

 Nevertheless, a photoanode constructed with the nanoporous 

TiO2 layer has several drawbacks. The porous nature of the TiO2 layer could leave a 

portion of FTO conducting surface uncovered (see Figure 4.1a).
186

 This allows the 

redox electrolyte solution to penetrate the porous structure to reach the uncovered 

FTO surface.
107

 The exposure of the conducting FTO surface to the redox electrolyte 

permits the direct electrochemical reduction of I3
-
 at the interface, leading to the 

consumption of the photogenerated electron, so called ‘electron leakage’.
187

 This 

process, in effect, is equivalent to the direct recombination of photoelectron with 

excited dye, resulting in dramatically reduced energy conversion efficiency.
134

  

To date, extensive investigations have been conducted to minimise the electron 

leakage.
187, 188

 In this regard, the blocking layer strategy has demonstrated a 

significant positive effect in reducing the electron leakage.
156

Another drawback of the 

porous TiO2 layer is the insufficient connectivity between TiO2 particles.
189, 190

 The 

connectivity among particles drops significantly within the highly porous TiO2 

layer.
190, 191

 The decrease in the particles connectivity or the increase in the electron 
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transport resistance intensifies the photoelectron recombination and hence reduces the  

 

Figure 4.1    Schematic diagrams of electron pathways of the porous structure (a) 

and sol modified structure (b) 

energy conversion efficiency.
190

 As illustrated in Figure 4.1a, the photoelectrons 

(a) 

(b) 
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transport across the nanoporous TiO2 layer via the TiO2 network (i.e., electron 

pathways) formed by the interconnected TiO2 particles and conducting substrate. 

However, some of these particles may not be interconnected, which results in limited 

number of effective electron pathways that have the shortest distance and lowest 

resistance.
189, 190

 A longer electron pathway obviously has a higher resistance and 

larger probability of recombination.
191

 Furthermore, there may also be the case in 

which some TiO2 particles are even isolated from any electron pathways that is 

connected to the conducting substrates (i.e. particles marked with ‘iso’ in Figure 4.1a). 

The photoelectrons injected to these dead-ended locations could only be consumed 

via the recombination process with surface adsorbed dyes in their excited states 

and/or through a direct electrochemical reaction with I3
-
 at the TiO2/electrolyte 

solution interface.
190

 It is believed that the loss of energy conversion efficiency due to 

the poor connectivity could be as severe as the loss caused by the electron leakage. 

However, to this end, the effect of nanoporous structure on the connectivity and 

energy conversion efficiency has not been sufficiently investigated.
190

 

In this article, I propose a simple modification method that can superimpose a 

compact blocking layer as an efficient electron transport network to a conventional 

TiO2/FTO photoanode fabricated with commercial TiO2 paste (see Figure 4.1b). The 

method employs a titanium organic sol as the coating solution to cement the TiO2 

nanoparticles together and form a thin layer of dense coating at the TiO2/FTO 

interface. I expect such a new structural configuration will be able to collectively 

tackle the electron leakage and low electron transport efficiency problems 

experienced by the conventional porous TiO2 layers. Improved electron transport 

efficiency and hence a higher energy conversion efficiency is expected because of the 
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widened electron pathways and additional electron pathways from the bridging-gap 

effect that reduce the scattering of free electrons among interparticles.
64, 189

  TiCl4 

post-treatment has been a common modification method to improve the performance 

of nanoporous TiO2 films in DSSCs.
85, 117, 181

 For comparison, the nanoporous TiO2 

films were also modified using the TiCl4 post-treatment method. The performance of 

such photoanodes in DSSCs were characterized and compared with that of the sol 

modified photoanodes. 

4.2 Experimental  

4.2.1  Materials 

Titanium butoxide, titanium tetrachloride, diethanolmine, anhydrous acetonitrile, 

1-butanol and chloroplatinic acid hexahydrate (H2PtCl6·6H2O, ≥ 37.5% as Pt) were 

purchased from Sigma-Aldrich. Ethanol and isopropanol were available from Ajax 

Finechem and Merck respectively. H2O was purified by distillation and filtration 

(Milli-Q). TiO2 paste (DSL 18NR-T), N719 dye (RuL2(NCS)2·(H2O)4(TBA)2, L-2,2'-

bipyridyl-4,4'-dicarboxylic acid, TBA-tetrabutylammonium) and organic based liquid 

electrolyte (EL141) containing I
-
/I3

- 
redox couple were supplied by Dyesol (Australia), 

compositing of gamma butyrolactone, iodine, lithium iodide and imidazole compound. 

Flourine-doped tin oxide (FTO) glass ( 14 ohm/square) was from Pilkington. All 

materials are analytical grade in this work if not specified. 

4.2.2  Synthesis of organic sol 

The titanium organic sol was prepared at room temperature by the method 

illustrated in my previous work.
52

 Briefly, 68 mL of tetrabutyl titanate and 16.5 mL of 

diethanolamine were dissolved in 210 mL absolute ethanol, and then the mixture was 

http://www.google.com.au/url?sa=t&source=web&ct=res&cd=3&ved=0CA0QFjAC&url=http%3A%2F%2Fwww.safcglobal.com%2Fsafc-hitech%2Fen-us%2Fhome%2Foverview%2Fproducts%2Ftitanium%2Ftitanium-tetrachloride.html&rct=j&q=TiCl4+sigma&ei=kL3HS6fcEdGgkQXZh62iCQ&usg=AFQjCNGIR4Q9Iidvo_4EBXHxeRkzgp_lfA
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stirred vigorously for 1 h at room temperature until a homogenous solution was 

formed (solution A). A mixture of 3.6 mL H2O and 100 mL ethanol (solution B) was 

added dropwise into the solution A under rapid stirring. The resulting alkoxide 

solution, aged for 24 h at room temperature, resulted in an organic sol. The resultant 

solution was used for the modification of the nanoporous films.  

4.2.3 Film preparation and modification 

Detailed preparation procedure for the TiO2 porous films using the screen-

printing technique can be found in Section 2.2.1. TiO2 porous photoanodes with a 

thickness of 12 µm were prepared. Modification of the control films using the organic 

sol was as follows: firstly, the control films were immersed into the organic sol for 1 

minute to insure that the organic sol fully covers the surface of the nanoporous 

particles and thoroughly infuse into the nanoporous structure. The sol modified films 

after removal from the sol were dried in an oven at 60°C in air atmosphere for 10 min; 

and finally sintered at 450°C for 2 h in a furnace. The resulting TiO2 films were 

designated as sol modified films. Crystalline phase of the sol modified film was found 

to be pure anatase.
192  

The post-treatment with TiCl4 has been applied to freshly sintered TiO2 films 

according to literature procedures.
193

 Briefly, an aqueous stock solution of 2 M TiCl4 

was diluted to 0.05 M. Sintered TiO2 porous electrodes were immersed into this 

solution and stored in an oven at 70°C for 30 minutes in a closed vessel. After 

flushing with distilled water and drying, the electrodes were sintered again at 450°C 

for 30 min. For the determination of the increase in mass of the TiO2 electrodes, a 

control group has been subjected to a similar process, only leaving out the TiCl4 in the 

dipping bath. The resulting TiO2 films were designated as TiCl4 modified films. 
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4.2.4  Physical characterizations 

A scanning electron microscope (SEM, JEOL 890) and transmission electron 

microscope (TEM, JEOL 4010) were employed to investigate the morphologies and 

crystallinity of the control film and modified films. The materials characterizations 

were also carried out by X-ray diffraction (XRD, Philips PW3020), UV–vis diffuse 

reflectance spectroscopy and UV-vis spectrophotometry (Varian, Cary 4500). The 

Surface area measurement of the TiO2 films was conducted by BET isotherm method 

(Quadrasorb SI, UK).  

4.2.5  Dye adsorption 

The control and modified films were put into the dye solution (3×10
-4 

M in 

butanol and acetonitrile, 1:1, v/v) for 24 h. The dyed films were washed with 

anhydrous acetonitrile after the adsorption process and then dried in N2 flow before 

measurements. Dye loading measurements were conducted by desorbing the dye 

molecules from the dye-anchored films in NaOH ethanolic solution (10
-4 

M).
120

 The 

loading amount was calculated from the absorbance of the completely desorbed dye 

solutions by the spectrophotometer (Varian, Cary 4500). 

4.2.6 Cell assembly and characterization 

Detailed information for DSSC assembly can be founded in Section 2.2.4 and 

the setup for photovoltaic characterizations including I-V curves, dark current, OCVD 

was mentioned in Section 2.3.1.  

4.3  Results and discussions 

4.3.1  Materials characterization 

The property of the organic sol is crucial to obtain the dense blocking layer and 
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a more efficient electron transport network. The organic sol used in this work 

possesses low surface tension, low viscosity and high mobility due to the large 

ethanol content. This allows the organic sol to readily penetrate the entire porous 

TiO2 structure and reach the uncovered FTO surface. The characteristics of low 

viscosity and rapid solvent evaporation enable the formation of dense and uniform 

thin film on the uncovered FTO surface and the porous TiO2 surface simultaneously. 

The thin coating layer is therefore not expected to significantly change the porosity 

(affecting dye adsorption capacity) of the original nanoporous structure. The post 

thermal treatment converts the thin film into highly crystalline anatase TiO2.   

 
Figure 4.2 Cross-section images of control film (a), sol modified film (b) and 

TiCl4 modified film (c) 

TiCl4 aqueous solution has been a popular precursor for structural modification 

of the nanoporous TiO2 films and considerable improvement was achieved with TiCl4 

modification.
181, 193

 Therefore, TiCl4 modification was also introduced in this part and 

the modification effect on the control films was characterized in comparison with the 

titania organic modification.  

During the coating process, it would be expected that more coating sol and 

solution would be retained at the joints among the TiO2 particles and small gaps 

between the particles. Via the thermal treatment process, the titanium organic sol or 
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TiCl4 aqueous solution retained at these locations can be transformed into highly 

crystalline TiO2 that cements the original porous TiO2 particles together. As a result, 

the enhanced electron transport network is constructed by enlarging the contact area 

and bridging the gaps among the nanoparticles, as well as at the TiO2/FTO interface. 

Figure 4.2 showed the cross-section SEM images of the control film, TiCl4 

modified film and sol modified film. It can be seen that the difference of the 

modification effect is obvious for the TiCl4 aqueous solution and the titania organic 

sol. In comparison with the TiCl4 modification, the organic sol modification resulted 

in further improved adherence of the porous particles and a denser structure. For 

better understanding the sol modification effect, a thoroughly comparison of the 

physical characterization between the control film and the sol modified films was 

made and revealed in Figure 4.3.  

Figure 4.3 shows the SEM images of the control film and the sol modified film. 

Similar morphological characteristics for both films were observed because the 

control and the sol modified films share the same bulk structures that were prepared 

using the same starting materials and procedures. However, the effect of modification 

is clearly evidenced by the images shown in Figure 4.3 (b), (d), (e) and (f). This is 

contrasted to the TiCl4 modified films where morphological change is not obvious 

and is hard to be identified by SEM analysis as shown in Figure 4.2(c). Typical SEM 

images of the unmodified sample (i.e., the control film) prepared using commercial 

TiO2 paste were shown in Figure 4.3a and 4.3c. These images exhibit a typical 

nanoporous structure of randomly packed particles across the entire coating layer. 

The surface morphology was found to be rough and porous (see Figure 4.3a). The 

uncovered conducting FTO areas can be observed at locations where pores and gaps 
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Figure 4.3 SEM and TEM micrographs of control film and sol modified film: (a) 

and (b) show the cross-section micrographs of surface structure for 

control film and sol modified film, respectively; (c) and (d) show the 

SEM micrographs of cross-section structure for control film and sol 

modified film, respectively; the inset in (c) shows the TEM micrograph 

of nanoporous structure of control film; (e) shows the TEM micrograph 

of sol modified structure and (f) shows the TEM micrograph of the 

compact layer represented in (e) 
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formed between TiO2 particles and the substrate (see Figure 4.3c). Most TiO2 

particles were in regular cuboid shapes with particle sizes ranged from 20 to 30 nm as 

shown in the TEM image in the insert of Figure 4.3c. For a nanoporous structure 

formed by such randomly packed particles, the important nanoporous structural 

characteristics such as mean porosity and interparticle connectivity are determined by 

the size and shape of the original particles.
191

 With 20 nm cuboid shaped particles, the 

mean porosity and interparticle connection number of the random structure were 

deduced to be 48% and 6, respectively.
191

  

The SEM and TEM images shown in Figure 4.3c reveal a large portion of 

cuboid particles are interconnected via the corner or edge of a particle. The 

connection areas are deemed to be small due to the sharp corners and edges of the 

cuboid particles. Because of this, some of the TiO2 interparticle networks (i.e., 

possible electron pathways) may be not fully interconnected with each other and 

some of them even have dead-ends as they are not connected to the conducting 

substrates.
181, 190

 The structure obtained here is very similar to the structure 

schematically illustrated in Figure 4.1a.  

Figure 4.3b and 4.3d shows typical SEM images of the modified film prepared 

by modifying the control sample with the titanium organic sol. These images reveal a 

nanoporous structure formed with almost identical interparticle frameworks shown in 

Figure 4.3a and 4.3c. A compact thin coating layer, formed by densely packed small 

TiO2 particles, is visible throughout the entire nanoporous structure, including the 

surface and the conducting substrate. The overall surface roughness seems similar to 

those observed from the control film, but the number of large pores at the surface was 

found to be dramatically reduced, as a result of the coating layer formation. The 
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improved interparticle connections can be observed from the cross-section image.  It 

can also be seen that the sharpness of the corners and edges of the original cuboid 

particles were dramatically reduced by the deposited compact layer, suggesting an 

increase in the interparticle contact areas. These effects can be further confirmed by 

the TEM image shown in Figure 4.3f. The TEM image also reveals that the coating 

layer is more compact and less porous. The thickness of the coating layer depends on 

the geometry of the location. The coating layer on individual particle surface was 

found to be uniform with thicknesses of less than 5 nm. For those interparticle contact 

areas, especially the contacts via a corner or an edge of the cuboid particle, the 

thickness of the compact layer can be as thick as 20 nm (see Figure 4.3e). For 

locations at the interparticles gaps, the coating layer thickness depends on the size of 

the gap. The interparticles gaps less than 5 nm can be completely filled by the organic 

sol. The structural characteristics observed here are the same as illustrated in Figure 

4.1b. Nevertheless, further investigations are needed to validate whether these 

physical and structural improvements can subsequently facilitate the improvement of 

energy conversion efficiency.  

4.3.2  Light reflection and dye adsorption 

The modification of the porous structure can influence the DSSC performance 

from 2 aspects, one is to produce more photoelectrons, and the other is to improve 

electron transport efficiency. The former is normally achieved by enhancing light 

absorption by amplifying light reflection and boosting dye loading, while the latter is 

realized by reducing the electron transport resistance.  

In order to identify the cause of the performance improvement, the light 

reflection property and dye loadings of both the fabricated electrodes were therefore 
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analysed. The UV-Vis reflection spectra (not shown) indicated that the difference of 

the reflection properties were very limited. This can be expected because the 

reflection effect is mainly caused by the large particle sized TiO2, e.g., 125 nm
60

  and 

the size of the sol modified TiO2 particles and TiCl4 modified TiO2 particles in this 

work was  less than 10 nm and 15 nm, respectively.  

 

Figure 4.4    Absorbance spectra of control film, TiCl4 modified film and sol modified 

film with or without dye-sensitization 

Determination of dye loading amount was conducted by desorbing the adsorbed 

dye from the photoanode into NaOH ethanolic solution and measuring the absorbance 

of the solution, the calculated dye loading amounts for the control film, sol modified 

film and TiCl4 modified film were 1.66×10
-7 

mol/cm
2
, 1.71×10

-7 
mol/cm

2
 and 

1.73×10
-7 

mol/cm
2
, respectively. This trivial difference showed that the dye loading 

was not significantly changed with the modification. This was also confirmed by the 

UV-vis absorbance spectras as shown in Figure 4.4. A similar absorbance was 

observed for the control, sol modified and TiCl4 modified films either with or without 

dye-sensitization, which indicated a similar dye loading amount. The similar dye 

loading amount implies that under the same illumination condition, the concentration 
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of photoinjected electrons into the TiO2 conduction band will be the same. Hence, the 

influence of optical properties of the film and the difference in dye loading after 

modification cannot justify the changes in the DSSC performance.  

4.3.3   Electron leakage 

The electron leakage of DSSCs is mainly caused by a back electron transport 

process, i.e., the electrochemical reduction of I3
-
 at the exposed FTO surface.

188
 

Restraining the back electron transport is vital for enhancing the solar energy 

conversion efficiency in DSSCs.
85

 The electrochemical measurement of dark current 

can provide valuable information regarding the severity of the back electron transport 

process in DSSCs.  

 
Figure 4.5   Dark currents as a function of applied bias for DSSCs employing control 

film, TiCl4 modified film and sol modified film  

DSSCs with the control film, sol modified film and TiCl4 modified film are 

subjected to the dark current measurement using a simple linear sweep voltammetry 

test. In this test, potential bias was swept from 0 to 0.75 V and the resulting 

voltammograms were recorded as presented in Figure 4.5. The reduction currents 

were originated from the reduction of I3
- 
that penetrated through the film at the bare 
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sites of FTO surface.
85

 Figure 4.5 shows that the onset of dark current for the control 

film and TiCl4 modified film occurred at ca. 0.4 V and 0.49 V, respectively, while for 

the sol modified film, the onset potential shifted to ca. 0.53 V.  

Furthermore, under the same experimental conditions, for a given potential 

higher than 0.4 V, the reduction current for the sol modified film drops significantly 

compared with that of the control film and TiCl4 modified film. For example, at a 

potential of 0.55 V, the dark currents for the sol modified film and the control film 

were 0.05 mAcm
-2 

and 0.5 mAcm
-2

, respectively. This means the dark current was 

reduced by a factor of 10. Because the magnitude of dark current is directly 

proportional to the exposed electrode surface area, the increase of the onset potential 

and the reduction of the dark current demonstrated that the organic sol modification 

most efficiently reduced the exposed FTO surface area for the reduction reaction of I3
-
 

with the formation of a blocking layer, while the TiCl4 modification could reduce the 

dark current to some extent compared with that of the control film. Therefore, the 

electron leakage in the DSSCs with the sol modified film has been considerably 

suppressed, which will lead to the best overall photovoltaic performance among the 

three sorts of films. 

4.3.4  Electron lifetime 

Electron lifetime (τn) in DSSCs derived from the OCVD measurement has been 

widely used as a kinetic parameter, which contains useful information on the rate 

constants of electron transport process in DSSCs.
98, 102

 Figure 4.6 shows the measured 

OCVD curves of the control film, TiCl4 modified film and sol modified film. By 

applying Equation 3.01, the electron lifetime (in a log representation) as a function of 

Voc was plotted in Figure 4.7.  
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Figure 4.6   Open-circuit voltage decay profiles for DSSCs employing control film, 

TiCl4 modified film and sol modified film 

It can be seen that at any Voc, e.g. 0.6 V, the electron lifetime of the sol modified 

film was longer than that of both the control film and TiCl4 modified film, especially 

in the low open-circuit voltage domain(< 0.45 V). The longer electron lifetime of the 

sol modified film implies a lower charge recombination rate and suggested more 

efficient electron transport in the sol modified photoanodes.
102

 This improvement of 

electron transport efficiency is apparently benefited from the optimized electron 

transport pathways in the modified structure. The expected electron transport network 

shown in Figure 4.1b has been successfully constructed via the sol modified film as 

shown in Figure 4.3 (b) and (d). Although TiCl4 modification can improve the 

electron transport efficiency to a certain extent, this improvement is limited due to 

incompetent modification for the control film network. The improved interparticle 

connection of the sol modified film incorporated with the compact coating layer on 

the surface and the substrate makes it possible for the photoelectrons in the 

conduction band to be transported to the external circuit through the shortest pathway. 

The shortest pathway for electron transport, on one hand, reduces the probability for 
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the photoelectrons being recaptured through the recombination, and on the other hand, 

considerably boosts the transport velocity of photogenerated electrons in the 

conduction band to the external circuit. Therefore, the electron lifetime for the sol 

modified film was significantly extended (see Figure 4.7 compared with that for the 

control film.  

 
Figure 4.7   Electron lifetimes (in the log-linear representation) as a function of 

open-circuit voltage (Voc) for DSSCs employing control film, TiCl4 

modified film and sol modified film 

4.3.5  DSSC performance 

The performance of DSSCs with the control film and sol modified film were 

characterized under the simulated AM 1.5 illumination (100 mW/cm
2
). Photocurrent 

density as a function of photovoltage (J-V curves) for DSSCs with the control film, 

TiCl4 modified film and sol modified film are shown in Figure 4.8. The resulting 

photovoltaic parameters derived from the J-V curves are listed in Table 4.1. It shows 

that, in comparison with the control film, the short-circuit current, open-circuit 

potential, fill factor and energy conversion efficiency for the sol modified film have 

been increased by 16.7%, 4.9%, 6.1% and 28%, respectively, while for the TiCl4 
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modified film, the corresponding parameters have been increased by 5.1%, 3.2%, 

6.2% and 14.4%, respectively. Therefore, DSSCs with the sol modified films 

possessed the best performance, which is consistent with the results of the dark 

current and OCVD measurement. 

 

Figure 4.8   Photocurrents as a function of photovoltage for DSSCs employing the 

control film and modified films. 

The short-circuit current density of DSSCs is mainly influenced by dye loading 

amount and electron transport efficiency in the TiO2 film.
181

 Based on the dye loading 

amount measurement, the difference in dye loading amount between the control film 

and sol modified film is negligible. Therefore, the significant increase in short-circuit 

current density for modified film should be mainly related to the improved electron 

transport efficiency in the TiO2 film.  Apparently, this was achieved by the efficient 

electron transport network shown in Figure 4.3.  

The open-circuit potential of DSSCs is directly related to the concentration of 

electrons in the conduction band. It is mainly limited by recombination of conduction 
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band electrons with I3
-
 ions in the electrolyte and also oxidised dye molecules. The 

recombination of the conduction band electrons with oxidised dye molecules is 

negligible in that this process is significantly slower than the regeneration of the 

sensitizer by I
-
.
194 

  The greatly suppressed dark current in Figure 4.5 and the highly 

extended electron lifetime in Figure 4.7 for the sol modified film indicate that the 

recombination rate of the conduction band electrons is significantly reduced. 

Therefore, the highest electrons concentration in conduction band and the significant 

reduction of recombination rate resulted in the biggest improvement of open-circuit 

potential.  

Table 4.1    Photovoltaic characteristics of DSSCs employing control and modified films 

Photoanodes Jsc (mA/ cm
2
) Voc (mV) FF (%) η (%) 

Control films 14.18 626 63.9 5.71 

Sol Modified films 16.55 657 67.8 7.32 

TiCl4 modified films 14.91 646 67.9 6.53 

More significant performance improvements of the sol modified DSSCs 

compared with the TiCl4 modified film could be due to the following reasons. Firstly, 

compared with the TiCl4 solution, the organic sol is able to form more thorough and 

thicker deposition throughout the film, leading to more effective blocking layer to 

minimise the electron leakage and constructing more electron pathways. These are 

evidenced by the fact that the sol modified DSSCs had a lower dark current and 

longer electron lifetime, respectively (see Figure 4.5-4.7). Secondly, the organic sol 

modification process is conducted in a relatively mild reaction environment, while 

TiCl4 solution is used in a highly acidic solution (i.e., 2M HCl), which has potential 

risk of damaging TiO2 and FTO surface,
195

 especially breaking the connection 
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between TiO2 nanoparticles and FTO surface.  

4.4  Conclusion  

An organic sol was employed to modify the structure of nanoporous TiO2 

electrodes. With the modification, an effective electron transport network was 

constructed.  The performance of the DSSCs with the sol modified TiO2 electrode 

was investigated systematically employing dark-current measurement, photocurrent-

voltage (J-V) curve and open-circuit voltage decay (OCVD) technique. It was found 

that this modification could effectively improve the interfacial connectivity of the 

nanoporous TiO2 particles. The resulting increase in the electron transport efficiency 

as well as a decrease in the electron leakage through FTO/electrolyte interface led to 

an improvement in the energy conversion efficiency in the DSSCs. Consequently, the 

performance of the DSSCs with the sol modified film was significantly improved by 

28% comparing with that of the control film. The proposed organic sol modification 

method is a promising alternative to the traditional TiCl4 modification method. 
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CHAPTER 5  

BANDGAP ENGINEERING: 

CORE-SHELL TiO2/La2O3 PHOTOANODES
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5.1  Introduction 

Dye-sensitized solar cell (DSSC) has been considered as a promising 

candidate for next generation solar cells due to its low-cost and high solar energy-

to-electricity conversion efficiency.
29, 196

 Photoanode plays an important role in the 

performance of the DSSC.
84

 A typical photoanode for DSSC applications is 

essentially a nanoporous TiO2 layer coated conducting substrate (i.e., FTO) with 

adsorbed dye (e.g., N719) at the TiO2 surface.
23

 The highest conversion efficiency 

(11.5%) of the DSSC employing the nanoporous TiO2 photoanode has been 

achieved.
31

 The nanoporous nature of the TiO2 layer provides high surface area that 

is of great importance to the efficient solar energy-to-electricity conversion.
85

 The 

high porosity and suitable pore sizes of the nanoporous TiO2 layer enhance light 

scattering and dye molecules adsorption, which imparts high light harvesting and 

energy conversion efficiency.
29

 However, the large surface area at the nanoporous 

TiO2/electrolyte interface also leads to high electron recombination rate in the 

DSSCs.
187

 The electron recombination is commonly originated from the 

electrochemical reduction of the electrons and the oxidative species in the DSSCs, 

including the mediator (i.e., I3
-
) in the electrolyte and oxidation form of the dye 

molecules at the interface.
156

 This will result in the leakage of the photo-generated 

electrons and cause considerable loss of energy conversion efficiency.
190

 

Interfacial modification of the nanoporous TiO2 photoanode is a low cost, 

simple and effective way to alleviate the problem of the electron recombination.
197

 

There are two categories of materials used for the interfacial modification process. 

One involves the introduction of an insulation layer such as CaCO3,
136

 BaBO3,
198
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Al2O3
133

 and MgO
199

 onto the TiO2 nanoparticular network to block the 

aforementioned pathways of the electron leakage. The other one focuses on the 

application of another semiconductor material, such as ZrO2,
200

 In2O3,
201

 Nb2O5,
47

 

PbS,
169

 SrTiO3
135

 and ZnO
127

 onto the surface of the TiO2 network. For the latter 

approach, the overcoat semiconductors have a higher conduction band (CB) energy 

level than TiO2;
175

 under illumination, these semiconductors can act as an energy 

barrier, which increases the physical separation of injected electrons from the 

oxidized dye redox couple, thereby retarding the recombination reactions.
135

 

Therefore, the interfacial modification to the photoanodes could increase the 

conversion efficiency of DSSCs dramatically. However, applications of these 

insulation layers or energy barrier layers could interfere the dye loading
202

 and the 

electron injection process,
127

 which could affect the energy conversion efficiency. 

This is evidenced by the fact that the improvement of the energy conversion 

efficiency resulted from the interfacial modification was still considerably limited in 

spite of the significant increase of the open-circuit voltage of the resultant DSSCs.
162, 

203, 204
 

For my previous investigations, I used an organic TiO2 solution to modify the 

nanoporous TiO2 photoanode and a compact thin layer was formed on the surface of 

the nanoporous TiO2 networks as well as on the uncovered FTO sites.
88

 It was found 

that with the deposition of the compact thin layer, the dye loading property and the 

electron injection process was not significantly affected for the modified 

photoanodes. It is believed that the organic property and low viscosity nature of the 

solution is crucial for obtaining this compact thin layer. Based on this finding, I 

propose to introduce a compact thin La2O3 layer on the surface of the nanoporous 
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TiO2 networks and on the uncovered FTO sites using an organic lanthanum solution.  

With good thermodynamic stability and a wide band gap (Eg ≈ 5.5 eV),
205

 

La2O3 has been used to modify TiO2 photoanodes for photocatalytic applications.
206-

208
 The La2O3 modified TiO2 photoanodes exhibited better photocatalytic activity 

than that of the pure TiO2 photoanodes due to the energy barrier effect.
206, 207

 The 

energy barrier effect could potentially be applied in the photovoltaic field, e.g. the 

DSSCs. However, to our best knowledge, this is the first time the organic lanthanum 

solution is used to modify the nanoporous TiO2 networks for the DSSCs.  

 

Figure 5.1 Schematic diagram of the electron pathways in the dye-sensitised 

TiO2/La2O3 core-shell nanostructure on a FTO conducting substrate 

The schematic diagram of the TiO2/La2O3 photoanode is shown in Figure 5.1. 

The La2O3 layer forms a shell layer on the surface of the nanoporous TiO2 particles 

as an energy barrier and covers the exposed FTO surface area as a blocking layer. 

The CB offset of La2O3 is 1.2 V higher than that of TiO2.
209, 210

 The relative energy 

levels of the CB of TiO2 and La2O3, excited (D*) state and ground state (D) of Ru-

dye (N719) are shown in Figure 5.1. Though the photo-generated electrons from the 
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excited dye cannot be transported to the CB of La2O3 as its CB potential level is 

higher than the excited-state energy level of the dye, the electrons can be injected 

into the TiO2 CB through the thin La2O3 shell layer via the tunnelling effect.
48, 83

 The 

electrons can be subsequently transported to the external circuit leading to the 

photocurrent occurs. More importantly, once the electrons were transported to the 

CB of TiO2, the La2O3 shell layer could act as an energy barrier layer to restrict the 

electron from recombination with the I3
-
 in the electrolyte and dye molecules.

77
 

Besides, the coverage of the bare FTO surface in the original porous structure 

(marked as blocking layer in Figure 5.1) could also prevent the electrons from 

reducing the I3
-
 in the electrolyte. Consequently, the electron recombination in the 

modified photoanodes is anticipated to be relegated due to the energy barrier effect 

and the blocking effect. Considering the low viscosity nature of the organic 

lanthanum solution, I expect the TiO2/La2O3 core-shell and the La2O3 blocking layer 

on the FTO can be formed firmly throughout the photoanode, and thus improve the 

performance of the resultant DSSCs.   

5.2  Experimental 

5.2.1  Materials 

Lanthanum nitrate hexahydrate (> 99.9%), Chloroplatinic acid hydrate (≥ 

37.50% Pt basis), and isopropanol (> 99.7%) were purchased from Sigma-Aldrich. 

TiO2 paste, N719 dye (RuL2(NCS)2(TBA)2·(H2O)4, L=2,2'-bipyridyl-4,4'-

dicarboxylic acid, TBA = tetrabutylammonium) and organic based liquid electrolyte 

(EL141) containing I
-
/I3

- 
redox couple were supplied by Dyesol (Australia), 

compositing of gamma butyrolactone, iodine, lithium iodide and imidazole 
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compound. Flourine-doped tin oxide (FTO) transparent conductive glass ( 14 

ohm/square) from Pilkington was used as the substrate. 

5.2.2  Film preparation and modification 

TiO2 films were screen-printed on pre-cleaned FTO glass with commercial 

TiO2 paste as presented in Section 2.2.1. The deposition process was repeated until a 

thickness of 12 µm was obtained. Subsequently the resultant films were sintered at 

450°C for 30 min, designated as control films. The lanthanum solution as a 

modification precursor was prepared by dissolving 2.165 g La(NO3)3·6H2O into 100 

mL isopropanol under vigorous stirring for 20 min. Modification of control films was 

achieved by a dip-coating technique with withdrawing speed of 2 mm/s from the 

organic lanthanum solution, dried in air and subsequently sintered at 450°C for 30 

min, designated as modified film.  

5.2.3  Film Characterization 

The materials characterizations were carried out by X-ray diffraction (XRD, 

Philips PW3020), X-ray photoelectron spectroscopy (XPS, Physical Electronics 549), 

scanning electron microscopy (SEM, JEOL 890), transmission electron microscopy 

(TEM, JEOL 4010), UV–vis diffuse reflectance spectroscopy and UV-vis 

spectrophotometry (Varian, Cary 4500). The Surface area measurement of the TiO2 

films was conducted by BET isotherm method (Quadrasorb SI, UK).  

5.2.4  DSSC assembly and characterization  

The control films and modified films with a 1 cm
2
 sensitization area were 

immersed into N719 dye solution (3×10
-4 

M in butanol and acetonitrile, 1:1, v/v) for 

24 h. The dye-sensitized films were washed with anhydrous acetonitrile after dye 
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sensitization, and dried in N2 flow before measurements. Platinum counter electrode 

on FTO substrate was prepared by spin-coating using 5mM H2PtCl6 isopropanol 

solution and pyrolyzing the resulting film at 380°C for 15 min. Liquid solution 

containing I
-
/I3

- 
redox couple was used as the supporting electrolyte. Then the dye-

sensitized TiO2 film, electrolyte and platinum counter electrode were configured into 

a typical sandwich cell and sealed with a thermoplastic sealant referred to Section 

2.2.4. A mask with a window area of 0.15 cm
2
 was used to define the active 

illumination area of DSSCs. 

The photovoltaic measurement of DSSCs was conducted by a Scanning 

Potentiostat (PAR362, Princeton) under 100 mW·cm
-2 

illumination using a 500W Xe 

lamp (Trusttech, Beijing) coupled with an AM 1.5 filter (Sciencetech, Canada). The 

light intensity was measured by a radiant power meter (Newport 70260, USA) 

equipped with a broadband probe (Newport 70268, USA). The reported photovoltaic 

parameters include short-circuit photocurrent (Jsc), open-circuit photovoltage (Voc), fill 

factor (FF) and energy conversion efficiency (η). Open-circuit voltage decay (OCVD) 

experiment was conducted by monitoring the subsequent decay of Voc after cutting 

off the illumination on DSSCs under open-circuit condition.  

5.3  Results and discussions 

5.3.1  TiO2/La2O3 core-shell structure 

The organic lanthanum solution with low viscosity is crucial to assure the 

targeted core shell and blocking layer configuration of the photoanodes as shown in 

Figure 5.1. It allows the solution to readily penetrate the entire nanoporous TiO2 

structure and reach the bare FTO sites. This characteristic enables the deposition of a 
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thin layer coating on the nanoporous TiO2 surface. It is expected that the 

modification will not significantly change the porosity of the original nanoporous 

structure and the dye adsorption capacity. The post thermal treatment converts the 

thin coating layer into the highly crystalline La2O3 film (i.e., the shell).  

 

Figure 5.2   XRD patterns of the control film (up) and the La2O3 modified film 

(bottom) 

The crystallinity of control and modified films were analysed by the XRD 

spectra as shown in Figure 5.2. Typical anatase peaks at 2θ of 25˚and 37˚ were 

observed in the spectra of both control film and modified film.
192

 For the modified 

TiO2 photoanode, two weak diffraction peaks at 2θ of 27˚and 52˚ suggests that the 

coating layer is comprised of La2O3.
211

 In other words, La2O3 is formed on the TiO2 

surface.  
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Figure 5.3 XPS patterns of the control film and the La2O3 modified film (using 

the position of the C 1s peak (284.6 eV) of adventitious carbon for 

charge referencing) 

Further investigation of the coating layer was conducted by the XPS spectra 

(Figure 5.3). Figure 5.3 shows that the binding energy characteristics of the elements 

in the as-prepared films. The binding energy for this measurement was calibrated by 

using the C(1s) line (284.6 eV) from adventitious carbon. The peaks for Ti(2p) and 

O(1s) elements  are observed at ca. 450 eV and 520 eV for both the control and the 

modified film, respectively.  Figure 5.3 also shows that there are no peaks for the 

control film when the binding energy is greater than 600 eV. More importantly, 

compared with the spectrum of the control film, two unique peaks located at the 

binding energy of 834.8 eV and 851.8 eV can be observed, which are correspondent 

to the La(3d) element
174

 (see the high-resolution spectrum, the insert of Figure 5.3). 

The presence of the La(3d) from the XPS spectra, suggests that the crystalline La2O3 

was successfully introduced into the porous structure using the organic lanthanum  

solution simply by the dip-coating technique. This is in line with conclusion from the 

XRD analysis in Figure 5.2. 
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Figure 5.4   Cross-section SEM images of the control film (a) and La2O3 modified  

film (b); TEM images of the control film (c) and La2O3 modified film (d) 

Figure 5.4 shows the SEM and TEM images of the control and modified films. 

The SEM image in Figure 5.4a exhibits a typical nanoporous structure, where TiO2 

nanoparticles are randomly packed across the entire layer, forming pores and gaps 

among TiO2 particles. Most TiO2 particles were in regular cuboid shapes with 

particle sizes ranged from 20 to 30 nm as confirmed by the TEM image in Figure 

5.4c. In contrast with the control film, the SEM image of the modified film in Figure 

5.4b reveals a more densely packed nanoporous structure. The overall surface 

roughness seems similar to those observed from the control film, but the number of 

large pores and gaps is found to be reduced. It also can be seen that the edges of the 

original cuboid particles was smoothened. This is apparently resulted from the 

coating of the La2O3 film, which could be further confirmed by the TEM analysis as 

shown in Figure 5.4c and 5.4d. Figure 5.4c shows the TiO2 nanoparticles in the 

control samples have a clear and “clean” edge. In strong contrast with this, Figure 
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5.4d shows that the TiO2 nanoparticles in the modified sample are not as “clean” as 

the ones in control sample. As a matter of fact, a thin shell layer can be observed on 

the surface of the TiO2 nanoparticles. The lattice fringe spacing of the control and 

modified samples were calculated using the high resolution results. The lattice fringe 

spacing of the TiO2 particles for the control sample is 3.52 Ǻ corresponding to the 

(101) face of anatase TiO2 (see Figure 5.4c),
212

 while the lattice fringe spacing of the 

particles for the modified sample is 3.05 Ǻ, which is corresponding to the (101) face 

of La2O3 (see Figure 5.4d).
213

 This suggests that the thin shell layer consists of La2O3. 

The thickness of the shell layer depends on the geometry of the location ranged from 

10 to 15 nm. The La2O3 shell could be thicker at the joints and could be thinner at 

the sticking-out corners.   

In summary, the TiO2 nanoparticle, i.e., the “core”, is covered by the La2O3 

thin film, i.e., the “shell”. In other words, the TiO2/La2O3 core-shell structure is 

physically formed. 

5.3.2  Light scattering property 

The light scattering properties of the control and modified films were 

characterized by the diffuse reflectance spectra as shown in Figure 5.5. A 12% 

average increase of the reflectance for the modified film compared with that of the 

control film in the visible spectrum (from 400 to 750 nm) was observed. Light 

scattering is highly dependent on the particle size and refractive index.
60

 The 

improvement of the light scattering is mainly achieved by depositing some larger 

particles (e.g., 400 nm) on the surface of the TiO2 porous film.
60

 The contribution for 

the light scattering increase from the size effect of the La2O3 was not very likely 

because the La2O3 particles (5~8 nm) are much smaller than the TiO2 particles. 
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However, as seen from the SEM characterization, the majority gaps between TiO2 

particles were bridged by the La2O3 particles. Because La2O3 has the similar 

refractive index (2.08) as that of the TiO2 (2.13),
214

 therefore, light scattering effect 

was enhanced due to the increase of the light capture centres with the introduction of 

La2O3 particles.
215

 This remarkable increase in light scattering could render enhanced 

light-harvesting efficiency of DSSCs with the modified photoanode under 

illumination. 

 

Figure 5.5    Diffuse reflectance spectra of the control and La2O3 modified films  

5.3.3  Dye adsorption 

The La2O3 shell on the TiO2 film surface could potentially change the surface 

area of the photoanode and therefore affect the amount of the dye adsorption. The 

surface area of the control and modified films was quantified by the BET method as 

61.53 m
2
/g and 55.81 m

2
/g, respectively. It is suggested that there is a 9% decrease 

of the surface area with the La2O3 shell layer. This decrease of the surface area may 

reduce the dye loading amount. For further confirmation, the dye loading 
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measurement was conducted by desorbing the adsorbed dye from the control and 

modified films into NaOH ethanolic solution and then measuring the absorbance of 

the resultant dye solution. The calculated dye loading amounts for control film and 

modified film were 1.67×10
-7

 mol/cm
2
 and 1.64×10

-7
 mol/cm

2
, respectively. The 

modified film showed a slightly reduced dye loading amount compared with the 

control photoanodes. The slight decrease in dye loading amount indicates that, 

although surface area is decreased by 9%, the dye loading amount was compensated 

somehow, probably by the interaction of dye molecules with La2O3. And this small 

decrease in dye loading amount is not likely to influence the photovoltaic 

performance of the DSSCs. 

5.3.4  Electron recombination 

Figure 5.4 indicates that the expected core-shell structure was successfully 

constructed in the TiO2/La2O3 photoanodes as the energy barrier and the La2O3 thin 

layer was also coated on the bare FTO surface as the blocking layer. This core-shell 

energy barrier and the blocking layer are expected to significantly suppress the 

electron recombination. This could be confirmed by the dark current and open-

circuit voltage decay measurement. Dark current measurement of DSSCs can 

provide useful information regarding the back electron transport process originated 

from the electron recombination process with I3
-
 in the electrolyte.

216
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Figure 5.6    Dark currents of the DSSCs with of the control and La2O3 modified 

films 

The dark I-V characteristics of DSSCs with the control film and modified film 

are shown in Figure 5.6 under forward bias from 0V to 0.75 V. The results showed 

that the onset of dark current for DSSCs with the control film occurred at a low 

potential bias ca. 0.4 V, while for the modified film, the onset potential shifted to 0.5 

V. Besides, under the same applied bias over 0.45 V, the cells with the control film 

showed a higher dark current compared with that of the modified film. The lower 

dark current with the modified photoanode indicated the back electron transport 

process was suppressed. As aforementioned, the energized electrons could tunnel 

through the thin La2O3 layer and were injected into the TiO2 CB. Once the electrons 

transported to the CB of TiO2, the La2O3 shell layer could act as a energy barrier 

layer for hindering electron recombination with the I3
-
 in the electrolyte.

77
 The La2O3 

layer covering the exposed FTO surface reduced the direct contact between the 

electrons and the I3
-
 in the electrolyte. The energy barrier effect as well as the 

blocking effect effectively reduced the electron recombination rate.  
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Figure 5.7 Open-circuit voltage decay curves of the DSSCs with the control and 

La2O3 modified films   

The electron recombination in DSSC was further characterized by the OCVD 

technique.
157

 This measurement is conducted when a steady-state open-circuit 

voltage (Voc) of DSSC was obtained under solar light illumination and then a 

potentiostat monitors the decay of Voc after stopping the illumination. It is known that 

Voc is highly dependent on the quasi-Fermi level that is directly related to the electron 

density at the CB of TiO2.
217

  As a result, the decay of Voc actually reveals the 

regression of electron density at the CB of TiO2, which is mainly caused by the 

electron recombination after cutting off the illuminating light. In other words, the 

response in the OCVD experiment reflects the process of electron recombination in 

DSSC and the recombination rate of electrons can be evaluated by the OCVD curves. 

Figure 5.7 shows the decay curves of DSSCs with control film and modified film. 

The decay rate of Voc with the modified film was much slower than that with the 

control film. This indicates a restrained regression of electron density at the CB of 

TiO2, which suggested that the recombination rate in DSSC with the modified film is 

considerably reduced.  
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Figure 5.8  Electron lifetime (in the log-linear representation) as a function of 

open-circuit voltage (Voc) for DSSCs employing the control film and 

La2O3 modified film 

The reduction of electron recombination lead to an extended electron lifetime 

derived from the OCVD curves as shown in Figure 5.8 ( electron lifetime (in a log 

representation) as a function of Voc). It can be seen that at any photovoltage, e.g. 0.6 

V, a longer electron lifetime was obtained in the modified photoanode. Specifically, 

at the open-circuit point for the two photoanodes, respectively, the electron lifetime 

of the modified film is prolonged by 40% than that of the control film.  The 

reduction of recombination rate and prolonged lifetime in the modified photoanodes 

reflected by the kinetic decay curves is apparently linked to the core-shell network 

that brings in the energy barrier effect and blocking effect.  The former ensures the 

efficient hindering effect for electron recombination; the latter lessen the possibility 

of recombination between CB electrons and I3
-
 in the electrolyte. Therefore, more 

electrons could “survive” and can keep a higher electron density in the TiO2 CB.  

5.3.5  Performance characterization of DSSCs 

The DSSCs with control and modified photoanodes were tested under 100 
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mW·cm
-2 

illumination (AM 1.5). Photocurrent as a function of photovoltage for 

DSSCs with control and modified photoanodes are shown in Figure 5.9 and the 

corresponding photovoltaic characteristics derived from the J-V curves were listed in 

Table 5.1. The simple modification resulted in the increase of both Jsc and Voc is an 

advantage of the proposed method.  

 

Figure 5.9 J-V curves of the DSSCs with the control and La2O3 modified films   

In comparison with the control film, the Voc was improved from 630 mV to 680 

mV, increased by 7.9% due to the formation of a higher electron density at the CB of 

the modified photoanodes as a result of the reduction of the recombination rate. A 

remarkable improvement for the modified film is a 26.8% increase of Jsc from 14.2 

mA/cm
2 

to 17.9 mA/cm
2
. Hence, in terms of the solar energy conversion efficiency, a 

significantly increase of 37.2% was obtained from 5.9% for the control film to 8.1% 

for the modified film. The Jsc of DSSC could be influenced by three factors: dye 

loading, light-harvesting efficiency and electron transport efficiency.
95

 As 

aforementioned, the dye loading was not significantly influenced by the modification; 

therefore, the remarkable increase of Jsc for the modified photoanodes should be 
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correlated to the light-harvesting efficiency and electron transport efficiency. In 

Figure 5.5, the improved light scattering of the modified film contributed to the 

enhancement of the light-harvesting efficiency and generated more electrons. The 

electron transport efficiency is determined by electron injection efficiency and 

electron collection efficiency. On the one side, the electron injection efficiency was 

not interfered by the core-shell structure due to the introduction of the tunnelling 

effect; on the other side, the electron collection efficiency was boosted due to the 

reduced electron recombination rate by the energy barrier effect and blocking effect 

of the La2O3 layer. Therefore, the dual improvement of the light-harvesting 

efficiency and the electron collection efficiency significantly resulted in the higher 

Jsc of DSSC with the modified film.   

5.4  Conclusion 

An organic lanthanum solution was prepared and used for modifying the 

nanoporous TiO2 photoanode for dye-sensitized solar cells. XRD, XPS, TEM and 

SEM characterizations indicated that a TiO2/La2O3 core-shell structure was 

constructed in the modified photoanode. The energy barrier effect and blocking 

effect introduced by the La2O3 shell structure significantly reduce the electron 

recombination rate. Besides, the UV-Vis diffraction experiment suggests that the 

light scattering property of TiO2 film was significantly enhanced, which considerably 

improve the light-harvesting efficiency. Consequently, both open-circuit potential 

and short-circuit current were increased significantly and the overall energy 

conversion efficiency was remarkably improved from 5.7% for the control film to 

8.1% for the modified film. 
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CHAPTER 6  

PHOTOELECTROCHEMICAL 

QUANTIFICATION OF ELECTRON TRANSPORT 

RESISTANCE
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6.1   Introduction 

Dye-sensitized solar cell (DSSC) is a very promising candidate for next-

generation solar cells due to the prospects of low cost and high efficiency.
27

 Recently, 

an overall energy conversion efficiency as high as 11.5% has been achieved.
31

 

Typically, a DSSC consists of a porous TiO2 coated fluorine-doped tin oxide (FTO) 

working electrode (i.e., TiO2/FTO photoanode), dye, a Pt thin film counter electrode 

and electrolyte normally containing I
-
/I3

- 
redox couple.

24
 It is well-recognized that the 

nanoporous nature of the TiO2 layer provides high surface area is of great importance 

for achieving high energy conversion efficiency, because it enhances dye loading for 

efficient solar light absorption.
85

 To generate meaningful electricity from DSSC, the 

photogenerated electrons need to pass through the nanoporous TiO2 layer to reach the 

FTO and external circuit. The electron transport resistance of the TiO2/FTO electrode, 

including the interfacial resistance of TiO2/FTO and the resistance among TiO2 

nanoparticles, plays an important role on the overall electron collection percentage, 

and consequently on the energy conversion efficiency.
102

 Materials characterisation 

techniques, such as SEM,
218

 TEM
219

 and XRD
171

 can provide supporting information 

for the connectivity among TiO2 nanoparticles and contact area between TiO2 and 

FTO surface. However, they cannot provide direct and quantitative information on 

the electron transport resistance. Intensity modulated photocurrent spectroscopy 

(IMPS),
109

 intensity modulated photovoltage spectroscopy (IMVS),
98

 electrical 

impedance spectroscopy (EIS)
220

 and open-circuit photovoltage decay (OCVD)
157

 

methods have been used as effective tools in studying the electron transport process 

in DSSCs. These techniques can provide overall electron transport efficiency for all 

the interfaces of a complete DSSC, including: dye/TiO2, TiO2 particles/TiO2 particles, 
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TiO2/FTO, electrolyte/counter electrode, and dye/electrolyte. Besides, many studies 

focused on the interpretation of the charge transport kinetics and derived diffusion 

length of electrons in the microporous semiconductor films in photoelectrochemical 

cells.
221, 222

  For this study, I attempted to derive and quantify the intrinsic electron 

transport resistance of the photoanode for DSSCs. The evaluation of the electron 

transport resistance of the TiO2/FTO electrode would provide useful and practical 

guidance to produce quality photoanodes for DSSCs. 

In recent years, photoelectrochemical method has been widely used to 

characterize TiO2.
160, 223

  In my previous work, under varying light intensities, an 

intrinsic electron transport resistance (R0) at a TiO2/ITO electrode could be obtained 

using a linear sweep voltammometry (LSV) technique and a simple curve fitting 

process.
160, 224

 The photoelectrochemical method can be possibly used to characterise 

the electron transport resistance of the TiO2/FTO electrode for the DSSCs. However, 

there are some obvious differences between the DSSC and the photoelectrocatalytic 

oxidation process when the TiO2/FTO photoanodes are used. Firstly, these two 

processes occur in different physical and chemical environments. Secondly, in terms 

of electron injection mode, electrons are injected from the excited dye molecules to 

TiO2 conduction band in DSSC process, while electrons are injected from TiO2 

valence band upon absorption of photons to the conduction band in the TiO2 

photocatalytic process. Nevertheless, I can also uncover the similarity of the two 

processes-they share the common electron pathways, i.e., TiO2/FTO photoanode, 

through which the injected electrons are transported from TiO2 conduction band to 

the FTO back contact. Therefore, the electrons should encounter the same electron 

transport resistance in these two processes regardless of the manner of electron 
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injection, physical and chemical environment. Because the intrinsic R0 is measured in 

the photoelectrochemical system that possesses the same electron transport pathway 

as the DSSC process, the electron transport information obtained can be directly used 

in a DSSC process. The measurement of R0 would allow an accurate estimation of the 

electron transport capacity of a photoanode, determine if the electron transport is the 

limiting step of the overall process and calculate the ohmic drop. Additionally, this 

photoelectrochemical measurement can be carried out using an electrochemical 

station and Xenon light source for DSSC testing and does not require other 

instrument. This method may provide DSSC researchers with a simple and rapid way 

to characterize the quality of the TiO2/FTO electrode using the R0 values.  

In this work, the photoelectrochemical characterisation method is proposed to 

quantify the R0 value of the TiO2/FTO electrode for DSSC for the first time. The 

amount of electron injection was regulated by varying the UV light intensities in the 

measurement. In order to validate the proposed method, a range of TiO2/FTO 

electrodes with different electron transport resistance were fabricated. This is 

achieved by varying the number of traditional TiO2 porous layers (i.e., control films), 

and subsequent surface modifications using a titanium organic sol
85

 and a 

conventional TiCl4 aqueous solution.
181, 225

 The organic sol modification is expected 

to broaden electron transport pathways and construct additional electron pathways 

from the bridging-gap effect while TiCl4 post-treatment is anticipated to improve the 

connectivity among TiO2 nanoparticles.
88

 Both processes are used to reduce free 

electrons scattering among TiO2 interparticles and therefore are expected to decrease 

the electron transport resistance. All the prepared films were subject to the resistance 

measurement using the proposed photoelectrochemical method. The obtained 
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resistance values were subsequently used to correlate with the performances of the 

corresponding DSSCs.  

6.2   Experimental 

6.2.1   Materials 

Titanium butoxide (97%), diethanolmine (99%), hydrochloric acid (37%) and 

titanium (IV) chloride (99%) were purchased from Sigma-Aldrich. Ethanol (99.5%) and 

isopropanol (99.7%) were supplied by Ajax Finechem and Merck, respectively. TiO2 

paste (DSL 18NR-T), N719 dye (RuL2(NCS)2(TBA)2·(H2O)4, L=2,2'-bipyridyl-4,4'-

dicarboxylic acid, TBA = tetrabutylammonium) and liquid electrolyte (EL141) 

containing I
-
/I3

-
 redox couple were from Dyesol Co. Australia. Fluorine-doped tin 

oxide (FTO) glass ( 14 /square) was from Pilkington. 

6.2.2   Film preparation and modification 

TiO2 porous films were prepared on pre-cleaned FTO glass using a screen-

printing technique with a commercial TiO2 paste and sintered in a furnace at 450°C 

for 30 min, designated as control films as indicated in Section 2.2.1. The coating 

process was repeated to obtain desirable number of TiO2 layers. Control films with 1 

layer, 2 layers and 3 layers were labelled as C1, C2 and C3, respectively.   

The TiO2 organic sol was prepared at room temperature (21°C) by a sol gel 

method.
52

 Briefly, 68 mL of tetrabutyl titanate, 16.5 mL of diethanolamine and 210 

mL absolute ethanol were mixed and stirred vigorously for 1h at room temperature 

(Solution A). A mixture of 3.6 mL H2O and 100 mL ethanol (Solution B) was added 

dropwise into the Solution A under stirring. The resultant solution was aged for 24 h 

at room temperature, resulting in the TiO2 organic sol. 
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Control films were immersed in the organic sol for 1 min to achieve thorough 

sol pervasion into the porous structure. The resulting films were dried in an oven at 

60°C in air atmosphere for 10 min and subsequently sintered at 450°C for 2 h. The 

modified films after the sol modification originated from C1, C2 and C3 were marked 

as MS1, MS2 and MS3, respectively.  

Post-treatment with TiCl4 was carried out according to the procedures in 

literature.
193

 Briefly, a 0.05 M TiCl4 aqueous solution was prepared in 2M HCl 

solution. Freshly sintered TiO2 control films were immersed into this solution and 

stored in an oven at 70°C for 30 min in a closed vessel. After flushing with distilled 

water and drying, the electrodes were sintered at 450°C in an oven for 30 min. The 

resulting TiO2 films after the TiCl4 modification originated from C1, C2 and C3 were 

designated as MT1, MT2 and MT3, respectively.  

6.2.3  Physical characterization 

Surface morphologies and cross-section structures of control and modified 

films were characterized by scanning electron microscopy (SEM, JSM 890). The dye 

loading measurement was conducted by measuring the absorbance of dye-sensitized 

films using the spectrophotometer (Varian, Cary 4500).  

6.2.4   Photoelectrochemical measurement 

All photoelectrochemical experiments were carried out at 25°C in 0.10 M 

NaNO3 solution in a three-electrode cell. A TiO2 working electrode was mounted in a 

special holder with an area of 0.78 cm
2
 exposed to UV illumination via a quartz 

window. A scanning potentiostat (PAR 362, Princeton) was used to conduct the LSV 

measurements. The light source was a 150 W xenon lamp (Trusttech, Beijing, China) 
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with regulated optical output and an UV-band-pass filter (UG-5, Schott). The output 

UV light intensity was measured at 365 nm wavelength using a UV irradiance meter 

(UV-A, Instruments of Beijing Normal University, China).  

6.2.5  DSSC characterization 

Detailed DSSC preparation procedures and experimental setup of photovoltaic 

measurement can be found in Section 2.2.4 and Section 2.3.1, respectively. Briefly, a 

series of DSSCs were assembled with traditional sandwich type configuration using 

N719 dye sensitized control films or modified films, liquid electrolyte (EL141) 

containing I
-
/I3

-
 redox couple and a platinum counter electrode deposited on FTO 

glass. A 500W xenon lamp (Trusttech, Beijing, China) with an AM 1.5 filter 

(Sciencetech, Canada) was used as the light source. The photovoltaic measurements 

of DSSCs were performed by the PAR 362 potentiostat.  

6.2.6  Dye adsorption 

The control and modified films were put into the dye solution (3×10
-4 

M in 

butanol and acetonitrile, 1:1, v/v) for 24 h. The dyed films were washed with 

anhydrous acetonitrile after the adsorption process and then dried in N2 flow before 

measurements. The dye loading measurement was conducted by measuring the 

absorbance of the dye-anchored photoanodes using a spectrophotometer (Varian, 

Cary 4500). 
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6.3  Results and discussions 

6.3.1 Film characterization 

 Figure 6.1 indicates the angle view SEM images of control film, sol modified 

film and TiCl4 modified film, showing the morphology of the surface as well as the 

cross-section structure. The control films have a typical porous structure with 

averaging particle sizes about 25 nm (see Figure 6.1a). In a sharp contrast with the 

control films, the sol modified film in Figure 6.1b has a more compact structure with 

an average particle size of ca. 10 nm. The average particle size of MT3 is about 18 

nm as shown in Figure 6.1c. In other words, the MS3 film possesses a smaller 

average particle size than the MT3 film.  This is probably because the titanium 

organic sol has a lower viscosity than the TiCl4 solution.  

 

Figure 6.1   Cross-section images of the C3 control film (a), MS3 film (b) and MT3 

film (c)  

Besides, Figure 6.1c shows that only a portion of gaps between the porous 

particles are filled and some of the gaps remained. Thus, the SEM images show that 

the structures of the sol and the TiCl4 modified films are more compact than that of 

the control film. Low magnification cross-section SEM analysis (Figure 6.2) 

indicated that the thickness of control films for C1, C2, C3 electrodes are 5, 9, 12 µm, 

respectively. The thickness of the sol modified films and TiCl4 modified film in 

comparison with the corresponding control films showed trivial changes, e.g. as 
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shown in Figure 6.2(b, d, f) for the sol modified film, due to the low viscosity nature 

of the organic sol and the TiCl4 aqueous solution. Hence, the effect of the sol 

modification and the TiCl4 modification process on the film thickness can be ignored. 

Due to the effects of the different modifications on the control structure are not the 

same, various electron transport resistances and photovoltaic performances are 

expected for the photoanodes with different thicknesses and different modifications.  

 

Figure 6.2       Cross-section image for control films (a, C1), (c, C2), (e, C3) and sol 

modified films (b, MS1), (d, MS2), and (e, MS3) 
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6.3.2  Photoelectrochemical determination of R 

All the TiO2/FTO electrodes were subject to the LSV measurement under 

various UV intensities, leading to a series of LSV voltammograms for each electrode. 

Under UV illumination, electrons in TiO2 semiconductor are injected from the 

valence band to the conduction band. In effect, the TiO2/FTO electrode serves as a 

photoanode to seize electrons by splitting water into oxygen and hydrogen.  
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Figure 6.3  Voltammograms of control films (C1, C2, and C3), TiCl4 modified films 

(MT1, MT2 and MT3) and sol modified films (MS1, MS2 and MS3) 

obtained from 0.1 M NaNO3 blank solution.  Scan rate 5 mV/s; light 

intensity for curves 1-8 were 9.8, 9.2, 8.2, 7.2, 6.2, 5.2, 4.2, 3.4 mW/cm
2
, 

respectively 

Figure 6.3 shows the typical voltammograms for control films (C1, C2, and C3), 

TiCl4 modified films (MT1, MT2 and MT3) and sol modified films (MS1, MS2 and 

MS3) under different UV light intensities. It can be observed that each 

voltammogram (Jph–E) under a given light intensity consists of two stages (see Figure 

6.3).  From -0.3 V to 0.0 V of potential bias, the photocurrent response increased 
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monotonically with the applied potential bias. In contrast, when potential bias was 

greater than ca. 0.0 V, the photocurrent levelled off, namely saturation photocurrent 

(Jsph). Most importantly, excellent linearity of Jph–E relationship can be observed in a 

certain potential range, for example, from -0.20 V to -0.15 V for MS3 film (see 

Figure 6.3 MS3). This observation implies that the rate of the reaction within this 

range was controlled by the electron transport inside the TiO2 layer. Under such 

conditions, the photocurrent (the rate of the overall reaction) is determined by the 

rapidity of the photoelectron removal process from the layer.  
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Figure 6.4   Relationship between resistances and inversed saturation 

photocurrent at +0.3V for control films (C1, C2, and C3), TiCl4 

modified films (MT1, MT2 and MT3) and sol modified films (MS1, 

MS2 and MS3). Data were derived from the J-V figures as Figure 6.3 

In this study, the linear range of the Jph–E curves was selected by a specially 

designed program (Matlab software) to avoid arbitrary selection. For a given 

photocatalyst, the linear potential range will vary slightly depending on the type and 
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the concentration of electron scavenger and light intensity. For different types of 

catalysts, the linear potential range may also depend on the conduction band edge 

potentials. However, the change in these linear potential ranges should not be a 

concern. This is because a linear I-V relationship obtained within whatever potential 

range implies the electron transport inside the photocatalyst layer is a controlling step 

in the overall process. Under such conditions, the system behaves like a pure 

resistor.
160

 Therefore, Ohm’s law can be used to calculate the total resistance, i.e., 

R=(E2-E1)/(I2-I1)=∆E/∆I.
160

 Using computer linear regression fitting, the R values 

obtained were plotted against the reciprocal of the saturation current (i.e. 1/Jsph), 

giving an excellent linear regression equation as Equation 6.01 (see Figure 6.4): 

                   (6.01)                                                          / 010 RRRJkR sph  

In which, k and R0 are the slope and interception on y axis for a given electrode, 

respectively. The physical meaning of Equation 6.01 is that R, is the sum of a 

variable resistance (R1=k/Jsph) and a constant resistance (R0).
160

  

Table 6.1  The film thickness, k and R0 values of the TiO2/FTO photoanodes     

measured in the photoelectrocatalytic process 

Photoanodes 
Thickness 

(µm) 
k  (mV) R0  (Ω) 

C1 5 139 148 

C2 9 145 258 

C3 12 150 395 

MS1 5 175 105 

MS2 9 179 164 

MS3 12 179 235 

MT1 5 166 109 

MT2 9 181 190 

MT3 12 169 296 

For a given TiO2/FTO photoanode, R1 is the interfacial reaction resistance that 

should not be dependent on potential. It depends on the parameters such as the type 
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and concentrations of electron scavengers, and the light intensity that affect the 

interfacial processes. Figure 6.3 also shows the higher photocurrent (Jph) and 

saturation photocurrent (Jsph) under stronger UV light intensities at the same potential 

bias. This is due to the fact that the stronger UV light intensity leads to the generation 

of more charge carriers (i.e., electrons and holes) and give rise to lower R1. This 

explains why R1 is inversely proportional to Jsph. The k values can be considered as a 

quantitative measure of recombination tendency of electrons and holes, or the 

minimum potential to achieve 100% separation of photoelectrons and photoholes (i.e., 

0% recombination). It is an intrinsic property of semiconductor materials that is 

independent of the film thickness and experimental conditions. As shown in Table 6.1, 

C1, C2 and C3 porous films had very similar k values (i.e., 139, 145 and 150 Ω·mA, 

respectively) though they had different thickness (i.e., 5, 9 and 12 µm, respectively). 

Likewise, MS1, MS2 and MS3 films had a nearly constant average k values of 177.6 

Ω·mA, despite the fact that they had various thickness (i.e., 5, 9 and 12 µm, 

respectively). This also applies to the MT1, MT2 and MT3 films, which had average 

k values of 170 Ω·mA. It can be observed that the average k values of the sol 

modified film and the TiCl4 modified film are higher than that of the control film. 

This was possibly because the TiO2 surface of the sol and TiCl4 modified films had 

more defects (and therefore more recombination centres) than that of the porous 

film.
192, 225

 Consequently, the photoelectrochemical system with the sol modified film 

and TiCl4 modified film needs a slightly higher potential to offset the recombination 

tendency (k). 

R0 values obtained from the interception of the linear regression equations for 

all photoanodes are listed in Table 6.1. R0 corresponds to the sum of ohmic resistance 
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at the TiO2/FTO interface and resistance among TiO2 nanoparticulates during 

electron transport. More importantly, R0 is independent of the experimental 

conditions (e.g., light intensity and applied potential bias) and chemical environments. 

Table 6.1 shows for both control films and modified films, R0 is linearly dependent 

on the film thickness. This is expected because R0 should be closely related to the 

electron transport distance. For the photoanodes fabricated with the same starting 

materials and identical processing technique, the electron transport distance increases 

linearly with the film thickness, which is similar to the behaviour of typical electrical 

resistors. Therefore, the thicker the TiO2 film of the same type, the higher the R0 

value (as shown in Table 6.1). 

The R0 values of the sol modified films showed a significant decrease compared 

with that of the corresponding control films. In particular, The R0 values of MS1, 

MS2 and MS3 were reduced by 29%, 36% and 40% compared with that of C1, C2 

and C3, respectively. The reductions of R0 for MT1, MT2 and MT3 compared with 

that of the corresponding control films were 26%, 26% and 25% respectively. This 

suggests that the modified films are more conductive than the corresponding control 

films. The decrease of the R0 value or the increase in conductivity is because the 

formation of more effective electron transport network resulted from the modification 

process by the organic sol or the TiCl4 solution. This is supported by the observation 

of the SEM experiments. As indicated in Figure 6.1a, the porous structure has a large 

amount of gaps that will limit the number of effective electron pathways. In contrast, 

due to the gap-filling and particle-bridging effect of the organic sol on control films 

(see Figure 6.1b), the sol modified films have a less rough surface morphology and 

more compact internal structure than the corresponding control films. Figure 6.1b 
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demonstrates that the modification process is able to bridge the gaps between TiO2 

nanoparticles, shorten the electron transport distance and create more effective 

pathways. Furthermore, Figure 6.1b also shows that the original large TiO2 particles 

were closely surrounded and interconnected by the modifying TiO2 nanoparticles, 

which enlarged the inter-particle contact area and therefore expanded the electron 

pathways. This suggests that the organic sol modification could substantially reduce 

the electron transport resistances for the sol modified films. For the TiCl4 modified 

film, as shown in Figure 6.1c, the structure is more compact than the control film due 

to the partly filled gaps. But compared with the structure of the sol modified film in 

Figure 6.1b, the particle-bridging and gap-filling effect of the TiCl4 modified film is 

less significant. As a result, the particle connectivity in the TiCl4 modified film is 

improved but not as significant as that in the sol modified film. In other words, the R0 

values for TiCl4 modified film are larger than that of the sol modified film. 

Table 6.2 Photovoltaic characteristics of the DSSCs 

6.3.3  Correlation of R0 and DSSC performance 

The aforementioned control films and modified films were used to fabricate 

corresponding DSSCs using the identical fabrication process and reagents. The 

performance of the resultant DSSCs was characterized under the simulated AM 1.5 

Photoanodes Jsc (mA/cm
2
) Voc (mV) FF (%) η (%) 

C1 8.93 630 63.7 3.60 

C2 11.62 628 64.2 4.68 

C3 14.18 626 63.9 5.67 

MS1 10.80 645 67.0 4.7 

MS2 13.04 647 68.0 5.73 

MS3 16.53 653 67.8 7.32 

MT1 10.51 639 68.1 4.57 

MT2 12.09 641 68.0 5.27 

MT3 14.91 646 67.9 6.54 
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illumination (100 mW·cm
-2

). The photovoltaic parameters for all photoanodes were 

calculated from the I-V curves. The results are listed in Table 6.2 and the typical I-V 

curves of C3, MS3 and MT3 are displayed in Figure 6.5.  

Table 6.2 shows that the DSSCs constructed with the sol and TiCl4 modified 

films exhibit improved performance in comparison with the corresponding control 

films for all parameters studied. Among them, Jsc, FF and η show the most significant 

improvement while Voc do improve but the changes appear to be relatively small. For 

example, in comparison with C3, Jsc, Voc, FF and η for MT3 increased 5.1%, 3.2%, 

6.2% and 14.4%, respectively, while for MS3, the corresponding parameters 

improved 16.7%, 4.9%, 6.1% and 28%, respectively. This suggests that the 

improvements in terms of FF of the MT3 and MS3 were comparable, but in strong 

contrast, the improvements in terms of Jsc, Voc, and η for MS3 samples are 

substantially higher than that for MT3 samples, respectively. 

 

Figure 6.5     The I-V curves of control films and modified films with 3 layers 

For both the sol modified film and the TiCl4 modified film, modification of the 

porous structure could improve the DSSC performance from two aspects. One is to 
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enhance the photo efficiency to produce more photoelectrons, and the other is to 

improve the electron transport efficiency to transport more electrons to the external 

circuit. The former is mainly achieved by enhancing light absorption via boosting of 

dye loading and augmenting of light reflection, while the latter is realized by reducing 

the electron transport resistance (i.e., R0) of the porous films.  

In order to identify the causes of performance improvement, the light reflection 

property and dye loadings on the TiO2 surface of all the electrodes were therefore 

analysed. The UV-Vis reflection spectra (not shown) indicated that the difference of 

the reflection properties was very limited (within experimental error) for control and 

modified films. This can be expected because the reflection effect is mainly caused 

by the large particle sized TiO2, e.g., 125 nm
60

 and the size of the modifying TiO2 

particles for sol modified film and TiCl4 modified film was only ca. 10 nm and 15 nm, 

respectively.  

 

Figure 6.6       The absorption spectra of the dye-sensitized control and modified 

films 

Dye loadings of the control and modified photoanodes were characterized by 
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the UV-Vis absorbance measurement. Figure 6.6 shows the absorption spectra of the 

dye-sensitized control films and the modified films with different layers. The spectra 

indicates the absorption increases dramatically with the increased number of layers 

which coincides with the thicknesses of the TiO2 films in Table 6.1. For example, the 

C3 (12 µm) sensitized film has 30% and 23% increase in absorbance at 535 nm, in 

comparison with the C1 (5 µm) and C3 (9 µm) sensitized films, respectively. In 

contrast, there are not significant differences in the adsorption spectra between the 

sensitized modified films and their corresponding control films regardless of the 

number of layers. This suggests that neither the sol modification nor the TiCl4 

modification significantly affects the dye loading compared with the control films. 

This is consistent with conclusion drawn from the dye loading measurements,
193

 

where the dye loading amount was determined by desorbing the adsorbed dye from 

the photoanode into NaOH ethanolic solution and measuring the absorbance of the 

solution. 

The trivial change in light reflection and dye loading for the modified films 

suggests that they are not the major driver for the performance improvement in the 

corresponding DSSCs. Therefore, it is concluded that the DSSC performance is 

mainly dependent on the electron transport efficiency. Because photoanodes are the 

common electron pathways in both DSSCs and photoelectrocatalytic oxidation 

processes, the electron transport resistances encountered by the photogenerated 

electrons from dye molecules in the DSSC process should be the same as R0. 

Jsc is mainly influenced by dye loading amount and electron transport efficiency 

in the TiO2 film. Based on the dye loading amount measurement, the difference in 

dye loading amount between the control film and sol modified film is negligible. 
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Therefore, the significant Jsc increase for modified films should be mainly related to 

the improved electron transport efficiency in the TiO2 film. Apparently, this was 

largely attributed to the significantly decreased R0. Open-circuit potential of DSSC is 

the difference between the (quasi-) Fermi level of the TiO2 and the redox potential of 

the electrolyte. The Voc mainly depends on the concentration of electrons in the 

conduction band, which is limited by recombination of conduction band electrons 

with I3
-
 ions in the electrolyte and also oxidised dye molecules. The continuous 

modified TiO2 network reduces the electron leakage, which helps maintain the 

electron concentration at the conduction band. This results in the increased Voc. 

However, Voc is the maximum potential output when the electrical circuit is open (i.e., 

current is zero), while R0 is the electron transport resistance between the TiO2 

network and back contact. Therefore, no iR drop was involved. The effect of R0 on 

the Voc is consequently not as significant as that on the Jsc. The fill factor (FF), is 

defined as (VmpJmp)/(VocJsc), where Jmp and Vmp represent the current density and 

voltage at the maximum power (i.e., VmpJmp) point.  For the modified films in this 

study, the aforementioned reduced electron leakage as well as the decrease R0, is 

beneficial to the reinforcement of maximum power and consequently the increase of 

the FF. 

As previously mentioned, due to the improved interfacial connectivity of the 

nanoporous TiO2 particles in the sol modified films, the R0 values decreased 

significantly by 29%, 36% and 40% in comparison with that of the C1, C2, and C3, 

respectively. In Table 6.2, the η of DSSCs with MS1, MS2 and MS3 photoanode had 

a remarkable increase of 30%, 22% and 29% compared with that of C1, C2 and C3 

photoanodes, respectively. This corresponding relationship was further confirmed by 

http://en.wikipedia.org/wiki/Fermi_energy
http://en.wikipedia.org/wiki/Redox_potential
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correlating the R0 values of the TiCl4 modified films with the performance of the 

corresponding DSSCs. In comparison with C1, C2 and C3 photoanodes, the R0 value 

of the MT1, MT2 and MT3 films decreased by 26%, 26% and 25%, respectively, 

while the corresponding energy conversion efficiency η increased by 26%, 13% and 

15%, respectively. The corresponding relationships for both the sol modified film and 

the TiCl4 modified films suggest that reduction of the R0 values of TiO2/FTO 

photoanodes is strongly correlated to their performance improvement. In 

consideration of all the changes caused by the sol modification and TiCl4 

modification, including light reflection, dye loading and R0, the DSSC performance 

enhancement, in terms of η, was largely attributed to the significant reduction of R0.  

In other words, reduction of R0 can enhance the performance of DSSCs. R0 can be 

considered as an effective quality indicator of photoanodes for DSSCs. 

6.4  Conclusion 

The overall electron transport resistance of a TiO2/FTO photoanode can be 

measured by the proposed photoelectrochemical method. It consists of a variable 

resistance (R1) and constant resistance (R0). The R0 value measured in the 

photoelectrocatalytic process is an intrinsic property of the TiO2/FTO photoanode 

and is considered as the electron transport resistance of the TiO2/FTO photoanode 

when the photoanode is used in the DSSC process. The proposed method is validated 

by good correlation between the R0 values of various photoanodes with the 

performance of their corresponding DSSCs. The preliminary results indicate that the 

DSSC photoanode with lower R0 value imparts better photovoltaic performance. The 

proposed electron transport resistance measurement provides a simple and effective 

alternative to evaluate the quality of the photoanodes for DSSCs.  
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CHAPTER 7  

GENRAL CONCLUSIONS 

AND FUTURE WORK
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7.1     General conclusions 

In this thesis, a series of simple, low-cost and effective strategies were 

successfully applied to modify TiO2 nanoporous photoanodes in dye-sensitized solar 

cells (DSSCs). These applications effectively optimized the nanoporous structure and 

high energy conversion efficiency of the TiO2 nanoporous photoanodes was achieved.  

These efficient modification strategies provided theoretical and practical information 

for developing DSSCs with high solar-to-electricity conversion efficiency. 

The TiO2 nanoporous photoanodes were modified by three approaches, i.e. 

interface modification, electron transport network modification and bandgap 

engineering, which aimed at building a more efficient electron transport network and 

alleviating electron recombination to achieve higher solar-to-electricity conversion 

efficiency at the same time maintain the low cost advantages of the DSSCs. A series 

of TiO2 photoanodes based on modifying the screen-printed TiO2 nanoporous film on 

FTO substrate were prepared and used for the assembly of DSSCs. The photovoltaic 

performance of the DSSCs was characterized under the simulated AM 1.5 solar 

spectrum employing multiple photovoltaic techniques including photocurrent-

photovoltage (I-V), dark current measurement, open-circuit voltage decay and 

incident photon to current conversion efficiency (IPCE). The electron transport 

mechanism was systematically investigated based on the corresponding photovoltaic 

parameters derived from the performance characterizations and other 

photoelectrochemical methods including cyclic voltammogram (CV) and linear 

scanning voltammogram (LSV). These techniques were adopted to serve this research. 

The detailed modification effects on the photovoltaic performance of the DSSCs 
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from different approaches are summarized as follows: 

1. Interface modification. The blocking effect was investigated by applying a 

TiO2 compact layer. Introduction of a TiO2 compact layer is expected to retard 

the electron recombination with the oxidative species (I3
-
) in the electrolyte at 

the contact area between FTO substrate and nanoporous TiO2. The TiO2 

compact layer resulted from a titania organic sol deposited at the interface 

between the fluorine-doped tin oxide (FTO) substrate and TiO2 nanoporous 

film. The physical properties of the TiO2 compact films were characterized by 

scanning electron microscope (SEM) and X-ray diffraction (XRD). The 

preliminary results suggest that the compactness of the TiO2 compact layer 

was in sharp contrast with the nanoporous structure of the control films. The 

compactness was further confirmed by cyclic voltammogram measurements. 

No redox peak was observed for the FTO substrate covered with the compact 

layer, however, a typical redox peak was observed for the same system with 

the bare FTO as working electrode. This indicated that the compact layer can 

effectively block the electrolyte penetration. The influence of depositing this 

compact layer on the performance of the DSSCs was evaluated by 

photovoltaic characterizations. The I-V characterizations showed that 

compared with the traditional DSSCs without the compact layer, the short-

circuit current (Jsc) and open-circuit potential (Voc) of the DSSCs with the 

compact layer were improved by 20.3% and 10.2% respectively, both of 

which resulted in the 33.3% total improvement of the solar energy-to-

electricity conversion efficiency(η). The significant improvement in 

conversion efficiency was attributed to the reduced electron recombination, 
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which was proven by the suppressed dark current and lower open-circuit 

voltage decay rate. This is mainly achieved by blocking the direct contact 

between the electrolyte and the conductive FTO surface, which greatly lessens 

the photocurrent loss. In addition, the modified interface with the compact 

layer provided a larger TiO2/FTO contact area and improved adherence of 

TiO2 to FTO. Hence, the electron transport efficiency was enhanced as 

evidenced by the higher IPCE value in comparison with the control 

photoanodes, which principally contributed to the improvement of the open-

circuit voltage. 

2.       Electron transport network modification. For this modification, the synthesized 

titania organic sol previously used for depositing the compact layer and the 

TiCl4 aqueous solution were employed to modify the bulk structure of the 

control nanoporous TiO2 photoanodes through surface percolation. It was 

observed that the sol modification resulted in a more dense structure in 

comparison to the control and TiCl4 modified photoanodes after sintering at 

450°C for 2 h. This is due to the largely reduced gaps and bridging particles 

introduced by organic sol percolation, which is clearly indicated by the SEM 

and TEM (transmission electron microscope) images. Thereupon, an effective 

electron transport network was constructed due to the improved particle 

connectivity by gap filling and particle bridging effect. It was found that the 

modified electron transport network effectively improved the electron 

transport efficiency evidenced by the prolonged electron lifetime derived from 

the OCVD technique. This modification also led to the blocking effect that 

decreased the electron leakage through FTO/electrolyte interface to some 
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extent supported by the restrained dark current. Both the improvement of 

electron transport efficiency and the decrease in electron leakage benefited the 

photocurrent enhancement. Moreover, more electrons collected in the 

conduction band due to the improved electron transport efficiency, resulting in 

a higher electron density in the conduction band of TiO2, which increased the 

Fermi level (EF) and produced a higher open-circuit potential. Consequently, 

the overall energy conversion efficiency of the DSSC with the sol modified 

film was significantly boosted by 28% compared to the control film.  

Although the TiCl4 modification is commonly used to improve the 

surface area of the TiO2 photoanodes for conventional DSSCs. However, the 

incomplete modification of the nanoporous structure due to the aqueous nature 

of the TiCl4 solution induced the uncompetitive electron transport network and 

thus, limited the improvement of the energy conversion efficiency to 14.4%. 

At this point, the proposed organic sol modification method is a promising 

alternative to the traditional TiCl4 modification method. 

3.       Bandgap engineering strategy using a core-shell structure. TiO2/La2O3 core-shell 

photoanodes based on modification of the nanoporous TiO2 photoanodes using 

an organic lanthanum solution were prepared and used for fabrication of 

DSSCs. XRD, XPS, TEM and SEM characterizations indicated that a thin 

La2O3 shell layer with average particle size of 5 nm successfully wrapped the 

larger TiO2 particles as well as filled the large pores. The thickness of the shell 

layer up to 15 nm was highly dependent on the geometries. It is much thicker 

at the joint or corner than that along the edge of the porous particles. Hence, a 

free-shaped TiO2/La2O3 core-shell structure was confirmed to be constructed in 



 145 

the modified photoanode. The prolonged electron lifetime derived from the 

OCVD measurement demonstrated that the electron transport efficiency was 

not interrupted and an efficient electron transport could be achieved via 

photoelectron tunnelling through the La2O3 shell.  Moreover, the La2O3 layer 

with a higher bandgap edge on the surface of TiO2 film and covering the bare 

FTO site acted as an effective energy barrier for retarding the electron 

recombination, which was verified by the restrained dark current. The UV-Vis 

reflectance measurement suggested that the light scattering property of TiO2 

film was noticeably enhanced by 12%, which would lead to the increased light 

harvesting. Consequently, both the open-circuit potential and the short-circuit 

current were significantly increased and the overall energy conversion 

efficiency was remarkably improved from 5.7% for the control film to 8.1% 

for the modified film. 

4.      Photoelectrochemical quantification of electron transport resistance. Based on 

the characterizations of electron transport in the fabricated photoanodes as 

well as their corresponding DSSCs performance, a quantitative evaluation 

method for characterizing the electron transport resistance in the photoanodes 

was proposed and systematically validated. The overall electron transport 

resistance of a TiO2/FTO photoanode can be measured by the proposed 

photoelectrochemical method. It consists of a variable resistance (R1) and 

constant resistance (R0). The R0 value measured in the photoelectrocatalytic 

process is an intrinsic property of the TiO2/FTO photoanode and is considered 

as the electron transport resistance of the TiO2/FTO photoanode when the 

photoanode is used in the DSSC process. The proposed method was validated 
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by a good correlation between the R0 values of various photoanodes with the 

performance of their corresponding DSSCs. The preliminary results indicated 

that the DSSC photoanode with lower R0 value imparts better photovoltaic 

performance. The proposed electron transport resistance measurement 

provides a simple and effective alternative to evaluate the quality of the 

photoanodes for DSSCs. 

7.2     Future work 

The following works are recommended to further improve the solar-to-

electricity conversion efficiency for TiO2-based DSSCs. 

a.      Synthesis of low dimensional TiO2 nanostructures (nanowire and nanoarray) 

with higher surface area and better electron transport network for the 

photoanodes for DSSCs. In conventional DSSCs, the electrons diffuse to the 

photoanode based on the hopping mechanism.
226

 With each hop, the electron 

can recombine with the electrolyte. The diffusion rate and recombination rate 

are both in the order of milliseconds, allowing the electron recombination and 

limiting the efficiency of the DSSC.
226

 The low-dimensional TiO2 

nanostructures provide electrons with a direct path diffusing to the conductive 

substrate,
19

 offering the potential for much faster charge transport than 

nanoparticle cells. The low dimensional TiO2 nanostructures can be 

synthesized by the hydrothermal method with P25 as the precursor.
63

 

 b.      Semiconductor quantum dots (QD) can replace dyes as the light-harvesting 

units in the DSSCs.
227

 QDs can absorb the solar light, produce excitons, and 

release the electrons.
228

 The electrons are subsequently injected into the 
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semiconductor oxide (e.g.TiO2). QDs have much larger optical cross-sections 

than molecular sensitizers, depending on the size. A very recent exciting 

discovery shows that multiple excitons can be produced from the absorption of 

a single photon by a QD via impact ionization if the photon energy is three 

times higher than its band gap.
228

 The challenge is now to find ways to collect 

the excitons before they recombine. Because recombination occurs on a 

femtosecond time scale, the use of mesoporous oxide collector electrodes to 

remove the electrons presents a promising strategy, opening up research 

avenues that ultimately may lead to photoconverters reaching IPCE values of 

over 100%.
228
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