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Abstract 

This thesis focuses on liquid redox electrolytes in dye-sensitized solar cells (DSCs). A 

liquid redox electrolyte, as one of the key constituents in DSCs, typically consists of a 

redox mediator, additives and a solvent. This thesis work concerns all these three 

aspects of liquid electrolytes, aiming through fundamental insights to enhance the 

photovoltaic performances of liquid DSCs. 

Initial attention has been paid to the iodine concentration effects in ionic liquid (IL)-

based electrolytes. It has been revealed that the higher iodine concentration required in 

IL-based electrolytes can be attributed to both triiodide mobility associated with the 

high viscosity of the IL, and chemical availability of triiodide. The concept of 

incompletely solvated ionic liquids (ISILs) has been introduced as a new type of 

electrolyte solvent for DSCs. It has been found that the photovoltaic performance of 

ISIL-based electrolytes can even rival that of organic solvent-based electrolytes. And 

most strikingly, ISIL-based electrolytes provide highly stable DSC devices under light-

soaking conditions, as a result of the substantially lower vapor pressure of the ISIL 

system. A significant synergistic effect has been observed when both guanidinium 

thiocyanate and N-methylbenzimidazole are employed together in an IL-based 

electrolyte, exhibiting an optimal overall conversion efficiency. 

Tetrathiafulvalene (TTF) has been investigated as an organic iodine-free redox couple 

in electrolytes for DSCs. An unexpected worse performance has been observed for the 

TTF system, albeit it possesses a particularly attractive positive redox potential. An 

organic, iodine-free thiolate/disulfide system has also been adopted as a redox couple in 

electrolytes for organic DSCs. An impressive efficiency of 6.0% has successfully been 

achieved by using this thiolate/disulfide redox couple in combination with a poly (3, 4-

ethylenedioxythiophene) (PEDOT) counter electrode material under full sunlight 

illumination (AM 1.5G, 100 mW/cm2). Such high efficiency can even rival that of its 

counterpart DSC using a state-of-the-art iodine-based electrolyte in the systems studied. 

The cation effects of lithium, sodium and guanidinium ions in liquid electrolytes for 

DSCs have been scrutinized. The selection of the type of cations has been found to 

exert quite different impacts on the conduction band edge (CB) of the TiO2 and also on 

the electron recombination kinetics, therefore resulting in different photovoltaic 

behavior. 

Keywords: dye-sensitized solar cells; electrolytes; ionic liquids; redox couples; 

additives



   

  



   

 

Abbreviations and Symbols 

 

PV photovoltaic 

DSCs dye-sensitized solar cells 

CB conduction band edge 

WEs working electrodes 

FTO fluorine-doped tin oxide 

CEs counter electrodes 

Pt platinum 

ILs ionic liquids 

EC ethylene carbonate 

AN acetonitrile 

MPN 3-methoxypropionitrile 

BN butyronitrile 

EMITCB 1-ethyl-3-methylimidazolium tetracyanoborate 

4-TBP 4-tert-butylpyridine 

I-V current-voltage 

AM 1.5 G air-mass 1.5 global 

Jsc short-circuit current density 



   

Voc open-circuit voltage 

FF fill factor 

η overall light-to-electricity conversion efficiency 

EF,n quasi-fermi level of electrons in the TiO2 

Pin intensity of the incident light 

Pmax maximum power 

IPCE incident photon to current conversion efficiency 

LHE light harvesting efficiency 

Φinj quantum yields of electron injection 

Φreg quantum yields of dye regeneration 

ηcc charge collection efficiency 

EIS electrochemical impedance spectroscopy 

NHE normal hydrogen electrode 

ISILs incompletely solvated ionic liquids 

Rdif diffusion resistance 

DMII 1, 3-dimethylimidazolium iodide 

GSCN guanidinium thiocyanate 

NBB N-butylbenzoimidazole 

MBI N-methylbenzimidazole 



   

TTF tetrathiafulvalene 

McMT 2-mercapto-5-methyl-1,3,4-thiadiazole 

BMT disulfide dimer 

NO[BF4] nitrosonium tetrafluoroborate 

PMII 1-propyl-3-methylimidazolium iodide 

TBAI tetrabutylammonium iodide 

Qoc extracted charge 

RCE charge-transfer resistance at the counter electrode 

PEDOT poly (3, 4-ethylenedioxythiophene) 

GI guanidinium iodide 
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1.  

Introduction 

1.1. Increasing Global Energy Demand 

The growth of global population in combination with industrial developments 

will pose an enormous challenge in meeting the rising energy demand in the 

near future. Electricity is the fastest growing form of end-use energy, and the 

net global electricity generation is projected to grow by 2.2% per year from 

2008 to 2035.
1
 Fossil fuels, such as coal, oil and natural gas, provide the 

largest part of world electricity generation. However, the reserves of these non-

renewable resources are quite limited, leading to the soaring prices of fossil 

fuels in recent years. Moreover, the combustion of fossil fuels produces 

greenhouse gas emissions such as carbon dioxide, which are believed to 

impose a significant impact on global warming and climate change.  

The rising energy demand, coupled with environmental concerns, as well as 

the higher prices of fossil fuels have motivated governments to seek 

alternative, environmentally-friendly low-carbon energy sources. Nuclear 

energy has been an alternative, cost-effective low-emission energy source to 

meet the increasing energy needs. Nuclear power plants are expected to play a 

significant role in meeting future energy need apart from fossil fuel-based 

energy sources. It accounts for 13-14% of world electricity generation in 

2010.
2
 However, the disposal of the radioactive waste has been a serious 

challenge in the nuclear energy industry. Several serious nuclear and radiation 

disasters have occurred in history, including the Three Mile Island accident 

(1979) and the Chernobyl disaster (1986). The more recent Fukushima 

catastrophe, following the earthquake and tsunami in March 2011 in Japan, has 

triggered widespread public concerns across the world in terms of the safety 

issue of nuclear power. A number of countries took immediate measures to 

suspend the nuclear power plants under construction and reconsider their 

plans. In Europe, Germany and Switzerland have announced to phase out their 

nuclear power plants in the near future.  

So how to meet the rising future energy demand becomes even more critical 

now. Renewable energy sources, such as solar, hydropower, wind and biomass 

etc., have the potential to meet the rising energy demand, and are expected to 
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play an essential role in moving the world to a more secure, reliable and 

sustainable energy system.
1
 Solar energy is the most abundant permanent 

energy resource on earth. The supply of the energy from the Sun to the Earth is 

3 × 10
24

 joules a year.
3
 Even if only 0.1% of this energy can be converted at an 

efficiency of only 10%, it would be four times the world’s total generating 

capacity.
4
 Therefore, solar photovoltaic technology has received considerable 

attention as a potentially more secure sustainable energy source.  

 

1.2. Development of Solar Cells 

Solar cells, or photovoltaic (PV) cells, are electrical devices that directly 

convert sunlight into electricity. Since the modern discovery of the silicon p-n 

junction PV devices (solar cells) in the early 1950s, the global PV industry has 

experienced revolutionary developments and market growth. The solar 

industry has been the fastest growing renewable energy technology in recent 

years. 

The first generation of solar cells from industrialization point of view are 

based on crystalline silicon. This type of solar cells is currently dominant in the 

PV market due to the high efficiency of up to 25%.
5
 However, the manufacture 

of silicon-based solar cells involves high purity silicon, the manufacturing 

processes of which are extremely expensive. The silicon-based PV industry 

relies heavily on government subsidies so far. The high cost of the first 

generation solar cells severely restricts their widespread application in the 

future.  

The second generation of solar cells are normally referred to as thin-film solar 

cells. Amorphous silicon, cadmium telluride (CdTe) and copper indium 

gallium selenide (CIGS) are the three most commonly used materials for the 

second generation solar cells. The thin-film technology allows the second 

generation solar cells to use far less materials required in a solar cell, which 

significantly reduce the production cost in contrast to the first generation solar 

cells. However, the efficiencies of thin-film solar cells are lower than the first 

generation solar cells, ranging between 10-20%.
5
 Moreover, the scarcity and 

toxicity of the materials being used have been two major disadvantages for 

thin-film solar cells from a large-scale production point of view. 
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Dye-sensitized solar cells (DSCs), also known as Grätzel cells, were 

significantly improved in 1991 by Brian O’Regan and Michael Grätzel at the 

École Polytechnique Fédérale de Lausanne in Switzerland.
6
 In contrast to 

conventional systems where the semiconductor takes both the function of light 

absorption and charge carrier transport, these two functions are separated in 

DSCs. The light absorption is performed by a monolayer of dye molecules 

attached to a mesoporous layer of a wide band gap semiconductor. Charge 

separation takes place at the semiconductor/dye interface. Charge carriers are 

transported in the conduction band edge (CB) of the semiconductor to the 

charge collector.
7
 DSCs are considered to be a technology between the second 

and third generation solar cells.
8
 The record efficiencies of DSCs have shown 

up to 12% in small cells
9, 10

 and 10% in sub-modules
5
. Of particular interest is 

the low production cost for the fabrication of a DSC. The materials used in 

DSCs are inexpensive, for instance, the commonly used semiconductor, titania, 

is very cheap and is widely used as pigment in white paints. Another attractive 

feature has been the enhanced performance under real outdoor conditions or 

indoor applications (relatively better than competitors at diffuse light and 

higher temperatures).
8
 Other advantages for DSCs also include flexibilities in 

the designs (transparency and multicolor options for building integration and 

consumer products etc.), lightweight, short energy payback time (<1 year), 

bifacial cells capturing light from all angles etc.
8
 Although the efficiencies of 

DSCs at the present stage are lower than those conventional solar cells, the 

high ratio of the performance/price still identifies DSCs as an attractive 

potential solar cell technology to be commercialized. 
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1.3. Dye-Sensitized Solar Cells (DSCs) 

1.3.1. Materials in DSCs 

A schematic configuration of a DSC device is illustrated in Figure 1.1. A 

typical DSC consists of three major components: semiconductor, sensitizer and 

electrolyte between two electrodes. The device generates electric power 

without suffering any permanent chemical transformation.
7 

 

 

Figure 1.1 Schematic structure of a DSC. 

 

Working electrodes 

Working electrodes (WEs) consist of a mesoporous layer of metal oxide 

semiconductor typically TiO2, screen printed onto the conducting glass 

substrates, typically fluorine-doped tin oxide (FTO). The nanoparticle size is 

around 20 nm in diameter and typical film thicknesses are ca. 10 µm. Metal 

oxide TiO2 has been widely used as semiconductor in DSCs. Other metal 

oxides, such as ZnO, Nb2O5 and SnO2 have been tested as well.
8
 



   5 

Sensitizers 

Sensitizers or dyes, as one of the key components in DSCs, assume the tasks of 

light absorption and injection of the electrons into the conduction band of the 

semiconductor. A monolayer of the sensitizer is attached onto the surface of 

WEs by chemical bonding. There are mainly two categories of sensitizers: 

metal complexes mainly ruthenium based complexes and metal-free organic 

sensitizers. A huge number of ruthenium complexes, such as N-719, black dye, 

N3 etc. have been used as sensitizers from the very beginning of the DSCs 

research, and have shown excellent efficiencies to date. In the recent several 

years, a great variety of organic sensitizers, for instance, D35, TH305, C229 

etc. have also been synthesized and investigated in DSCs due to their high 

molar extinction coefficients and easy synthetic route. More details of the 

structures and the performances of dyes used in DSCs have been thoroughly 

reviewed recently.
8
 

Electrolytes 

Liquid electrolytes typically consist of a redox couple and additives dissolved 

in a liquid solvent. The electrolyte undertakes the responsibility of dye 

regeneration and charge transport between the WEs and CEs. More details of 

the components in liquid electrolytes will be discussed in the following section 

1.4.  

Inorganic hole conductors, organic conducting polymers and organic hole 

conductors have also been tested in solid-state DSCs (sDSCs) to avoid the 

leakage and evaporation of liquid electrolytes.
11, 12

 However, the poor pore 

infiltration of the mesoporous TiO2 film with hole conductors in sDSCs has so 

far remained a big challenge.  

Counter electrodes 

Counter electrodes (CEs) are typically prepared by depositing a thin layer of 

platinum (Pt) catalyst onto the FTO conducting glass substrates. The general 

function of CEs is to reduce the oxidized form of the redox couple in the 

electrolyte. The CE material must be adapted to the redox system in the 

electrolyte. Several other materials have also been used as CEs in DSCs, such 

as conducting polymers, carbon materials and cobalt sulfide.  
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1.3.2. Operational principle in DSCs  

 

 

 

Figure 1.2 Schematic Energy diagram illustrating the kinetic processes in DSCs. 

 

A DSC operates in the following processes under illumination as shown in 

Figure 1.2: (1) Upon light irradiation, the monolayer of the sensitizer is 

photoexcited; (2) the excited electrons are injected into the conduction band in 

the TiO2; (3) the electrons penetrate through the nanocrystalline TiO2 film to 

the back contact of the conducting substrate, and flow through an external 

circuit to the CEs; (4) at the CEs, the oxidized component of redox couple in 

the electrolyte is reduced; (5) the oxidized form of the sensitizer is finally 

regenerated by the reduced component of redox couple in the electrolyte. In 

this overall process, there are two major recombination loss processes that 

limit the total conversion efficiency within the DSCs: the photoinjected 

electrons in TiO2 can recombine directly with the oxidized dye molecules (6) 

or with the oxidized form of the redox couple in the electrolyte (7).  
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1.4. Electrolyte components in DSCs 

1.4.1. Solvents in the Electrolytes 

The photovoltaic performances of liquid electrolyte-based DSCs depend 

strongly on the choice of electrolyte solvent used. Generally, organic solvents 

and ionic liquids (ILs) are the two major types of liquid electrolyte solvents. 

An organic solvent mixture between ethylene carbonate (EC) and acetonitrile 

(AN) was initially used in the breakthrough paper in 1991.
6
 A large number of 

organic solvents have subsequently been tested, such as alcohols, propylene 

carbonate, γ-butyrolactone, tetrahydrofuran, N, N-dimethylformamide and 

water etc.
13-15

 Various types of nitriles have also been studied, including 

propionitrile, valeronitrile, glutaronitrile, and methoxyacetonitrile etc.
16

 AN 

has been shown to be the most successful and efficient organic solvent so far 

regarding the overall conversion efficiency, mainly due to its low viscosity 

(0.34 cp, 25 °C
8
), and good solubility to dissolve organic components and 

salts, as well as additives in the electrolytes. Record conversion efficiencies of 

DSCs up to 12% have been achieved using AN-based electrolytes.
9, 10

 

However, the encapsulations of volatile organic solvents have become a 

critical issue from application use point of view, due to the high vapor 

pressures of AN and several other organic solvents.  

Much effort has been motivated to use less-volatile organic solvent, for 

instance, 3-methoxypropionitrile (MPN), with respect to the long-term 

durability of DSCs. MPN that has higher boiling point, has been one of the 

most frequently used electrolyte solvents, particularly in long-term stability 

tests. Less-volatile MPN-based electrolytes have shown good stability 

performance, retaining over 90% of their initial efficiencies under light 

soaking at 60 °C for 1000 hours.
17

 The highest conversion efficiency obtained 

in DSCs based on MPN-based electrolytes is 9.6%,
17

 which is slightly lower 

than those using AN-based electrolytes, owing to the relatively higher viscosity 

of MPN. Another nitrile with higher boiling point, butyronitrile (BN), has also 

been tested recently.
18

 BN-based electrolytes showed good efficiency and 

stability, identifying BN as another potential alternative organic electrolyte 

solvent in DSCs for long-term stability tests. Although some organic solvents 

with high boiling points, such as MPN or BN, exhibit good stability 

performance during the testing period, one should bear in mind that they do 
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generate vapor pressures at elevated temperatures in a confined cell. With the 

respect, the sealing of volatile organic solvents still remains a major challenge 

from long-term durability point of view. 

ILs have emerged as promising alternative electrolyte solvents in DSCs over 

the past several years. ILs are organic salts with melting points near room 

temperature (or by convention below 100 °C), consisting of organic cations 

with various anions.
19

 The cations and anions pack inefficiently in the solid 

states rendering low lattice energy, thus a low melting point of the ILs. Some 

representative cations and anions of ILs used in DSCs are depicted in Figure 

1.3. ILs possess some unique properties, such as high chemical and thermal 

stability, non-flammability, high ionic conductivity, and most significantly, 

almost negligible vapor pressure. These attractive properties identify ILs as 

interesting alternative electrolyte solvents in DSCs. The utilization of ILs as 

electrolyte solvents in DSCs have been recently reviewed.
20, 21

 

 

 

Figure 1.3 Representative structures of cations and anions for ILs used in DSCs. 
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ILs used in DSCs basically can be divided into two groups: imidazolium and 

non-imidazolium cations. Imidazolium-based ILs have almost dominated the 

research of IL-based electrolytes in DSCs. A large number of imidazolium-

based ILs incorporating various anions, such as iodide, interhalogens, 

thiocyanate, bis (trifluoro-methylsulfonyl) imide, dicyanamide, selenocyanate, 

tricyanomethide and tetracyanoborate etc., have been synthesized and 

extensively investigated as electrolyte solvents in DSCs.
22-30

 High conductivity 

eutectic melts composed of solid imidazolium iodides have also been 

introduced as electrolyte solvents in DSCs. Up to date, the highest overall 

conversion efficiency of over 8% has been achieved for IL-based electrolytes 

using a binary iodide eutectic melts as iodide source in 1-ethyl-3-

methylimidazolium tetracyanoborate (EMITCB), in combination with an 

iodide/tiriodide redox couple.
31

 DSCs containing such IL-based electrolyte 

have also exhibited excellent long-term stability performance, retaining up to 

94% of its initial conversion efficiency under light soaking at 60 °C for 1000 

hours.
17

 Several other non-imidazolium based ILs have also been studied as 

electrolyte solvents in DSCs, including sulfonium
32, 33

, phosphonium
34

, 

guanidinium
35, 36

, ammonium
37

, tetrahydrothiophenium
38

, pyrrolidinium
39

 

together with various anions. However, the conversion efficiencies of DSCs 

with electrolytes based on those non-imidazolium ILs are normally lower than 

those using imidazolium-based electrolytes, owing largely to their relatively 

higher viscosities as compared to imidazolium-based ones. The high viscosities 

are, in fact, the main disadvantages for all the ILs, which result in low ion 

mobility in the electrolytes and consequently lower DSC device efficiencies in 

comparison to those using organic solvent-based electrolytes. 

 

1.4.2.  Redox couples in the Electrolytes 

A redox couple is the key component in a liquid electrolyte, assuming the tasks 

for dye regeneration and charge transport between the two electrodes, playing 

a crucial role in determining the photovoltaic performance of DSCs. An 

“ideal” redox couple should essentially fulfill the requirements as follows: (1) 

the redox potential of a redox couple should be less negative than the oxidized 

level of a dye molecule (or in other words, it should be as positive as possible 

to maximize the photovoltage), meanwhile maintaining a sufficient driving 
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force for dye regenerations; (2) slow electron recombination kinetics at the 

interface; (3) negligible visible light absorption; (4) fast electron transfer 

kinetics at CEs; (5) good diffusion properties to avoid mass-transport 

limitations particularly under higher levels of irradiation; (6) noncorrosiveness 

towards collecting metals, and the last but not the least, (7) good 

photochemical stability. 

Iodide/triiodide (I
–
/I3

–
) has been used as a redox couple from the very 

beginning of DSC research, and has proven to be one of the most versatile 

redox couples so far combining high overall conversion efficiency of up to 11-

12%
9, 40

 and, at the same time, good long-term stability
17

. Due to the corrosive 

nature and complex redox chemistry of I
–
/I3

–
 system

41
, a great deal of effort 

has been devoted to identifying alternative redox couples to replace the I
–
/I3

–
 

system. The use of iodine-free alternative redox couples and their photovoltaic 

performances in DSCs have been thoroughly reviewed recently.
8, 11, 16, 42, 43

 

There are basically two categories of alternative redox couples studied in 

DSCs: molecular species and transition-metal based complexes. A wide variety 

of molecular species have been studied as iodine-free alternative redox couples 

in electrolytes for DSCs, such as Br
–
/Br3

–
, SCN

–
/(SCN)3

–
, SeCN

–
/(SeCN)3

–
, 

tetraphenyldiamine, hydroquinone, and the organic radical 2,2,6,6-tetramethyl-

1-piperidinyloxy (TEMPO) etc.
25, 44-51

 Organic, two-electron thiolate/disulfide 

redox mediators have also been intensely investigated as iodine-free alternative 

redox couples in DSCs.
52-54

 

Several transition-metal based complexes have also been studied as alternative 

redox mediators to replace I
–
/I3

–
 system in the electrolytes for DSCs, including 

ferrocene/ferricenium/ (Fc/Fc
+
), copper (I/II) and series of cobalt (II/III) and 

nickel (III/IV) complexes.
49, 55-63

 Until recently, the overall conversion 

efficiencies for all these alternative redox couples tested could not outperform 

those based on I
–
/I3

–
 systems, particularly under full sunlight illuminations. 

There are several factors limiting the photovoltaic performance for alternative 

redox couples, such as faster electron recombination, slower dye regeneration, 

mass-transport limitation or slower reduction of oxidized components at the 

CEs.  

Ruthenium-based sensitizers have almost dominated the early studies for one-

electron metal-based complexes. Organic sensitizers have attracted much 
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attention in recent years due to some of their advantages, for instance, high 

molecular extinction coefficients, which allow DSCs to use thinner layer of 

TiO2 film, thus leading to the improvements of charge collection efficiency. 

Benefiting from the development of organic sensitizers, several impressive 

progresses have been made recently by using organic sensitizers in conjunction 

with Fc/Fc
+
, copper (I/II) and cobalt (II/III) complexes.

64-67
 The electron 

recombination reactions for these one-electron redox couples have been indeed 

shown to be faster than those for I
–
/I3

–
 systems, even though the insulating long 

alkoxy chains or co-adsorbent incorporated in these systems are expected to 

retard electron recombination reactions at the TiO2/dye/electrolyte interface. 

The much more positive potentials of these one-electron redox couples still 

strongly compensate the larger electron recombination losses, resulting in the 

gains of open-circuit voltages (Voc).
64, 65, 67

 The increases of the Voc in turn 

significantly improve the overall conversion efficiencies for these DSC 

devices, which are even superior to those based on I
–
/I3

–
 systems. Of particular 

significance is the milestone result reported by Grätzel et al. on Science in 

2011. An unprecedented efficiency of up to 12% has been achieved by using a 

cobalt-based redox couple, in combination with a porphyrin dye cosensitized 

with an organic dye.
10

 Unfortunately, up to the present time, no certified long-

term stability results have been reported yet for those promising alternative 

redox couple candidates.  

 

1.4.3. Additives in the Electrolytes 

In addition to a redox couple, various additives, i.e. specific cations or 

compounds, are normally introduced into the liquid electrolytes. Additives play 

an important role to enhance the photovoltaic parameters in liquid electrolyte-

based DSCs. The position of the CB in the TiO2 depends strongly on the 

surface charges and adsorbed dipolar molecules.
8
 These additives in the 

electrolytes are expected to be adsorbed onto the TiO2 surface, thus affecting 

the CB in the TiO2 strongly associated with the photocurrent and photovoltage. 

Therefore, the introduction of additives into the liquid electrolytes have been 

effective strategies to enhance the photovoltaic performances of DSCs.  

Two kinds of additives are typically employed in liquid electrolytes for DSCs. 

One class of the most commonly used additives in liquid electrolytes 
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incorporates specific cations, such as alkali cations or guanidium cations, 

mainly devoted to the enhancement of short-circuit photocurrents (Jsc).
9, 18, 68-74

 

The adsorption of specific cations in the electrolytes onto the TiO2 surface 

could shift the CB of the TiO2 towards more positive potentials, thus affecting 

the electron injection dynamics of the excited state of dye molecules.  

Nitrogen-containing heterocyclic compound, such as 4-tert-butylpyridine (4-

TBP) is another class of the most frequently used additives in DSCs, mainly 

dedicated to the improvement of the Voc. In contrast to the specific cations, 

Lewis bases, such as 4-TBP, instead are expected to deprotonate the TiO2 

surface, therefore causing a negative shift of the CB of the TiO2. The effect of 

4-TBP has been extensively investigated over the past several years, and 

several mechanisms have been put forward.
75-78

 It has been proposed that the 

dramatic increase of the Voc arising from the introduction of the 4-TBP can be 

attributed to either the suppression of the dark current at TiO2/electrolyte 

interface or the negative shift of the CB in the TiO2 film, or a combination of 

both. Pyridine analogues, derivatives of N-alkylbenzimidazole, have also been 

widely used in liquid electrolytes, in particular for IL-based electrolytes.
17, 20, 21, 

24, 28, 31
 Derivatives of N-alkylbenzimidazole have been found to behave in a 

similar way as 4-TBP.
79-82

 

 

1.5. The Aim of This Thesis 

This thesis work has been devoted to the liquid electrolytes in DSCs. Major 

challenges in the liquid electrolytes consist of further enhancements of the 

overall conversion efficiencies of DSCs based on IL-based electrolytes mainly 

owing to the high viscosities of the ILs, the restrictions of the iodide/triiodide 

redox couple in terms of further improvement of the overall performance, as 

well as fundamental understanding of different additives employed in the 

electrolytes. The ambitions of this thesis work have been to develop new 

electrolyte materials and optimize the performances of DSCs based on liquid 

electrolytes, including the optimization of the photovoltaic performances of 

DSCs based on IL electrolytes, explorations of iodine-free alternative redox 

couples, as well as fundamental investigation of additive effects in the liquid 

electrolytes. 
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2.  

Characterization Methods 

2.1. Current-voltage Characteristics 

Current-voltage (I-V) measurement is the most important and conventional 

technique for the assessment of the photovoltaic performance in DSC devices. 

A standard illumination of air-mass 1.5 global (AM 1.5 G) with an irradiance 

of 100 mW/cm
2
 is normally used for the I-V characterization of DSCs. The I-V 

characteristics are monitored under solar irradiation by changing the external 

load from zero load (short-circuit conditions) to infinite load (open-circuit 

conditions). A typical I-V curve is presented in Figure 2.1. The most important 

photovoltaic parameter to evaluate the performance of DSC devices is the 

overall light-to-electricity conversion efficiency (η), which is determined by 

the product of the short-circuit current density (Jsc), open-circuit voltage (Voc), 

and fill factor (FF) divided by the intensity of the incident light (Pin), see 

equation 2.1. These three parameters Jsc, Voc, and FF can be extracted from the 

I-V curves. The Voc of DSCs is defined as the difference between the quasi-

fermi level of the electrons in the mesoporous TiO2 film (EF,n) and the redox 

potential of the electrolyte. The FF is defined as the ratio of the maximum 

power (Pmax) of the solar cell divided by the product of Voc and Jsc according to 

equation 2.2. The Pmax is defined as the product of Jsc and Voc at the maximum 

power point. 

 

Figure 2.1 I-V characteristics of a DSC device. 
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                                  η = 
            

   
                                                  (2.1) 

 

                                        FF = 
    

         
                                                     (2.2) 

 

2.2. The Incident Photon to Current Conversion Efficiency 

Measurement 

The incident photon to current conversion efficiency (IPCE) measurement is 

another conventional measurement to quantitatively evaluate the spectral 

response of a DSC device. The IPCE value corresponds to the ratio of 

photocurrent density in the external circuit divided by the monochromatic 

photon flux, and can be calculated according to equation 2.3, where Jph is the 

short-circuit current density generated by the monochromatic light, λ and Pin 

are the wavelength and light intensity, respectively. The IPCE describes how 

efficiently the incident photons are converted to electrons. The IPCE value can 

also be expressed as equation 2.4, where LHE is the light harvesting 

efficiency; Φinj and Φreg represent the quantum yields of electron injection and 

dye regeneration, respectively; and ηcc is the charge collection efficiency. Jsc in 

full sunlight can be calculated by the integral of the obtained IPCE spectrum. 

Note that a discrepancy of the Jsc between the value from the I-V measurement 

and the integrated one from the IPCE spectrum might exist since the IPCE is 

typically recorded at lower light intensities. 

 

                      IPCE = 1240 
   

      
                                                        (2.3) 

 

                     IPCE = (LHE) (Φinj) (Φreg) (ηcc)                                      (2.4) 

 

2.3. Photoelectrochemical Measurements 

Electron lifetime, transport time and charge extraction measurements for the 

complete DSC devices were carried out in systems using light emitting diodes 
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as light sources as described previously.
78

 Voltage and current traces were 

recorded by a 16-bit resolution data acquisition board (DAQ National 

Instruments) in combination with a current amplifier (Stanford Research 

SR570). Charge extraction measurements were performed in the following 

way: the solar cell was illuminated for 5 s under open-circuit conditions, then 

the light was turned off and the voltage was left to decay. At a certain voltage, 

the cell was short-circuited and then the current was measured and integrated 

over 10 s to obtain the accumulated charges. Electron lifetimes and transport 

times were measured by monitoring transient photovoltage and photocurrent 

response, respectively, after a small light intensity modulation (square wave 

modulation, <10% intensity), and the step response was recorded by the DAQ 

board. The voltage and current response were well fitted using first-order 

decay kinetics, and thus time constants were obtained. 

 

2.4. Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy (EIS) measurements were performed 

with an Autolab PGstat12 potentiostat with an impedance module. Impedance 

measurements were implemented in the frequency range 10 KHz to 10 mHz, 

using 20 mV AC amplitude, with illumination provided by a 5W luxeon LED. 

Impedance was measured under illumination and under dark conditions. Under 

illumination the cell was illuminated with a range of intensities and impedance 

was performed at open-circuit condition. In the dark a bias potential was 

applied. From EIS, several parameters can be obtained, such as charge-transfer 

resistance at the CE, electron recombination resistance at the 

TiO2/dye/electrolyte interface as well as diffusion resistance in the electrolyte 

etc. 

 

2.5. Electrochemical Measurements 

Cyclic voltammograms were carried out by using an Autolab potentiostat with 

a GPES electrochemical interface (Eco Chemie) at a scan rate of 100 mV s
−1

 

with 0.1 M tetrabutylammonium hexafluorophosphate as supporting 

electrolyte. The working electrode was a freshly polished glassy carbon disk, 

the reference electrode was a non-aqueous Ag/Ag
+
 electrode (0.01 M AgNO3 



   16 

in AN), and a platinum wire was used as auxiliary electrode. The reference 

electrode was calibrated against the Fc/Fc
+
 couple and potentials were 

converted to the normal hydrogen electrode (NHE) scale by using a value of 

630 mV vs NHE for Fc
+
/Fc.

83
 Potentiometry was carried out with a working 

electrode and a reference electrode connected to an Autolab potentiostat with a 

GPES electrochemical interface. The working electrode was a platinum wire 

placed inside the corresponding electrolyte solution. Potentiometry was 

obtained by using chrono methods (interval time <0.1s) versus an Ag/Ag
+
 

reference electrode (10 mM AgNO3 in AN) with 0.1 M tetrabutylammonium 

hexafluorophosphate acetonitrile solution as supporting electrolyte.  

 

2.6. Raman and UV-vis Spectroscopy 

Raman spectroscopy measurements of electrolyte solutions were carried out 

using a BioRad FTS 6000 spectrometer equipped with a Raman accessory. An 

excitation wavelength of 1064 nm (Nd:YAG laser), a quartz beamsplitter and a 

resolution of 4 cm
–1

 were employed. Scattered radiation was detected using a 

nitrogen-cooled solid state germanium detector. The UV-vis adsorption spectra 

were recorded on a Lambda 750 spectrophotometer using a normal quartz 

sample cell (1 cm path length). 
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3.  

Ionic Liquid Electrolytes in DSCs 

(Paper I-III) 

“The significant problems we face cannot be solved at the same level of 

thinking we were at when we created them.” 

                                                                                           Albert Einstein 

 

3.1. Introduction 

Ionic liquids (ILs) have been identified as promising alternative stable 

electrolyte solvents for DSCs over the past several years. The photovoltaic 

performances of DSCs based on IL electrolytes, however, are lower than those 

using organic-solvent electrolytes. Two parameters play a crucial role in 

determining the photovoltaic performance and optimization of DSCs based on 

IL electrolytes. One parameter is the iodine concentration strongly associated 

with the relatively high viscosities of ILs, which result in low ion mobility, 

particularly for the triiodide ion (I3
–
) at higher levels of irradiations. Therefore, 

the amount of iodine needs to be considerably higher in IL-based electrolytes 

to compensate for the mass-transport limitation of the I3
–
. The higher iodine 

concentration, on the other hand, leads to extra electron recombination losses 

between the injected photoelectron with the I3
–
, and also to additional losses 

arising from the visible light absorption by the I3
–
. These undesired losses 

significantly lower the photovoltaic performance of DSCs based on IL 

electrolytes, particularly the short-circuit photocurrent density (Jsc) is affected. 

The effects of different iodine concentrations in IL-based electrolytes will be 

first elucidated in section 3.1. Thereafter, in section 3.2, the concept of 

incompletely solvated ionic liquids (ISILs) as electrolyte solvents for DSCs 

will be introduced to further improve the photovoltaic performance of IL-based 

electrolytes. The effect of additives, specific cations or compounds, dissolved 

in IL-based electrolytes is another parameter that determines the photovoltaic 

performance of DSCs. In the final part of this section, additive effects in IL-

based electrolytes will be scrutinized.  
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3.2. Iodine Concentration Effects in Ionic Liquid Electrolytes for 

DSCs (Paper I) 

The effects of different iodine concentrations in low-viscous IL electrolyte 

solvent, 1-ethyl-3-methylimidazolium tetracyanoborate (EMITCB), have been 

initially investigated. The Jscs of DSCs based on IL electrolytes with varied 

iodine concentrations (ILlow, 0.03 M; ILmed, 0.2 M; ILhigh, 0.5 M) are 

determined in a range of light intensities, as shown in Figure 3.1. It is obvious 

that there is nonlinear relation between Jsc and light intensities for all these 

three IL-based electrolytes. Electrolyte ILlow shows considerably lower Jsc at 

higher light intensities, which already levels off at the intensity of 10 mW/cm
2
 

(1/10 Sun).  
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Figure 3.1 Short-circuit current density as a function of light intensity for DSCs 

based on different electrolytes: ILlow (red), ILmed (blue), ILhigh (green) and ANlow 

(black). 
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The Jsc of DSCs based on acetonitrile electrolyte (ANlow) incorporating the 

same amount of iodine as the electrolyte ILlow is also presented in Figure 3.1, 

increasing almost linearly along with the increase of the light intensities. This 

dramatic difference in the behavior of Jsc between the electrolytes ILlow and 

ANlow implies the mass-transport limitation of the I3
–
 in the electrolyte ILlow 

associated with the relatively high viscosity of the IL. The far larger diffusion 

resistance (Rdif) for the electrolyte ILlow obtained from the electrochemical 

impedance spectroscopy (EIS) further confirms the mass-transport limitation of 

the I3
–
 in the electrolyte ILlow, as illustrated in Figure 3.2. 
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Figure 3.2 Diffusion resistance under illumination as a function of iodine 

concentration for IL-based electrolytes (red) and AN-based electrolytes (blue). 

 

Raman spectroscopy was carried out to get some insights into the iodine-

containing entities in the electrolytes. As shown in Figure 3.3 a), the electrolyte 

ILlow containing the lowest iodine concentration (0.03 M) exhibits a peak at 

110 cm
–1

, attributed to the symmetrical stretch vibration of the I3
–
. An almost 

equally strong and wide shoulder at around 150 cm
–1

 can also be observed, 

which can be ascribed to the asymmetrical stretch vibration mode from the I-I-
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adduct, such as [I-I-(I)x for polyiodides or I-I-(NR) for nitrogen-containing 

additives]. This implies that a major part of iodine added to the electrolyte 

ILlow is present as I-I-adducts, either in the form of I-I-(I)x or I-I-(NR), rather 

than the I3
–
.  
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Figure 3.3 Raman spectra of electrolyte solution with different iodine concentrations: 

a) IL-based electrolytes: ILlow (red), ILmed (blue) and ILhigh (green); b) AN-based 

electrolytes: ANlow (red), ANmed (blue) and ANhigh (green). 
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The general feature observed for the ANlow is the same. However, the peak at 

110 cm
–1

 is significantly stronger with respect to the shoulder at higher 

wavenumbers, as shown in Figure 3.3 b), highlighting that the chemically 

available amount of triiodide is higher in the electrolyte ANlow in comparison 

to the electrolyte ILlow. This phenomenon mirrors that the difference in Jsc 

observed between the electrolytes ILlow and ANlow could be attributed to not 

only the mass-transport limitation of the I3
–
, but the chemical availability of the 

I3
–
 in the electrolytes as well.  

Upon increase of the iodine concentrations in the IL-based electrolytes (0.03 M 

→ 0.2 M → 0.5 M), the triiodide peak is found to be 2 times and 4-5 times 

stronger than the shoulder, respectively, as shown in Figure 3.3 a), indicating 

that more triiodide is present in the IL-based electrolytes with higher iodine 

concentrations. It has also been proposed that a Grotthuss-type mechanism can 

partially facilitate the transport of I3
–
 in IL electrolytes, when high 

concentrations of iodide and triiodide are present.
22

 Moreover, addition of the 

iodine to the electrolyte could also lead to a decrease of viscosity of the 

electrolyte.
84

 The optimal Jsc amid the three IL-based electrolytes at higher 

light intensities is obtained by the electrolyte ILmed containing 0.2 M iodine 

(Figure 3.1).  

Although the Jsc is improved by adding more iodine to the IL-based electrolyte, 

the Jsc values obtained by the electrolyte ILmed is still substantially lower than 

the corresponding values for the electrolyte ANlow, especially at higher light 

intensities, see Figure 3.1.  One major reason for this lower Jsc achieved by the 

electrolyte ILmed could be attributed to visible light absorption by the I3
–
, the 

absorption tail of which extends to up to 500 nm. This light absorption severely 

interferes the light harvesting efficiency of the dye molecules. Yanagida et al. 

reported that approximately 13% of the reduction in the Jsc arises from the light 

absorption by the I3
–
 in IL-based electrolytes.

84
  

Another reason for this decrease of the Jsc achieved by the electrolyte ILmed 

lies in the fact that additional iodine to the electrolyte results in more electron 

recombination between the injected photoelectron in the TiO2 and the I3
–
. As 

shown in Figure 3.4, at a given electrochemical potential in the TiO2 (EF,n, or 

quasi-fermi level), the increase of the iodine to the IL-based electrolyte from 
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0.03 M to 0.2 M indeed leads to a dramatic decrease in electron lifetimes, by a 

factor of 2.5, most likely decreasing the charge collection efficiency.  

Above all, the additional visible light absorption and electron recombination 

losses originating from the higher iodine concentration used in IL-based 

electrolyte significantly diminish the light harvesting efficiency together with 

charge collection efficiency, and thereby the short-circuit photocurrent relative 

to the AN-based electrolyte ANlow, although the higher iodine concentration 

partly compensates the aforementioned mass-transport limitation and chemical 

availability problems. 
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Figure 3.4 Electron lifetime as a function of electrochemical potential of TiO2 for IL-

based electrolytes: ILlow (red), ILmed (blue) and ILhigh (green). 
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3.3. Incompletely Solvated Ionic Liquids as Electrolyte Solvents 

(Paper II)  

 

 

 

 

Figure 3.5 Schematic illustration of ISIL. 

 

 

Mixtures between ionic liquids and molecular solvents exhibit interesting 

physical and chemical properties that deviate from their parent components. At 

low concentrations or molar ratios of the molecular solvent, the mixture in 

most aspects chemically behaves like an ionic liquid as long as the number of 

solvent molecules are insufficient to fully solvate the ions of the salt. In such 

mixtures, molecular solvent molecules act as fairly inert spectators to the 

chemistry of the ionic components, and are expected to improve the viscosity 

of the mixtures, thus an increase of ion mobility. Of particular interest is that 

the vapor pressure of the mixture, or incompletely solvated ionic liquids 

(ISILs), is expected to be considerably lower than the corresponding molecular 

solvent. With these perspectives in mind, the concept of ISILs has been 

introduced as a new type of electrolyte solvent for DSCs. The IL, EMITCB 

and the volatile organic solvent AN have been chosen as the component 

solvents in the ISIL-based electrolytes. The compositions of different 

electrolytes studied in this work are listed in Table 3.1. 
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Table 3.1 Electrolyte compositions tested in DSC devices. 

Electrolytes Components Solvent 

IL 0.1 M I2, 1 M DMII, 0.1 M GSCN and 0.5 M NBB IL ( EMITCB) 

ISIL-1 0.1 M I2, 1 M DMII, 0.1 M GSCN and 0.5 M NBB IL:AN = 1:1 (v/v) 

ISIL-2 0.2 M I2, 1 M DMII, 0.1 M GSCN and 0.5 M NBB IL:AN = 1:1 (v/v) 

ISIL-3 0.1 M I2, 1 M DMII, 0.1 M GSCN and 0.5 M NBB IL:AN = 2:1 (v/v) 

ISIL-4 0.1 M I2, 1 M DMII, 0.1 M GSCN and 0.5 M NBB IL:AN = 1:2 (v/v) 

AN 0.03 M I2, 1 M DMII, 0.1 M GSCN and 0.5 M NBB AN 

*
DMII, 1,3-dimethylimidazolium iodide; EMITCB, 1-ethyl-3-methylimidazolium tetracyanoborate; GSCN, 

guanidinium thiocyanate; NBB, N-butylbenzoimidazole; AN, acetonitrile. 

 

The electrolytes IL and ISIL-1, consisting of the same components except for 

the solvents, were first investigated. Note that the iodine concentration (0.1 M) 

used in these two electrolytes is only half of the typically used amount in IL-

based electrolytes. The photovoltaic characteristics of DSCs containing the 

electrolytes ISIL-1 and IL are listed in Table 3.2. It is notable that the Jsc, Voc 

and FF for DSCs containing the electrolyte IL are all found to be lower than 

those for the electrolyte ISIL-1, in particular, for the Jsc and FF. These data 

again imply the previously highlighted mass-transport limitation problem for 

the IL-based electrolyte, arising from the relatively high viscosity of the IL. As 

shown in Table 3.2, the diffusion coefficient of triiodide for the electrolyte 

ISIL-1 is determined to be 3.63 × 10
–6

 cm
2
·s

–1
, which is almost 5 times higher 

than that for the electrolyte IL (6.17 × 10
–7

 cm
2
·s

–1
). This result highly 

indicates that the solvation effect of adding the organic solvent AN to the pure 

IL makes the mass-transport limitation less of a problem in the electrolyte 

ISIL-1 in contrast to the electrolyte IL. Consequently, DSCs containing the 

electrolyte ISIL-1 give higher Jsc and FF under full sun light irradiation, thus 

giving a much higher overall conversion efficiency (η) (30% higher) in 

comparison to that of the pure electrolyte IL.  

 



   25 

Table 3.2 Photovoltaic parameters of DSCs containing different electrolytes studied 

under the illumination of AM 1.5 G full sunlight. 

Electrolytes DI3
–
  

(cm
2
·s

–1
) 

Voc (V) Jsc (mA/cm
2
) FF η (%) 

IL 6.17 × 10
–7

 0.66 9.90 0.63 4.10 

ISIL-1 3.63 × 10
–6

 0.68 11.70 0.68 5.40 

ISIL-2 3.65 × 10
–6

 0.65 10.70 0.72 5.00 

ISIL-3 2.33 × 10
–6

 0.67 11.66 0.67 5.29 

ISIL-4 5.96 × 10
–6

 0.67 12.01 0.71 5.70 

AN ― 0.72 13.00 0.70 6.50 

*
 The TiO2 film thickness was ~11 µm; Dye N-719 solution was 0.3 mM in ethanol and sensitization 

time was at least 12 hours. 

 

For comparison, the performance using a higher iodine concentration, 0.2 M, is 

also tested in ISIL-based electrolytes (ISIL-2). 0.2 M iodine is the typical 

iodine concentration used in IL-based electrolytes, which shows the optimal 

photovoltaic performance, as previously discussed in section 3.2. The diffusion 

coefficient of triiodide in the electrolyte ISIL-2 is determined to be 3.65 × 10
–6

 

cm
2
·s

–1
, which is equivalent to that of electrolyte ISIL-1 (3.63 × 10

–6
 cm

2
·s

–1
). 

Again, this phenomenon strongly implies that the mass-transport limitation 

becomes less of a problem in the ISIL-based electrolytes, owing to the 

solvation effect of adding the organic solvent AN to the pure IL solvent. The 

higher iodine used in the electrolyte ISIL-2 gives rise to lower Voc and Jsc.  

These I-V results highlight the previously discussed negative effects of the 

extra and undesired electron recombination as well as light absorption losses 

originating from the additional iodine in the electrolytes. When the mass-

transport limitation becomes less significant in ISIL-based electrolytes, a lower 

iodine concentration is more favorable. Thus, the η of DSCs incorporating the 

electrolyte ISIL-1 with a lower iodine concentration outperforms that for the 

electrolyte ISIL-2. Benefiting from the more pronounced solvation effect, 
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DSCs based on the electrolyte ISIL-4 show the highest overall conversion 

efficiency of 5.7% amid these ISIL-based electrolytes investigated, which can 

even rival that of a standard AN-based electrolyte AN (6.5%).  

As discussed previously, of great importance for the ISILs is the potentially 

lower vapor pressure. Stability tests in this sense were carried out for DSCs 

based on the electrolytes AN, ISIL-4 and IL under light soaking for 1000 

hours. As shown in Figure 3.6, the efficiency of DSCs containing the 

electrolyte AN dramatically deteriorates over time, retaining less than half of 

its initial efficiency after 1000 hours. The DSCs containing the electrolyte 

ISIL-4, however, shows excellent stability during the time of investigation in 

spite of the rather high vapor pressure of AN. They retain almost 80% of their 

initial efficiency matching the stability of DSCs based on the electrolyte IL. 

The ILs are the typically preferred choice of electrolyte solvents for long-term 

stability tests and have shown the best durability so far.
17, 31

  

The excellent stability for DSCs containing ISIL-based electrolytes can be 

largely attributed to the potentially lower vapor pressure obtained through the 

addition of an excess of IL to the volatile organic solvent. Vapor pressure 

measurements were implemented to further confirm this hypothesis. As shown 

in Figure 3.7, the vapor pressure of the mixed solvent for the electrolyte ISIL-

4 (AN:IL = 2:1, v/v) is indeed substantially lower than that for the pure organic 

solvent AN at a given temperature, which is in a good agreement with the 

similar phenomenon observed previously for other binary systems containing 

organic solvents and ILs.
85
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Figure 3.6 Efficiency variations with time for DSCs based on the electrolytes AN 

(blue), ISIL-4 (red) and IL (green) under illumination for 1000 hours. 
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Figure 3.7 Vapor pressures for the solvents of the electrolytes AN, ISIL-1, ISIL-4 

and IL measured at 50 °C. 

 

3.4. Additive Effects in Ionic Liquid Electrolytes for DSCs  

(Paper III) 

Additives in the electrolytes play a significant role in determining the 

photovoltaic characteristics, and thereby the overall conversion efficiency of 

DSCs. Normally, two kinds of additives, GSCN or nitrogen heterocyclic 

compounds such as N-alkylbenzimidazole, have been empolyed to optimize the 

photovoltaic performance for DSCs based on IL electrolytes. The state-of-the-

art DSCs based on IL electrolytes typically incorporate GSCN and N-

alkylbenzimidazole additives simultaneously in the electrolytes.
17, 31

 In this 

sense, the effects of GSCN and N-methylbenzimidazole (MBI) on the 

photovoltaic performance of DSCs based on IL electrolytes have been 

elucidated. The compositions of four IL-based electrolytes containing different 

additives and the I-V characteristics of DSCs based on these electrolytes are 

summarized in Table 3.3 and Figure 3.8, respectively.  
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Table 3.3 The compositions of IL-based electrolytes with different additives 

 in DSC devices. 

Electrolytes Compositions 

ILPURE 0.2 M I2,1 M PMII in EMITCB 

ILGSCN 0.2 M I2, 1 M PMII, 0.1 M GSCN in EMITCB 

ILMBI 0.2 M I2, 1M PMII, 0.5 M MBI in EMITCB 

ILBOTH 0.2 M I2,1M PMII, 0.1 M GSCN, 0.5 M MBI in EMITCB 

* PMII, 1-propyl-3-methylimidazolium iodide. 
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Figure 3.8 I-V characteristics for DSCs based on different electrolytes measured 

under illumination of 100 mW/cm2 AM 1.5 G: ILPURE (black), ILGSCN (blue), ILMBI 

(green) and ILBOTH (red). The TiO2 film thickness was ~11 µm, Dye N-719 solution 

was 0.3 mM in AN/tert-butyl alcohol (volume ratio, 1:1); Sensitization time was at 

least 12 hours. 
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In Figure 3.8, it can be clearly observed that, upon addition of the GSCN into 

the electrolyte ILPURE which contains no additives, results in a dramatic 

increase in the Jsc, being the highest value of Jsc among the IL-based 

electrolytes studied. The extracted charge measurements, as shown in Figure 

3.9, show that the addition of GSCN to the electrolyte ILPURE causes the CB in 

the TiO2 to shift ca. 30 mV towards more positive potentials at the same 

electron concentration in the TiO2 film. This downward shift of CB most likely 

increases the electron injection yield from the excited state of the sensitizing 

dye to the CB of TiO2, leading to a significant enhancement of Jsc, which is in a 

good accordance with the result reported previously.
74
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Figure 3.9 Extracted charge under open-circuit conditions as a function of open-

circuit voltage; IL-based electrolytes with different additives: ILPURE (black), ILGSCN 

(blue), ILMBI (green) and ILBOTH (red). 

 

Upon addition of MBI to the electrolyte ILPURE, Voc is remarkably increased by 

ca. 100 mV relative to that for the electrolyte ILPURE, as presented in Figure 

3.8. Extracted charge measurements (Figure 3.9) demonstrate that the addition 

of MBI to the electrolyte ILPURE causes the CB to move ca. 30 mV towards 
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more negative potentials at the same electron concentration in the TiO2 film. 

The electron lifetime as presented in Figure 3.10, at the same time, is increased 

by a factor of ~9 upon addition of MBI to the electrolyte ILPURE. As described 

previously in section 2.1, the Voc of DSCs is defined as the difference between 

the quasi-fermi level of the electrons in the mesoporous TiO2 film (EF,n) and the 

redox potential of the electrolyte. The EF,n is dependent on both of the position 

of CB and electron concentration in the CB of the TiO2. Therefore, such a 

significant enhancement in Voc of ca. 100 mV observed for the electrolyte 

ILMBI could be mainly attributed to the combined effect of the negative shift of 

the CB and a higher electron concentration in the CB under open-circuit 

conditions. 
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Figure 3.10 Electron lifetime as a function of open-circuit voltage; IL-based 

electrolytes with different additives: ILPURE (black), ILGSCN (blue), ILMBI (green) and 

ILBOTH (red). 

 

As shown in Figure 3.8, an even more remarkable enhancement in Voc of ca. 

150 mV can be found for the electrolyte ILBOTH in comparison to that for the 

electrolyte ILPURE, when both GSCN and MBI are added simultaneously to the 

electrolyte ILPURE. A further negative shift of the CB is observed for the 



   31 

electrolyte ILBOTH as shown in Figure 3.9. The reason for this further negative 

shift of the CB is not so clear, and needs to be further studied in the future. 

Meanwhile, the electron lifetime for the electrolyte ILBOTH is further increased 

by a factor of ~2 relative to the electrolyte ILMBI at a given Voc, mainly because 

of an even more efficient surface passivation of the recombination reaction at 

the TiO2/electrolyte interface. Again, the collective effect of the negative shift 

of the CB and an increase in the electron concentration in the CB result in the 

highest Voc for the electrolyte ILBOTH. The highest overall conversion 

efficiency is achieved by the electrolyte ILBOTH amid all the IL-based 

electrolytes investigated, arising from the highest Voc in combination with a 

decent Jsc (see Table 1 in Paper III). 

 

3.5. Conclusions 

The effects of varied iodine concentrations in IL-based electrolytes have been 

investigated. A higher iodine concentration than those used in organic solvent 

electrolytes is required in IL-based electrolytes to maintain sufficient charge 

transport in the electrolyte, at the expense of more and unwanted additional 

visible light absorption as well as electron recombination losses linked to a 

worse photovoltaic performance. Incompletely solvated ionic liquids (ISILs) 

have been introduced as electrolyte solvents to improve the mass-transport 

limitation problem of pure IL-based electrolytes for DSCs. ISIL-based 

electrolyte systems have proved to be a promising alternative for DSCs 

combining excellent efficiency with excellent long-term stability. A significant 

synergistic effect is observed when both N-methylbenzimidazole and 

guanidinium thiocyanate are used together in ionic-liquid based electrolytes, 

leading to an optimal photovoltaic performance, mainly because of a more 

efficient surface passivation of the electron recombination reactions at the 

TiO2/dye/electrolyte interface. 
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4.  

Alternative Iodine-Free Redox Couples in 

Liquid Electrolytes for DSCs 

(Paper IV-VI) 

4.1. Introduction 

A redox couple in a liquid electrolyte plays a central role for dye regeneration 

and charge transfer between the two electrodes. Since the breakthrough paper
6
, 

the iodide/triodide system has been used, and proved so far to be one of the 

most versatile redox couples in DSCs combining high overall conversion 

efficiency and good long-term stability. However, some of the undesirable 

drawbacks of the iodide/triodide system severely restrict the further 

improvement of the performance and application use of DSCs, for instance, 

large energy losses for dye regeneration associated with a limited photovoltage, 

light absorption of the triiodide in the part of the visible light spectrum 

interfering with the light harvesting efficiency of the dye, and moreover, the 

corrosiveness towards many metals by iodine itself. It is therefore highly 

necessary to replace iodide/triodide system with an alternative substituent.  

Tetrathiafulvalene (TTF) and thiolate/disulfide systems [2-mercapto-5-methyl-

1,3,4-thiadiazole (McMT) derivatives] have been extensively investigated due 

to their unique electrochemical behaviors. Of particular interest is that their 

redox potentials both fit well the energy/potential range of a suitable redox 

mediator in a DSC. With this respect, these two sulfur-based systems, TTF and 

McMT
–
/BMT (Figure 4.1) have been empolyed as organic iodine-free redox 

couples in DSCs, and compared with the traditionally used iodide/triodide 

systems. In this section, the influences of the intrinsic properties of these 

alternative redox couples on the photovoltaic characteristics of the DSCs will 

be discussed in comparison with the iodide/triodide system, from which some 

insights into identifying an efficient alternative redox couple are extracted. 
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Figure 4.1 Structures of TTF and McMT–/BMT. 

 

4.2. Factors limiting the Short-circuit Current for a Redox 

Couple (Paper IV and V) 

TTF-based electrolyte (ET) has been initially compared with an iodine-based 

electrolyte EI-1 in DSCs in combination with an organic dye D35
86

. The 

electrolyte compositions and the I-V characteristics of DSCs based on these 

two electrolytes are presented in Table 4.1 and Figure 4.2, respectively. It can 

be observed that the Jsc of DSCs containing the electrolyte ET is only 

approximately 1/3 of the corresponding value for the electrolyte EI-1 under 1 

sun irradiation. The IPCE spectra of the DSCs based on these two electrolytes 

are shown in Figure 4.3. Electrolyte EI-1 shows a much higher maximum IPCE 

value of over 80% from 400 nm to 520 nm and broader IPCE active range in 

comparison to the electrolyte ET, resulting in the much higher Jsc observed for 

this electrolyte. As shown in Figure 4.4, the UV-vis spectra of these two 

electrolytes clearly show that the electrolyte ET has a much stronger light 

absorption in the visible light range than the electrolyte EI-1. Light absorption 

by the electrolyte strongly interferes with dye absorption, resulting in lower 

light harvesting efficiency of the dye in DSCs as discussed previously for the 

iodine concentration effect in IL-based electrolyte in the section 3.2. As a 

consequence, the lower Jsc observed for the electrolyte ET could partly be 

attributed to its stronger light absorption in the wavelengths below 500 nm. 



   34 

 

Table 4.1 Electrolyte compositions tested in DSC devices based on different redox 

couples. 

Electrolytes Compositons 

ET 0.2 M TTF, 0.02 M NO[BF4], 0.1 M  lithium triflate and 0.5 M 4-TBP in AN 

EI-1 0.2 M PMII, 0.02 M I2, 0.1 M lithium triflate and 0.5 M 4-TBP in AN 

ES 0.2 M McMT
–
, 0.2 M BMT, 0.05 M LiClO4 and 0.5 M 4-TBP in AN/EC(6/4, v/v) 

EI-2 0.2 M TBAI, 0.2 M I2, 0.05 M LiClO4, 0.5 M 4-TBP in AN/EC (6/4, v/v) 

*
NO[BF4], nitrosonium tetrafluoroborate; TBAI, tetrabutylammonium iodide. 
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Figure 4.2 I-V characteristics for DSCs based on the electrolytes ET (red) and EI-1 

(blue), measured under illumination of 100 mW/cm2 AM 1.5 G. The TiO2 film 

thickness was ~6 µm; Dye D35 solution was 0.2 mM in ethanol; Sensitization time 

was at least 12 hours. 
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Figure 4.3 IPCE-spectra for DSCs based on the electrolytes ET (red) and EI-1 (blue). 
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Figure 4.4 UV-vis spectra for the electrolytes ET (red) and EI-1 (blue). 



   36 

The electrolyte based on McMT
–
/BMT (ES) has also been investigated in 

DSCs using an organic dye TH305
87

, in comparison with its counterpart 

electrolyte (EI-2) incorporating the iodide/triiodide. The electrolyte 

compositions and the I-V characteristics of the DSCs based on these two 

electrolytes are exhibited in Table 4.1 and Figure 4.5, respectively. A higher Jsc 

can be observed for the electrolyte ES as shown in Figure 4.5. The IPCE 

spectra of DSCs based on these two electrolytes are presented in Figure 4.6, 

showing much higher IPCE values for the electrolyte ES than for the 

electrolyte EI-2 between 350 nm and 500 nm. UV-vis spectra, as shown in 

Figure 4.7, further confirms that the electrolyte ES only has weak absorption 

below 400 nm. However, the electrolyte EI-2 has much stronger absorption up 

to 500 nm due to the presence of triiodide in the electrolyte. The weak 

absorption in the visible light part of the spectrum for the electrolyte ES most 

likely improves the light harvesting efficiency of the sensitizer, thus resulting 

in an increase of the Jsc observed for such electrolyte.  
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Figure 4.5 I-V characteristics for DSCs based on the electrolytes ES (red) and EI-2 

(blue), measured under illumination of 100 mW/cm2 AM 1.5 G. The TiO2 film 

thickness was ~10 µm; Dye TH305 solution was 0.2 mM in dichloromethane; 

Sensitization time was 2 hours. 
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Figure 4.6 IPCE-spectra for DSCs based on the electrolytes ES (red) and EI-2 (blue). 
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Figure 4.7 UV-vis spectra for the electrolytes ES (red) and EI-2 (blue). 
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Above all, the visible light absorption by a redox couple in the electrolyte 

strongly interferes the amount of light harvested by the photosensitizer linked 

to a lower Jsc. The comparisons between alternative redox couple systems TTF 

and thiolate/disulfide with iodide/triiodide systems reiterate one of the main 

drawbacks of the iodide/triiodide system that the absorption of the triiodide in 

the visible light part significantly retards the further improvement of the Jsc, 

and also highlight the importance that a suitable alternative redox couple 

should be colorless, or have very weak visible light absorption. 
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Figure 4.8 Short-circuit current as a function of light intensities for DSCs based on 

the electrolytes ET (red) and EI-1 (blue). 100 mW/cm2, 50 mW/cm2 and 100 mW/cm2 

equal to 1 sun, 0.5 sun and 0.1 sun, respectively. 

 

Figure 4.8 shows the Jsc as a function of light intensities for DSCs based on the 

electrolytes ET and EI-1, respectively. The Jsc increases almost proportionally to 

the light intensities for the electrolyte EI-1, whereas a nonlinear dependence of 

the Jsc on the light intensities is observed for the electrolyte ET. Similar 

phenomena have also been observed for cobalt or copper-based redox couples 

previously.
60, 65

 This deviation of the Jsc especially under full sunlight 
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irradiation implies the mass-transport limitations of the redox species in the 

electrolyte ET. The diffusion of the redox species between the WE and CE is 

strongly correlated with other photoelectrochemical processes occurring at the 

TiO2/dye/electrolyte interface, and thus correlated with the photovoltaic 

characteristics of DSCs. Here, one requirement for an “ideal” redox couple 

mentioned previously in section 1.4.2 has been addressed once again that the 

diffusion properties of the redox species under full sunlight irradiation have a 

significant impact on the photocurrent. Furthermore, the mass-transport 

limitation problem associated with the diffusion resistance in the electrolyte 

also affects the FF, which will be discussed in the following section 4.4. 

 

4.3. Parameters Determining the Photovoltage for a Redox 

Couple (Paper IV and V) 

As shown in Figure 4.2, the Voc of DSCs containing the electrolyte ET is found 

to be around 200 mV lower than that of the electrolyte EI-1, even though the 

redox potential of TTF/TTF
+
(0.56 V vs. NHE) is more positive than that for I

–

/I3
–
 (0.35 V vs NHE

41
) as illustrated in Figure 4.9. Since the same additive 

concentrations are used in these two electrolytes, no band edge shift between 

these two systems is expected. One can deduce that this difference in the Voc 

between these two electrolytes should be mainly attributed to the amount of the 

electrons in the CB of TiO2. Electron lifetime as a function of electrochemical 

potential of TiO2 is presented in Figure 4.10, showing that the electron lifetime 

for DSCs containing the electrolyte ET is substantially lower than the 

corresponding value for DSCs with the electrolyte EI-1 at a given EF,n. This 

result implies that the oxidized redox component in the electrolyte ET 

recombines much faster with the photoinjected electrons at 

TiO2/dye/electrolyte interface, which agrees well with the results observed for 

other one-electron redox systems.
51, 62, 64-67

 This faster electron recombination 

results in the much lower Voc observed for the electrolyte ET.  
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Figure 4.9 Schematic energy diagram for DSCs based on different redox couples. 
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Figure 4.10 Electron lifetime as a function of electrochemical potential of TiO2: 

electrolytes ET (red) and EI-1 (blue). 
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In stark contrast, DSCs containing the electrolyte ES shows a comparable Voc 

(only ~10 mV lower) with respect to the electrolyte EI-2, in spite of the fact that 

the redox potential of the electrolyte EI-2 is more positive (~200 mV) than that 

of the electrolyte ES (0.15 V vs. NHE) as depicted in Figure 4.9. As discussed 

previously, this difference in the Voc observed could be largely ascribed to the 

electron concentration in the CB of TiO2 as no band edge shift between these 

two systems is expected. This assumption gains supports from the electron 

lifetime measurements as shown in Figure 4.11. At a given Qoc, the electron 

lifetime for DSCs containing the electrolyte ES is indeed much longer than the 

corresponding value for the electrolyte EI-2, being higher by a factor of about 

five. As a consequence, not only the redox potential of the electrolyte ES is 

shifted towards negative potentials, but the EF,n is shifted to negative values as 

well (Figure 4.12). This slightly more negative potential of the EF,n for the 

electrolyte ES partially compensates the redox potential difference between 

these two redox couples, thereby resulting in a slightly lower Voc. 
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Figure 4.11 Electron lifetime as a function of extracted charge under oper-circuit 

conditions: electrolytes ES (red) and EI-2 (blue). 
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Figure 4.12 Extracted charge as a function of electrochemical potential of TiO2: 

electrolyte ES (red) and EI-2 (blue). 

 

It is worth noting here that not only the redox potential of an alternative redox 

couple needs to be considered, but an intrinsic relatively slow recombination 

kinetics is also more preferable in order to significantly enhance the 

photovoltage. By correlating the different behaviors in voltages observed for 

these two redox couple systems with the lessons we have learned from 

successful one-electron alternative redox couples reported recently
10, 64-67, 88

, 

one implication that can be extracted is that the formal redox potential of a 

suitable alternative redox couple must be much more positive than the 

iodide/triiodide system to sufficiently compensate the electron recombination 

losses, thereby leading to a net gain of open-circuit voltage and eventually an 

enhanced overall conversion efficiency. 
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4.4. The Influences of the Charge-transfer Resistance at the 

Counter Electrode and Diffusion Resistance on the Fill 

Factor (Paper I, V and VI) 

Mass-transport limitations of the redox species in the electrolyte are strongly 

related to a high diffusion resistance of the electrolyte (Rdif), which 

substantially reduces the FF.
42

 From Figure 3.2 in the section 3.2 and I-V 

parameters (Table 1 in Paper I), it can be seen that the electrolyte ILmed with a 

higher iodine concentration exhibits a considerably lower Rdif with respect to 

the electrolyte ILlow (Figure 3.2), leading to an increase of the FF. This result 

indicates that the Rdif has a dramatic impact on the improvement of FF. In 

addition to the Rdif, the charge-transfer resistance at the CE (RCE) also needs to 

be considered, and also has a significant impact on the FF. One surprising and 

unexpected observation from the comparison between the electrolytes ES and 

EI-2 is that DSCs with the electrolyte ES give higher Jsc and comparable Voc, 

but a lower η owing largely to the much lower FF relative to that for the 

electrolyte EI-2 (Figure 4.5 and I-V data shown in Paper V). From the EIS 

measurements shown in Figure 4.13, the RCE for the electrolyte ES amounts to 

(~640 Ω), which is far higher than the corresponding value for the electrolyte 

EI-2 (~8 Ω). This difference in RCE probably causes the much lower FF 

observed for the electrolyte ES, also reflecting that the platinum seems not to 

be an optimal catalyst at the CE for the reduction of the oxidized species in the 

electrolyte ES.  
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Figure 4.13 Impedance spectra for DSCs based on the electrolytes ES (red) and EI-2 

(blue) under an illumination condition. 
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The organic polymer, poly (3,4-ethylenedioxythiophene) (PEDOT), has shown 

good charge-transfer properties, and has been intensively investigated as CE 

materials for DSCs.
89, 90

 PEDOT, in this sense, has been adopted as the CE 

material for the thiolate/disulfide system. Figure 4.14 displays the I-V 

characteristics of DSCs based on the electrolyte ES using PEDOT and 

platinized FTO CEs, respectively. DSCs based on PEDOT CEs shows 

comparable Jsc and Voc with respect to those using platinized FTO CEs. The 

FF, however, is strikingly improved by using PEDOT CEs from 0.5 to 0.65, 

leading to a surprisingly high efficiency of 6.0%. This high efficiency could 

even rival that for a state-of-the-art iodine-based electrolyte in the system 

studied (7.3%). The EIS results, as shown in Figure 4.15, further illustrate that 

the RCE (~45 Ω) for the PEDOT CEs is considerably lower than the 

corresponding value for platinized FTO CEs, amounting to ~355 Ω. This result 

strongly implies that the reductions of the disulfide forms on the surface of 

PEDOT CEs is much more favorable, with a faster charge-transfer rate relative 

to the platinized FTO CEs. It also highlights that a faster reduction of the 

oxidized species at the CE is also of great significance regarding the 

improvement of the fill factor for the optimization of an alternative redox 

couple.  
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Figure 4.14 I-V characteristics for DSCs based on the electrolyte ES using different 

CEs: PEDOT (red) and Pt (blue). 
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Figure 4.15 Thin-layer cells based the CE//electrolyte//CE system for the electrolyte 

ES with 0 V bias voltage: PEDOT (red) and Pt (blue). 

 

4.5. Conclusions 

The TTF and thiolate/disulfide systems have been investigated as alternative 

redox couples, and compared with the traditionally used iodide/triiodide 

systems in DSCs. The short-circuit currents are found to be rather low for the 

electrolyte containing TTF, which could be mainly attributed to the stronger 

visible light absorption, combined with higher diffusion resistance in the 

electrolyte. In stark contrast, the thiolate/disulfide system yields a much higher 

photocurrent owing largely to the weak light absorption in the visible light 

region. Different behaviors in the photovoltages are observed for these two 

redox systems in comparison to the iodine systems, highlighting that both the 

redox potential of a redox couple and electron recombination kinetics need to 

be taken into consideration to further improve the photovoltage. PEDOT has 

been successfully applied as counter electrode materials in the 

thiolate/disulfide system, resulting in a substantially lower charge-transfer 

resistance at the counter electrodes with respect to the platinized ones. The fill 

factor is significantly improved for PEDOT counter electrodes, consequently 

leading to a much higher overall conversion efficiency in such DSCs. 
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5.  

Cation effects in Liquid Electrolytes 

(Paper VII) 

 

5.1. Introduction 

In addition to a redox couple, various additives have also been introduced into 

the liquid electrolytes, mainly dedicated to the optimization of the photovoltaic 

performances in DSCs. As described previously in the section 1.4.3, one kind 

of the most frequently used additives contain specific cations, for instance, 

guanidinium cations (G
+
) or alkali cations, i.e. Li

+
 or Na

+
. Specific cations 

have been claimed to be adsorbed onto the surface of the TiO2. The adsorption 

of such cations have been found to exert significant impacts on the 

modification of the semiconductor surface charges linked to the shift of the CB 

in TiO2, and on the surface passivation associated with electron recombination 

kinetics, thereby affecting the photovoltaic performances of DSCs. In this 

following section, cation effects of Li
+
, Na

+
 and G

+
 in liquid electrolytes on the 

photovoltaic characteristics of DSCs will be scrutinized.  

 

5.2. Influences of Cations in the Electrolytes on the Short-circuit 

Current 

The cation effects of Li
+
, Na

+
 and G

+
 on the Jsc have been first investigated on 

the basis of a state-of-the-art MPN based electrolyte. Four electrolyte 

compositions have been tested in the study. Electrolyte M is a state-of-the-art 

MPN-based electrolyte, consisting of 1 M DMII, 0.15 M iodine, 0.1 M GSCN 

and 0.5 M NBB in MPN. Electrolytes Li
+
, Na

+
 and G

+
 were made by adding 

additional 0.1 M LiI, NaI and Guanidinium iodide (GI) into the electrolyte M, 

respectively. The I-V characteristics of DSCs containing these four electrolytes 

are presented in Table 5.1 and Figure 5.1, respectively, clearly showing that 

upon addition of cations into the electrolyte M, the Jscs of DSCs containing the 

electrolytes Li
+
, Na

+
 and G

+
 are all found to be much higher than that for the 

electrolyte M. DSCs containing the electrolyte Li
+
 shows the highest Jsc 
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amongst the electrolytes tested, which is over 15% higher than that of the 

electrolyte M. There is no significant difference of Jsc between the electrolytes 

Na
+
 and G

+
, being slightly lower values as compared to that for the electrolyte 

Li
+
.  

Table 5.1 Photovoltaic parameters of DSCs containing electrolytes with different 

cations measured under the illumination of AM 1.5 G full sunlight. 

Electrolytes Voc (mV) Jsc (mA/cm
2
) FF η (%) 

M 
630 9.18 0.73 4.2 

Li
+
 

615 10.60 0.70 4.6 

Na
+
 

620 10.20 0.71 4.5 

G
+
 

640 10.20 0.71 4.7 

*
The TiO2 film thickness was ~11 µm; Dye N-719 solution was 0.3 mM in ethanol; Sensitization time 

was at least 12 hours. 
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Figure 5.1 I-V characteristics for DSCs based on electrolytes containing different 

cations measured under illumination of 100 mW/cm2 AM 1.5 G sunlight: electrolyte 

M (black), electrolyte Li+ (blue), electrolyte Na+ (green) and electrolyte G+ (red). 
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The IPCE spectra for DSCs based on these four electrolytes are shown in 

Figure 5.2. DSCs containing the electrolyte M show the lowest maximum 

IPCE value among the electrolytes studied. DSCs containing the electrolytes 

Li
+
, Na

+
 and G

+
 all present higher maximum IPCE values than that for the 

electrolyte M. The highest maximum IPCE value is obtained by DSCs 

incorporating the electrolyte Li
+
 amongst the electrolytes tested. In order to 

identify the origin of this enhancement of Jsc after adding additional cations 

into the electrolyte, charge extraction measurements were carried out. Figure 

5.3 presents the extracted charge Qoc as a function of Voc for DSCs containing 

these four different electrolytes, respectively. It clearly demonstrates that, at a 

given Qoc, the CB of the TiO2 for DSCs containing the electrolytes Li
+
, Na

+
 

and G
+
 all shift towards positive potentials in contrast to the electrolyte M. 

This downward shift of the CB in the TiO2 probably increases the electron 

injection yield from the excited state of the sensitizing dye to the CB of TiO2. 

The higher electron injection yield most likely results in the significant 

enhancements of the Jsc for the electrolytes incorporating additional cations 

Li
+
, Na

+
 and G

+ 
as reported previously.

68, 73, 74
 The effect of Li

+
 is more 

pronounced and shows a larger positive position shift of the CB in the TiO2, 

thus resulting in a higher Jsc in comparison to Na
+
 and G

+
. 
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Figure 5.2 IPCE-spectra for DSCs based on electrolytes containing different cations 

studied: electrolyte M (black), electrolyte Li+ (blue), electrolyte Na+ (green) and 

electrolyte G+ (red). 
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Figure 5.3 Extracted charge under open-circuit conditions as a function of open-

circuit voltage: electrolyte M (black), electrolyte Li+ (blue), electrolyte Na+ (green) 

and electrolyte G+ (red). 

 

5.3. Influences of Cations in the Electrolytes on the Open-circuit 

Voltage 

It is interesting to note that DSCs containing the electrolytes Li
+
 and Na

+
 both 

exhibit slightly lower Voc than that for the electrolyte M, as shown in Table 5.1 

and Figure 5.1. However, a slight improvement of the Voc is found for DSCs 

containing the electrolyte G
+
 in comparison to the electrolyte M. As additional 

cations are not expected to have significant impact on the redox potentials of 

the electrolytes according to the potentiometric results shown in Paper III, the 

differences in Voc observed could be mainly attributed to two factors: the 

position of the CB of TiO2 and the number of electrons in the CB of TiO2. 

Figure 5.4 shows the electron lifetime as a function of extracted charge for 

DSCs containing different electrolytes studied. Upon addition of cations into 

the electrolyte, electron lifetimes are all found to be longer for DSCs 

incorporating the electrolytes Li
+
, Na

+
 and G

+
 in comparison to that for the 

electrolyte M. As shown in Figure 5.3, due to the positive shift of the CB of the 
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TiO2, the Voc of DSCs incorporating the electrolyte Li
+
 would be lower ca. 100 

mV in comparison to that for the electrolyte M, if the electron density in the 

CB of TiO2 is not taken into account. However, the electron lifetime for DSCs 

containing the electrolyte Li
+
 are shown to be almost twice as high as that for 

the electrolyte M. This much longer electron lifetime partially compensates the 

positive shift of the CB in the TiO2 for the electrolyte Li
+
, resulting in a slight 

decrease of 15 mV in Voc as compared to the electrolyte M, which is in a good 

agreement with previous result.
9
 A similar phenomenon is also observed in the 

case for the electrolyte Na
+
. The collective effect of longer electron lifetime 

and positive shift of the CB in the TiO2 causes a slight decrease of 10 mV in 

Voc in contrast to the electrolyte M. The Voc results observed for the electrolytes 

Li
+
 and Na

+
 indicate that the more downward shift of the CB plays a dominant 

role in determining the eventual Voc. By stark contrast, in the case of the DSCs 

containing the electrolyte G
+
, the much longer electron lifetime 

overwhelmingly compensates the less positive shift of the CB in the TiO2, 

leading to a slight improvement of 10 mV in Voc with respect to that for the 

electrolyte M. Consequently, DSCs incorporating the electrolyte G
+
 exhibits 

the highest Voc amongst all the electrolytes investigated. 
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Figure 5.4 Electron lifetime as a function of extracted charge for DSCs based on 

different electrolytes: electrolyte M (black), electrolyte Li+ (blue), electrolyte Na+ 

(green) and electrolyte G+ (red). 
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5.4. Collective Cation Effects on the Overall Conversion 

Efficiency 

From the I-V parameters of DSCs based on these four electrolytes as presented 

in Table 5.1, it can be observed that upon addition of cations into the 

electrolyte, all the overall conversion efficiencies are found to be improved in 

comparison to that for the electrolyte M. In the cases for the electrolytes Li
+
 

and Na
+
, the dramatic enhancements of the Jsc greatly compensate the small 

losses of the Voc, which lead to slightly higher η than that for the electrolyte M. 

Alternatively, DSCs incorporating the electrolyte G
+
 exhibits the highest η 

among all the electrolytes studied, owing to the dual gains of both the Jsc and 

Voc with respect to the electrolyte M.  

These photovoltaic characteristic results indicate that the selection of the type 

of cations in liquid electrolytes affects the extent of movement of the 

conduction band edge position in the semiconductor linked to varied electron 

injection dynamics, and also on the electron recombination kinetics. Therefore, 

the choice of the type of cations plays an important role in determining the 

photovoltaic characteristics, and ultimately the overall DSC device 

performances. 

 

5.5. Conclusions 

The influences of different cations of lithium, sodium and guanidinium in the 

electrolytes on the photovoltaic characteristics for DSCs have been 

investigated. Upon addition of cations into the reference electrolyte, short-

circuit currents are all found to be significantly enhanced, largely due to the 

positive shift of the CB in the TiO2, probably resulting in an increase of the 

electron injection yield from the excited state of the sensitizing dye to the CB 

of TiO2. Different behaviors in the photovoltages are observed for different 

cations. The optimal overall conversion efficiency is obtained by the 

electrolyte with additional guanidinium cations, benefiting from the dual gains 

of both short-circuit current and open-circuit voltage relative to the reference 

electrolyte.  
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6.  

Concluding Remarks and Future Outlook 

Ionic liquids have emerged as promising stable electrolyte media in the last 15 

years. One of the most attractive properties of ionic liquids is their almost 

negligible vapor pressures, which makes encapsulation less of a problem. 

Looking back at the developments of ionic liquid electrolytes in the recent five 

years, one can easily discern that the record efficiencies of DSCs based on such 

media have only increased from 7% to barely 8%. One major reason has been 

the rather high viscosities of ionic liquids associated with mass-transport 

limitations. Such problems become critically significant under full sunlight 

irradiation, in particular when the photocurrents exceed 15 mA/cm
2
. These 

restrictions have severely limited the conversion efficiencies of ionic liquid-

based DSCs. The enhancement of DSC device efficiency has been a key issue 

to further cut the production cost from future application point of view. The 

strategy to explore less-viscous ionic liquids is the first priority to further 

enhance efficiencies; it remains a large challenge. The utilizations of the 

mixtures of ionic liquids and organic solvents appear to combine both of the 

advantages of their parent components, and perhaps offer possible solutions to 

achieve more efficient and stable DSC devices. 

 

As for the redox mediators, the cobalt, iron, thiolate/disulfide and copper 

systems appear to have the potential to successfully replace the ubiquitous 

iodide/triiodide systems from conversion efficiency point of view. 

Unfortunately, there have been no verified long-term durability results for 

these redox systems under light-soaking conditions. A stable redox mediator is 

equally important to make a robust DSC device system as a whole. From 

application use point of view, thorough investigations of these promising 

systems in ionic liquids or low-volatile electrolyte media therefore are highly 

recommended to be carried out regarding the long-term durability. Another 

underlying problematic issue in these one-electron systems hindering their 

further enhancements is that their intrinsic high recombination rates somewhat 

counteract the merits of the more positive potentials, in turn yielding lower 

photovoltages than expected. The strategies to effectively block the 
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semiconductor/dye/electrolyte interface appear to constitute another challenge. 

Nevertheless, the Science paper published by Grätzel’s group in 2011 certainly 

unfolds a new scenario of DSC research. This new record result also firmly 

indicates that there is still much room for the improvement of DSC efficiency, 

if the iodide/triiodide system can be successfully substituted by a suitable 

redox mediator possessing as many of the requirements for an “ideal” redox 

mediator as possible. 

 

The state-of-the-art for the liquid electrolytes in general incorporate two kinds 

of additives together, although their functions are quite contradictory with 

respect to the conduction band edge in the semiconductor. At the present stage, 

the reason for the “optimum” performance originating from the cooperative 

effect of these two kinds of additives, is still not fully understood at a 

molecular level. Modulation and control of the balance between electron 

injection dynamics and electron recombination kinetics is considered to play an 

essential role in determining the DSC device performance. A more profound 

“in situ” understanding of the mechanism of additive components in the 

electrolytes at the semiconductor/electrolyte interface at a molecular level still 

remains to be explored in order to achieve even more efficient DSCs. 
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