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Abstract 
 

The long-term outdoor durability of dye-sensitized solar cells (DSSCs) is still a 

challenging issue for the large-scale commercial application of this promising 

photovoltaic technique. In order to study the degradation mechanism of DSSCs, 

ageing tests under selected accelerating conditions were carried out. The 

electrolyte is a crucial component of the device. The interactions between the 

electrolyte and other device components were unraveled during the ageing test, 

and this is the focus of this thesis. The dynamics and the underlying effects of 

these interactions on the DSSC performance were studied. 

Co(bpy)3
2+/3+

-mediated solar cells sensitized by triphenylamine-based organic 

dyes are systems of main interest. The changes with respect to the 

configuration of both labile Co(bpy)3
2+

 and apparently inert Co(bpy)3
3+

 redox 

complexes under different ageing conditions have been characterized, 

emphasizing the ligand exchange problem due to the addition of Lewis-base-

type electrolyte additives and the unavoidable presence of oxygen. Both 

beneficial and adverse effects on the DSSC performance have been separately 

discussed in the short-term and long-term ageing tests. The stability of dye 

molecules adsorbed on the TiO2 surface and dissolved in the electrolyte has 

been studied by monitoring the spectral change of the dye, revealing the crucial 

effect of cation-based additives and the cation-dependent stability of the device 

photovoltage. The dye/TiO2 interfacial electron transfer kinetics were 

compared for the bithiophene-linked dyes before and after ageing in the 

presence of Lewis base additives; the observed change being related to the 

light-promoted and Lewis-base-assisted performance enhancement. The effect 

of electrolyte co-additives on passivating the counter electrode was also 

observed. The final chapter shows the effect of electrolyte composition on the 

electrolyte diffusion limitation from the perspectives of cation additive options, 

cation concentration and solvent additives respectively. Based on a 

comprehensive analysis, suggestions have been made regarding lithium-ion-

free and polymer-in-salt strategies, and also regarding cobalt complex 

degradation and the crucial role of Lewis base additives. The fundamental 

studies contribute to the understanding of DSSC chemistry and provide a 

guideline towards achieving efficient and stable DSSCs. 

 

Keywords: Dye-sensitized solar cells, Stability, Electrolyte, Cobalt redox 

couples, Additives. 



Sammanfattning på svenska 

 

Den främsta utmaningen för färgämnes-sensiterade solceller (s k DSSC) är 

stabilitet. Storskalig produktion och kommersialisering av denna nya och 

lovande solcellsteknologi är helt beroende av att denna utmaning kan lösas. 

Accelererade åldringstester för utvalda modellsystem av DSSC är viktiga för 

att nå insikt i mekanismerna för degradering. DSSC-elektrolyten utgör en 

central komponent, och dess växelverkan med övriga DSSC-komponenter 

avslöjas under de accelererade åldringstesterna. Detta är huvudtemat för denna 

avhandling, där dynamiken för och orsakerna för dessa interaktioner har 

studerats. 

Co(bpy)3
2+/3+

-medierade solceller sensiterade med trifenylamin-baserade 

organiska färgämnen har utgjort basen för avhandlingen studerade system. 

Förändringar avseende både strukturen hos labila Co(bpy)3
2+

-komplex 

respektive förväntat mer inerta Co(bpy)3
3+

-komplex under olika 

åldringsbetingelser has studerats, där problem orsakade av ligandutbyte med 

andra Lewis-baser oönskad närvaro av syre särskilt har beaktats. Både 

förbättrade och försämrade prestanda av DSSC utsatta för åldringstester under 

kort respektive lång tid har undersökts. Stabiliteten hos färgämnesmolekyler 

adsorberade på TiO2-elektroden liksom i lösning har studerats genom att följa 

spektroskopiska förändringar, vilket har avslöjat viktiga effekter av tillsatta 

salter (ssk katjonerna) och deras effekt på fotospänning och DSSC-stabiliteten. 

Elektronöverföringsdynamiken i färgämne/TiO2-gränsytan har studerats och 

jämförts för ditiofen-baserade färgämnen före och efter åldringstester i närvaro 

av Lewis-bastillsatser till elektrolyten. En signifikant ökning i prestanda kan 

kopplas till exponering för ljus och närvaron av Lewis-baser. Passivering av 

motelektroden av elektrolytekomponenter observerades också. Även 

begränsningar i transportegenskaper hos elektrolyten och kan härledas till typ 

och koncentration av tillsatser bestående av salter med specifika katjoner. 

Omfattande studier tillåter slutsatser kring effekter av katjoner, tillsatta 

polymerer, liksom Lewis-baser och sönderfall av redox-system baserade på 

koboltkomplex. Dessa grundläggande studier bidrar till en djupare förståelse av 

kemin i DSSC och ger riktlinjer för framtida effektiva och stabila DSSC. 

 

Nyckelord: Färgämnes-sensiterade solceller, stabilitet, elektrolyt, kobolt-

baserade redoxpar, tillsatser. 
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1. Introduction 

 

“I’d put my money on the sun and solar energy. What a source of power! I 

hope we don’t have to wait until oil and coal run out before we tackle that.” 

 

 ―Thomas Edison, 1931 

 

“It’s really kind of cool to have solar panels on your roof.” 

 

― Bill Gates 

 

1.1. The Challenge of the World Energy Demand  

All matter in the universe is an energy carrier. Energy cannot be exhausted but 

it can be converted between different forms and different carriers. The sources 

of energy on Earth include light, electricity, tides, wind, biomass and chemical 

entities, all of which originates from the sun. Solar energy is the key for the 

daily life of Human beings. There is seven billions of people nowadays 

consuming energy every day. In 2014, the global total primary energy 

consumption was equivalent to as high as 1.3×10
4
 million tonnes oil, an 

increase by 0.9% compared with 2013.
1
 Unfortunately, more than two thirds of 

the energy comes from fossil-based fuels, the sources of which are currently 

almost depleted and the combustion has caused serious issues regarding 

environmental pollution. 

Sweden, as one of the developed countries, consumed 52 million tonnes oil 

equivalent in 2014,
1
 a figure in per capita terms is almost three times higher 

than the world average. The world energy demand will grow very quickly as 

5/6 of the world’s population is in developing countries, and they are striving 

to improve their living standards. Moreover, taking into account of the growth 

of global population, the total energy consumption will at least be doubled by 

the middle of this century.
2,3

 This extremely high energy demand is the biggest 

challenge we are now facing. Two tasks remain to be addressed: (1) to more 

economically use the current energy sources and (2) most importantly and 

urgently, to explore new sources of massive, clean energy reserves. 

So far great efforts have been made on various energy development 

techniques such as windmill power stations, nuclear fusion, biomass as well as 

thermal power stations. However, regardless of the perspectives of energy 

storage or of their operability and security, these techniques are theoretically 

not as efficient as the direct use of solar energy to satisfy the huge global 

energy demand. The sunlight that strikes the surface of the earth is 5000 times 



2 

 

the energy equivalent of the current global energy consumption.
4
 In other 

words, the world energy shortage can be solved merely by capturing 0.1% of 

the sunlight energy.
5
 Therefore, the critical challenge is how to harvest sunlight 

and convert it into an energy form we can directly use, for instant electricity. 

Photovoltaics (PVs) or solar cells are currently a developing photon-to-current 

conversion technique based on the photoelectric effect. Although so far it have 

not yet been widely applied outdoors yet and is mostly limited to laboratory 

research, this technique is the most promising and irreplaceable trend for 

sustainable energy development. 

1.2. The Development of Photovoltaics 

Since the photovoltaic effect was first observed by Alexandre-Edmond 

Becquerel in 1839,
6
 photovoltaic technology has undergone considerable 

development in the past five decades. The first three generations of 

conventional solar cells, consisted primarily of monocrystalline silicon, 

polycrystalline silicon, amorphous thin film silicon (a-Si, TF-Si), cadmium 

telluride (CdTe), and copper indium gallium selenide/sulfide (CIGS) materials, 

and they set the pace in terms of conversion efficiency. Most efficiency-

improving efforts have been focused on their structural engineering and 

processing. Recently, the National Renewable Energy Laboratory (NREL) in 

Colorado verified an efficiency record of up to 46% achieved by multi-junction 

concentrator solar cells (CPV) (Fig. 1.1).
7
 Organic thin-film solar cells 

including dye-sensitized solar cells (DSSCs), polymer solar cells and quantum 

dot solar cells have emerged as a new generation and have developed rapidly 

as a result of abundant research in the last two decades. The latest efficiency 

record for a DSSC is 11.9%. The most attractive is the perovskite-type solar 

cell with an efficiency which soared over 20%.in the last two years. 
8
 However, 

there is a controversial issue regarding the high lead content in the most 

efficient perovskite solar cells. Solar cells of this generation are still in the 

research phase and have not yet been commercially applied. 

Photovoltaics are so far the third most important renewable energy source 

following water and wind power in terms of globally installed capacity. In 

2014, the worldwide installed PV capacity increased to at least 177 gigawatts 

(GW), able to supply 1% of the global electricity demand (Fig. 1.2).
9
 NREL 

recently raised the rooftop  U.S. PV potential estimate to a capacity of 1118 

GW and an annual energy generation of 1432 terawatt-hours (TWh), 

equivalent to 39% of the nation's electricity consumption.
10

 

https://en.wikipedia.org/wiki/Alexandre-Edmond_Becquerel
https://en.wikipedia.org/wiki/Alexandre-Edmond_Becquerel
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Figure 1.1. A chart illustrating the development of photovoltaic techniques with 

respect to the best known cell efficiencies.
11
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Figure 1.2. A semi-log graph showing the exponential growth of global PV 

capacity from 1992 to 2015.
9
 

1.3. Stability is a Challenge 

Nowadays, there are several emerging generations of solar cells with 

efficiencies comparable to that of the conventional crystalline silicon solar cell. 

However, the long-term outdoor operational duration of these PV devices (30 

year lifetime is desired) is still lagging behind and it must be solved urgently as 

the next challenge for future commercial applications.  

1.3.1. Accelerated stability testing of solar cells 

Stability testing is also called a lifetime or ageing test. Instead of outdoor 

testing, accelerated stability testing is commonly used to predict the device 

lifetime and to study degradation mechanisms as it can be conducted in easily-

controlled conditions in a shorter time. We can design suitable accelerated 

stability testing programs, where a harsh condition regime including 

concentrated light soaking, high temperature, humidity and oxygen content can 

be selectively used. The design criterion is dependent on the device materials 

and on the degradation sources. For the degradation due to diffusion limitation, 

the temperature can be an accelerating factor considering the dependence of 

the diffusion coefficient on the temperature according to an Arhenius-type 

equation.
12,13

 To further shorten the time, concentrated sunlight has been 

suggested for accelerated stability tests, and to avoid the large heat input, ‘cold’ 

light sources such as LED arrays or plasma lamps with high photon flux (the 

common unit is sun equivalent) but very low fractions of IR and NIR radiation 

have recently been commended.
14,15
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1.3.2. Degradation mechanisms and improvement of solar cell 
stability  

The degradation of solar cells has been studied in order to explore the intrinsic 

instability factors and mechanisms, in order to be able to increase the stability 

by eliminating these factors. To promote or accelerate the degradation, typical 

conditions such as intense light, high temperature, high humidity and UV 

radiation have been employed separately or in combination. Solar cells based 

on inorganic materials have been demonstrated to exhibit fewer degradation 

pathways than organic-material-based cells. Mono- or polycrystalline silicon 

solar cells are very stable on earth and degrade only due to radiation damage in 

outer space or mechanical cracking.
16,17

 Amorphous silicon solar cells have an 

intrinsic tendency towards light-induced degradation (Staebler-Wronski 

effect)
18

 and nano- and microcrystallinity in a Si:H layer when deposited can 

be an efficient solution.
19,20

 CIGS and CdS/CdTe solar cells degrade due to the 

sensitivity of the electrodes to humidity. A protective layer (ethylvinylacetate 

polymer material, glass with special edge sealing) and electrode alternatives 

have proved applicable to address this extrinsic stability problem.
21-24

 The 

dominant cause of chemical and photochemical degradation in organic solar 

cells such as OPV, DSSCs and perovskite-type solar cells is the inevitable 

reaction of active materials in their ground state or in a photoinduced excited 

state with water and/or oxygen in the air.
25-28

 Isotopic labelling (
18

O2, H2
18

O) 

coupled with mass spectrometric imaging is an effective way, developed by 

Norrman et al., to map the degradation mechanism.
29

 Controlling the humidity 

during the device fabrication and encapsulation can be ways, from the 

engineering point of view, to avoid the external sources. The influence of light, 

especially UV, on the device stability can be alleviated by coating the device 

with an antireflective, UV-screening layer.
30

 The degradation channels of 

DSSCs and efforts to improve their stability as the main topic of this thesis will 

be discussed in details in section 1.5 and in chapters 3, 4 and 5. 

 

1.4. Dye-Sensitized Solar Cells  

1.4.1. Structure, operational principle and constituents 

A complete DSSC typically includes three major constituents: the photoanode 

(working electrode, WE) consisting of the dye-sensitized semiconductor film 

(e.g. mesoporous TiO2) deposited on the conductive substrate (e.g. fluorine-

doped tin oxide glass, FTO), the counter electrode (CE) consisting of catalytic 

materials on top of the conductive substrate (i.e. platinized FTO) and the 

intermediate electrolyte. The sandwich-type structure is shown in Fig. 1.3.  
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Figure 1.3. Schematic of the DSSC structure and charge transfer processes in 

an operational DSSC represented by arrows. Red arrows indicate the 

processes contributing to the current generation; blue arrows indicate 

undesired losses.  

 

Figure 1.4. Electron transfer kinetics in DSSCs mediated by I3
-
/I

-
.
35

 

 

In an operating DSSC, photon-to-current conversion is realized in this way: (1) 

dye molecules (S) absorb photons and electrons are excited from ground state 

(ES/S+) to the excited state (ES*/S+), i.e. from the highest occupied molecular 

orbitals (HOMO) to the lowest unoccupied molecular orbitals (LUMO); (2) 

electrons in the excited states are injected to the conduction band of TiO2 (ECB) 

and (3) diffuse in the TiO2 matrix to the back collector and then through the 

external load to the CE; (4) oxidants in the electrolyte are reduced at the CE 

and (5) the reductants move to the WE and (6) reduce the oxidized dyes, i.e. 

dye regeneration. The current is lost by (7) the quenching of excited dye and 
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the recombination of electrons in TiO2 with (8) the oxidized dye or (9) the 

oxidant in the electrolyte. The kinetics of electron transfer at the 

photoanode/electrolyte interface in an operating DSSC device are shown in 

Fig. 1.4.
35

 From the point of view, the interactions between TiO2, dye and the 

electrolyte is quite crucial for the function of the DSSC. 

The dye is the central component of the DSSC as this is the component that 

implements the conversion of photons to the current. Most efforts to improve 

the conversion efficiency have therefore been devoted to the engineering of the 

dye structure to broaden its absorption spectrum and couple with the 

nanocrystalline TiO2 surface. Most dyes commonly used so far include metal 

organic complex sensitizers such as the traditional ruthenium-based dyes 

N719, Z907, N3 etc., the emerging porphyrin-based dye YD2-o-C8 and metal-

free organic sensitizers typically in a Donor-π-linker-Acceptor (D-π-A) 

structure. The electron donor moiety may be trisphenylamine (TPA) and its 

derivatives (D35 series, TH305 et al) or carbazole (MK-2). The π-conjugation 

linker could be a double/triplet bond or a heterocyclic ring such as thienyl, 

furyl group. The choice of electron acceptor, normally linked with the 

anchoring group, is however limited by three desired features: strong electron 

withdrawing ability, good coupling with TiO2 for fast electron injection and 

robust anchoring to the TiO2 surface. The most commonly used so far is 

cyanoacrylic acid. The electron-donating/withdrawing ability and conjugation 

length determine the breadth and intensity of the absorption spectrum of the 

dye. 

The basic requirement of the CE for use in a DSSC is a high ability to 

catalyse the redox reaction in the electrolyte, and the use of a nanomaterial 

with high surface area is a common way of increasing the catalytic ability. 

Adapting the CE material to the redox couple is another way; for instance, 

choosing platinum for iodide/triiodide (I
-
/I3

-
), conductive polymers such as 

PEDOT for metal complex-based redox couples, and carbon materials and 

metal sulfides for polysulfide redox couple.
32-34

 However, the durability of the 

CE material to withstand the electrolyte is also a factor to consider for device 

stability. 

1.4.2. Electrolyte components and properties 

The electrolyte essentially acts as a bridge for CE-loaded electrons to transfer 

back to the oxidized dye by the mediating role of redox couples. The 

electrolyte contains three main components: redox mediators, necessary 

electrolyte co-additives (the additives not including the redox mediators) and 

the solvent. The redox couple is the most essential component for the 

electrolyte and provides a potential difference with respect to the redox 

potential of S
+
/S to drive the electron transfer. Therefore, the redox potential of 

the redox couple not only decides the voltage output of the DSSC but also 
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influences the electron transfer kinetics and thus the current. The redox 

potential follows the Nernst equation: 

𝐸 = 𝐸0 −
0.05916

𝑧
𝑙𝑜𝑔10

𝑎𝑂𝑥

𝑎𝑅𝑒𝑑
                                                                           (1.1) 

It is directly determined by the activity of the redox couple, which is related to 

their concentration and the environmental impact. The transport of the redox 

couple between the photoanode and the CE also influences the current and is 

based on the mobility of the charge carriers such as holes in solid-state 

electrolytes, i.e. hole conductor materials, and ions in liquid-state electrolytes. 

The mass transport of ions is driven by the concentration gradient and is thus 

also called diffusion. The diffusion rate (or diffusion flux) of the solute is 

determined by the concentration gradient (
𝜕𝑐

𝜕𝑥
) and by the diffusion coefficient 

(D) according to Fick’s Law of diffusion expressed as: 

𝐽 =  −𝐷
𝜕𝑐

𝜕𝑥
                                                                                                     (1.2) 

where J is the flux in moles/(time*area). The diffusion coefficient is a physical 

constant describing the interaction between the diffusing solute and the 

solvent, and it is dependent on the size of the solute molecule, the viscosity of 

the solvent and other properties such as temperature and pressure. Due to the 

mesoporous morphology of the TiO2 film in contact with the electrolyte, the 

diffusion coefficient of the redox couple in the bulk electrolyte and the 

effective diffusion coefficient through the entire pore space must be both 

considered. Table 1.1 lists the properties of traditional I
-
/I3

-
 and emerging tris(2, 

2’-bipyridine-2N, N’) cobalt(II/(III)) (Co(bpy)3
2+/3+

) redox couples with respect 

to diffusion and electron transfer. 

Table 1.1. Electrochemical and optical properties of Co(bpy)3
2+/3+

 and I
-
/I3

-
 
 

redox couples. 

Propertiesa Co(bpy)3
2+/3+ I-/I3

- 

Redox potential (vs. NHE) 0.56 V36 0.29 V-0.35 V31 

Diffusion coefficient 

/cm2s-1 
Co(III) 1.82×10-6 37 I3

- 2.6×10-4 

Light absorption 

wavelength 

CoII: 383 nm; 

Co(III): 380 nm37 
430 nm 

Dye regeneration 

halftimesb 
10-20 μs (D35)38,39 

100 ns to 10 µs (N719)31 

15 µs (D35) 

TiO2/electrolyte 

Recombination halftimesb 
100~300 μs38 ~1 ms31 

a Measured in acetonitrile at 298 K, 1atm 
b All depends on the dye and the electrolyte composition 
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Both the redox potential and the diffusion of the redox couple can be 

influenced by the electrochemical environment in the electrolyte, which is 

related to components such as the solvent and co-additives. The 

electrochemical properties of the solvent include dielectric constant, and 

electrochemical window, and physical properties include viscosity and vapour 

pressure. A suitable solvent for a liquid DSSC must have a wide 

electrochemical window allowing a large voltage output, a high dielectric 

constant for good solubility and activity of the electrolyte additives, a low 

viscosity for fast solute diffusion and low vapour pressure for high stability. 

Table 1.2 shows the properties of three commonly used solvents: acetonitrile 

(AN), methoxypropionitrile (MPN) and ionic liquids (ILs) in these respects. 

Table 1.2. The physical properties of commonly used solvents for DSSCs. 

Properties* AN MPN40 ILs 

Vapor pressure 9.71 kPa 2.3 hPa ~10-10 Pa 

Boiling point 81.3 to 82.1 °C 164-165°C 

>400 °C 1-alkyl-3-

methylimidazolium- 

based ILs41 

Viscosity/ mPa·s 0.343 1.6 21.8 (EMITCB)42 

Dielectric 

constant 
37.5 40 

9~35 for 1-alkyl-3-

methylimidazolium-based 

ILs varying in anions43 

* Measured at 20-30°C, 1atm 

 

So far, no single solvent can satisfy all these requirements. The concept of 

an incompletely mixed solvent was proposed to solve this problem by mixing 

the champion solvent-acetonitrile suffered from a high volatility and the stable 

solvent-room-temperature ionic liquids or molten salts suffered from a low 

dielectric constant and high viscosity.
44

 High-boiling nitriles such as MPN, 

butyronitrile (BN) are also potential alternative solvents with documented 

promising DSSC efficiencies. However, there is a risk that they will desorb 

dyes from the TiO2 surface under heat stress, due to the high solubility of the 

organic dyes. All the solvent properties may also change as a result of the 

addition of necessary co-additives. The major role of these co-additives, 

including cation-based salts and Lewis bases, control the TiO2 conduction band 

energy level for a trade-off between the kinetics of electron injection and the 

recombination reaction microscopically, and between device current and 

voltage generation macroscopically. Li
+
-based salts are the most common co-

additives, used to positively shift the conduction band and to increase the 

electron injection efficiency by adsorbing onto the TiO2 surface.
45

 The effects 

of other metal-based and metal-free cations such as Na
+
, guanidinium (G

+
), 
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imidazolium and ammonium cations have also been studied, but they are all 

inferior to Li
+
 for improving the DSSC efficiency due to the larger charge 

density.
46,47

 Commonly used Lewis bases are nitrogen-containing heterocyclic 

compounds such as 4-tertbutylpyridine (TBP) and derivatives of N-

alkylbenzimidazole (NBI) which are normally used to improve the open-circuit 

voltage of DSSCs by promoting the conduction band edge and/or passivating 

the TiO2 surface to reduce electron recombination losses.
48

 

Ideally, the electrolyte mediates the charge transfer between the two 

electrodes without any permanent chemical transformation. However, changes 

occur inevitably due to interactions of the electrolyte with the electrodes and 

those between the electrolyte components, leading to changes in the 

performance of the DSSC. The electrolyte-based dynamics is therefore 

essential for the stability of DSSCs and is thus the focus of the thesis. 

1.5. Efforts to Stabilize DSSCs  

1.5.1. Stabilizing dyes on the TiO2 surface  

The stability of the dye adsorbed onto the TiO2 surface is the most critical issue 

for the durability of the DSSC. Desorption and degradation of the dye 

molecules are the main pathways for discoloration of the dye/TiO2 film; the 

former is usually related to thermodynamics and the latter is probably light-

induced. Dyes are usually attached to the TiO2 surface by binding oxygen 

atom(s) with a lone pair of electrons in the anchoring group to the surface Ti 

center with an empty coordination site. The adsorption/desorption equilibrium 

of dye on TiO2 can be regarded as a reversible acid/base reaction, which means 

that if the dye/TiO2 film is contacted with another stronger acid or base, the 

equilibrium is interrupted leading to dye desorption. Therefore, the pH-related 

electrolyte composition is an influencing factor as well as the temperature. 

Increasing the amount of dye or the acidity of the anchoring group(s) and 

reducing the amount of other influencing acid or base in the electrolyte is thus 

a strategic way of stabilizing the adsorption of the dye.
49

 The commonly used 

and so far the best performing anchoring group is carboxylic acid (-COOH), as 

the sp
2
 hybridized carbon of the carboxylate group exhibits π-π conjugation 

with the π-linker facilitating the electron injection.
50

  However, the dye based 

on this group is readily leached from the TiO2 surface under alkaline 

conditions. Other anchoring groups such as phosphonic acid, silatrane and 

catechol show a greater resistance to the leaching problem, but most of them 

exhibit inferior DSSC efficiency due to low injection and/or fast 

recombination.
51

 

The photocatalytic degradation of dye on the TiO2 film has been widely 

studied due to the adverse impact of organic dyes on the environment. The 

basic mechanism is that organic dye molecules react at the TiO2 surface with 
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hydroxyl radicals in the aqueous solution which are produced by the reaction 

of water with UV-generated holes in the valence band of TiO2.
52

 Therefore, the 

water content in the organic electrolyte and light intensity are the main factors 

controlling the degradation rate. Dye stability on the TiO2 surface is normally 

evaluated by monitoring the change in the dye coverage, the most 

straightforward measurement method being spectroscopy.  

1.5.2.  Stabilizing the electrolyte  

DSSC instability with respect to the electrolyte has been demonstrated to 

depend on two crucial factors: the photochemical or electrochemical stability 

of the redox couple and the physical stability of the solvent. For traditional I
-

/I3
-
 redox electrolytes, depletion of I3

-
 under thermal ageing was considered to 

be responsible for the degradation of the DSSC.
53,54

 In contrast, most efforts to 

stabilize the electrolyte have been made with the aim of solving the 

evaporation and leakage of the liquid solvent for the electrolyte. High-boiling 

solvents with a low viscosity are preferred; replacing liquid electrolyte with a 

quasi-liquid (such as gelation), solid-state electrolyte essentially solves the 

leakage problem.
55,56

  

1.5.3.  Stabilizing the counter electrode  

Planar-platinized counter electrodes are commonly used due to the excellent 

electrocatalytic property of Pt for specific redox couples such as I
-
/I3

-
 and 

electrical conductivity. Thermally platinized CEs have been reported to be 

stable at 80 °C, among the different methods used for preparing Pt CEs. 

However, Pt CEs are vulnerable to corrosion attack from I or S-based 

electrolytes, and they are not a good choice either from the viewpoint of costs. 

Various low-cost and efficient Pt-free CE materials have been reported; but 

there are few reports on their stability.
33

 Some of them exhibit a better stability 

than Pt. Amongst the conjugated polymers, poly-3,4-ethylenedioxythiophene 

(PEDOT) has recently attracted extensive attention as a possible CE material. 

Several methods such as adding specific organic solvents to Poly(3,4-

ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) aqueous solution 

and incorporation of carbon nanotubes in the PEDOT film have been reported 

to increase the thermal stability.
34
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1.6. The Aim of This Thesis 

A DSSC is a mutually interactive system; a DSSC performing in a stable 

manner must stay in a steady state of various component interactions. The 

work described in this thesis is a systematic study of the interactions between 

device components under stability test conditions and of their corresponding 

effects on the performance of the DSSC. The interactions of interest are based 

on the electrolyte, including those occurring at electrolyte/electrode interfaces 

and within the electrolyte. Based on the information obtained regarding the 

degradation mechanisms of cobalt redox complex mediated DSSCs, strategies 

with respect to electrolyte composition optimization are proposed as a 

guideline for improving the long-term stability of DSSCs. 
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2.  
Analytical Techniques for DSSC 

Stability Studies  

2.1. Molecular Level Analysis 

2.1.1. Raman, IR and UV-Vis spectroscopy 

Raman and infrared (IR) spectroscopy are typical structural characterization 

methods based on the vibration of a chemical bond as a result of photo-

excitation. Other factors inducing changes in the vibration mode and strength, 

such as external environmental factors and the electronic configuration in 

coordination complexes can also be reflected in the spectra.
57,58

 UV-Vis 

absorption spectroscopy is a necessary technique for DSSCs to estimate the 

optical absorbance A of the sensitizer according to the Beer-Lambert Law: 

𝐴 =  𝑙𝑜𝑔10
𝐼0

𝐼
=  𝜀𝑙𝑐                                                                                            (2.1) 

where I0 and I are the incident and transmitted light intensities, ε is the 

absorption coefficient of the material; l is the length that light passes through 

the width of the solution container (usually a cuvette) for solvated material and 

the thickness of the film for adsorbed material and c is the concentration of the 

material. The loading of the dye on the TiO2 film can therefore be calculated 

by measuring the absorbance of the dye/TiO2 film or the solution of dye after it 

has been desorbed from TiO2 film. The shape of UV-Vis spectrum of the dye-

sensitized TiO2 film also reflects the morphological information and 

interactions with the dye leading to alterations in the spectrum. 

Raman spectroscopy measurements of electrolyte solutions have been made 

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

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

resolution of 4 cm
-1

 were employed. Scattered radiation was detected by a 

nitrogen-cooled solid state germanium detector. The FT-IR spectra were 

recorded over a range of 4000-700 cm
-1

 using a Nicolet Avatar 370 equipped 

with a DTGS detector in the multi-bounce horizontal attenuated total 

reflectance (HATR) mode. 16 scans were averaged for each spectrum. The 

samples were prepared from the dried solid powder by mixing the target 

solution with non-sensitized, sintered TiO2 nanoparticles. UV-Vis absorption 

spectra of the dye-loaded, transparent films (2 μm thick) and solutions were 

recorded on an HR-2000 Ocean Optics fiber optics spectrophotometer and on a 

Cary 300 spectrophotometer in a quartz sample cell (0.5 cm or 1 cm path 

length), respectively. 
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2.1.2. 
1
H NMR 

For DSSCs composed of active materials which are mostly organic chemicals, 
1
H NMR is a useful tool to characterize their structures. 

1
H NMR spectra were 

recorded in 16 scans with a Bruker Advance 400 spectrometer with TMS as the 

internal reference and in most cases with deuterated acetonitrile as the solvent. 

2.1.3. Electrochemical measurements 

The DSSC is an electrochemical system, and electrochemical measurements 

are necessary to characterize the electrochemically active materials such as the 

redox couple in the electrolyte and their activities. The electrochemical 

measurements employed in this work are cyclic voltammetry (CV) and 

differential pulse voltammetry (DPV), which measure the redox properties of 

diluted electrolytes with a concentration magnitude of mmol/L and the rest 

potential measurement for normal electrolytes. The diffusion coefficient of the 

solute was determined by measuring the diffusion limiting current in 

voltammetry given by:
59

 

𝑖𝑙 = 4𝑛𝐹𝐷𝑐𝑟                                                                                                   (2.2) 

where n is the number of electrons transferred per molecule (for Co(bpy)3
2+/3+

 

electrolytes used in this thesis, n=1), F is the Faraday constant, c is the 

concentration of electroactive species in the bulk electrolyte, and r is the radius 

of the working electrode. 

CV and DPV measurements were made with an Autolab potentiostat using 

a glassy carbon disk as the working electrode, a platinum wire as the counter 

electrode and Ag/AgNO3 as the reference electrode. 0.1M [Bu4N]PF6 was 

added as conductive medium. The rest potential of the electrolyte was 

determined by measuring the potential difference between the assembled 

electrode, consisting of a Pt wire in contact with the target electrolyte in a 

plastic tube with a frit top allowing free movement of ions, and an Ag/AgCl 

(1M LiCl ethanol) reference electrode in the supporting electrolyte (0.1M 

TBAPF6 in ACN) using a 6½ digit precision digital Keithley 2700 source 

meter. The set-up is shown in Fig. 2.1 The reference electrode potential was 

calibrated with Fc/Fc
+
 in the same supporting electrolyte. The accuracy of the 

measured potentials was estimated to be of the order of 5 mV. 

 

Figure 2.1. The schematic set-up for measuring the rest potential of the electrolyte. 
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The CV measurement was made on solutions with a concentration of 5mM 

using an Iviumstat XR potentiostat in a two-electrode cell, and a glassy carbon 

microfiber disk microelectrode (BASi, West Lafayette, USA, r=11±2 μm) as 

the working electrode. The exact radius was calibrated by K3Fe(CN)6, with the 

known diffusion coefficient (7.17×10
-6

cm
2
/s at 25

o
C in 0.5M KCl, pH=3).

59
 

The temperature was regulated to 25
o
C by a thermostat. A graphite rod (3mm 

diameter) was used as counter and reference electrode. The scan rate was 10 

mV/s.
37

 

2.2. Interface Analysis 

The ‘pump-probe’ type transient methods are commonly used for ultrafast 

kinetic studies of interfacial electron transfer and electron transport in the 

semiconductor by probing the signal decay of the transient species generated, 

such as oxidized dye molecules and charge carriers, by a very short pulse of 

light as a pump. Classified according to the type of signal to be probed, the 

transient methods include transient photocurrent and photovoltage decay and 

transient absorption spectroscopy. According to the pump/probe frequency, the 

transient absorption spectroscopy includes femtosecond- and nanosecond ones, 

depending on the kinetics of the process investigated. Similarly, the 

composition and electronic structure of the surface or interface can be 

characterized by probing the energy spectrum of the emitted electrons from 

superficial molecules or atoms electronically pumped by metastable helium 

atoms or photons of X-ray or ultraviolet. Correspondingly, these techniques are 

known as Metastable Induced Electron Spectroscopy (MIES), X-ray 

photoemission spectroscopy (XPS) and ultraviolet photoemission spectroscopy 

(UPS). While XPS is used to determine the core-level electron structure, UPS 

and MIES probe the valence level using similar excitation energies. 

2.2.1. Transient absorption spectroscopy 

The kinetics of electron injection from excited dye to TiO2 conduction band in 

the DSSC is normally in a magnitude of fs. Therefore, the pump light pulse to 

induce this process must be on the same time scale. The kinetics of this process 

can be estimated by monitoring the concentration change of two types of 

related species: the concentration decay of excited-state dye molecules and the 

concentration increase of injected electrons into the conduction band of TiO2. 

To avoid the difficulty of assigning the features in the transient spectra of the 

excited dyes, the injected electrons can be directly probed. Since it has been 

demonstrated that the conduction band electrons in semiconductors have a 

strong absorption in the infrared region,
60

 the IR absorption feature of the 

injected electrons was used as a spectroscopic probe to study the injection 

kinetics. To avoid the possible spectral overlap with the absorption of other 

transient species such as the ground state or excited state of the dye, the ground 
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state of the dye cation in the visible region, mid-IR rather than near-IR was 

used as the probe.
61

 In this work, femtosecond mid-IR absorption spectroscopy 

was thus used to study the electron transfer kinetics at the dye/TiO2 interface 

including electron injection and back recombination. Femtosecond laser pulses 

with a wavelength of 800 nm and a repetition rate of 3 kHz were used to 

generate an excitation wavelength of 520 nm with a power of 110-170 μW, and 

a probe pulse with a centred wavelength of ca. 5000 nm (~2000 cm
-1

). Kinetics 

data were recorded by scanning the pump/probe delay time at a fixed 

wavelength. More details about the femtosecond setup can be found in 

previously published work.
62

 

The electron transfer from the reductant in the electrolyte to the oxidized 

dye, that is, dye regeneration, occurs within a time constant of ns. Probing the 

absorption decay of the dye cation gives the regeneration kinetics, which is 

often represented by the half time of the decay (τ1/2). τ1/2 is obtained by fitting 

the kinetic curves according to a single or double exponential function.
63

 

Nanosecond absorption spectroscopy in this work was carried out using an 

Edinburgh Instrument LP920 laser flash photolysis spectrometer with 

continuous wave xenon light as the probe light and a photomultiplier tube 

detector (system response time, ~1 μs). Scattered light from the excitation was 

surpassed with a 715 nm cut-on filter in front of the detector. Laser pulses were 

supplied by a Continuum Surelight II, Nd:YAG laser at 10 Hz repetition rate in 

combination with an OPO (Continuum Surelight). The pulse intensity was 

attenuated to 0.2 ~ 3 mJ per pulse with the use of natural density filters. The 

pump light wavelength was selected to 530 nm. Kinetic traces of absorbance 

were detected at 760 nm, averaged over 50 to 100 pulses per sample. Three 

samples were prepared for each electrolyte composition, and the measurement 

error was estimated from the averaged derivation. The overlaid curves were 

fitted from a KWW function only for visualization. 

2.2.2. Transient photocurrent and photovoltage 

The recombination (to the electrolyte) and transport time (in the TiO2 film) of 

the electrons is of the order of ms. Therefore, the electrons stored under open-

circuit conditions and the electrons diffusing under short-circuit conditions 

upon light illumination can be detected as a transient voltage and current 

response. By monitoring the transient voltage and current traces, the 

recombination time, i.e. the lifetime (τn) and diffusion time (τd) of electrons in 

TiO2 can be obtained as the half time of the rise/decay traces by fitting first-

order kinetics.
64

 Both the recombination and the gradient-driven transport are 

dependent on the concentration of the photo-generated electrons, i.e. dependent 

on the light intensity. Electron lifetime (τn) strongly depends on the 

recombination kinetics at the TiO2/electrolyte interface; by a linear fit 
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according to the power-law dependence of τn on electron density (ne) derived 

from the relation
65

  

𝜏𝑛 =
1

𝑘𝑟𝑛𝑒
𝛽−1                                                                                                  (2.3) 

the recombination rate constant (kr) and the effective recombination order (β) 

can be extracted. The transient photocurrent and photovoltage measurements 

were performed using a white LED (Luxeon Star 1W) as the light source. 

Voltage and current traces were recorded using a 16-bit resolution digital 

acquisition board (National Instruments) in combination with a current 

amplifier (Stanford Research Systems SR570) and a custom-made system 

using electromagnetic switches. τd and τn were determined by monitoring the 

photocurrent and photovoltage transients at different light intensities using a 

small square-wave modulation to the base light intensity. The relationship 

between voltage and extracted charge (Qoc) under open-circuit conditions was 

studied using a combined voltage decay/charge-extraction method.
66

 

2.2.3. Metastable Induced Electron Spectroscopy (MIES) 

MIES is a technique highly surface sensitive (just a few angstroms below the 

surface) due to the fact that the object carrying the energy (e.g. the metastable 

atom) used to excite the target electrons cannot penetrate the material in its 

excited state; it releases its energy to the surface at a distance of a few Å. The 

MIES spectrum records the density of states (DOS), HOMO or work function 

of the sample, which provides information regarding the molecular orientation 

on the surface, see Fig. 2.2. In the left panel metastable atoms can reach all 

parts of the molecules various orientations forming the outermost layer and 

electrons of various orbitals can be found in the spectrum. On the right side, 

however, electrons only of the orbitals forming one side of the molecule all 

showing the same orientation can be found in the spectrum.
67

 

 

Figure 2.2. The MIES technique and the spectrum associated with the surface.67 
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2.2.4. Ultra-violet Photoelectron Spectroscopy (UPS) 

UPS is higher surface sensitivity method than XPS. The He l photon line 

(around 21.2 eV) is usually used to only excite the electrons in the valence 

energy level to the vacuum level. Information about the valence stages 

responsible for crystal/molecular bonding and charge transfer is recorded. 

2.3. Device Level Analysis 

2.3.1.  Current-voltage characteristics 

An ideal photovoltaic cell can be modeled as a photo-generated current source 

in parallel with a diode, see Fig. 2.3. The total current flow through the 

external load is the photo-generated current (IL) minus the diode current (ID); 

the former being dependent on the light intensity and the latter being associated 

with the bias voltage (V). 

𝐼 = 𝐼𝐿 − 𝐼𝐷 = 𝐼𝐿 − 𝐼0(𝑒
𝑞𝑉

𝑘𝑇 − 1)                                                                     (2.4) 

where I0 is the saturated current of the diode, q is the elementary charge 1.6 × 

10
-19

 Coulombs, k is Boltzmann constant (1.38×10
-23

 J/K) and T is the absolute 

temperature. In a more accurate model with RS and RSH representing the series 

and shunt resistances for a real photovoltaic cell, the equation is expanded as 

𝐼 = 𝐼𝐿 − 𝐼0 (𝑒
𝑞(𝑉+𝐼∙𝑅𝑆)

𝑛𝑘𝑇 − 1) −
𝑉+𝐼∙𝑅𝑆

𝑅𝑆𝐻
                                                             (2.5) 

where n is the ideality factor of the diode (typically 1<n<2). When no light is 

present, the cell behaves as a diode; when the light intensity is increased, the 

exponential curve of I-V shifts as indicated in Fig. 2.3. Therefore, it is 

necessary to first calibrate the light intensity when evaluating the performance 

of the photovoltaic cell. A standard full sun irradiation (AM 1.5 G, ~100 

mW/cm
2
) is normally used, and supplied by a solar simulator (Newport 91160-

1000) in this thesis work. 

The I-V characteristic of a photovoltaic cell is normally measured by 

sweeping the bias voltage across the external load from zero to Voc. The current 

density versus voltage (J-V) diagram is more commonly used to exclude the 

effect of the active area of the cell, and in this work it was recorded using a 

computerized Keithley model 2400 source/meter unit. Several performance-

related parameters can be extracted from these data, as shown in Fig. 2.4. Jsc 

and Voc are two important parameters estimating the cell performance which 

correspond to the short circuit (V=0) and open circuit (J=0) conditions 

respectively, and both are the maximum values across the cell. The power in 

Watts produced by the cell is calculated by P=JV. The ratio of maximum 

power (Pmax= JmaxVmax) to theoretical power (PT=JscVoc), i.e. the ratio of the 

areas of the two rectangles depicted in Fig. 2.4, is another crucial parameter 
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called fill factor (FF), indicating the quality of the photovoltaic cell. The 

conversion efficiency of the photovoltaic cell (η) is determined by the ratio of 

Pmax to the power input (Pin) from the light. Pin can be calibrated using a 

standard silicon cell. Therefore, η is dependent mainly on the three parameters: 

Jsc, Voc and FF. 

𝐹𝐹 =  
𝑃𝑚𝑎𝑥

𝑃𝑇
=

𝐽𝑚𝑎𝑥𝑉𝑚𝑎𝑥

𝐽𝑠𝑐𝑉𝑜𝑐
                                                                              (2.6) 

𝜂 =  
𝑃𝑚𝑎𝑥

𝑃𝑖𝑛
=

𝐽𝑠𝑐∙𝑉𝑜𝑐∙𝐹𝐹

𝑃𝑖𝑛
                                                                                  (2.7) 

 

 
Figure 2.3. Left: Simplified equivalent circuit models for the ideal and the real 

photovoltaic cell. Right: Current-voltage (I-V) curves of an ideal photovoltaic 

cell measured in the dark and under light illumination. The arrow indicates 

that the photo-generated current (IL) increase with increasing light intensity. 

 
Figure 2.4. Typical current density versus voltage (J-V) characteristics and 

power output (P) for a photovoltaic cell. The red and green rectangular areas 

represent the values of JscVoc and Pmax respectively. Arrows indicate the values 

of Jsc, Jmax, Voc, Vmax. 
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2.3.2. The incident photon-to-current conversion efficiency (IPCE) 

measurement 

IPCE is the spectral response of the light-to-current conversion device, i.e. the 

ratio of the number of collected charge carriers to the number of incident 

photons at a given wavelength. Here, IPCE is distinct from APCE as for the 

latter, the light counted is that absorbed by active materials. The photo-

generated current of the photovoltaic cell can therefore be obtained by 

integrating the IPCE spectrum according to the equation as:  

𝐽𝑠𝑐/𝑚𝐴 𝑐𝑚−2 =  ∫
𝑃𝑖𝑛(𝜆)×𝜆

1.99×10−16 ×
𝐼𝑃𝐶𝐸(𝜆)

100
×

1

6.24×1018 𝑑𝜆                        (2.8) 

There may be a difference between the integrated current based on the IPCE 

spectrum and the current recorded in I-V characteristics because (1) the area of 

shading mask used on top of the cells in these two measurements could be 

different, (2) IPCE is recorded under low light intensities, (3) the electrolyte 

diffusion is also a current-limiting factor not counted in the former. 

 
Figure 2.5. Left: The set-up for measuring the IPCE of DSSCs.

68
 Right: IPCE 

spectra of the DSSC and silicon reference solar cell and solar spectrum (AM 

1.5G). 

 

Light of a given wavelength is supplied by a Xenon lamp/Monochromator 

as shown in Fig. 2.5. The intensity of the incident light is determined by the 

current generated in a silicon diode. To estimate the IPCE of a photovoltaic cell 

under full sun irradiation (AM 1.5G), a standard silicon solar cell is needed as 

a reference from which to calibrate the light intensity supplied by the IPCE 

instrument, see Fig. 2.5. 

IPCE combines the efficiencies of four processes occurring at the 

photoanode/electrolyte interface, including light harvesting efficiency (LHE), 

electron injection (Øinj) from the excited dye to the TiO2 conduction band, 

regeneration (Øreg) of oxidized dye by reduced species in the electrolyte and 

electron collection (ηcc) by the back contact before recombination with electron 

acceptors in the electrolyte. The relationship is expressed as 
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𝐼𝑃𝐶𝐸(𝜆) =  𝐿𝐻𝐸(𝜆) × ∅𝑖𝑛𝑗 × ∅𝑟𝑒𝑔 × 𝜂𝑐𝑐                                             (2.9) 

Therefore, IPCE is useful for evaluating the operating properties of the device. 

The change in the shape of IPCE spectrum during the stability test was used to 

reflect the change in the photo-conversion properties of the active materials; 

for instance, a spectral shift of IPCE indicates some morphological variation at 

the photoanode surface. 

2.3.3. Electrochemical impedance spectroscopy (EIS) 

EIS is a widely-used steady-state electrochemical technique based on 

Faraday’s Law to characterize the underlying internal dynamics in an 

electrochemical system by recording the frequency-dependent response of this 

system to a perturbed bias potential. A small perturbation AC amplitude is 

applied on top of a controlled DC polarization potential. EIS data normally 

includes Nyquist plots and Bode plots.  Each semicircle in Nyquist plots is 

characteristic of an electrochemical process within a single time constant and 

the diameter of the semicircle shows the resistance of the process, see Fig. 2.6. 

In Bode plots, the absolute value of the impedance (|Z|) or phase-shift (theta) is 

plotted against the logarithmic value of frequency, showing the frequency 

response of the dynamic process. 

EIS data of DSSCs in the frequency domain reflect dynamic processes 

occurring in different frequency regions. High (10
5
 Hz to 10 Hz), intermediate 

(10 Hz to 1 Hz) and low (1 Hz to 0.01 Hz) frequency features are associated 

respectively with the electron transfer at electrolyte/counter electrode, electron 

transport in the mesoscopic TiO2 film and recombination at TiO2/electrolyte 

interface, ion diffusion in the electrolyte. A typical equivalent circuit model as 

shown in Fig. 2.6 is built up to analyze the EIS data, which consist of circuit 

elements representing these crucial processes such as resistors (Rs: the solution 

resistance; RCE, Rrec: the electron transfer resistance at counter electrode and 

TiO2/electrolyte interface) and capacitors (constant phase element for real 

cells, including double layer capacitance at the counter electrode/electrolyte 

interface, CCE; chemical capacitance at mesoscopic TiO2/electrolyte interface, 

Cµ). Diffusion in the electrolyte is represented by a finite Warburg impedance 

element, Ws, including a resistance parameter Rd. 

EIS measurements in this work were conducted using an Autolab PGstat12 

potentiostat with an impedance module under dark/forward bias voltage 

conditions. Data were fitted using Z-view software. The electron lifetime in 

TiO2 (τn),
69

 conductivity (σ) can be extracted from the EIS data according to 

the relationships: 

𝜏𝑛 = (RCTCμ)1 n⁄                                                                                          (2.10) 

𝜎 = 𝑙
𝐴𝑅d

⁄                                                                                                     (2.11) 
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where l is the diffusion length and A is electrode surface area. 

 

 
Figure 2.6. Left: typical Nyquist plots of DSSCs with resistance series as 

labelled.
70

 Right: general transmission lines and simplified equivalent circuit 

model for DSSCs.
71

 

2.3.4. Charge extraction 

Extracted charge as a function of the open-circuit voltage (Qoc-Voc) is recorded 

by charge extraction measurements under open-circuit conditions. This 

measurement is useful for estimating the conduction band shifts in the DSSC 

as the Fermi level (EF) of the TiO2 depends on the electron concentration in 

TiO2 and the conduction band. The horizontal axis must be changed to EF 

according to eq. if the redox potential (Eredox) of the electrolyte is not constant. 

The Qoc-Voc plots can be used in estimating the energy distribution of trap states 

in TiO2 according to the multi trapping model.
35

 The density of trap density 

(Nt) can be obtained by differentiating the plots of Qoc-Voc. The tail of trap 

states follows an exponential function:
72

  

𝑁𝑡(𝑞𝑉𝑜𝑐) =
𝑁𝑡

𝑘𝑇𝑐
𝑒𝑥𝑝 (

𝑞𝑉𝑜𝑐−𝐸𝑐

𝑘𝑇𝑐
)                                                                       (2.12) 

where Tc, Ec and Nt respectively represent the characteristic temperature 

indicating the depth of trap states, the conduction band energy and the total 

volume density of trap states in the TiO2 film. Therefore, 

 qVoc = kTcln Nt(qVoc)+A                                                                             (2.13)  

where the intercept A involves both Ec and Nt in the relation 

𝐴 = (𝐸𝑐 − 𝐸𝑟𝑒𝑑𝑜𝑥) − 𝑘𝑇𝑐𝑙𝑛
𝑁𝑡

𝑘𝑇𝑐
                                                                    (2.14) 

2.3.5. Stability tests of DSSCs 

In order to evaluate the out-door durability of DSSCs and to study their 

degradation mechanisms, the accelerated stability test was carried out on 
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working cells exposed to concentrated light and high temperature. The 

accelerating conditions selected in this work were continuous full sun 

irradiation (AM 1.5G, ~100 mW cm
-2

) with different colored filters as needed 

on top of the samples and a surrounding temperature of ~60 °C. Samples 

exposed to ageing in the dark were subjected to the same temperature (60℃). 

The accelerated stability test was carried out in a sample compartment (ATLAS 

Suntest XLS, see Fig. 2.7). Normally, the cell samples were aged under open-

circuit conditions; to evaluate the stability of working cells, the cell samples 

were short circuited. The samples were taken out at certain intervals for 

characterization. Long-term stability tests were continued for a period of 1000 

h. 

 
Figure 2.7. A picture of the digitally-controlled device used for the stability test. 

 

To distinguish the stability tests on individual components consisting of a 

DSSC before fabrication (for instance the selected electrolyte components and 

dye-sensitized films in this thesis) from those on DSSCs after fabrication, these 

strategies were simply referred to as pre and post respectively. The detailed 

treatments are listed in section 4.4. 
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3.  
 Interaction Dynamics in DSSCs under 

Stability Tests  

(Paper I-V) 

3.1. Introduction 

A dye-sensitized solar cell is a multi-component and multi-interface system; 

the interfaces of interest in the sandwich-structured liquid DSSCs are dye/TiO2, 

TiO2/electrolyte, dye/electrolyte and electrolyte/counter electrode interfaces. 

At these interfaces, electron transfer occurs in an operating cell. When the cell 

is subject to the open-circuit condition, there are still intermolecular 

interactions which can occur in the form of physical attraction or chemical 

reaction and be induced or promoted by exposure to the light/thermal stress in 

the stability test. These microscopic interactions, even though they are difficult 

to detect and identify objectively, directly determine the electron transfer 

kinetics and the macroscopic performance of the entire DSSC device. 

Therefore, it’s necessary to maintain the interactive system in a steady state to 

achieve a durable DSSC. In this work, the electrolyte was found to be of great 

importance for stabilizing the electrodes, and the redox equilibria of the 

electrolyte at the electrode surface were also observed to change with time. 

3.2. Interactions within the Electrolyte 

The addition of co-additives including cationic salts and N-containing Lewis 

bases to the electrolyte has been demonstrated to be necessary to improve the 

efficiency of the DSSC. However, the diverse-component electrolyte leads to 

complicated solution chemistry. The complication is greater with the mutual 

interactions in the metal organic complex mediated electrolytes than in the I
-
/I3

-

-based system and when the system is subject to an external energy supply 

(light, electricity or heat).
73

 In the electrolyte, redox couples play a central role 

in determining the electron transfer kinetics at the various interfaces. Any 

change in the distribution equilibrium of the redox species would lead to 

unexpected changes in the device performance. Therefore, the stability of the 

redox equilibrium of the electrolyte must be examined. In this chapter, changes 

in the coordination sphere of cobalt-tris(bipyridine)-based redox complexes 

were studied when the electrolyte systems were exposed to ambient or stability 

test conditions. These changes occur mostly in the presence of Lewis base co-

additives. 
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3.2.1. Ligand exchange in Co
II
 complex 

The guanidinium-cation (Gu
+
)-based additive usually as a thiocyanate salt is 

commonly used to replace LiI in I
-
/I3

-
-based ionic liquid electrolytes primarily 

aiming to affect the photovoltage. However, the role of the thiocyanate anion is 

less clear and should not be considered chemically inactive. An effect of the 

SCN
-
 anion was clarified in the stability study of DSSCs using GuSCN instead 

of Li
+
 salts in Co(bpy)3

2+/3+
-based electrolytes. A ligand exchange reaction 

unexpectedly occurs between the thiocyanate salt and the Co(bpy)3
2+

 complex 

under ambient conditions. The crystal structure of the product is shown in Fig. 

3.1. The unexpected interaction can be attributed to the competitive 

coordination of the thiocyanate anion as a potential ligand into the labile Co
II
 

complex. The initial redox equilibrium is consequently shifted, and this 

necessarily influences the redox potential of the electrolyte. The results shown 

in Table 3.1 confirm that both Voc and Jsc decrease more rapidly for DSSCs 

incorporated with GuSCN during the stability tests. 

 

 

Figure 3.1. Schematic formation of Co(bpy)2(NCS)2 through ligand exchange in 

the electrolyte, and the crustal structure of Co(bpy)2(NCS)2. 
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Table 3.1. The photovoltaic performance of D35-sensitized solar cells with and without 

GuSCN in cobalt electrolytes before and after ageing for 200 h. 

Electrolyte 

additivesa 

Ageing 

timeb 
Jsc (mA cm-2) Voc (V) FF η (%) 

No GuSCN 
0 h 10.85 0.96 0.71 7.35 

200 h 11.18 0.86 0.69 6.56 

0.1 M GuSCN 
0 h 10.81 0.95 0.72 7.44 

200 h 9.29 0.74 0.53 3.65 

a Other components were the same: 0.3 M/0.15 M Co(bpy)3
2+/3+, 0.3 M TBP in 

acetonitrile/EMITCB (2:1, v/v); b ageing conditions: full sun irradiation (390 nm cut-

off)/60°C. 

3.2.2. Oxygen binding in labile Co(II) complex 

Co(II) compounds are known to reversibly bind O2 generating a peroxo-

bridged binuclear Co(III) complex,
74,75

 and this means that the oxygen 

inevitably present in the cobalt electrolyte would be involved in the 

coordination equilibrium of the Co(II) component. The stability constant of the 

oxidation product, which depends on the temperature and on electrolyte 

properties such as ionic strength,
76

 determines the shift of the current 

equilibrium in the Co(bpy)3
2+

 complex. By adding a suitable ionic medium, 

such as an iodide source (LiI or TBAI) used in this work, a Co(III) peroxo 

complex (see Fig. 3.2) was precipitated from the Co(bpy)3
2+

 solution under 

ambient conditions. This change due to oxygen exposure must undermine the 

redox equilibrium of the cobalt electrolyte and is thus detrimental to the 

durability of the DSSC.  

  

Figure 3.2. The formula and crystal structure of [µ -H2O- µ -O2Co2(bpy)4]I4. 
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3.2.3. Co(III)/Lewis base interactions 

In contrast to the labile Co(II) complex, the Co(III) complex is relatively inert. 

The Co(III) complex is not however absolutely chemically inactive in the 

multi-component electrolyte for DSSCs. Recently, Liyuan Han’s group 

proposed a weak interaction between Co(bpy)3
3+

 and TBP to explain the 

shielding effect of TBP on the electron recombination between TiO2 and 

Co(bpy)3
3+

.
57

 Hoffeditz et al attributed the increase in the device current to the 

coordination-sphere replacement with TBP when Cu(I) is oxidized to Cu(II) in 

the electrolyte under electrochemically operating conditions.
73

 Such 

interactions have also been recognized in this work and a light effect is also 

involved. Spectroscopic characterization reveals the changes with respect to 

TBP in the presence of Co(bpy)3
3+

 under short-term light exposure : (1) In Fig. 

3.3, a new band with a 27 cm
-1

 red shift arises with respect to the Raman shift 

at 997 cm
-1

 which is assigned to the pyridine ring stretching mode of TBP, 

indicating a coordination reaction to a metal centre; (2) FT-IR results show a 

remarkable decrease in intensity of the pyridine ring vibration modes (δ(C-H), 

765 cm
-1

 and 819 cm
-1

), also indicating a metal coordination; (3) in Fig. 3.4, 

where the 
1
HNMR spectrum of Co(III)/TBP mixture is compared to that of 

TBP only, the slight downfield shift of the characteristic peak for pyridine 

hydrogen of TBP confirms an interaction between Co(bpy)3
3+

 and TBP 

molecules upon mixing and before the exposure to light; a further downfield 

shift visualised as a broad peak after exposing the mixture to light indicates a 

more pronounced interaction between them. The peak broadening assigned to 

TBP contains contributions from two types of TBP: one (up-field) from the 

initial state in the presence of Co(bpy)3
3+

 and the other (down-field) from TBP 

in the presence of Co(bpy)3
3+

 after exposure to light. 

 

Figure 3.3. Left: Raman spectra of TBP only (black, dash), Co(bpy)3
3+

 only 

(green), Co(bpy)3
3+

/TBP in acetonitrile before (blue) and after (red) exposure 

to light. Right: FT-IR spectra of TiO2 films spin-coated with Co(bpy)3
3+

/TBP 

acetonitrile solutions without and with exposure to light and subsequently 

dried.  
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Figure 3.4. 
1
HNMR spectra of TBP only, Co(bpy)3

3+
/TBP in CD3CN before and 

after exposure to light for different times. 

The change with respect to the coordination sphere of Co(bpy)3
3+

 was seen 

in the absorption feature in the visible region of Co(bpy)3
3+

 attributable to the 

strongly configuration-related d-d transition of the cobalt complex, see Fig. 

3.5. Before exposure to light, a new absorption band emerges at 420-430 nm 

for the fresh Co(bpy)3
3+

 solution upon mixing with TBP. Inspired by the 

ligand-field theory, the d-d absorption bands of Co(bpy)3
3+

 are weak due to a 

forbidden transition as the 6 d-electrons are expected to reside in a (nearly) 

triply degenerate HOMO of t2g symmetry. The addition of TBP must affect the 

inner coordination sphere of the Co(III) complex and lower this symmetry, as 

indicated by the significant increase in absorption intensity. The lower 

symmetry could be due to a 5-coordinate species with a configuration close to 

square-pyramidal produced by partly or fully exchanging one bpy ligand of 

Co(bpy)3
3+

 with TBP as follows. 

Co(bpy)3
3+

 + TBP   [Co(bpy)2 (TBP)]
3+

 + bpy                (3.1) 

Upon exposure to light, the intensity of the d-d absorption decreased 

immediately, the rate of the intensity decrease being dependent on the 

concentrations of Co(bpy)3
3+

 and of TBP (Fig. 3.5), indicating that the spectral 

effect is related to some reaction between these two compounds. Such a 

phenomenon was not observed upon storage in the dark, but it’s present when 

Li
+
 salts were also added, see Fig. 3.6. It could be construed as that the 

interaction between Co(bpy)3
3+

 and TBP was weakened by the presence of Li
+
 

ions. The reduced d-d transitions by the persistent effect of light indicates a 

different configuration from Co(bpy)3
3+

, probably [Co(bpy)2(TBP)2]
3+

 of 
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pseudo-octahedral symmetry resulting from further exchange of bpy for TBP. 

This step-wise ligand exchange is consistent with the step-wise shift in the 

TBP peaks shown in the 
1
H NMR spectra. 

 
Figure 3.5. Left: UV-Vis absorption spectra of Co(bpy)3

3+
 only (green), 

Co(bpy)3
3+

/TBP before (blue) and after overnight storage in the dark (light 

blue) and exposure to light for 20 min (pink) and 60 min (red). Right: the 

decrease in the UV-Vis absorbance at 450 nm of Co(bpy)3
3+

/TBP in 

acetonitrile of low and high concentrations as a function of the time of 

exposure to light. 

 
Figure 3.6. UV-Vis absorption spectra of 3 mM Co(bpy)3

3+
 only (green), 3 

mM/4 mM Co(bpy)3
3+

/TBP without and with 0.5 mM (purple), 1 mM 

(magenta), 2 mM (pink), 3 mM (red), 4 mM (orange), 6 mM (yellow) LiClO4 in 

acetonitrile. 

DFT calculations based on the three cobalt complexes Co(bpy)3
3+

, 

[Co(bpy)2(TBP)]
3+

 and [Co(bpy)2(TBP)2]
3+

 shown in Fig. 3.7 support the 

spectroscopic observations: (1) the low-spin configuration of the 5-coordinate 

species is lower in energy than the high-spin configuration showing a 

diamagnetic response in 
1
H NMR spectroscopy; (2) the calculated shift of the 

Raman response of the TBP ring breathing mode from 1024 cm
-1

 (int50 

Å
4
/amu) for non-coordinated TBP to 1069 cm

-1
 (int15 Å

4
/amu) for that 

coordinated in [Co(bpy)2(TBP)2]
3+

 is consistent with the experimental shift 

(~27 cm
-1

). 
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Figure 3.7. The optimized geometries of Co(bpy)3
3+

 (left), [Co(bpy)2(TBP)]
3+

 

(middle) and [Co(bpy)2(TBP)2]
3+

 (right; cis configuration) in acetonitrile 

obtained from the DFT calculations. The dashed boxes indicate the positions of 

TBP in the coordination sphere. 

3.2.4. Lewis-base-induced Co(III) degradation 

In the stability test, the interaction between TBP and Co(bpy)3
3+

 increases with 

time, as shown by spectroscopic, electrochemical and nuclear magnetic 

response measurements on the TBP/Co(bpy)3
3+

 mixture solution. The first two 

methods are more sensitive to the changes in the structure of the cobalt 

complex in a dilute solution. Fig. 3.8 shows that the new d-d transition band of 

cobalt complex arising at ~430 nm upon addition of TBP is gradually blue 

shifted to ~400 nm during ageing up to 200 h. According to the ligand-field 

theory, this spectral shift indicates a considerable change in the coordination 

sphere of the cobalt complex, probably a step-wise involvement of TBP in the 

coordination to Co
III

 centre. This change was also detected by DPV 

measurements. The results depicted in Fig. 3.8 show a dramatic decrease in the 

response to the Co(bpy)3
3+

 complex and a gradually increasing response to 

some redox species exhibiting a more negative redox potential. 

 
Figure 3.8. Changes in the 3.5 mM/7 mM Co(bpy)3

3+
 /TBP acetonitrile 

solutions during the ageing test under light/60°C exposure in (a) UV-Vis 

absorption spectra and (b) electrochemical properties: DPV curves measured 

with a scan rate of 50 mV/s. 
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Figure 3.9. 

1
H NMR spectra of 0.05 M/0.06 M Co(bpy)3

3+
/TBP in d

3
-

acetonitrile recorded during the ageing tests under exposure to light//60°C and 

darkness/60℃. Characteristic peaks of TBP pyridine hydrogen are labelled a 

and b. The new peak is labelled c. 

Although no significant degradation of Co(bpy)3
3+

 was seen in the 
1
H NMR 

spectra of more concentrated solutions (Fig. 3.9), the downfield shift with time 

of the characteristic peaks (a and b-labelled in Fig. 3.9) for TBP pyridine 

hydrogen confirms the involvement of TBP in the ligand exchange reaction. 

Meanwhile, a new peak appeared at 14.5 ppm with an intensity which 

increased with time during ageing, which can probably be attributed to the 

generation of new cobalt complexes in a high-spin configuration showing a 

paramagnetic response. In contrast to the results of the short-term 

TBP/Co(bpy)3
3+

 interaction referred to in the previous section, a change in the 

TBP/Co(bpy)3
3+

 mixture solutions was detected by prolonging the ageing time 

at 60 ℃ both in the dark and on exposure to light. Here, the light exposure 

appeared only to accelerate the ligand exchange reactions. 
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3.3. Interactions at the Dye/Electrolyte Interface 

It has been proposed that the dye/electrolyte interface is as important as the 

TiO2/electrolyte interface for the interfacial electron transfer dynamics.
77

 TiO2 

is relatively inert (several literature references report the ageing reactions at the 

TiO2/electrolyte interface),
78

 but dyes—especially organic dyes—are more 

active and interactions with the electrolyte are expected to predominate during 

the stability test. It is known that photo-excited dyes are more prone to 

chemical attack from the electrolyte. The influencing factors include 

electrolyte components such as redox couples, lithium salts and Lewis bases, 

and also impurities entrained in the solvent such as traces of water and 

dissolved oxygen. In this chapter, the stability of different D35-type dyes and 

taking D35 dye as an example, dissolved and adsorbed dyes was systematically 

investigated in the presence of different electrolyte additives. 

3.3.1. Stability of TPA-type organic dyes  

In order to alleviate the fast recombination suffered by one-electron transient 

metal-complex-based redox mediators for DSSCs, a series of donor-π-acceptor 

(D-π-A) organic dyes consisting of triphenyl amine (TPA) derivative with long 

alkyl substituents as the donor fragment have been recently reported.
79

 The 

conjugated π-linker has been modified with the aim of broadening the spectral 

absorption of the dye. Fig. 3.10 shows the structures of some typical TPA-type 

dyes with different numbers of thienyl groups and long-chain alkyl substituents 

in the π-linker unit. The photovoltaic performance of DSSCs based on these 

dyes is listed in Table 3.2. 

          

Figure 3.10. Chemical structures of TPA-type organic dyes. 
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Table 3.2. Photovoltaic characteristics of solar cells sensitized by D35 and 

LEG-series of dyes. Three cells were fabricated with each sensitizer, and the 

best efficiencies were listed. 

Dyesa 
Jsc 

[mA cm-2] 

Voc 

[V] 

FF 
η 

[%] 

D35 9.2 0.91 0.65 5.44 

LEG1 8.5 0.75 0.60 3.75 

LEG3 10.3 0.94 0.68 6.56 

LEG4 11.4 0.87 0.73 7.18 
a Device components: Electrolyte: 0.3 M / 0.15 M Co(bpy)3[B(CN)4]2/3, 0.2 M TBP in MeCN; 

Working electrode: TiCl4-treated FTO glass screen printed with a dilute Dyesol 18NR-T paste and 

scattering layer sintered at 500 °C. The resulting TiO2 film was 5 mm×5 mm×3 μm. Counter 
electrode: sintered platinum nanoparticles on FTO. Sensitization: 0.2 mM dye in EtOH for 18 h 

(LEG1 in CH2Cl2). Measured under simulated AM1.5 solar irradiation with a metal mask of 5 

mm×5 mm. 

 
Figure 3.11. Normalized Voc, Jsc and η of solar cells sensitized by different TPA-

type dyes as functions of the time of exposure to full sun irradiation (390 nm 

cut-off)/60 °C conditions (shadow region: stored in dark/ambient conditions). 
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It can be seen in Table 3.2 that the performance of the device is dramatically 

enhanced by introducing one or two long-chain alkyl substituents into the 

linker unit of LEG3 and LEG4. However, as shown in Fig. 3.11, applying this 

strategy results in a poorer long-term stability than with the other two dyes. 

Both the current and the voltage of solar cells based on LEG3 and LEG4 

significantly decline in the early period of the stability test, indicating that dye 

loading on the TiO2 film is reduced. This is confirmed by the change in the 

shape of the IPCE spectra for the two dyes during the stability test, Fig. 3.12. 

The collapse at the shorter wavelength region is probably due to the 

competitive light absorption of the degradation products of the dyes, which 

make no contribution to the photocurrent generation. The conclusion is 

supported by the gradual discoloration of the dye-sensitized film observed in 

these two cases (not shown here). D35 is the best dye, taking both device 

efficiency and stability into account. 

 
Figure 3.12. IPCE spectra for LEG3- (left) and LEG4-sensitized solar cells 

(right) recorded at different times during the stability test. 

3.3.2. Electrolyte co-additive effects on dye degradation 

We chose a relatively stable TPA-type organic dye (D35, Fig. 3.10) for this 

investigation. UV-Vis absorption spectroscopy was used as it could more 

directly reflect the change in the dye. According to the Lambert-Beer Law, 

where the absorbance is proportional to the concentration, we could calculate 

the rate of change (degradation) of the dye by monitoring the change 

(decrease) in the absorbance at a given wavelength. Fig. 3.13 shows the UV-

Vis absorption spectra of dye/acetonitrile solutions in the presence of various 

electrolyte co-additives and acid/base combinations. The absorption band blue 

shifts under the basic conditions and becomes intensity-enhanced in an acidic 

environment. Water acted as a proton acceptor like TBP and TEA, and as a 

proton donor in the presence of Li
+
 ions. According to the literature,

80
 the blue 

shift in the absorption spectrum of a dye solution, with a new band arising at 

around 400 nm upon exposure to heat stress (see Fig. 3.13) can be due to 

decarboxylation of the cyanoacrylic acid group of the dye. In addition, the 



36 

 

decrease in the intensity upon exposure to light indicates a light-induced 

degradation of the dye. 

 
Figure 3.13. UV-Vis absorption spectra of D35/acetonitrile saturated solution 

(<2.5×10
-5

 M) with different co-additives of the same concentration (0.005 M) 

except for H2O (0.05 M). UV-Vis absorption spectra of D35/acetonitrile 

saturated solution (<2.5×10
-5

 M) before (dashed line) and after exposure to 

full sun (390 nm cut-off)/60 °C conditions (Inset: dark/60 °C) for different 

time. Arrows show the changes in the position and intensity of the absorption 

bands. 

 
Figure 3.14. UV-Vis absorption spectra of D35/acetonitrile saturated solution 

(<2.5×10
-5

 M) (a) containing 0.005 M LiClO4 before (dashed lines) and after 

exposure to full sun (390 nm cut-off)/60 °C conditions (Inset: dark/60 °C) for 

different time and (b) containing different cation co-additives of  0.005 M after 

exposure to light for 200 h. 

Fig. 3.14 shows the change in the absorption spectra of the dye solutions 

containing cation co-additives at different charge-to-size ratios: Li
+
 > Na

+
 > 

EIm
+
. A clear cation dependency of the rate of dye degradation was observed; 

Li
+
 > Na

+
 > EIm

+
 under light soaking conditions, and for all three cases, a new 

absorption band arose at 386 nm. No visible spectral blue shift was however 

observed under heat stress in the presence of cationic co-additives, especially 

Li
+
 ions. It seems that the interaction of Li

+
 with carbonyl oxygen, as reported 

previously,
81

 efficiently suppresses thermal-induced decarboxylation. 
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Two properties of Li
+
 salts could be involved in the dye degradation, their 

hygroscopicity and Lewis acidity. Fig. 3.15 shows the spectral changes in the 

dye solutions in the presence of Li
+
, water and Li

+
/water respectively. The 

main difference is in the emerging absorption band at 386 nm. The change in 

the absorption intensity was recorded as a function of exposure time for the 

bands at 510 nm and 386 nm (Fig. 3.15) and this represents the change in the 

concentration of original dye and degradation product according to the 

Lambert–Beer law. In comparison, the absorbance changes at 510 nm and 386 

nm almost matched when only Li
+
 was present. The situation is different in the 

presence of water, indicating a different degradation mechanism. In the 

solution containing both Li
+
 and water, dye degradation is the combined result 

of independent effects of these two factors.  

 
Figure 3.15. (a) UV-Vis absorption spectra of D35/acetonitrile saturated 

solutions (<2.5×10
-5

 M) containing 0.005 M LiClO4, 0.01 M H2O and 0.005 M 

LiClO4+0.01 M H2O before (dashed lines) and after exposure to full sun (390 

nm cut-off)/60 °C conditions for different times. (b) The decrease in the 

absorbance at 510 nm (dashed lines) and the increase in the absorbance at 386 

nm (solid lines) as a function of the ageing time.  

 
Figure 3.16. UV-Vis absorption spectra of D35/acetonitrile saturate solution 

(<2.5×10
-5

 M) containing low (0.005 M, upper) and high (0.01M, lower) 

concentrations of HCOOH before (dashed line) and after exposure to full sun 

(390 nm cut-off)/60 °C conditions for different times. 
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A stronger acid, formic acid (HCOOH), was employed to compare with Li
+
 

ions. Fig. 3.16, shows that the spectral change under light exposure was 

reduced by increasing the acidity of the solution, indicating that the Lewis 

acidity is not the reason for the Li
+
-induced dye degradation. Instead, this type 

of dye is even more unstable in an alkaline environment.  

4-tert-butylpyridine (TBP) is commonly utilized as a Lewis base additive in 

DSSC electrolytes to promote the TiO2 conduction band. Fig. 3.17 shows the 

degradation of dye solutions containing Li
+
, EIm

+
, TBP separately and in 

combinations: Li
+
/TBP and EIm

+
/TBP. Clearly, the rate of degradation with 

EIm
+
/TBP mixture is almost equal to the sum of the rates when present 

separately, indicating that the relative effects of these additives are 

independent. A faster degradation with a different spectral result was however 

observed with Li
+
 and TBP together than the sum of the effect when they were 

present separately. Therefore, a synergistic effect on the dye degradation was 

expected with these two additives in the acetonitrile solution. 

 
Figure 3.17. (a) UV-Vis absorption spectra of D35/acetonitrile saturated 

solution (<2.5×10
-5

 M) before (dashed line) and after exposed to full sun (390 

nm cut-off)/60 °C conditions for 200 h in the presence of 0.005 M LiClO4, 

0.005 M EMITCB, 0.005 M TBP, 0.005 M EMITCB/0.005 M TBP or 0.005 M 

LiClO4/0.005 M TBP. (b)The dye degradation as a function of time under light 

exposure in solutions containing different co-additives. 

The presence of TBP in the electrolyte accelerated the dye degradation on 

the TiO2 film as shown in Fig. 3.18, while the addition of cation co-additives 

retarded the degradation in the cation-dependent order: Li
+
 > EIm

+
. As 

expected, the presence of Lewis-base TBP promoted dye desorption. The 

interaction of cations especially Li
+
 ions with carbonyl oxygen increased the 

acidity of the carboxyl acid group and therefore the anchoring strength. 

However, the difference in dye degradation on the surface due to these co-

additives was diminished by the presence of cobalt redox complexes. 
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Figure 3.18. UV-Vis absorption spectra of D35/TiO2 films in acetonitrile 

solutions before (dashed line) and after (solid lines) exposure to full sun (390 

nm cut-off)/60℃ conditions in the presence of different co-additives. Inset: in 

the presence of Co(II/III) complexes. 

3.3.3. Co(III)-involved changes in the dye/TiO2 film 

This section lists three cases where the effects of the Co(III)-based electrolytes 

on the dye/TiO2 surface were shown under stability test conditions. The main 

effects were changes in the spectral response of the dye. 

1) Fig. 3.19 shows that the concentration of Co(bpy)3
3+

 complex in the 

electrolyte affects the degradation of the dye on the TiO2 film. The 

effect is not a reduction in the degradation rate represented by the 

change in the spectral absorbance at the characteristic wavelength 

(~450 nm), but an increase in the absorbance at 380 nm attributed to 

some unknown degradation product(s). Such a competition in light 

absorption in this region with the working dyes essentially reduces the 

light harvesting efficiency (LHE) and the IPCE, photocurrent of the 

corresponding DSSCs. 

 
Figure 3.19. (a) UV-Vis absorption spectra of D35/TiO2 films in electrolytes 

containing high (0.15 M, AHigh) and low (0.05 M, ALow) concentrations of 

Co(bpy)3
3+

during the stability test. (b) The change in the absorbance as a 

function of the wavelength after the stability test for different time based on (a). 
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2) As seen in Fig. 3.20, the absorption spectrum of D35-sensitized TiO2 

film is slightly broadened with a red shift when the electrolyte in 

contact containing Co(bpy)3
3+

 and TBP was exposed to light soaking 

conditions for several hours. This effect is similar to that in the 

presence of lithium ions. This observation shows the interaction at the 

dye/electrolyte interface is important and especially when the 

electrolyte is changed during the stability tests. 

 
Figure 3.20. The UV-Vis absorption spectra of D35-sensitized TiO2 films in 

contact with Co(bpy)3
3+

/TBP acetonitrile solution before (blue) and after (red) 

light exposure, and that containing LiClO4 (green). 

3) Fig. 3.21 shows that the decrease in the absorbance of PD2/TiO2 film 

in contact with acetonitrile during exposure to light is retarded by the 

presence of Co(bpy)3
2+/3+

 complexes, indicating their crucial role in 

stabilizing the attachment of PD2 dyes on the TiO2 film. A red shift in 

the spectrum increasing with exposure time was also seen. This 

phenomenon can be related to the red shift observed in the spectrum 

of PD2/acetonitrile solutions containing either Co(bpy)3
2+

 or 

Co(bpy)3
3+

 after the same exposure. This effect was not seen in the 

case of the reference PD2 solution containing the ligand bipyridine, 

confirming that the interaction responsible for the red shift is between 

PD2 and the cobalt complexes. 
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Figure 3.21. Upper: the chemical structure of dye PD2. Lower: UV-Vis 

absorption spectra for (a) PD2/TiO2 films and (b) dye solution in the presence 

of different additives. 

3.3.4. Lewis-Base-induced change in dye/TiO2 interfacial properties 

It is known that dye/TiO2 interfacial electron transfer kinetics including 

electron injection from the excited-state dye to the TiO2 conduction band and 

electron recombination from TiO2 to oxidized dye can be influenced by the 

presence of TBP in two ways: 1) the adsorption of TBP onto the TiO2 surface 

by coordination to Ti
3+

 sites or the reaction of protons attached on the TiO2 

surface with TBP shifts the TiO2 conduction band edge and 2) interactions 

between TBP and dye molecules affect the energy levels and superficial 

arrangement of dyes.   

 
Figure 3.22. The normalized kinetic traces of (left) PD2 films after ageing in a 

TBP/acetonitrile solution in a complete cell for 0 h (black), 5 h (red), 15 h 

(green) and 48 h (blue); (right) LEG1 films for 0 h (black), 5 h (red).  

In this work, we surprisingly observed another effect of TBP on the 

interfacial electron transfer kinetics particularly for two bithiophene-linked 

dyes (PD2 and LEG1) when the dye/TiO2 film was exposed to the 

TBP/acetonitrile solution and light. In Fig. 3.22, a new electron injection 

feature within a much slower kinetics (on the order of ns) was observed. The 

proportion of this injection feature increased when the TBP-present ageing was 



42 

 

prolonged, while the proportion of the long-lifetime (τ3, >5 ns) electron 

recombination component also increased. The presence of the slow component 

was attributed to a change with respect to the interface dipole as indicated by 

the shift of the whole spectrum in both UPS and MIES characterization of the 

dye/TiO2 interface after the treatment, see Fig. 3.23. 

 

 

Figure 3.23. The UP spectra (upper) and MIE spectra (lower) of PD2/TiO2 

(left) and LEG1/TiO2 (right) film before (blue) and after (red) exposed to TBP 

acetonitrile solution and complete cobalt electrolyte respectively, and light. A 

shift of the whole spectrum is shown in all cases. 

3.4. Interactions at the Electrolyte/CE Interface 

The counter electrode is assumed to be catalytically active for rapid 

electrolyte/CE electron transfer. The resistance at the interface (RCE) produced 

by the overpotential η needed to drive the electron transfer at a given current 

density J (RCE=η/J) must be low to ensure high cell efficiency.
31

 The effects of 

the electrolyte on this respect could be due to adsorption onto or reaction with 

catalytic materials, in this case is Pt nanoparticles. The traditional I
-
/I3

-
 and the 

new low-light-absorption polysulfide redox couple have been questioned due 

to their corrosion in contact with the Pt electrode. However, even for the 

electrolytes of main interest in this thesis containing cobalt polypyridine 

complexes, as a redox mediator supposedly inert with respect to the CE, the 

influences of other electrolyte components were also explored. 

3.4.1. TBP effect 

Fig. 3.24 clearly shows that RCE increases with increasing concentration of 

TBP in the cobalt-based electrolyte. Consistently, the peak current was reduced 

when TBP was added to the cobalt electrolyte for CV measurements. These 
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results well demonstrate that TBP passivates the counter electrode as well as 

the photoanode. 

 
Figure 3.24. (a) Nyquist plots of DSSCs containing different concentrations of 

TBP in the electrolyte (inset: zoom in the first semi-circle). (b) The cyclic 

voltammetry curves of cobalt electrolyte with and without the addition of TBP. 

Pt wire was used as the counter electrode. 

3.4.2.  Cation co-additive effect 

The charge distribution equilibrium at the electrolyte/electrode interface is a 

combined result of cation-anion association and separation due to ion 

adsorption at the electrode surface. The change in the equilibrium is 

necessarily associated with the change in the potential at the electrode surface. 

In turn, based on the results of RCE, the interaction between the ion species and 

the electrode could be predicted. Fig. 3.25 shows the dependence on the time 

and cation of the change in the RCE during the stability test. In all cases, RCE 

increased with time. The cation dependency of the RCE increase (Li
+
> EIm

+
> 

other larger monovalent cations) is reasonable to be linked to that of the 

adsorption ability on the CE. In the cation-free electrolyte, the increase in RCE 

is probably caused by the adsorption of TBP, which was slightly suppressed by 

weak-binding cation salts: BIm
+
 < TBA

+
 < TEA

+
. 

 
Figure 3.25. RCE as a function of ageing time for DSSCs without and with 

different cation co-additives.  
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3.5. Summary 

Within the electrolyte, the cobalt tris(pipyridine) redox couple is stable under 

both ambient and accelerated ageing conditions, but ligand dissociation or 

exchange can be triggered for both labile Co(bpy)3
2+

 and apparently inert 

Co(bpy)3
3+

 complexes by the presence of other electrolyte components as 

competitive ligand candidates, including Lewis-base-type co-additives or 

anions, and some unavoidable impurities such as water and oxygen. At the 

photoanode/electrolyte interface, the instability of an organic sensitizer is 

mainly induced by exposure to light. The photostability of the organic dye of 

interest is dependent on the structure of the dye itself and on the composition 

of the surrounding electrolyte. Long-chain alkyl substituents should be avoided 

for TPA-type dyes onto the bis-thienyl linker for stability reasons even though 

it tends to increase the efficiency of the DSSC. The properties of the electrolyte 

additives potentially influencing the dye stability include the oxidizing ability 

of Co(III) complexes and oxygen, the acidity of lithium salts and bases, and the 

Lewis basicity of water molecules. The gradual passivation of the counter 

electrode during the stability test also shows a dependence on the electrolyte 

co-additives. In all, the mutual interactions between the DSSC components 

influence the steady state of the device represented by adsorption/desorption 

equilibria at dye/TiO2, electrolyte/CE interfaces and coordination and redox 

equilibria in the electrolyte. 
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4.  
Component Interaction Effects on 

DSSC Performance  

(Paper II-V) 

 

4.1. Introduction 

The performance of a DSSC is an integrated result of the thermodynamics and 

kinetics of various electron transfer processes. Electron transfer proceeds 

through intermolecular interactions at the interfaces, and these interactions 

determine the device performance. The interaction-performance relation has 

here been studied in this chapter by relating the device behavior during the 

stability test to the component interactions discussed in the previous chapter. 

Transient and steady-state spectroscopic and electrochemical methods have 

been used to monitor the electron transfer dynamics in the DSSC. 

4.2. The Effect of Light Exposure 

Energy is needed to trigger any change in a DSSC and it can be in the forms of 

light, heat or electricity. The first two factors have been primarily considered 

here since the stability tests of DSSCs have been conducted under open-circuit 

conditions. Light has a high energy compared with the thermal energy at room 

temperature. Sometimes raising the temperature of the sample by 50–60°C 

does not greatly affect the degradation process much and in contrast, the effect 

of light is more immediate and more pronounced. Electrolyte bleaching due to 

depletion of I3
-
 is a well-known degradation pathway for I

-
/I3

-
-mediated 

DSSCs. It is caused by a UV-radiation-induced photocatalytic reaction 

between triiodide and oxidized impurities occurring at the TiO2 surface.
54

 To 

avoid this effect, a UV-filter with a cut-off wavelength at 390 nm was used in 

the stability tests, but the sensitivity to visible light of colored substances such 

as the dye and cobalt redox complexes still induces some unexpected or 

undesired results. This section exemplifies the dependence of the device 

performance on the light effects, depending on the spectral region. 

As shown in Fig. 4.1, the short-term efficiency improvement of the D35-

sensitized solar cells containing lithium-ion-free cobalt-based electrolytes was 

primarily caused by light of shorter wavelengths. Light in this spectral region 

could be absorbed by the sensitizer or the redox complexes so that the light-

induced change involved the excited states of these compounds. For PD2-

sensitized solar cells containing the same cobalt electrolytes, the efficiency was 
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significantly increased, mainly in the first 50 hours. In this period, the change 

was basically induced by light of wavelengths shorter than 500 nm. The effect 

of heat stress in this respect was visualized in a longer period of time. 

 
Figure 4.1. The efficiency normalized with respect to the initial value as a 

function of time on exposure to light of different spectral ranges and a 

surrounding temperature of 60°C: (a)  D35-sensitized and (b) PD2-sensitized 

solar cells assembling lithium-ion-free electrolytes. The spectral range of the 

light was limited using colored glass filters.  

4.3. Additive-Dependent Device Performance Stability 

Interactions at the photoanode/electrolyte during the stability test determine the 

stability of the photocurrent and photovoltage of the DSSC. The photocurrent 

can be represented by IPCE (eq. 2.8). The relationship between IPCE and 

various electron transfer processes have been shown in eq. 2.9. The 

photovoltage is the gap between the quasi-Fermi level in TiO2 (EF) under light 

illumination and the redox potential of the electrolyte (Eredox) at the counter 

electrode:  

𝑉𝑜𝑐 = 𝐸𝐹 − 𝐸𝑟𝑒𝑑𝑜𝑥                                                                                         (4.1) 

According to the Nernst equation (eq. 1.1), only ∆Eredox = -0.059 V is obtained 

for the cobalt redox electrolyte even when 90% Co(III) is lost assuming the 

concentration of Co(II) to be unchanged. This means that the large decrease in 

the photovoltage (> 0.1 V) of the DSSC after the stability test is resulted from 

other more decisive factors. 

4.3.1. TBP-induced current decay 

Fig. 4.2 clearly shows that larger decrease in the integrated current is caused by 

higher concentration of TBP in the cobalt electrolyte. The change in IPCE in 

the main spectral absorption region of the dye (350 nm~650 nm) after long-

term accelerated stability tests also shows the similar dependency on the 

concentration of TBP. When the concentration of TBP amounts to 0.5 M, the 

IPCE decreases in the entire region, probably due to a decrease in LHE as a 
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result of dye loss at the TiO2 surface. In addition, IPCE in the red region 

(500~650 nm) declines more pronouncedly with increasing addition of TBP, 

indicating that the spectral absorption contributing to IPCE is generally blue 

shifted. One possible reason is that the concentration-dependent adsorption of 

TBP onto the TiO2 surface changes the conduction band edge and thus 

influences the wavelength-dependence of the electron injection efficiency. 

 
Figure 4.2. Changes in IPCE of devices based on AIM-type electrolytes 

containing different concentrations of TBP after light exposure for 1500 hours 

(Inset: changes in corresponding integrated current density with time during 

the stability test). 

4.3.2. Cobalt concentration effect on the current stability 

Fig. 4.3 clearly shows that the current stability of the investigated DSSC is 

improved by increasing the concentration of the Co(III) complex. In Fig. 4.4, 

lowering the Co(III) concentration deduces a gradual decrease in IPCE of 

shorter wavelengths during the stability test. The similar effect of the Co(III) 

concentration on the dye stability on the TiO2 surface discussed in the previous 

chapter provides some hints to explain this change. 

 
Figure 4.3. Jsc as a function of time during the stability test for DSSCs 

assembled with electrolytes containing different concentrations of 

Co(bpy)3
2+/3+

: A1 (0.22 M/0.05 M, blue), A2 (0.3 M/0.05 M, pink), A3 (0.4 

M/0.05 M, purple), A4 (0.3 M/0.15 M, red) and A5 (0.3 M/0.2 M, green). 
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Figure 4.4. The evolution of IPCE during the stability test for DSSCs 

assembled with electrolytes containing low (A1: 0.22 M/0.05 M) and high (A4: 

0.30 M/0.15 M) concentrations of Co(bpy)3
2+/3+

; IPCE spectra after the 

stability test for 1000 h of DSSCs assembled with electrolytes containing 

different concentrations of Co(II) complex. 

4.3.3. Cation-dependent photostability of Voc 

As shown in Fig. 4.5, the change in Voc of DSSCs during the stability test 

showed a clear dependence on the cation and on the light. Light exposure 

seemed to retard the decrease in the Voc in the early hours particularly for the 

two non-Li
+
 cases but to promote it in the late period for all three cation-related 

cases. In light of eq. 4.1, the change in Voc can be analyzed from the 

perspectives of EF of the TiO2 and Eredox at the CE. EF depends on the TiO2 

conduction band edge (Ec) and on the electron concentration in the TiO2. The 

electron concentration is related to the injection efficiency and lifetime of 

electrons (τn) in TiO2. Assuming that the injection efficiency is high and 

constant, the latter factor plays a crucial role. It is therefore reasonable to 

interpret the change in Voc from the perspectives of Ec- Eredox and τn.  

 
Figure 4.5. Normalized Voc with respect to the initial value and Ec-Eredox as a 

function of ageing time for DSSCs with different cations: Cation-free (black, 

square), Li
+
 (red, circle) and EIm

+
 (blue, triangle) during the stability tests in 

the light (solid lines) and dark (dashed lines). 
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In the first two hours, light exposure leads to a fast decline in the Ec- Eredox 

but an increase or a retarded decrease in τn for non-Li
+
 cases (Fig. 4.6), and this 

explains the impeding effect of light on the Voc decline. In the late period, we 

focused on the change in τn, as Ec-Eredox seems to be almost unchanged. By 

comparing the τn evolution for different exposure conditions, it is seen that 

light illumination causes a continuous decrease in τn, a phenomenon which is 

more significant in DSSCs containing Li
+
-based co-additives. This condition- 

and cation-dependent change in τn explains the photoinduced instability of Voc 

for this type of system and the promoting effect of Li
+
 ions in this respect. 

Figure 4.6. Electron lifetime (τn) in the TiO2 film as a function of Voc for DSSCs 

with different cations recorded during the stability tests in the light (left) and in 

the dark (right): initial, black; 2 h, green; 50 h, orange; 100 h, red; 250 h, 

pink; 800 h, blue; 1000 h, purple. 

4.4. Lewis-Base-Related Performance Improvement 

In some cases, the device performance is improved upon exposure to light and 

thus the question is whether the light-induced change occurs in the dye or in 

the electrolyte. Normally, a change in the arrangement of dye molecules on the 

TiO2 surface is expected.
82-84

 However, this is not always the case.  

 
Figure 4.7. The schematic illustration of the pre- and post- strategies. 
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To identify the factor(s) that is affected, the electrolyte or the dye-

sensitized film was first exposed to light (the pre strategy, see Fig. 4.7) and 

then the characterization results of corresponding DSSCs were compared with 

those after device-based exposure (the post strategy). In the pre strategy, 

different electrolyte components were selected while other components were 

kept unchanged; the control experiments reveal the cause for the performance 

improvement. 

4.4.1. Cause 1: change in the electrolyte 

An immediate increase in the device performance was observed upon light 

exposure for Co(bpy)3
2+/3+

-mediated DSSCs containing TBP as the electrolyte 

co-additive. The increase, particularly in the photocurrent, is greater when no 

cation-based co-additive was added (Cation-free), see Fig. 4.8. With regard to 

energetics and kinetics, this change can be linked to a lowering of the 

conduction band edge together with less deepening of the trap states 

distribution and a greater increase in the electron lifetime in the TiO2 film, see 

Fig. 4.9. Control experiments were conducted in which different combinations 

of electrolyte components were selected for the pre strategy. As seen in Fig. 

4.10, it can be concluded that the light-induced increases in the current and 

efficiency for cation-free cells are caused mainly by light exposure of the 

cobalt electrolyte and more specifically, that of the mixture of Co(bpy)3
3+

 and 

TBP. The light-induced or promoted interactions between them, increasing 

with time as noted in the previous chapter, affect the TiO2 energy levels and 

electron recombination kinetics as shown in Fig. 4.11, which is reasonable in 

light of the related impacts of these additives. 

 
Figure 4.8. IPCE spectra of DSSCs with different cations during the stability 

tests in the light: initial, black; 0.5 h, blue; 2 h, red. 
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Figure 4.9. (a) Trap states energy distribution and (b) Ec-Eredox, Tc and mc as a 

function of time for DSSCs with different cation co-additives (Cation-free, 

black; EIm
+
, blue; Li

+
, red) recorded during stability tests in the light (solid 

lines) and dark (dashed lines). 

 

Figure 4.10. Left: efficiency (η) and short circuit current density (Jsc) for 

DSSCs containing electrolytes without (Normal) and with light exposure (*) 

based on different combinations of electrolyte components, and after device-

based light exposure (Device*). Right: the photovoltaic performance 

improvement of DSSCs as a function of time of the [Co(bpy)3]
3+

/TBP solution 

treated according to the pre strategy. 

Nevertheless, treatment of the complete cobalt electrolyte according to the 

pre strategy cannot completely reproduce the change in DSSCs achieved by 

the post strategy. The difference between them was observed in the slopes of 

the trap-state energy distribution curves and those of the electron lifetime 

curves as functions of open-circuit voltage, both of which represent the depth 

of trap states in TiO2, as shown in Fig. 4.12. Such a difference is probably 

attributable to a change in the dye/TiO2 interface. 
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Figure 4.11. Trap state distribution (left) and electron lifetime (right) in D35-

sensitized TiO2 films of DSSCs containing electrolytes without and with light-

pre-treated Co(bpy)3
3+

/TBP mixtures for different times. 

 

Figure 4.12. Trap state distribution (left) and electron lifetime (right) in D35-

sensitized TiO2 films of DSSCs containing fresh (black, square) and aged (red, 

circle) electrolytes according to the pre strategy and in DSSCs aged following 

the post strategy (black, empty square). Inset: the slopes and interprets 

obtained by fitting. 

4.4.2. Cause 2: electrolyte-induced change in the dye  

Two D-π-A organic dyes with the D35-type donor, bithiophene group as the π-

linker, and with dipicolinic acid (PD2) and cyanoacrylic acid (LEG1) 

respectively as the acceptor and anchor have been studied previously.
85

 Their 

structures are shown in section 3.3.1. The light absorption and the photovoltaic 

performance of the corresponding fresh DSSCs were found to be strongly 

influenced by the acidity of the electrolyte and by the presence of pyridine co-

additives. This work reveals a gradually increasing efficiency with time of 

DSSCs based on both bithiophene-linked dyes during the stability test; see Fig. 

4.13. The improvement occurs mainly in the photocurrent generation, as 

indicated by the evolution of the IPCE spectra where the IPCE is increased and 

the spectrum is extended to the red. 
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Figure 4.13. The evolution with time of the DSSC efficiency (upper) and IPCE 

spectra (lower) for dye PD2 and LEG1 during the stability test. The dashed 

lines are IPCE spectra measured initially and normalized with respect to the 

IPCE of DSSCs aged after 24 h at 470 nm (LEG1) and 440 nm (PD2) 

respectively.  

In contrast to relative results published previously where higher current was 

obtained for pyridine-free electrolytes, experiments controlling PD2/TiO2 and 

LEG1/TiO2 films subject to the electrolytes containing different components 

according to the pre strategy reveal that the current improvement is mainly 

attributed to the presence of TBP and is proportional with the accessibility of 

TBP to the dye/TiO2 interface, Fig. 4.14. The increase in IPCE in the range of 

500 ~ 600 nm, which corresponds to the observed red-shift in the IPCE 

spectrum and also UV-Vis absorption, is particularly more evident in cases of 

the pre treatments with TBP present. The interaction between dye/TiO2 and 

TBP is then indicated and also confirmed by the observed effect of TBP 

retarding the electron recombination at TiO2/electrolyte interface. Consistently, 

the appearance of slow injection/recombination component in the interfacial 

kinetic study as discussed in section 3.3.4 explains the suppressed 

recombination. Additionally for PD2, the increase in the IPCE of wavelength 

longer than 600 nm is achieved only when taking into account the contributing 

effect of Co(bpy)3
3+

, which can be explained by the red-shift in the absorption 
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spectrum of the PD2 solution mixed with cobalt complexes after exposure to 

light, see section 3.3.3. 

 
Figure 4.14. Upper: integrated Jsc (left) and IPCE change (right) of DSSCs 

based on LEG1 and PD2-sensitized TiO2 films treated according to the pre 

strategy in electrolytes containing different components and those of untreated 

and post-aged DSSCs. Lower: Jsc (left) and τn in the TiO2 film (right) of DSSCs 

varying in the concentration of TBP in the electrolyte and time for the pre 

treatment of PD2-sensitized TiO2 films. 

4.5. Summary 

Light exposure plays a crucial role in influencing the performance of DSSCs 

during the stability test. From the perspective of the device itself, another key 

factor is the electrolyte. The fact that the electrolyte used for efficient DSSCs is 

always multi-component makes it complex to unravel the cause of electrolyte-

involved change in the performance of DSSCs. Selecting electrolyte 

components in combination with the pre strategy was proved to be a useful 

solution. The fundamental studies in this work highlight the significance of 

optimizing the electrolyte composition to achieve efficient and durable DSSCs. 
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5.  
Diffusion in DSSC Electrolytes 

(Paper I, IV and VI-VII) 

 

5.1.  Introduction  

Another factor limiting the DSSC performance is the electron transfer kinetics 

within the electrolyte. In a liquid electrolyte, the process involves the mass 

transport of the working redox couple species. Mass transport is driven by the 

concentration gradient emerging at the electrolyte/electrode interfaces due to 

the passage of current, and this is therefore called diffusion. The diffusion rate 

is defined in eq. 1.2. The concentration gradient is caused by the difference 

between the rate of the electrochemical reaction at the electrode and the rate of 

ion migration in the solution from/to the electrode. The diffusion is therefore 

not an independent process for the electrolyte but is strongly associated with 

the electron transfer processes at the electrolyte/electrode interfaces. D is 

material-dependent and is also influenced by the properties such as the 

viscosity and conductivity of the electrolyte. These properties can be affected 

by the electrolyte components such as cation co-additives and solvent additives 

(in the sense of the additives used to improve the properties of the solvent) as 

well as the solvent. The Enstein-Stokes relationship estimates D of the solute 

in terms of external conditions and material properties as 

𝐷 = 𝑘𝑇 6𝜇𝑅⁄                                                                                                   (5.1) 

where k is Boltzmann’s constant, T is the absolute temperature, µ is the solvent 

viscosity and R is the material particle size. According to this equation, the 

electrolyte containing large-sized Co(bpy)3
2+/3+

 redox complexes are expected 

to suffer from the sluggish diffusion. This equation is however limited to dilute 

solutions of uncharged rigid particles. D is also related to the chemical activity 

of the solution and the solute concentration according to the relationship: 

𝐷 = 𝐷0
𝜇0

𝜇
(1 +

𝜕𝑙𝑛Γ

𝜕𝑙𝑛𝐶
)                                                                                       (5.2) 

where D0 is the solute diffusivity in an infinitely diluted solution, µ0 is the 

viscosity of the pure solvent, µ is the viscosity of the solution and Γ is the 

activity of the solution. D decreases as the solute concentration increases due 

to 1) increased interactions between solute molecules and 2) an increase in the 

solution viscosity. The Guntelberg approximation of the DeBye-Huckel theory 

is used to estimate Γ: 
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−𝑙𝑜𝑔𝛤 = 0.5𝑍2𝐼1/2/(1 + 𝐼1/2)                                                                     (5.3) 

𝐼 = 1.6 × 10−15∅                                                                                           (5.4) 

where I is the ionic strength, ∅ is the conductivity, Z is the charge. The 

conductivity is an experimentally measurable parameter.
86

 Two methods 

typically used to estimate D of a specific solute species or the average D of 

multicomponent solutes are to measure the limiting current by CV or the 

Nernst diffusion impedance by EIS for a bounded electrolyte. The methods are 

described in the following sections. 

Electrolyte diffusion is important as the diffusion limitation in DSSCs 

affects the linear relationship of current vs light intensity and lead to a poor fill 

factor of the DSSC. For cobalt-based redox complexes, a lower diffusion 

coefficient than iodide/triiodide ions leads to a lower fill factor. During the 

stability test, the degradation of the redox mediators increases the diffusion 

resistance and limits the DSSC performance. The instability of 

iodide/triiodide-based systems has been proved to be due to the depletion of 

triiodide induced by UV light or thermal stress.
53,54

 The increase in diffusion 

limitation with ageing time was also observed for Co(bpy)3
2+/3+

-based DSSCs 

containing acetonitrile as the solvent. The causes are systematically discussed 

in this chapter. High-boiling solvent alternatives are preferred for stability, but 

they essentially suffer from a high viscosity. A strategy of adding suitable 

additives in the solvent for the electrolyte is here proposed to improve both the 

diffusion and stability of the electrolyte. 

5.2. Effect of Redox Couple Concentration 

Previous stability studies with respect to the iodide/triiodide systems suggested 

that the variation in the durability of DSSCs with increasing the concentration 

of redox couple species provided indirect evidence demonstrating that the 

gradual depletion of redox species is responsible for the degradation in the 

device performance. As shown in Fig. 5.1, the initial FF and the decrease in 

the FF over 1000 h of accelerated ageing test are both exponentially and 

negatively correlated to the ratio of Co(II)/Co(III) concentration. The increase 

in the diffusion resistance shows the same concentration dependence whereas 

the decrease in the TiO2/electrolyte interfacial recombination resistance shows 

the reverse trend. As the diffusion coefficients for Co(II) and Co(III) is almost 

the same, the diffusion is dominated by the Co(III) of relatively lower 

concentrations, and the dominating contribution of Co(III) to Rdif is enhanced 

when the concentration ratio of Co(II)/Co(III) is increased. Interfacial 

recombination kinetics also depends on the concentration of Co(III), and it can 

be concluded that the concentration of Co(III) decreases during the stability 

test and that this is the essential reason for the FF degradation.  
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Figure 5.1. The FF recorded initially and the changes in FF, Rdif and Rrec as 

functions of the concentration ratio of Co(bpy)3
2+/3+

 in the electrolyte. The 

change is obtained by calculating [aged value]/[initial value]-1. The plots of 

initial FF and FF change were fitted exponentially. 

 
Figure 5.2. Nyquist and Bode plots for DSSCs with different concentrations of 

Co(bpy)3
2+/3+

 recorded after the stability test for 1000 h. 

At the end of the stability test, it seems that, the frequency responses of the 

diffusion and recombination processes in the Bode plots (Fig. 5.2) are closely 

correlated for DSSCs containing higher concentration ratio of Co(II)/Co(III). 

The resistances of the two processes become higher, indicating the two 

processes are both affected. These results indicate a loss of active Co(III) 

during ageing under light, and the consequent effect is more significant in 

electrolytes containing low initial concentration of Co(III). 

5.3. Effects of Cation Co-additives 

The addition of cation co-additives (in the sense of added salts except cobalt 

redox complexes and protons potentially generated from the dye adsorption 

process) contributes to the electrolyte properties including conductivity and 

viscosity and thus influences the diffusion of the solutes. Such effects can be 

enhanced by increasing in the concentration of cation co-additives, initially 

added or due to gradual evaporation of the acetonitrile solvent as the stability 
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test proceeds. In the investigation of cation additive effects on the electrolyte 

diffusion and diffusion limitation arising during the stability test, two factors 

were considered: 1) the type of cation according to the charge-to-size ratio and 

2) the concentration of cation co-additives. 

Table 5.1. The composition of the electrolyte and the photovoltaic performance 

of corresponding DSSCs measured under full sun irradiation (AM 1.5G, ~100 

mW/cm
3
). 

Electrolyte* 
Cation 

type 

Cation 

con. 

Jsc 

(mA cm-2) 

Voc 

(V) 
FF 

η 

(%) 

Rdif 

(Ω) 

A-Free None 0 M 10.5 0.92 0.65 6.25 8.0 

A-TEA TEA+ 

0.1 M 

10.7 0.93 0.66 6.57 9.7 

A-TBA TBA+ 10.3 0.92 0.65 6.16 9.0 

A-BIm BIm+ 10.6 0.93 0.65 6.41 9.6 

[A-EIm]low 

EIm+ 

0.1 M 10.5 0.93 0.68 6.60 9.0 

[A-EIm]medi 0.8 M 10.8 0.93 0.67 6.70 13.0 

[A-EIm]high 1.5 M 10.0 0.94 0.66 6.24 28.5 

*All electrolytes contained 0.3 M/0.15 M Co(bpy)3
2+/3+ and 0.2 M TBP 

As shown in Table 5.1, the Jsc and Voc are increased more when monovalent 

organic cations of a smaller size were added; the cation dependence is mainly 

related to a retarding effect on the TiO2/electrolyte interfacial recombination 

loss (Fig. 5.3). The electrolyte diffusion (Rdif) was suppressed by the addition 

of cation co-additives, indicating that the viscosity was also increased. No 

significant cation dependence was seen in this respect until the stability test 

approaches to the late phase, Fig. 5.4. A good agreement on cation dependence 

was observed between the increase in Rdif and the decrease in FF during the 

stability test, Fig. 5.5. Meanwhile, it is also interesting to note that in Bode 

plots, a new peak arises with a frequency response between the characteristic 

peaks representing recombination and diffusion processes and varies 

depending on the cation co-additives. In order to better fit this feature, a new 

circuit element: a resistance in parallel with a CPE was added in series in the 

commonly used simplified equivalent circuit model shown in Fig. 5.6. The 

increase in Rnew with time was also cation-dependent and the dependence is the 

same with that of Rdif. 
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Figure 5.3. Left: Nyquist plots of fresh DSSCs containing no (Free) and 

different cation co-additives recorded in the dark under a bias voltage of -0.9 

V. Right: electron lifetime (τn) in TiO2 films and recombination resistance (Rrec) 

at the TiO2/electrolyte interface as a function of the open-circuit voltage (Voc) 

for DSSCs containing electrolytes with different concentrations of EMITCB: 

0.1 M (blue, square), 0.8 M (red, circle) and 1.5 M (green, triangle). 

 

Figure 5.4. Bode plots for DSSCs with different cation co-additives, recorded 

during the stability test: Initial, purple; 96 h, blue; 336 h, green; 576 h, yellow; 

720 h, orange; 1000 h, red. 
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Figure 5.5. The evolution during the stability test of diffusion resistance (Rdif), 

the resistance of new-peak feature (Rnew) (left) and FF (right) for DSSCs with 

different cation co-additives. 

Increasing the concentration of cation co-additives leads to an increase in 

the photovoltage as a result of a longer electron lifetime and retarded electron 

recombination. Rdif was also considerably increased as the property of he 

electrolyte such as conductivity and viscosity is changed, leading to a decline 

in the FF and Jsc from 0.8 M to 1.5 M. A crystal with a dication structure (Fig. 

5.7) was isolated from the electrolyte [A-EIm]high stored in an ambient 

atmosphere, indicating that the chemical activity of the cobalt redox complexes 

was greatly reduced. The retarded electrolyte diffusion was also indicated by 

the decrease in the corresponding frequency response with increasing the 

cation concentration, see Fig. 5.6.  

 

  
Figure 5.6. Left: Bode plots for DSSCs with different concentrations of 

EMITCB: low, 0.1 M; medi, 0.8 M and high, 1.5 M, recorded during the 

stability test: Initial, black; 100 h, blue; 300 h, purple; 700 h, pink; 1000 h, 

red. Right: Nyquist plots for DSSCs containing electrolyte [A-EIm]high after 

ageing for 700 h, and fitting curves according to different equivalent circuit 

models. 
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In addition, Rnew was also observed increasing faster for DSSCs containing 

higher concentration of cation co-additives. The strong correlation between the 

changes in these two modelled resistances indicates that the process 

represented by the new feature probably also is associated with electrolyte 

diffusion. When the concentration of cation co-additives reached to a certain 

value (0.8 M in this case), the Rdif rapidly leveled off (Fig. 5.8), indicating that 

a steady state was built up. This suggests that mixing acetonitrile with an ionic 

liquid-type co-additive to reduce the vapor pressure would be an applicable 

strategy for improving the device stability. 

 
Figure 5.7. Crystal structure of [Co(bpy)

3+
(EIm

+
)][B(CN)4

-
]4. 

 
Figure 5.8. The diffusion resistance (Rdif), the resistance of new-peak feature 

(Rnew) (left) and the efficiency η (right) as a function of ageing time for DSSCs 

with different concentrations of EMITCB: low, 0.1 M; medi, 0.8 M and high, 

1.5 M. 

5.4. Effect of Polymer Additive 

For long-term durability concerns, high-boiling solvents such as MPN, and 

room-temperature ionic liquids have been widely used for I
-
/I3

-
-based liquid 

DSSCs.
87

 When applying these solvents to the metal-organic-complex-based 

redox systems, the sluggish ion diffusion due to high electrolyte viscosity 

limits the device efficiency. In our approach, we chose poly (vinylidine 
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fluoride) (PVDF) as an electrolyte additive because of its favorable chemical 

properties and high stability, in Co(bpy)3
2+/3+

-based electrolytes containing 

MPN or an MPN/IL mixture as the solvent. Compared to their parent 

components, the polymer-in-salt strategy achieves high conductivity and high 

ion mobility. This effect is traceable to an increase in ion-pair dissociation even 

though the exact mechanism is still unclear. The polymer matrix probably 

works as a rigid framework promoting ion dissolution or ion polarization, see 

Fig. 5.9. Electrolyte properties obtained by electrochemical measurements in 

Table 5.2 show a decrease in the diffusion resistance when this strategy was 

adopted. 

 
Figure 5.9. A scheme representing the ion-pair dissociation of cobalt redox 

complexes in the presence of a polymer additive in DSSCs under working 

conditions. 

 

Table 5.2. Physical properties of electrolyes with (CP1) and without added 

polymer (CM1). 

Electrolytes* Electrolyte solvents 

Conductivity 

(S cm-1) 

 

Diffusion coefficient of 

Co(bpy)3
3+ 

(cm2 s-1) 

CP1 
MPN containing 1.5 

wt % PVDF  
6.97×10-5 4.10×10-6 

CM1 MPN 3.30×10-5 1.82×10-6 

* The electrolyte additives are the same for both electrolytes: 0.22M/0.05M 

Co(bpy)3(PF6)2/3, 0.1M LiClO4 and 0.2 M TBP. 
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5.5. Summary 

A limitation in electrolyte diffusion was found to be mainly responsible for the 

functional degradation of DSSCs during the stability test. This chapter lists two 

main factors accounting for the enhanced diffusion limitation: the accelerated 

degradation loss of Co(bpy)3
3+

 due to the presence of Lewis base co-additives, 

and the gradual change in the physical properties of the electrolyte influencing 

the chemical activity and mobility of redox complex ions. Highly concentrated 

electrolytes with respect to the Co(III) component are preferred to reduce the 

limiting effect of Co(III) degradation on the fill factor of the device. 

Considering the crucial importance of the electrolyte cation-based co-additives 

for the electrolyte properties, it’s advisable to select suitable cation co-

additives and optimize the additive concentration for both device efficiency 

and stability. Employing suitable solvent additives such as the polymer used in 

this work could be a strategy to solve the trade-off between volatility and 

viscosity of the solvent. 
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6.  
Concluding Remarks and Future 

prospects 

The work described in this thesis has focused on the stability of a liquid DSSC 

system containing Co(bpy)3
2+/3+

 redox couple and necessary co-additives from 

the perspective of the electrolyte, based on a series of molecular, interfacial 

and device-based characterization. Chapter 3 illustrates the interactions 

occurring at various electrolyte-related interfaces during the stability testing. 

Induced interactions, either physical or chemical, between components by 

extrinsic conditions necessarily change the DSSCs from the initial state. 

Chapters 4-5 associate these component interactions with the electrolyte-

dependent performance evolution and instability of solar cells. Light-induced 

material degradation, electrode passivation by additive adsorption and the 

destruction of the redox equilibrium of the electrolyte were found to be the 

main reasons for the performance loss of DSSCs, which is reflected in the 

different photovoltaic parameters in different situations. 

Generally speaking, the reactions which could occur in the electrolyte 

among additives and between additives and other components such as the dye 

molecules include redox reactions and acid-base interactions. Therefore, from 

this point of view, the stability with respect to the change in the electrolyte is 

electrochemical or chemical. The effect of light illumination is highlighted in 

the work, and the photoelectrochemical or photochemical stability of DSSCs 

was also investigated. Chapter 5 presents the stability related to the physical 

properties of the electrolyte such as viscosity.  

The process from fabrication to stabilization for a DSSC is actually a 

process where all the components interact and finally achieve a dynamic 

equilibrium. To achieve a device with a stable performance, the crucial factor 

sis not the stability of the individual material but the dynamic equilibrium 

developed in the constantly interactive system when it reaches a steady state. 

The equilibrium includes the adsorption/desorption equilibrium of materials on 

the electrodes, the redox equilibrium and the ligand exchange equilibrium 

particularly for metal organic redox electrolytes. All the equilibria are 

essentially influenced by the electrolyte compositions and external conditions 

such as light intensity or temperature.  

In such a mutually interactive system, the electrolyte additives investigated 

in this work all have double-sided effects, dependent on the object of the 

property-related interactions. TBP is a commonly used Lewis base additive. 

Advantageously it can promote the TiO2 conduction band edge and thus the 

open-circuit voltage of the device when acting on the TiO2 surface and 
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influence the electron transfer kinetics and thus the photocurrent when acting 

on the dye/TiO2 interface, while unfavorably, it can induce dye desorption, 

cobalt redox complex degradation and counter electrode passivation when 

acting on the dye/TiO2 interface, cobalt coordination sphere and counter 

electrode surface respectively. Li
+
 is a strongly polarized ion which can pull 

down the TiO2 band edge and interact with adsorbed dye causing a spectral red 

shift, while an detrimental effect was revealed in this work that it significantly 

accelerates the degradation of dissolved dyes. Cobalt-based redox couple 

prevails in more positive redox potential increasing the open-circuit voltage 

and less competitive light absorption; in particular, cobalt tris(bipyridine) 

favors the electron transfer kinetics but there is a risk of ligand exchange with 

Lewis base co-additives. The addition of solvent additives such as ionic liquids 

or polymer increases the electrolyte conductivity which is beneficial for 

photocurrent generation but it also increases the viscosity and limits the mass 

transport. Based on all these perspectives, several hints can be made for 

improving the stability of DSSCs of the types investigated: 1) the lithium ion 

based co-additives should be avoided; 2) TBP should be replaced with other N-

containing alternatives with lower basicity, such as imidazole or TBP 

derivatives by substitution of electron-withdrawing groups; treatments with 

respect to TiO2 itself should be explored to achieve surface passivation and a 

band shift; 3) it would be much easier to design a solvent mixture with an 

optimized multicomponent composition than to search for a pure solvent to 

meet the various property requirements satisfying both the efficiency and the 

stability of liquid DSSCs. 

Liquid DSSCs may not be the type of photovoltaic technique applied 

commercially in the future, as the development in efficiency has reached a 

plateau and the stability issue is still challenging due to unavoidable 

encapsulation problems. However, the significance of this work does not lie in 

its application, but in the exploration of the chemistry in a multicomponent 

system. The chemistry revealed and the methodology used to analyze a multi-

factor effect could be applicable to other systems than liquid DSSCs. 
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The following is a description of my contribution to Publications I to VII. 

 

Paper I: My contribution was the initiation of the project, all the synthesis and 

solar cell measurements. 

 

Paper II-V and VII: My contribution is the initiation of these projects, most of 

the synthesis, solar cell fabrication, efficiency and stability measurements, 

mechanistic studies and writing the major part of the papers. 

 

Paper VI: My contribution was some of solar cell fabrication, efficiency and 

electrochemical measurements. 
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ABSTRACT: The precipitation of solid compounds from model electrolytes for liquid dye-sensitized solar cells has a story to tell 

regarding decomposition processes to be expected in such systems. Of course, the crystal lattice energy for a specific crystalline 

compound plays a role in what compound that will eventually precipitate, but the compounds nevertheless serve as indicators for 

what type processes that take place in the solar cell electrolytes upon ageing. From the compounds isolated in this study we learn 

that both ligand exchange processes. Double-salt precipitation and oxidation are degradation processes that should not be overseen 

when formulating efficient and stable electrolytes for this type of electrochemical system. 

INTRODUCTION 

The dye-sensitized solar cells (DSSCs) represent an emerg-

ing solar cell technology that comes in many different 

variants depending on the choice of materials used to con-

struct the cells. Classically, the cell consists of a light-

harvesting, dye-sensitized electrode, a counter electrode 

and a liquid, redox-active electrolyte;
1
 thus highlighting the 

relation to any other electrochemical device. The DSSC is a 

conceptually very simple device, but as will be highlighted 

in this work its function relies on a complex chemistry. In 

1991, the introduction of a nanostructured, semiconductor 

substrate to host the sensitizing dye molecules boosted the 

cell efficiency to such levels that the DSSC field qualified 

as a potential solar cell technology for the future.
2
 In later 

years, the liquid electrolytes have been replaced by inor-

ganic or organic hole-conducting materials, and some of 

these materials even harvest light more efficiently than the 

sensitizing dye molecules initially used; viz. so-called per-

ovskite solar cells.
3
 

The liquid-based DSSCs remain an attractive field for 

both research and future applications. The main advantage 

is the versatility of a liquid mixture, i.e. the electrolyte, 

which through non-incremental compositional changes can 

offer multifunction based on the effects of various addi-

tives. A major advancement was made in 2010, when one-

electron redox systems in combination with bulky organic 

or metal-organic dyes paved the path to high efficiencies.
4,5

 

More recently, co-sensitization has given cells with power 

conversion efficiencies higher than 14%.
6
 The use of metal-

complex-based redox systems allows for subtle changes of 

redox properties and thus maximization of photovoltages 

obtained. It is clear that structurally bulky sensitizers in 

some way retard recombination losses at the semiconduc-

tor/dye/electrolyte interface of the photoactive electrode, 

although the exact mechanisms are not known. 

A very simple DSSC can easily be constructed based on 

an electrolyte just containing the reducing agent aimed at 

regeneration of the dye molecules oxidized upon light ab-

sorption and electron injection [I7]. However, in the ambi-

tion to increase conversion efficiencies a variety of addi-

tives have been introduced to the electrolyte system.
1
 A 

simple first step is to control the relative amount of the 

oxidized and reduced form of the redox system, and thus 

the redox potential, and not just rely on the regenerative 

processes upon light illumination. In this context it is ap-

propriate to note that the turn-over times of the redox com-

ponents in small solar cells are in the range of seconds 

upon full solar irradiation. Thus, starting with only the 

reduced form in the electrolyte will under operation quickly 

generate steady-state concentrations of both forms. Typical 

additives used in order to enhance photovoltages and pho-

tocurrents involve Lewis bases and salts of small, polariz-

ing cations. The Lewis bases, where pyridines and imidaz-

oles are most commonly used, are thought to have multiple 

molecular effects in the solar cell. Among these are ad-

justment of acid-base chemistry, adjustment of the semi-

conductor energy levels and blocking of substrate surface 

sites prone to recombination loss reactions. The salts of 

polarizing cations, such as lithium or magnesium ions, are 

mainly added to counteract effects of the added Lewis 

bases on the semiconductor energy levels but are probably 



 

also involved in an intricate chemistry in the semiconduc-

tor/dye/electrolyte interface. To tell the truth, the funda-

mental insights of the molecular effects of these additives 

are to a large extent lacking. However, the additives are 

essential for making high-performing DSSCs and most 

likely the handwaving hypotheses on the main additive 

function based on textbook chemistry are probably suffi-

ciently correct. 

Ideally, the additives used should not interfere with the 

essential processes of the electrolyte redox system. Howev-

er, that is certainly not the case. For many years the io-

dide/triiodide redox system was, and in some types of 

DSSCs still is, the predominant redox system to be used. 

We have for instance shown that Lewis bases added to the 

electrolytes both can change solubility properties and the 

effective concentrations of the redox system components.
7,8

 

When now moving to metal-complex-based redox systems, 

mainly those based on the Co
II/III

 and Cu
I/II

 systems, the 

coordination chemistry of such complexes open for another 

and very interesting chemistry based on ligand exchange of 

the metal coordination centres. There is an emerging under-

standing that the ligand exchange processes, in particular 

connected to the redox cycling processes at the two elec-

trodes, affect the overall solar cell performance and stabil-

ity.
9,10

 The current work is based on a forensic study of a 

few model electrolytes containing the Co(bpy)3
+2/+3

 redox 

system stored together with a few common additives, and 

crystallography has been the main tool of analysis. The 

electrolyte systems change and some changes results in the 

precipitation of crystalline solid materials. These have been 

structurally characterized and will reveal some insights into 

what unwanted processes that may take place in the DSSCs 

under operation. Of course, the picture will not be com-

plete; the situation is similar to entering a detective movie 

at the very final stage, and through the living and dead 

characters on the screen trying to visualize the plot leading 

there. Nevertheless, some insights into what additives to 

either avoid or whose unwanted effects to be aware of will 

be obtained and discussed. 

 

EXPERIMENTAL SECTION 

Materials 

All chemicals were reagent grade and used without further 

purification. The following reagents and materials were 

used as received from the indicated commercial supplies: 

acetonitrile (Aldrich , 99.8%), 4-tert-butylpyridine (TBP; 

Aldrich, 96%), lithium iodide (LiClO4; Aldrich, 99.99%), 

tetrabutylaminium iodide (TBAI; Aldrich)guanidinium 

thiocyanate (GNCS; Alfa Aesar), 1-ethyl-3-

methylimidazolium tetracyanoborate (EIMTCB; Merck), 

tris(2,2’-bipyridine-2N, N’) cobalt(II) bis(tetracyanoborate) 

or bis(hexafluorophosphate) (Co(bpy)3[B(CN)4]2 or 

Co(bpy)3(PF6)2) and tris(2,2’-bipyridine-2N, N’) cobalt(III) 

tris(tetracyanoborate) or tris(hexafluorophosphate) 

(Co(bpy)3[B(CN)4]3 or Co(bpy)3(PF6)3) (Dyenamo AB). 

Electrolyte Models 

The general strategy of this study can be very simply sum-

marized. Acetonitrile is one of the most common solvents 

used in standard solar cells. The expected weak link in the 

electrolyte redox chemistry is the Co
II
 complex known to 

be kinetically labile. Thus, the standard starting point for 

potential degradation effects has been an acetonitrile solu-

tion of 0.2 M (the typical concentration used in DSSCs) of 

the Co(bpy)3
2+

 complex dissolved as either the PF6
-
 or 

B(CN)4
-
 salts. This simple electrolyte has either been left 

standing under ambient conditions in the dark (the degrada-

tion process could be accelerated under light soaking con-

ditions) or left standing together with a few different addi-

tives, such as EIMTCB, GNCS, LiI et al. More details are 

given in the results and Discussion section below. 

Crystallography 

All diffraction data were collected on a Bruker-Nonius 

KappaCCD diffractometer. Numerical absorption correc-

tions were applied to all systems.
11

 The structures were 

solved using direct methods
12

 and refined on F
2
 with aniso-

tropic thermal parameters for all non-H atoms.
12

 H atoms 

were refined on calculated positions using a riding model. 

CCDC [to be added after submission to CSD] contain the 

supplementary crystallographic data for this paper. The 

structure of 3 is known since before,
13

 although the diffrac-

tion data were recorded at higher a temperature. These data 

can be obtained free of charge via 

http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from 

the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK; fax: 

+44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk). 

 

RESULTS AND DISCUSSION 

Just concentrating on the cobalt-based redox components, 

they are expected to retain their structural integrity during 

the normal DSSC processes under operation. These most 

central processes involve the regeneration of the sensitizing 

dye molecules by the Co(bpy)3
2+

 species at the photoelec-

trode, thus forming the oxidized form Co(bpy)3
3+

, and the 

reverse reaction at the counter electrode. The Co
II/III

 species 

will also transport through the electrolyte between the elec-

trodes and inside the mesoporous space of the photoelec-

trode, where they most likely also experience direct self-

exchange. These are the expected and wanted main reac-



 

tions involving the redox system components. However, 

solution chemistry is complex and most likely many things 

can go wrong; and considering the rapid turn-over of the 

DSSC redox components even rare by-reactions may over 

time accumulate species not expected and not desired. It is 

also clear that all scientists in the area go through large 

efforts to synthesize pure electrolyte components, and 

without really knowing anticipate them to prevail when 

dissolved in the electrolyte solution. This may very well 

not be the case, but that may not necessarily mean that the 

DSSCs stop working or even degrade in performance. The 

below model electrolyte systems shed some light on possi-

ble unwanted processes that can take place even under mild 

conditions very different from the vigorous dynamics under 

operating conditions in a DSSC. 

The acetonitrile/EImTCB mixture solution of 0.3 M of 

the tetracyanoborate salt of Co(bpy)3
2+

 complex and 0.15 

M of Co(bpy)3
3+

 complex was left standing allowing for 

slow evaporation. It is remarkable that the choice of anion 

can significantly affect the solubility of different 

Co(bpy)3
2+/3+

 salts in different solvents.
14

 In many electro-

lytes studied either the solubility of the Co
II
 or Co

III
 salt 

limits the electrolyte composition or one or both salts will 

be close to the solubility limit. Of course, this represents a 

potential problem, where minor evaporation may cause 

precipitation and degradation of device performance. The 

salt may precipitate into its original, or in the presence of 

additives it may form more complex compounds (see be-

low). A nice crystalline solid of the initial Co
II
 salt, 

Co(bpy)3(B(CN)4)2, was in this way easily obtained, see 

Fig. 1 and Table 1. 24 structures of the Co cation complex 

in 1 is found in CSD with two most recent published 

2015.
15,16

 

 

Fig. 1. The crystal structure of 1 

 

Table 1. Some coordination distances in 1 

 Distance / Å
 

Co
II
 - N 2.111 

Co
II
 - N 2.132 

Co
II
 - N 2.137 

 

The compound crystallized in the monoclinic space 

group C2/c and the cobalt ion is placed in a special position 

representing an inversion centre. Thus, the six Co-N dis-

tances are divided into three groups of two ranging 2.111-

2.137 Å. The N-Co-N angles range 76-96 degrees, and the 

overall symmetry at the cobalt coordination centre should 

be regarded a distorted octahedral, and as a d
7
 system it is 

expected to be paramagnetic and to deviate from ideal 

octahedral symmetry because of Jahn-Teller distortion. The 

structure is basically the same as in reported structures.
17-19

 

In the presence of one additive alternative, the tetracya-

noborate salt of the 2-ethyl-4-methylimidazolium cation 

(EMIm
+
) to increase the photocurrent of DSSCs or in high 

concentrations to reduce the vapor pressure of the electro-

lyte, the Co
III

 complex instead precipitates as the double 

salt [EMIm]Co(bpy)3(B(CN)4)4 2, see Fig.2 and Table 2. 11 

structures of the Co cation complex in 2 are found in CSD 

and the most recent was published 2012.
20

 The precipitate 

offers two insights. Firstly, the presence of an additive may 

dramatically change the solubility of the Co complexes 

because of the formation of unexpected and more compli-

cated compounds. Secondly, an imidazolium Lewis base 

added, if acting as a Brønsted base, may bind to a proton to 

form the corresponding imidazolium cation. This situation 

is analogous to the one observed in iodide/triiodide electro-

lyte system, in which a complicated double salt was formed 

in the presence of 1-methylbenzimidazole acting as a pro-

ton scavenger forming the corresponding benzimidazolium 

cation.
7
 That structure was deliberately isolated from de-

graded solar cells to identify the problem. And led to the 

exclusion of that specific additive. 



 

 

Fig. 2. The crystal structure of 2 including the tetracya-

noborate anions 

 

Because of the structural complexity it is not surprising 

that the compound crystallizes in the triclinic P-1 space 

group. Again, the six Co-N distances correspond to a quasi-

octahedral symmetry ranging the distances 1.923-1.940 Å. 

The N-Co-N angles are close to 90 degrees. Compared to 

the Co
II
 compound in 1 the distances are as expected both 

significantly shorter and because of the d
6
 configuration in 

combination with a coordination symmetry close to Oh not 

suffering from any Jahn-Teller distortion (all electrons 

reside in the T2g degenerate orbitals). Similar structures of 

Co(bpy)3
3+

 can be found in other mono or double salts 

composed of several metal-organic complex ions, such as 

Fe, K and several rare-earth metals.
21-24

 

Table 2. Some coordination distances in 2 

 Distance / Å
 

Co
III

 - N 1.923 

Co
III

 - N 1.926 

Co
III

 - N 1.935 

Co
III

 - N 1.938 

Co
III

 - N 1.939 

Co
III

 - N 1.940 

 

As noted in the introduction, also salts of small and po-

larizing cations are typically used as additives. In many 

cases the organic cation guanidinium (G
+
) is used as a 

replacement to lithium ions showing similar and aimed 

effects on primarily the photovoltage; being multiatomic it 

can also be monitored using vibrational spectroscopy.
25,26

 

The expected role of the thiocyanate anion is less clear, 

although it preferably should remain chemically inactive 

with respect to the cobalt-based redox system (which is 

even less likely in DSSCs based on the iodide/triiodide 

redox system and sensitizing dyes based on ruthenium 

complexes with coordinated thiocyanate anions). In this 

case a solution of 0.3 M of 1 in combination with 0.1 M of 

the thiocyanate salt of G
+
 and 0.3 M of the Lewis base tert-

butyl pyridine (TBP) in the acetonitrile/EImTCB mixture 

was formulated. As concluded from the compound 3 

formed from such a mixture, the thiocyanate anion is far 

from chemically inert, see Figs. 3 and 4, and Table 3. It is 

obvious that the Co
II
 complex initially coordinating three 

bpy ligands readily exchange (at least) one of the bpy lig-

ands for the thiocyanate anions. 

 

Fig. 3. Schematic formation of 3 through ligand exchange 

 

Fig. 4. The crystal structure of 3 

 

Table 3. Some coordination distances in 3 

 Distance / Å
 

Co
II
 – N(CS) 2.065 

Co
II
 – N(CS) 2.068 

Co
II
 – N 2.144 

Co
II
 – N 2.154 

Co
II
 – N 2.167 

Co
II
 – N 2.171 

 

Compound 3 crystallizes in the orthorhombic space 

group Pcba. The two Co-N distances to the thiocyanate 

anions are shorter than the ones to the bpy ligands. The Co-

N distances to the bpy ligands are slightly longer than those 

observed in compound 1. The N-Co-N angles range 78-100 

degrees, and the overall symmetry at the cobalt coordina-



 

tion centre should again be regarded a distorted octahedral. 

Essentially the same structure has reported with diffraction 

data collected at room temperature (1981), and it is essen-

tially isostructural with the Mn analogue.
27

 The difference 

in the Co-N distance could be concealed by the coordina-

tion of sulfur atom in the thiocyanate ligand with other 

metal centers.
13

 

From the point of view of DSSC performance, the lig-

and exchange in Co(II) compleesx, which could be acceler-

ated during light soaking, may influence the redox potential 

of the electrolyte and thus the photovoltage of the device. 

The effect can be indicated by cell ageing result as shown 

in Table 4. The ligand exchange issue in cobalt 

tris(bipyridine) complexes also allow an undesired interac-

tion with other thiocyanate sources, such as some common 

ruthenium-based dyes (N719, Z907, etc.) and aggravates 

the electron recombination problem.
9
 Much effort has been 

devoted to counteract bpy ligand exchange or dissociation. 

Multidentate ligands designed by Muhammad et al. may 

help to reduce such instability issues due to the much lower 

exchange rates expected than for bpy.
28

  

Table 4 The photovoltaic performance of D35-sensitized 

DSSCs based on GNCS-absent and GNCS-containing co-

balt-based electrolytes before and after aged in light for 

200 h. 

Electrolyte 

additives
a
 

Ageing 

time
b
 

Jsc 

(mA 

cm
-2

) 

Voc 

(V) 
FF η (%) 

No GNCS 
0 h 10.85 0.96 0.71 7.35 

200 h 11.18 0.86 0.69 6.56 

0.1 M 

GNCS 

0 h 10.81 0.95 0.72 7.44 

200 h 9.29 0.74 0.53 3.65 
a 

Other components were the same: 0.3 M/0.15 M 

Co(bpy)3
2+/3+

, 0.3 M TBP in acetonitrile/EIMTCB (2:1 by 

volume); 
b
 ageing conditions: full sun irradiation (390 nm 

cut-off)/60°C. 

 

The final structure isolated is considerably more com-

plex and also a bit more unexpected, since here an external 

factor plays the central role: oxygen and water from the 

ambient atmosphere. Of course, most DSSCs studied are 

sealed, but they will over time be exposed to the influence 

of oxygen. Compound 4 was isolated from an electrolyte 

model containing Co(bpy)3
2+

 complex and iodide source 

(LiI or TBAI) in acetonitrile. Here, Co
II
 complexes dimer-

ize to coordinate oxygen and also incorporates a bridging 

water molecule. The crystal structure is quite intriguing in 

its diverse composition also containing iodide anions and 

even a lithium ion coordinated by acetonitrile solvent mol-

ecules, iodide and weakly to the O2 molecule in the Co-

dimer. 

      

   

 

Fig. 5. Schematic formation of 4 through inbinding of O2 

 
Fig. 6. The crystal structure of 4. 

 

Table 5. Some coordination distances in 4 

 Distance / Å
 

Co
III

 – 

O(oxygen) 

1.858 

Co
III

 – 

O(oxygen) 

1.864 

Co
III

 – O(water) 1.892 

Co
III

 – O(water) 1.904 

Co
III

 – N(bpy) 1.936 

Co
III

 – N(bpy) 1.939 

Co
III

 – N(bpy) 1.949 

Co
III

 – N(bpy) 1.956 

Co
III

 – N(bpy) 1.923 

Co
III

 – N(bpy) 1.936 

Co
III

 – N(bpy) 1.938 

Co
III

 – N(bpy) 1.988 



 

Compound 4 crystallizes in the triclinic space group P-

1, symptomatic for structurally irregular compounds. The 

overall composition can be summarized as [µ -H2O- µ -

O2Co2(bpy)4]I4. The two Co coordination centres can as 

usual be regarded as pseudo-octahedrally coordinated, 

albeit in this case with a complicated set of different lig-

ands. There are several Co
II
 compounds that are known to 

reversibly bind O2; in particular, the Co
II
 salcomine com-

pounds are known to have this ability.
29,30

 Such compounds 

can reversibly bind up to about 5w% oxygen and have been 

tested as replacement for oxygen flasks in some applica-

tions. The Co-O(oxygen) distances are about 1.85 Å, the 

Co-O(water) distances about 1.90 Å and the Co-N(bpy) 

distances range 1.92 to 1.98 Å; all consistent with a model 

where inbinding of O2 is regarded as the formation of per-

oxide (O2
2-

) in combination with two Co
III

 centres. In doc-

umented structures of such peroxo-di-Co
III

 complexes, the 

Co-O(oxygen) distances are similar, ranging 1.86-1.88 Å , 

and the Co-O(hydroxo), O-H distances vary with different 

bpy ligands and anions, ranging 1.89-1.92 Å. 31,32
  

This highly complex and exciting compound tells that 

much may happen in an electrolyte exposed to water and 

oxygen; the complexity being almost staggering. And all 

this even without exposing the electrolytes to solar light nor 

the vigorous dynamics of the interior of a working DSSC. 

 

CONCLUSIONS 

The compounds isolated and structurally characterized in 

this study teach us that additives to DSSC electrolytes are 

far from innocent spectators and that potent ligands, such 

as water and oxygen, from the ambient atmosphere can 

interfere with intended chemistry of the DSSC function. Of 

course, the four compounds isolated in this study do not 

exhaust the possible unwanted reactions that can take place, 

but they illustrate some types of side-reactions that must be 

expected in the DSSC electrolytes. Some of these side-

reactions are simple cases of lack of solubility, other in-

volve acid-base reactions and of most relevance to the 

cobalt-based redox systems are ligand exchange reactions; 

the latter possibly enhanced by the redox cycling taking 

place in a device under operation. The main learning les-

sons are that what you put into the electrolyte may not 

necessarily correspond to the actively working species in 

the DSSC, and that the DSSC function and stability not 

necessarily are directly coupled to the chemical integrity of 

the chemical stability of (in particular) active redox system. 

Under operating conditions with the turn-over times of 

seconds both redox reactions, acid-base reactions, ligand 

exchange reaction will blend to form a complex steady-

state distribution of, from a DSSC function and stability 

point of view, active and inactive species. Such a steady-

state can prevail for an extended time of operation with 

marginal shift in species distribution. The DSSC emerges 

as a chemically extremely sturdy device, which represents 

both its strengths and weaknesses. The strength is that the 

performance and device stability seems quite insensitive to 

the exact speciation of the electrolytes, as long as the main 

functions remain; the weakness is that this will also blur 

any attempt to systematically improve the performance and 

stability through systematic exchange of components. In 

this perspective, it is not a surprise that an elementary 

school class in less than an hour can assemble a working 

DSSC, nor is it a surprise that the improvements in perfor-

mance and stability move slowly. 
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Lithium-ion-free electrolytes have previously been proposed for tris(2,2’-bipyridine) Co(II/III)-mediated dye-sensitized 

solar cells (DSSCs) offering long-term stable cells. Based on this redox system, a remarkable performance improvement 

was observed by exposing specific components of the electrolyte, [Co(bpy)3]
3+ and the Lewis-base additive tert-

butylpyridine (TBP) only, to light before fomulating a complete electrolyte followed by assembly of a fully operational 

device, a pre strategy. Using this simple strategy, the light effect is mainly manifested as an increase in photocurrent 

following the time of light exposure. The results obtained correspond to those for DSSCs containing added lithium-ion salts, 

however not at the expense of a lower photovoltage. Interfacial kinetic studies show that pre-exposing the 

[Co(bpy)3]
3+/TBP mixture to light affects the electron-transfer kinetics at the photoanode/electrolyte interface, and most 

notably retards the TiO2/electrolyte charge recombination losses. Systematic characterization of the electrolyte mixture 

was conducted in order to identify the light-induced effects, demonstrating that a ligand exchange involving [Co(bpy)3]
3+ 

and TBP must take place. On this basis, we hypothesize that a change in the symmetry of the coordination sphere and thus 

the electronic structure of the Co(III) complex influences the electron recombination loss kinetics. This discovery not only 

opens a new strategy to mitigate the typical Jsc-Voc trade-off in DSSCs but also highlights the importance of the microscopic 

understanding of the photochemistry of multi-component electrolytes for obtaining DSSCs with both high efficiency and 

good photostability. 

Introduction 

As a promising photovoltaic technology, dye-sensitized solar 

cells (DSSCs) have attracted much attention due to its 

expected advantages with respect to low-cost manufacturing 

and adaptive device structure based on the pioneering work 

by Grätzel and O’Regan in 1991.
1
 Most of efforts have been 

devoted to the engineering of dye structure and electrolyte 

composition for broader spectral absorption and more 

efficient photo-to-current conversion. In these efforts, lithium-

ion-based salts are documented as essential electrolyte 

additives for promoting electron injection and photocurrent 

generation by controlling the substrate semiconductor band 

edge. However, a previous study from our lab demonstrates 

that the addition of a lithium salt (and most likely any other 

salt containing a small, polarizing cation) significantly reduces 

the durability of DSSCs.
2, 3

 Therefore, this work is focused on 

lithium-ion-free DSSCs. 

Recently, one-electron, outer-sphere redox shuttles based 

on transition-metal complexes were qualified as attractive 

alternatives to the traditional I
-
/I3

-
-based redox couple in 

highly efficient DSSCs offering a high photovoltage.
4-7

 In 

addition, the redox potential and coordination sphere of the 

metal-organic complexes which governs the driving force and 

kinetics of two rate-limiting electron transfer processes: dye 

regeneration and electron recombination in the device,
8, 9

 are 

easy to modify by structural changes in the ligand.
7, 10-12

 

Paradoxically, one-electron redox couples of this type both 

offer fast regenerating the oxidized dyes, but at the same time 

suffer from fast recombination loss reactions.
5, 13-15

 Co
II/III

-

polypyridyl redox systems are the recently most studied types 

and to date the most successfully employed systems in DSSCs 
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due to the advantageous feature of large inner-sphere 

reorganization energy limiting the interfacial electron transfer 

kinetics by the need to spin transition.
9, 16-18

 Nevertheless, the 

problem with recombination losses still limits the application 

of such redox mediators in durable DSSCs. Also, when high-

boiling and typically viscous solvents are used,
19

 the sluggish 

transport of the cobalt polypyridyl complexes calls for 

relatively high concentrations promoting the recombination 

losses. In order to alleviate this issue, sensitizers with sterically 

bulky groups,
7, 20

 atomic layer deposition (ALD)
15, 19

 and 

potential-determining additives (PDAs) such as 4-tert-

butylpyridine (TBP), are commonly employed to retard loss 

reactions at the TiO2/dye/electrolyte interface macroscopically 

observed as an improvement of the open-circuit voltage.
2, 21

 

The inclusion of polarizing ions at or close to the 

semiconductor surface, e.g. Li
+
 at the TiO2 surface, also has this 

effect by changing the local distribution of cobalt cations and 

in particular, reducing the concentration of [Co(bpy)3]
3+

 in the 

electric double layer at the photoanode interface.
18

 Thus, the 

interaction between co-additives and the positively charged 

[Co(bpy)3]
2+/3+

 mediators, which by necessity must influence 

the function of [Co(bpy)3]
2+/3+

 in the device, calls for a more 

detailed study. TBP as a strong Lewis base is a potentially 

competitive ligand substituting the bipyridyl ligand in the 

cobalt coordination centre.
10, 11

 Recently, a shielding effect of 

TBP was claimed by Salim et al. with respect to [Co(bpy)3]
3+

 

ions via weak ion-dipole attraction.
21

 Such additive 

interactions were acclaimed to be responsible for the 

reduction in the charge recombination loss from TiO2 to 

[Co(bpy)3]
3+

 complexes and thereby for the observed 

photovoltage enhancement. 

In the lithium-ion-free Co
II/III

-based electrolytes containing 

rather high concentration of [Co(bpy)3]
3+

 preferable for device 

durability, the presence of TBP was found to promote not only 

the photovoltage but also the photocurrent of DSSCs.
2, 3

 More 

interestingly, a remarkable efficiency improvement upon 

exposure of DSSCs to light at open-circuit conditions was 

recently observed, which offers, already after a relatively short 

time of exposure, efficiencies close to those observed for 

analogous DSSCs containing Li
+
. The beneficial effects of light 

soaking on the short circuit current in particular can be traced 

to a lowering of the conduction band edge of the 

semiconductor substrate or alternatively to an increase in the 

density of states (or photo-induced surface states) facilitating 

the electron injection process.
22

 Typically, such changes are 

considered to be caused by a photo-induced charge separation 

of the dye or semiconductor at open circuit changing the local 

electric field and thus causing a rearrangement of charged 

species at the TiO2/dye/electrolyte interface.
22-27

 However, this 

work will interpret the effects of light exposure from a new 

perspective involving the Co
II/III

-based electrolyte in the 

presence of TBP. Control experiments by varying the 

composition of selected electrolytes exposed to light revealed 

that the device effects observed are associated with the 

interaction between [Co(bpy)3]
3+

 and TBP. In order to verify 

the hypothesis regarding the interaction between the two 

electrolyte components, spectroscopic results were compared 

to computational results based on a bipyridyl/TBP ligand 

exchange model in the Co(III) complex. 

Experimental section 

Materials 

All chemicals were purchased from Sigma Aldrich unless 

otherwise noted: Fluorine-doped tin oxide (FTO; Pilkington, 

TEC 15 Ω/cm
2
 &TEC 7 Ω/cm

2
), TiO2 pastes (Dyesol Ltd., DSL 

18NR-T and WER2-O), Surlyn frame (Solaronix). The dyes (D35, 

LEG4) and the tetracyanoborate or hexafluorophosphate salts 

of tris(2, 2’-bipyridine-2N, N’) cobalt(II/III) were all purchased 

from Dyenamo AB, Sweden. All chemicals were reagent grade 

and used without further purification. 

 

Solar cell fabrication and characterization 

Details of solar cell fabrication have been reported 

previously.
28

 A transparent TiO2 layer (diluted paste: a mixture 

of 60 wt % TiO2 paste (DSL 18NR-T) with 36 wt % terpineol and 

4 wt % ethyl cellulose; area: 0.5×0.5 cm
2
, thickness: 5 μm) and 

a scattering layer (WER2-O, 3 μm) were in succession screen-

printed on a FTO substrate (Pilkington, TEC 15 Ω/cm
2
) with a 

TiO2 blocking layer pre-deposited by a simple hydrothermal 

method. The working electrodes were sintered in ambient 

atmosphere (325
 o

C for 25 min, thermostatic for 30 min, up to 

500
 o

C for 25 min, thermostatic for 30 min and natural 

cooling), and post-treated with an aqueous TiCl4 solution. The 

working electrodes were dipped in a 0.25 mM D35/ethanol 

dye bath in the dark overnight. The platinized counter 

electrode was prepared by drop-casting 20 µl 4.8 mM H2PtCl6 

isopropanol solution on a pre-drilled and cleaned FTO 

(Pilkington, TEC 7 Ω/cm
2
) glass substrate and then sintered in 

air at 400 °C for 30 min. The DSSCs were fabricated by 

assembling the sensitized TiO2 electrodes with the Pt counter 

electrodes into a sandwich-type cell using a 25 μm thick hot-

melt Surlyn frame (inner area: 0.6×0.6 cm
2
) as the sealant, 

introducing the electrolytes through pre-drilled holes under 

atmospheric pressure, and sealing by a 50 μm thermoplastic 

sheet and a glass coverslip. A metal contact was soldered on 

the edge of the FTO film to increase conductivity. 

Current density-voltage (J-V) characteristics were 

conducted with a light-shading metal mask (0.7 ×0.7 cm
2
) on 

top of the cell under a standard irradiation (AM 1.5, 100 mW 

cm
-2

) supplied by a Newport solar simulator (model 91160-

1000). Light illumination for incident photon-to-current 

conversion efficiency (IPCE) measurements was provided by a 
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computer-controlled set-up assembled with a xenon arc lamp 

(300 W Cermax, ILC Technology), a monochromator (CVI 

Digikrom CM 110) and appropriate filters. Both J-V curves and 

IPCE spectra were recorded by a computerized Keithley 2400 

source meter calibrated using a certified reference solar cell 

(Fraunhofer ISE).  

Light exposure treatments performed on open-circuit cells 

and electrolyte samples were performed under continuous 

irradiation (~100 mW cm
-2

, 390 nm UV cut-off; ATLAS Suntest 

XLS) in a sample compartment maintaining a temperature of 

60℃. Samples aged in the dark were subjected to the same 

conditions (60℃). Two different approaches were used in this 

study as schematically visualized in Scheme 1, where either 

simplified electrolytes with only selected components were 

pre-exposed to light (the pre strategy) subsequently 

complemented by the remaining components to complete the 

electrolyte according to the composition given below and then 

introduced into a DSSC to be characterized. Alternatively, the 

DSSC can be made in the standard way, then exposed to 

ageing in light (the post strategy) and characterized. The post 

strategy is the typical way to perform ageing tests of DSSCs. In 

this work, the main insights have been obtained through the 

pre strategy. 

 

Scheme 1. A visualization of the two main strategies, pre and post, used in this work. 

The electron lifetime (τn) and diffusion time (τd) in TiO2 

films were estimated by first-order fitting the transient voltage 

and current decay traces respectively following a small square-

wave modulation to the base light intensity varied by 

controlling a white LED (Luxeon Star 1W). The decay traces 

were recorded using a 16-bit resolution digital acquisition 

board (National Instruments) in combination with a current 

amplifier (Stanford Research Systems SR570) and a custom-

made system with electromagnetic switches. The methods of 

measurement have been reported previously.
7, 29

 The 

relationship between voltage and extracted charge (Qoc) under 

open-circuit conditions was studied using a combined voltage 

decay/charge-extraction method.
30

 Relative data used in the 

figures were based on the best-performing cells for each type 

of electrolyte. 

 

Transient absorption measurements 

Samples for transient absorption measurements were the 

same as the solar cells fabricated above, except that the 

photocathode contained only a transparent TiO2 layer. 

Nanosecond transient absorption measurements were 

performed using an Edinburgh Instrument LP920 laser flash 

photolysis spectrometer with continuous wave xenon light as 

the probe light and a photomultiplier tube detector (system 

response time, ~1 μs). Scattering light from the excitation was 

surpassed with a 715 nm cut-on filter in front of the detector. 

Laser pulses were supplied by a Continuum Surelight II, 

Nd:YAG laser at 10 Hz repetition rate in combination with an 

OPO (Continuum Surelight). The pulse intensity was 

attenuated to 0.2 ~ 3 mJ per pulse with the use of natural 

density filters. The pump light wavelength was selected to 530 

nm. Kinetic traces of absorbance were detected at 760 nm, 

averaged over 50 to 100 pulses per sample. Three samples 

were prepared for each electrolyte composition, and the 

measurement error was estimated from the averaged 

derivation. The overlaid curves were fitted from a KWW 

function only for visualization. The kinetics of the system were 

characterized by the half time, t1/2, of the decay of the initial 

absorption difference.
31

 For the femtosecond transient 

absorption in the infrared region (IR), femtosecond laser 

pulses of 800 nm with a repetition rate of 3 kHz were used to 

generate an excitation wavelength of 520 nm with a power of 

110-170 μW, and a probe pulse with a centered wavelength of 

ca. 5000 nm (~ 2000 cm
-1

). More details about the 

femtosecond setup can be found in previously published 

work.
32

   
 

Characterization of [Co(bpy)3]
3+

/TBP mixtures 

Raman scattering spectroscopy measurements of electrolyte 

solutions were conducted using a BioRad FTS 6000 

spectrometer equipped with a Raman accessory. An exciting 

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

and a resolution of 4 cm
-1

 were employed. Scattered radiation 

was detected by a nitrogen-cooled solid state germanium 

detector. The FT-IR spectra were recorded over a range of 

4000-700 cm
-1

 using Nicolet Avatar 370 equipped with a DTGS 

detector in multi-bounce horizontal attenuated total 

reflectance (HATR) mode. 16 scans were averaged for each 

spectrum. The samples were prepared from the dried solid 

powers by mixing two electrolytes, i.e. fresh and aged 

electrolyte, with non-sensitized, sintered TiO2 nanoparticles, 

respectively. UV-vis absorption spectra were recorded on a 

Cary 300 spectrophotometer in a quartz sample cell (1 cm path 

length). Cyclic Voltammetry (CV) and Differential Pulse 

Voltammetry (DPV) measurements were conducted with an 

Autolab potentiostat using a glassy carbon disk as the working 

electrode, a platinum wire as the counter electrode and 

Ag/AgNO3 as the reference electrode. 0.1M [Bu4N]PF6 was 

added as conductive medium. Rest potential of the electrolyte 

was recorded by measuring the potential difference between 

the assembled electrode, composed of a Pt wire in contact 
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with the target electrolyte in a plastic tube with a frit top 

allowing the free movement of ions, and an Ag/AgCl (1M LiCl 

ethanol) reference electrode in the supporting electrolytes 

(0.1M TBAPF6 in ACN) with use of the 6½ digit precision digital 

Keithley 2700 source meter. The reference electrode potential 

was calibrated by Fc/Fc
+
 in the same supporting electrolyte. 

The accuracy of the measured potentials was estimated to be 

around 5 mV. 

 

Computational details 

Calculations were performed on [Co(bpy)3]
3+

 and various 

coordination species with partly or fully exchanged bpy ligands 

for TBP, with and without acetonitrile modelled as solvent. All 

calculations were performed using the Gaussian09 program 

package,
33

 including a selection of different functionals and 

hybrid functionals. All results presented are based on results 

from B3LYP including the Coulomb-attenuating method 

improving long-range exchange interaction.
34

 A 10-electron 

effective-core pseudopotential (MDF10) was employed for Co 

including a (8s7p6d2f)/[6s5p3s2f] contracted valence space 

and basis sets of 6-311G type for all lighter elements.
35, 36

 The 

effects of the acetonitrile solvent were implicitly introduced 

using the Polarizable Continuum Model (PCM) as implemented 

in Gaussian09. 

Results and discussion  

In this work, typical tris phenylamine (TPA) type sensitizers 

with bulky chains (D35 and LEG4, see Fig. S1) were employed, 

and cobalt-based electrolytes were prepared according to the 

same Li
+
-free recipe as previously reported: 0.30 M/0.15 M 

[Co(bpy)3]
2+/3+

 and 0.2 M TBP in acetonitrile. A higher than 

normal concentration of the Co(III) redox-system component 

(0.05 M) was used here to ensure efficient device performance 

in the absence of Li
+
. Fig.1 shows the chemical structures of 

[Co(bpy)3]
2+/3+

 and TBP, where the Co
2+/3+

 centre adopts a 

quasi-octahedral coordination by the three bpy ligands. The 

acetonitrile solutions of systematic and different combinations 

of the three components: Co(II)/Co(III)/TBP, Co(II)/TBP, 

Co(III)/TBP, Co(III) only and TBP only were pre-exposed to 

light-soaking conditions (full sun, 390 nm cut-off, 60°C; the pre 

strategy) before completing the electrolyte; the effects on 

DSSC efficiency (η) and short-circuit current (Jsc) were 

compared to those containing non-light-treated electrolytes, 

as well as with complete devices exposed to the same light 

treatment (the post strategy), see Fig. S2. A comparison of the 

results indicates that the light-soaking-induced improvement 

of the device performance is can be traced to the cobalt-based 

electrolyte, and more specifically to the combination of 

[Co(bpy)3]
3+

 and TBP. Fig. 2 and Table 1 show the performance 

of DSSCs assembled with electrolytes based on the mixture of 

[Co(bpy)3]
3+

 salts/TBP/acetonitrile exposed to different 

conditions (the pre strategy) for a certain time: electrolyte A, 

non-treated; electrolyte A*, full sun irradiation (390 nm cut-

off)/60°C; electrolyte A**, dark/60°C. The electrolyte A-Li
+
 

consisting of additional 0.1 M LiClO4 was included for 

comparison (treated like A). 

                  

Fig. 1 Chemical structures of the tris(2,2’-bipyridine) cobalt (III) complex (left) and TBP 

(right). 

  

 

Fig. 2 (a) The J-V characteristic curves and (b) incident photo-to-current conversion 

efficiency (IPCE) spectra (solid lines) of D35-sensitized DSSCs assembled with 

[Co(bpy)3]2+/3+-based electrolytes untreated (A, blue; A-Li+, green) and treated 

according to the pre strategy as described in the main text (A*, red). In (b), normalized 

UV-Vis absorption spectra (dashed lines) were recorded for D35 adsorbed onto the TiO2 
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film in contact with Co(III)/TBP acetonitrile electrolyte after different pre-strategy 

treatment. The absorption contribution of the contacting electrolyte was deducted. 

Table 1 J-V characteristics data for DSSCs based on electrolytes untreated (A, A-Li+) and 

treated according to the pre strategy as described in the main text (A*, A**). 

Electrolytesa Voc/mV Jsc/ mA cm-2 FF η/%b 

A 915 10.1 0.64 5.9 

A* 930 12.0 0.67 7.5 

A** 885 9.8 0.66 5.8 

A-Li+ 890 12.2 0.68 7.3 
a A* and A** contain a pre-exposed [Co(bpy)3]

3+/TBP mixture, light/60℃ and 

dark/60℃ conditions for 4 hours, respectively. b All efficiencies were 

recorded for the best-performing DSSC of each investigated electrolyte. 
 

 

Clearly, pre-exposure to light instead of heat stress alone 

causes a notable increase in photocurrent (~20%) and total 

efficiency (~25%) of the resulting devices. Both parameters are 

comparable to those obtained for devices containing an added 

Li
+
 salt (not pre-exposed to light). Light exposure of 

electrolytes renders devices outperforming Li
+
-containing ones 

with respect to open-circuit voltage (Voc), strategically 

mitigating the Jsc-Voc trade-off typically caused by the addition 

of PDAs. The effect of light inducing the device performance 

improvement is permanent and remains stable after the 

illumination is terminated. The same results are obtained for 

devices based on other TPA-type dyes (LEG4), or cobalt redox 

couples with different counter ions (PF6
-
), see Table S1. 

Looking at Fig. 2b and Fig. S3, the photocurrent increase is 

consistent with the observed increase in incident photon-to-

current conversion efficiency (IPCE) within the spectral range 

investigated, as well as with the appearance of a spectral 

broadening towards the red. The IPCE recorded is an 

integrated result of several primary processes in the solar cells 

and can be expressed as 

IPCE(𝜆) =  ∅𝐴(𝜆) × ∅𝑖𝑛𝑗 × ∅𝑟𝑒𝑔 × 𝜂𝑐𝑐                                           (1)  

where ØA(λ), Øinj, Øreg and ηcc respectively represents the 

efficiency of light-harvesting, electron injection, dye 

regeneration and charge collection at a particular wavelength 

(λ). Consistently, also the dye absorption spectrum recorded 

on a TiO2 film is extended to lower energy upon contact with 

the Co(III)/TBP solution pre-exposed to light contributing to an 

increase in ØA at longer wavelengths. The spectrum 

broadening to the red is slightly different to the red-shift 

observed upon addition of lithium salts, which typically can be 

attributed to the stabilisation of the sensitizer’s LUMO by Li
+
 

ions.
37

 The spectral change indicates that the electrolyte 

property (for instance, the solution acidity) is changed during 

light exposure and that the dye/TiO2 interface is affected.
37, 38

 

A coherent study was therefore conducted on the electron 

transfer kinetics at this interface using femtosecond IR studies 

on nanocrystalline TiO2 thin films. As seen from Fig. S4 and 

Table S2, dyes at the TiO2 surface in contact with the light-

exposed Co(III)/TBP solution show slower electron 

injection/recombination rates. The difference, although less 

pronounced, still confirms a change at the dye/TiO2 interface. 

It is well known that the dye/TiO2 interface is strongly 

influenced by electrolyte composition.
38-40

 Therefore, it is 

reasonable to propose that the light-induced change with 

respect to the Co(III)/TBP solution could be a reduction in the 

amount of free base capable of interacting with the dye/TiO2 

interface, that is, TBP. 

 

Fig. 3 The photovoltaic performance improvement of DSSCs as a function of time for 

devices based on a [Co(bpy)3]3+/TBP acetonitrile solution treated following the pre 

strategy. 

In order to interpret the increase in IPCE and photocurrent, 

an investigation of the dye regeneration kinetics was 

performed; see the results in Fig. S5 and Table S3. However, 

the difference in the half-time (τ1/2) of dye regeneration by the 

cobalt electrolyte is in the range of sub-microseconds, and the 

consequent effect expected on the change in photocurrent is 

negligible. Logically, it is instead expected that the 

photocurrent increase can be assigned to an increase in the 

product Øregηcc. Fig. 3 shows the evolution of DSSC 

performance as a function of time of light-exposure treatment 

(the pre strategy). It is clear that the Jsc and fill factor (ff) 

increase dramatically to a steady-state situation reached after 

4 hours of exposure, while the Voc stabilizes already after a 

slight increase in a considerably shorter time. In parallel, we 

monitored the change in the electron accumulation in TiO2 and 

interfacial transfer kinetics. As shown in Fig. 4, by prolonging 

the Co(III)/TBP-solution light pre-exposure, the charge storage 

in the dye/TiO2 electrode at the same open-circuit voltage (or 

energy level) increases gradually, and the tail of band-gap trap 

states is also broadened. By exponentially fitting the 

distribution of trap states according to eq. S1-S3, it is notable 

that the difference of the TiO2 conduction band energy level 
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(Ec) and the electrolyte redox potential (Eredox) is decreased by 

pre-exposure of the electrolyte to light, indicating that Ec is 

positively shifted while Eredox seems almost constant; see Fig. 

S6 and Table S4. As the lowering of Ec increases the density of 

electron-acceptor states in the TiO2 film iso-energetic with the 

dye excited states, it is expected that the band edge downshift 

promotes Øinj.
22, 26

 From the electrolyte point of view, the 

origin of the Ec shift could be a charging of the TiO2 surface, 

either through an increase in the surface positive charge or 

through a decrease in the negative charge; the latter is linked 

to TBP in the systems studied. Based on this analysis, we can 

attribute the photocurrent increase to a reduced effect of TBP 

on the Ec, which is most likely linked to a loss in TBP activity. 

However, such a performance-improving change cannot be 

provided by merely reducing the initial concentration of TBP 

when formulating the cobalt electrolyte according to our 

previous study.
2
 Also, according to the results shown in Table 

S1 and Fig. S7, the addition of extra Lewis base (TBP or 

bipyridine) to the pre-exposed electrolytes reduces the 

downshift of the Ec while the improvement of the DSSC 

performance persists. This means that the conduction band 

shift, and correspondingly the potential-determining role of 

TBP at the dye/TiO2 interface, is not the predominant reason 

for the performance improvement observed from light 

exposure of the [Co(bpy)3]
3+

/TBP electrolyte. 

An increase in electron collection efficiency (ηcc), which 

also accounts for the increase in IPCE and current, is indicated 

by the increase in the lifetime of the photoinjected electrons 

(τn) in the TiO2 film when pre-exposed electrolytes are used, 

see Fig. 5. τn directly reflects the interfacial recombination 

kinetics of the injected electrons from TiO2 to the electrolyte. 

In this perspective, two crucial factors need to be investigated: 

Co(III) complexes, the concentration of which significantly 

influences the recombination loss rates operating as electron 

acceptors, and TBP, which has been shown to play a role in 

suppressing recombination (macroscopically observed as an 

increase in photovoltage through an increase in the pseudo-

Fermi level of TiO2). Regarding the former factor, the origin of 

the retarded recombination loss by using the pre-exposed 

Co(III)-containing solution could involve an effective lowering 

of the Co(III) concentration, which is probably caused by light-

induced degradation. However, by comparing the performance 

of DSSCs differing in the concentration of initially added Co(III) 

without light exposure treatment (Table S5 and Fig. S8), this 

explanation can be excluded. Moving to the other factor, one 

way for TBP to retard electron recombination is to passivate 

TiO2 by surface adsorption. However, the loss of TBP activity at 

the TiO2 surface, as concluded above, also excludes this 

possible explanation. Alternatively, the impeding effect of TBP 

may be associated to the [Co(bpy)3]
3+

 complex possibly in the 

form of ‘shielding’ as previously proposed. Since the light-

induced change is directly tied to the [Co(bpy)3]
3+

/TBP mixture, 

it is reasonable to move our attention to that system. 

 

 

Fig. 4 (a) Extracted charge as function of open-circuit voltage and (b) trap state 

distribution in D35-sensitized TiO2 films for DSSCs containing electrolytes without and 

with pre-exposed Co(III)/TBP solutions for different times as labelled. 
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Fig. 5 Electron lifetime in D35-sensitized TiO2 films of DSSCs containing electrolytes 

without and with light-pre-treated [Co(bpy)3]
3+

/TBP mixtures for different times as 

shown. 

Consequently, the changes in the characteristics of the 

[Co(bpy)3]
3+

/TBP acetonitrile solution before and after light 

exposure treatment were investigated. As shown by the 

Raman spectra in Fig. 6a, with respect to the peak at 997 cm
-1

 

assigned to the breathing mode of the TBP pyridine ring, a new 

red-shifted peak by 27 cm
-1

 arises after light exposure. This 

change can most likely be attributed to a coordination of TBP 

to the Co
III

 centre.
41

 In Fig. S9, one can also note that the 

pyridine ring vibration modes (δ(C-H), 765 cm
-1

 and 819 cm
-1

) 

decrease in intensity indicating a light-induced metal 

coordination. By comparing 
1
H NMR spectrum of TBP alone to 

that when co-existing with [Co(bpy)3]
3+

 (Fig. 6b), a slight 

downfield shift was found for the characteristic peak of the 

TBP pyridine hydrogen atoms due to the presence of 

[Co(bpy)3]
3+

 indicating a direct interaction already upon mixing 

and before light exposure. Further downfield shift appearing 

as a broad peak was observed after light exposure, while this 

effect was not observed for the same mixture stored in dark 

(Fig. S10). This difference indicates a more pronounced 

interaction between [Co(bpy)3]
3+

 and TBP upon light exposure. 

The time correlation between spectral changes and the DSSC 

performance improvement as mentioned above is excellent. In 

order to further identify the origin of the broad peak in the 
1
H-

NMR spectra, one extra equivalent of fresh TBP was added to 

the light-exposed solution of [Co(bpy)3]
3+

/TBP; the 

corresponding spectra are shown in Fig. S11. Clearly, the 

addition of fresh TBP changes the peak shape to the same as 

that of the light-exposed solution initially containing two 

equivalents of TBP. The results demonstrate that the peak 

broadening assigned to TBP contains contributions from two 

types of TBP: one (up-field) from the initial state in the 

presence of [Co(bpy)3]
3+

 and the other (down-field) from TBP 

in the presence of [Co(bpy)3]
3+

 after light illumination. Taken 

together, the spectroscopic characterization discussed above 

all show that [Co(bpy)3]
3+

 and TBP interact strongly, and the 

species formed are affected by light illumination. 

 

 

Fig. 6 (a) Raman spectra of TBP only (black, dashed), [Co(bpy)3]3+ only (green), 

[Co(bpy)3]3+/TBP in acetonitrile before (blue) and after (red) light exposure. (b) 1H NMR 

spectra of TBP only, [Co(bpy)3]3+/TBP in CD3CN before and after light exposure for 

different time as labelled. Dashed lines highlight the peak positions of the TBP pyridine. 

Fig. 7 shows the UV-Vis absorption spectra of [Co(bpy)3]
3+

 

in acetonitrile without and with TBP present, before and after 

being exposed to different conditions for different time. The 

first notable spectral effect appears directly after adding TBP 

to the [Co(bpy)3]
3+

 solution, where a new absorption feature at 

420-430 nm appears. From a coordination chemistry 

perspective, the [Co(bpy)3]
3+

 complex is supposed to be 

regarded as a quasi-octahedral d
6
 system, which is in 

coherence with the observed UV-Vis spectra. Using this simple 

ligand-field-inspired model, it is expected that the [Co(bpy)3]
3+

 

complex is diamagnetic and that d-d absorption bands are 
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weak because the 6 (mainly) d-type electrons are located in a 

(near)degenerate orbital of t2g symmetry. The addition of TBP 

to the solution must influence the inner coordination sphere of 

the Co
III

 complex and lower the symmetry of the coordination 

judging from the significant increase in the absorption 

intensity at about 420 nm. An outer-sphere interaction will not 

cause such a significant effect. It will be very difficult to 

identify the exact structure of the resulting Co
III

 complex of 

lower symmetry, in which some of the three bpy ligands might 

be partly or fully exchanged. The minimum change required 

for the [Co(bpy)3]
3+

 ions in the solution is the substitution of 

one bpy ligand with TBP giving 5-coordinate species with a 

symmetry close to square-pyramidal. That would cause a 

splitting of the molecular orbitals dominated by the Co d-

orbitals. Such a splitting may both change the magnetic 

properties of the complex and certainly affect the strength of 

the d-d-transitions, which is thus consistent with the new UV-

Vis spectral feature. One model for this 5-coordinate species is 

shown in Fig. 8b. 

[Co(bpy)3]
3+ + TBP   [Co(bpy)2 (TBP)]3+ + bpy               (2) 

Of course, ligand exchange must be described in terms of 

step-wise exchange equilibria of ligands and it is difficult from 

the spectral information to extract information about how 

extensive the ligand exchange is. Nevertheless, applying the 

principle of Occam’s razor, the minimum exchange required to 

explain the spectral effects is an exchange equilibrium 

involving one bpy ligand (eq. 2); for simplicity it is described as 

a full exchange. In order to generate the spectral effects 

observed, because of the stronger absorption of the proposed 

5-coordinate complex, eq. 2 only needs to be slightly shifted to 

the right and the original [Co(bpy)3]
3+

 complex may still be the 

predominant species present in the solution. In fact, all 

attempts to isolate a solid compound from the [Co(bpy)3]
3+

-

TBP mixtures, light-exposed or not, have resulted in solid 

compounds containing the [Co(bpy)3]
3+

 complex. 

 

Fig. 7 UV-Vis absorption spectra of [Co(bpy)3]3+ only (green), [Co(bpy)3]3+/TBP in 

acetonitrile before (blue) and after exposure to dark conditions (light blue) and light 

illumination for 20 min (pink) and 60 min (red). 

Upon light exposure, the d-d absorption intensity 

decreases with time, a phenomenon not observed in dark 

storage. Such a dependency on the exposure condition and 

time perfectly correlates with the improvement of DSSC 

performance. The intensity decrease as a function of light 

exposure time was also studied by varying the concentrations 

of [Co(bpy)3]
3+

 and TBP, see Fig. S12, highlighting the 

correlation between the spectral effect and the concentration-

related reaction between the two compounds. The spectral 

change upon light exposure is much more difficult to model, 

but it is clear that whatever cobalt complex that forms under 

light exposure must have a pseudo-octahedral configuration 

(weak d-d transitions). Since the effect of light is persistent, it 

is very unlikely that the original [Co(bpy)3]
3+

 complex is re-

formed (since it would go back to the singly TBP-coordinated 

species immediately after turning off the light). Instead, it is 

likely that light-driven metal-to-ligand charge transfer induces 

further exchange of bpy for TBP. This hypothesis also gains 

support from the 
1
H NMR-spectroscopic results as discussed 

above. The phenomenon of the continued shift and 

broadening of TBP-originating peaks also occurs in other 

ligand-exchange systems.
42

 Again, applying Occam's razor the 

formation of [Co(bpy)2(TBP)2]
3+

 complex with pseudo-

octahedral composition represents a plausible explanation, see 

Fig. 8c. Such a complex would again show weak d-d transitions 

similar to the original [Co(bpy)3]
3+

 complex. 

DFT calculations generating geometrically optimized 

structures of [Co(bpy)3]
3+

 and the proposed model complexes 

[Co(bpy)2(TBP)]
3+

 and [Co(bpy)2(TBP)2]
3+

 in acetonitrile solvent 

are summarized in Fig. 8. It is notable that low-spin 

configuration of the 5-coordinate species is lower in energy 

than the corresponding high-spin configuration indicating a 

diamagnetic behaviour also for this species. The calculated 

Raman shift of the TBP ring breathing mode is about 1024 cm
-1

 

(int50 Å
4
/amu) for non-coordinated TBP and a shift to around 

1069 cm
-1

 (int15 Å
4
/amu) is predicted when coordinated in 

[Co(bpy)2(TBP)2]
3+

 consistent with the experimental shift (~27 

cm
-1

). 
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Fig. 8 The optimized geometries of [Co(bpy)3]3+ (left) and [Co(bpy)2(TBP)]3+ (middle) and 

[Co(bpy)2(TBP)2]3+ (right; cis configuration) in acetonitrile as obtained from DFT 

calculations. Green boxes indicate the positions of TBP in the coordination sphere. 

Conclusions 

This work has focused on lithium-ion-free Co(II/III)-mediated 

DSSCs, a preferable electrolyte composition for long-term 

device performance stability based on previous studies. In this 

work, we have discovered that exposing electrolyte 

components to light for a short time, in particular the mixture 

of [Co(bpy)3]
3+

 and TBP in solution before formulating the fully 

operational (lithium-ion-free) electrolyte improves both device 

photocurrent and efficiency outperforming lithium-ion-

containing DSSCs. Systematic exclusion studies reveal that this 

macroscopic change in performance involves the interaction 

between [Co(bpy)3]
3+

 and TBP in the electrolyte solution. 

Spectroscopic studies of Co(III)-TBP mixtures show that there 

must be direct exchange of bpy for TBP in the coordination 

sphere of Co(III) upon mixing, and the exchange is further 

promoted by light exposure. A combination of experimental 

and computational work identifies a plausible exchange model 

for the spectral changes observed. The equilibria of the ligand 

exchange have been highlighted in this work for the cobalt-

based electrolytes in the presence of Lewis-base additives. The 

understanding of such equilibria will be vital for optimizing 

DSSCs from the electrolyte perspective. However, the changes 

in the electrolyte speciation could be easily overlooked since 

the change in the electrolyte redox potential may be 

essentially negligible, as in this case. Nevertheless, this work 

tells us that the electrolyte solution chemistry is considerably 

more complicated than expected and previously described in 

literature. An important insight is that the long-term DSSC 

stability does not depend on the integrity of the electrolyte 

components added, but rather on the persistence of 

electrolyte equilibria where ligand-exchange equilibria of the 

redox system plays a central role. 
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Fig. S1 Chemical structures of dyes D35 (left) and LEG4 (right). 



 

Fig. S2 Efficiency (η) and short circuit current density (Jsc) for DSSCs containing electrolytes without 

(Normal) and with light exposure (*) based on different combinations of electrolyte components as 

labelled, and that after device-based light exposure (Device*). 

Table S1 J-V characteristics data for DSSCs based on various cobalt-based electrolytes under different 

treatments. 

 

Dyes Electrolytes* Voc/mV 
Jsc/ mA 

cm
-2

 
FF η/% 

LEG4 

 

A 845 11.4 0.67 6.5 

A* 860 12.5 0.70 7.5 

A-Li
+
 830 13.0 0.68 7.3 

      

D35 

 
A(PF6

-
) 925 10.0 0.62 5.8 

A*(PF6
-
) 955 11.6 0.68 7.5 

 A-0.2TBP 925 10.2 0.62 5.9 

 A*-0.2TBP 905 11.2 0.64 6.5 

 A-0.2bpy 915 9.2 0.64 5.4 

 A*-0.2bpy 915 11.6 0.66 7.0 

      
a 
All electrolytes were composed of the same recipe: 0.3 

M/0.15 M Co(bpy)3
2+/3+

 and 0.2 M TBP in acetonitrile 

except for additional 0.1 M LiClO4 in A-Li
+
, extra 0.2 M 

TBP (totally 0.4 M TBP)in A-0.2TBP, A*-0.4TBP and 

additional 0.2 M bipyridine in A-0.2bpy, A*-0.2bpy. 

A* represents electrolytes containing the Co(III)/Lewis 

base component subject to full sun/60°C exposure 

before formulated. A and A(PF6
-
) differs in the anion of 

the cobalt complexes: the former, B(CN)4
-
 and the latter, 

PF6
-
. 

 



 

Fig. S3 Incident photo-to-current conversion efficiency (IPCE) spectra (solid lines) for LEG4-sensitized 

DSCs assembled with various cobalt-based electrolytes under different treatments: A, blue, normal; A*, 

red, the Co(III)/TBP acetonitrile solution was exposed under full sun irradiation before preparing the 

electrolyte; A-Li
+
, green, co-added with 0.1 M LiClO4. 
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Fig. S4: The normalized Kinetics at 5000 nm for electron injection and electron recombination processes 

of the adsorbed D35 on TiO2 surface in contact with cobalt electrolytes with (A*) and without (A) 

Co(bpy)3
3+

/TBP-based light exposure. The dye was excited at 520 nm with a power of ~150-200 μW. 

 

Table S2 The resulted lifetimes from the fitting process of the kinetics extracted at 5000 nm. Lifetimes 

are in ps, and the amplitudes are shown in percent between parentheses.   

Condition  
Electron 

injection 
Electron recombination 

Long 

lifetime 

(> 5 ns) 

Average 

lifetimes 

below 



5.0 ns 

Dry 0.38 3.7 (22) 75 (35) τ3 (43) 23.5 (57) 

Aged electrolyte 0.66 34 (40) 427 (20) τ3 (40) 79 (60) 

Fresh electrolyte 0.29 26 (31) 400 (21) τ3 (48) 78 (52) 

 

 

Fig. S5 Kinetics of the absorption changes at 760 nm for solar cells with aged (light-exposed) and fresh 

electrolyte. Excitation wavelength:  560 nm,  0.1 - 0.2 mJ/pulse. Note: Three samples were measured for 

each electrolyte. The statistical half-time was summarized in Table S3. The figure illustrates the kinetic 

traces of the samples with biggest difference. The solid line was performed with KWW fitting. 

Table S3.  Summary of the statistical half-time (τ1/2) of the regeneration processes in DSSCs fabricated 

with aged (light-exposed) and fresh electrolyte. 

 Aged electrolyte Fresh  electrolyte 

τ1/2, µs 0.390.10 0.580.08 

 

The distribution of band-gap trap states was fitted exponentially according to the equations:
1
  

𝑁𝑡(𝑞𝑉𝑜𝑐) =
𝑁𝑡

𝑘𝑇𝑐
exp(

𝑞𝑉𝑜𝑐−𝐸𝑐

𝑘𝑇𝑐
)                                                                                                                        S1 

where Tc, Ec and Nt respectively represent the characteristic temperature indicating the depth of trap states, 

the conduction band energy and the total volume density of trap states in the TiO2 film. Therefore, 

 qVoc = kTcln Nt(qVoc)+A,                                                                                                                            S2 

herein, 



𝐴 = (𝐸𝑐 − 𝐸𝑟𝑒𝑑𝑜𝑥) − 𝑘𝑇𝑐𝑙𝑛
𝑁𝑡

𝑘𝑇𝑐
                                                                                                                   S3 

 

 

Fig. S6 Cyclic voltammetry curves (Inset: DPV) for fresh (blue) and exposed (red) Co(bpy)3
3+

/TBP 

acetonitrile solution to the light. 

Table S4.  Rest potentials of electrolytes A and A*.   

 A* A 

E,V  (vs NHE) 0.506±0.001 0.508±0.003 
 

 



Fig. S7 Trap states distribution in D35-sensitized TiO2 films for DSSCs containing cobalt electrolytes 

varying in addition of Lewis base additives: 0.2 M TBP, 0.4 M TBP and 0.2 M TBP+0.2 M bipyridine 

before (solid) and after (hollow) Co(III)/TBP-based light exposure. 

 

Table S5 J-V characteristics of DSCs assembled with electrolytes containing different concentrations of 

Co(bpy)3
3+

. 

 

Electrolytes CCo3+ Voc/mV 

Jsc/ 

mA 

cm
-2

 

FF η/% 

Alow 
0.10 

M 
895 9.7 0.63 5.4 

A 
0.15 

M 
915 10.1 0.64 5.9 

Ahigh 
0.20 

M 
900 10.3 0.64 5.9 

 

 

Fig. S8 Electron lifetime in D35-sensitized TiO2 films of DSSCs varying in the concentration of 

[Co(bpy)3]
3+

 as labelled. 

 



 

Fig. S9 FT-IR spectra of TiO2 films spin-coated with [Co(bpy)3]
3+

/TBP acetonitrile solutions before and 

after light exposure treatment and dried in air afterward.  

 

Fig. S10 
1
H NMR spectra of [Co(bpy)3]

3+
/TBP in CD3CN before and after dark exposure (60°C) for 

different time as labelled. 

 



 

Fig. S11 
1
H NMR spectra of [Co(bpy)3]

3+
/TBP (molar ratio 1:1) in CD3CN before (red) and after (green) 

light exposure, with extra 1 eq. TBP added (blue) and of [Co(bpy)3]
3+

/TBP (molar ratio 1:2) in CD3CN 

after light exposure (royal blue). 

 

Fig. S12 The decrease in the UV-vis absorbance at 450 nm of Co(bpy)3
3+

/TBP in acetonitrile in low and 

high concentrations respectively as a function of light exposure time. 
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Long-term stability for cobalt-based dye-
sensitized solar cells obtained by electrolyte
optimization†

Jiajia Gao, Muthuraaman Bhagavathi Achari and Lars Kloo*

A significant improvement in the long-term stability for cobalt-based

dye-sensitized solar cells (DSCs) under light-soaking conditions has been

achieved by optimization of the composition of tris(2,20-bipyridine)

Co(II)/Co(III) electrolytes. The effects of component exchanges and

changes were also studied during the optimization process.

Dye-sensitized solar cells (DSCs) have, since the groundbreaking
work by O’Regan and Grätzel in 1991, been considered as a
promising, green-energy technology.1 DSCs have showed both
potential low-cost manufacturing and tunable structure properties
in combination with comparably high power conversion efficien-
cies.2,3 With the aim to avoid the shortcomings of the I�/I3

�

system, with respect to light absorption and corrosivity, the recent
search for alternative metal–organic redox systems has opened up
a new direction of research;4 the to-date best system contains
Co(II/III)-polypyridyl redox shuttles exhibiting over 12% conversion
efficiency together with co-absorbed sensitizers. The improvement
in conversion efficiency can be attributed to the more positive
redox potential of the redox system, thus minimizing the over-
potential required for sensitizer regeneration.5 Given a promising
photovoltaic performance, the stability issue is, however, another
challenge for cobalt-based DSCs before any commercial applica-
tion can be considered. For DSCs as multi-component devices,
there are inevitably various influential factors on the device
stability; one decisive factor is the electrolyte, composed of redox
shuttles, a selection of additives and the solvent.

As an excellent redox shuttle alternative, [Co(bpy)3]2+/3+, was
recently strongly questioned regarding the potential instability
of [Co(bpy)3]2+ with respect to ligand dissociation.6 For this
reason, a new cobalt-based redox couple with a hexadentate
ligand was designed and displayed a DSC durability of 100 hours
under full solar irradiation.7 Acetonitrile, with its low viscosity

and high dielectric constant, is to date the best alternative as the
electrolyte solvent of liquid DSCs from the perspective of device
efficiency. However, conversion efficiency has to be balanced
against device stability, due to the solvent’’s potential drawback
regarding volatility. Besides the search for high-boiling solvents,
such as water,8 3-methoxy propionitrile (MPN) or ionic liquids,9

mixtures containing acetonitrile have also been investigated
in order to identify systems that satisfy both requirements.
Acetonitrile–ionic liquid mixture electrolytes were previously
used for I�/I3

�-based DSCs with comparable efficiency and
excellent stability.10 Recently, Xiang et al. reported a gel electro-
lyte comprising a polymer and acetonitrile resulting in a highly
efficient cobalt-based DSC with an outstanding durability under
nearly 700 h of illumination.11 Additives, such as lithium salts
and 4-tert-butyl pyridine (TBP), were proven to be highly necessary
for high performance. The additives are invariably used together: Li+

ions expected to cause a lowering of the TiO2 CB energy level, and
this effect is often observed to offer an improvement in electron
injection efficiency and electron lifetime.12 In contrast, employing
TBP typically instead results in a negative shift of TiO2 CB and as a
consequence a reduced interfacial recombination loss and a rela-
tively high open-circuit voltage.13 However, there are few papers
addressing the influence of these additives on the durability of
cobalt-based DSSCs, despite of an extensive relevant and discussion
on I�/I3

�-based systems.14–17 In an ongoing study in other solvent
media, it has become clear that higher concentrations of the cobalt-
based redox components, both the reduced and, surprisingly
enough also, the oxidized forms offer better long-term stability with
a small cost of lower initial conversion efficiency. In this work, a high
and a low concentration of the cobalt-based redox system are
investigated together with a series of control experiments regarding
both TBP and Li+ salt effects.

Even though a variety of strategies have been designed and
tested for cobalt-based electrolyte systems with the aim to improve
DSC stability, stability test results during long enough time (1000 h)
and under standard light-soaking conditions (continuous 1 sun
illumination and 60 1C temperature) are still lacking. This void
in knowledge inspired us to optimize a highly stable and
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efficient system, which in this work is achieved by an only slight
changes with respect to the commonly used tris(2,20-bipyridine)
Co(II)/Co(III)-based electrolyte. Using the organic dye D35 as
sensitizer (Fig. 1), such a system performed excellently over
1000 h in the standard stability test with only a small efficiency
decline against the initial value.

In order to study the concentration-dependent influence on
the device stability, electrolytes containing higher concentrations
of Co(bpy)3

2+ and Co(bpy)3
3+ with the tetracyanoborate anion in

acetonitrile with respect to the commonly-used cobalt electrolyte
(AN–Lo–L; 0.22 M/0.05 M) were applied in D35-sensitized DSCs.
The additives LiClO4 and TBP were initially in this study added in
the same amounts as previously reported, respectively 0.1 M and
0.2 M. All the DSCs were assembled using a 2.5–3 mm thick,
transparent, mesoporous TiO2 film, which has been proved to
yield the highest photovoltaic performance in previous work. As
shown by the preliminary stability test results shown in Fig. S1
(ESI†), there is a significant correlation between device stability
and cobalt redox couple concentrations, and the optimal concen-
trations are based on the electrolyte AN–Hi–L (0.3 M/0.15 M). A
stability test lasting 1000 hours under light-soaking conditions
was further conducted for the resulting DSCs assembled with the
champion electrolyte and the result is compared with that
of electrolyte AN–Lo–L, shown in Fig. 2. The corresponding initial
I–V data are summarized in Table S1 (ESI†). By comparison, DSCs
incorporated with the electrolyte AN–Lo–L containing lower cobalt
complex concentrations are clearly less stable; it can be linked to
the faster degradation in open-circuit voltage (Voc) and more
obvious decline of fill factor (ff) arising at a later stage. The Voc

is determined by the difference between the quasi-Fermi level
(EF,n) of the TiO2 substrate and the redox potential of redox
couple. EF,n is dependent on the position of the TiO2 conduction
band (CB) and the electron density in the CB and sub-bandgap
trap states. Since the shift in redox potential is negligible the
significant change in Voc can with a high probability be attributed
to changes in the EF,n. This is also explained by results from
toolbox measurements illustrated by the charge extraction as a
function of open-circuit voltage, and electron lifetime as a func-
tion of charge extraction. As shown in Fig. S2(a) (ESI†), in the early
phase of the accelerated ageing test both DSCs containing the
electrolytes AN–Lo–L and AN–Hi–L experienced a remarkable
positive shift of the TiO2 CB energy level with time, which is in
agreement with the observed degradation in Voc for both devices.

However, for the electrolyte AN–Hi–L, containing the higher con-
centrations of the cobalt redox couple, the corresponding DSC
exhibits a stable electron lifetime (Fig. S2(b), ESI†), implying a
relatively constant electron concentration in the CB of the TiO2 film.
This explains the observed and significantly lower degradation
rate of Voc with respect to that of DSC employing the electrolyte
AN–Lo–L. Electrochemical impedance spectroscopy (EIS) measure-
ments were also conducted in order to examine the change of
characteristic device resistances during the test. It appears that DSCs
containing lower concentrations of the cobalt redox couple suffer
from more serious mass-transport limitation after long-term
light soaking (Fig. S3(b and c), ESI†), and consequently such
devices show a faster drop in ff.

However, upon increasing cobalt complex concentrations, the
risk of interfacial charge recombination is also increased, as
observed and as expected (Fig. S3(a), ESI†). To our knowledge, Li+

salts also give the same effect. Therefore, we further compared DSCs
containing the electrolyte AN–Hi–L and another similar electrolyte
AN–Hi without Li+ salt (LiClO4) addition. Rather unexpectedly
shown in Fig. 3, a better long-term stability was obtained for the
device containing no additions of lithium salt, and also a compar-
able conversion efficiency after reaching its peak photocurrent

Fig. 1 Chemical structures of tris(2,2 0-bipyridine) cobalt(II)/(III) complexes
(left) and dye D35 (right).

Fig. 2 Variation of photovoltaic parameters for DSCs based on the
electrolytes AN–Lo–L (blue square) and AN–Hi–L (red circle) during the
stability test under light-soaking conditions (1 sun illumination, 60 1C).

Fig. 3 Efficiency variation over time for DSCs based on the electrolytes
AN–Hi–L (red circle) and AN–Hi (cyan star) during the stability test under
light-soaking conditions (1 sun illumination, 60 1C).
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(Fig. S4, ESI†). The improvement can mainly be attributed to the
slower decrease in Voc. As suggested by the results in Fig. S5(a and b)
(ESI†), this improvement can be explained by an increase in electron
lifetime with time compensating for the loss caused by the positive
shift of the TiO2 conduction band. In fact, the cells containing the
AN–Hi electrolyte formally show a 4% better conversion efficiency
after 1000 hours to light exposure at elevated temperature as
compared to the initial value; however, the decline from the
maximum efficiency after about 100 hours is about 8% (though
levelling off at longer exposure).

DSCs were also fabricated based on a series of AN–Hi-type
electrolytes only varying the amount of added TBP from 0 M to
0.2 M, 0.5 M, 0.7 M, respectively. By comparison of the initial
performance after device fabrication (see Table S1, ESI†), the
considerable increase in all four photovoltaic parameters when
increasing TBP concentration from 0 M to 0.2 M clearly
indicates the key role of TBP for the devices. Stability tests
under light-soaking conditions were subsequently conducted, and
the results after 1000 hours are shown in Fig. 4. An increasingly
rapid decline was observed in both Voc and Jsc, and consequently
Z, upon increasing the concentration of TBP further from 0.2 M to
0.5 M and 0.7 M. The change in interfacial recombination
resistance (RCT) of the corresponding DSCs, between electrons
in the TiO2 film and oxidized species in electrolyte, is shown in
Fig. S6 (ESI†). It clearly indicates the two-side effect of TBP on
these DSC devices: initially it well suppresses the interfacial
recombination as commonly regarded but during the stability
test, higher concentration of TBP induces a faster increase in the
recombination loss, well in consistent with the faster Voc degrada-
tion. The proposed reason for the adverse impact of TBP is that it
as a relatively strong Lewis base induces dye desorption and thus
a change in surface structure, which enhanced recombination

losses; this effect may be accelerated by the light-soaking
treatment. An unexpectedly continuous increase in Jsc is noted
for DSCs without TBP added. Displaying a significantly stable
Voc and ff, it seems to exhibit a surprising ‘activation’ process
instead of degradation during the stability test. The underlying
reasons are under investigation.

In conclusion, standard stability tests of 1000 h under light-
soaking conditions were conducted for DSCs containing the
cobalt–acetonitrile-based electrolytes in this work. An impressive
result of long-term durability was noted for this system; certainly
not expected for the volatile solvent acetonitrile. The electrolyte
composition has been demonstrated as the key factor for device
stability. Minor adjustments involving a small increase in cobalt
complex concentrations and the removal of a lithium-salt additive
offered a significant improvement in device stability. TBP was, in
line with numerous previous studies, identified as a highly impor-
tant additive, however only in moderate concentrations.

The authors acknowledge the Swedish National Research
Council, the Swedish Energy Agency as well as the China
Scholarship Council (CSC) for financial support.
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Fig. 4 Variation of photovoltaic parameters for DSCs based on a series of
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(black, triangle), 0.2 M (AN–Hi, red, circle), 0.5 M (blue, square) and 0.7 M
(green, diamond).
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ABSTRACT: The electrolyte composition has a significant effect on the
performance and stability of cobalt-based, dye-sensitized solar cells (DSSCs).
The stability of DSSCs incorporating Co(II/III) tris(bipyridine) redox mediator
has been investigated over 1000 h under full solar irradiation (with UV cutoff)
at a temperature of 60 °C, the main focus being on monitoring the photovoltaic
performance of the device and analyzing the internal charge-transfer dynamics
in the presence of different cation coadditives (preferably added as
tetracyanoborate salts). A clear cation-dependence is shown, not only of the
early light-induced performance but also of the long-term photostability of the
photovoltage of the device. These light-induced changes, which are attributed to
the promotion of electron injection and less electron recombination loss, by
transient spectral and electrochemical studies at the TiO2/dye/electrolyte
interface, indicate that the main cation effects involve the TiO2 surface electric
field and energy-state distribution. By examining the stability of adsorbed and solvated dye during aging, it has been found that
the dye photodegradation is probably responsible for the decline in the photovoltage and that this is extremely dependent on the
nature of the cation coadditives in the electrolyte. It is therefore suggested that optimization of the electrolyte cation composition
is essential for improving the stability of cobalt-based DSSCs.

■ INTRODUCTION

The increasing need for replacing the traditional mainly fossil-
based energy sources means that there is an urgent demand for
new sustainable and “green” alternatives. Photovoltaics based
on the direct utilization of solar energy have emerged as a
promising option. Sensitization of mesoscopic, wide band gap
semiconductors into the region of visible light is a relatively
new concept for solar cells, different from the conventional
semiconductor heterojunction approach. Nowadays, the map of
dye-sensitized solar cells (DSSCs) is facing the rapid develop-
ment of hole−conductor materials1,2 and organic/inorganic
hybrid sensitizers,3,4 which are exposing typical liquid-based
DSSCs to fierce competition. However, liquid-electrolyte
DSSCs still prevail because of their advantages of simplicity,
potential inexpensive up-scaling, tunable structure, straightfor-
ward optimization, and more importantly, the solvent barrier
for ambient air attack. High-power conversion efficiency is no
longer the greatest bottleneck for the commercial application of
this technique, since the reported efficiency already exceeds
13%,5,6 while in indoor low-intensity applications DSSCs
greatly outperform conventional silicon solar cells. Instead,
their lack of long-term stability is the most severe challenge for
DSSCs. In addition to sealing techniques preventing potential
electrolyte leakage and exposure to the ambient atmosphere,
the liquid-based DSSC as a multicomponent device requires a
much greater stability.

Robust dye attachment to the semiconductor surface has
been considered necessary for durable DSSCs performance,
and most of the work has been focused on the optimization of
organic dyes and in particular the dye anchoring groups.7,8

Efforts have also been made to identify suitable high-boiling
and low-viscosity electrolyte solvents to limit evaporation, in
combination with an acceptable mass/charge-transport limi-
tation. Organic, high-boiling solvents,9,10 water,11 room-
temperature ionic liquids,12 solvent mixtures,13,14 and gelati-
on15,16 are alternatives that have been explored to replace the
traditional acetonitrile solvent. The most common redox
system, iodide/triiodide (I−/I3

−), has been questioned because
of the risk of metal corrosion and its (photo)reactivity, and it
has recently been outperformed by a range of metal−organic
complex alternatives.17−19 The photochemical and thermal
durability of these alternative redox systems is however still
doubtful; polydentate chelation is an effective way that has been
exploited to improve the stability of the metal-complex-based
redox systems.20

It is well-known that in liquid DSSCs, the interaction
between the electrode surface and the electrolyte at either the
TiO2/electrolyte or the dye/electrolyte interface governs the
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performance21 and conceivably also the durability of the device,
although the latter issue has been far less studied.22,23

Interactions, which include surface-site passivation, potential-
controlling ion adsorption, and dye-ion binding, alter the
interfacial charge-transfer kinetics with regard to both forward
electron injection and backward recombination processes.24−26

Li+ salts, a common electrolyte ingredient, have been widely
studied and are considered to shift the TiO2 conduction band
edge to more positive energies (NHE scale) and to create
randomly distributed shallow trap states on or close to the
metal-oxide surface. However, it has been suggested that Li+

ions should be avoided in I−/I3
− electrolyte systems due to the

excess adsorption and gradual adsorption-to-intercalation of the
small cations into the TiO2 lattice at negative voltage bias

27 or
at high light illumination, which reduces the lifetime and
electron diffusion coefficient of the device with time.28−30 Such
effects have been supported by our previous work that showed
that a notable stability improvement was achieved with lithium-
free, cobalt-based DSSCs.31 The dye-TiO2 electronic coupling
is also highly sensitive to the dye dipole moment and binding
configuration on the surface which controls the semiconductor
energetics and the photovoltage of the device.32 Dye
aggregates, well-known as “multilayers”,33,34 were regarded as
a crucial platform for positive and negative processes such as
hole (or electron) hopping,35 the blocking of oxidized
electrolyte species,36 and dye-catalyzed recombination.25 In
this view, the sensitizing dye itself is an important factor for the
stability of the entire device. Subsequently, it was also necessary
to look into the dye/electrolyte interaction, although this has
been less studied, for a comprehensive understanding of the
behavior of the device during long-term aging. For these
reasons, the present work has sought a detailed investigation of
the effect of electrolyte composition, particularly with regard to
cation coadditives, on the performance and stability of the
device. We have used DSSC devices based on an organic dye
(D35), which is known to be compatible with cobalt-based
redox electrolytes,18 a typical Co(II/III) tris(bipyridine)
(Co(bpy)3

2+/3+) redox shuttle, the standard Lewis-base 4-tert-
butylpyridine (TBP), and acetonitrile solvent. Cobalt complex
concentrations higher than those commonly used were
employed in order to avoid device instability related to cobalt
complexes. The effects of several typical salts (imidazolium- and
ammonium-based salts) were also studied. From a size and
polarizing power perspective, these represent intermediate
Lewis acidity between electrolytes containing Li+ and those
containing no cation coadditive at all. Using these selected
systems, we have explored favorable and undesirable changes in
the long term performance of the device during aging. The
interfacial charge-transfer dynamics have been the main focus in
order to identify the possible causes of the observed changes.
Aging results under different conditions were also compared,
revealing the crucial effect of light illumination on the device
stability.37,38

■ EXPERIMENT DETAILS
Materials. All chemicals were reagent grade and were used

without further purification. The following reagents and
materials were used as received from the indicated commercial
supplies: acetonitrile (Aldrich, 99.8%), 4-tert-butylpyridine
(TBP; Aldrich, 96%), lithium perchlorate (LiClO4; Aldrich,
99.99%), 1-ethyl-3-methylimidazolium tetracyanoborate
(EIMTCB; Merck), potassium tetracyanoborate (KB(CN)4;
SelectLab, 97%), 1-butyl-3-methylimidazolium chloride

(BIMCl; Aldrich, ≥ 98.0%), n-tetraethylammonium iodide
(TEAI; Aldrich, 98%), n-tetrabutylammonium bromide
(TBABr; Aldrich, ≥99.0%), titanium tetrachloride (Aldrich,
≥99.0%), H2PtCl6 (Aldrich), 2-isopropanol (Aldrich, ≥99.5%),
ethanol (Kemetyl, 99.5%), fluorine-doped tin oxide (FTO;
Pilkington, TEC 15 Ω/cm2 and TEC 7 Ω/cm2), TiO2 pastes
(Dyesol Ltd., DSL 18NR-T and WER2-O), and Surlyn frame
(Solaronix). The dye D35 and tris(2,2′-bipyridine-2N,N′)
cobalt(II) bis(tetracyanoborate) (Co(bpy)3[B(CN)4]2) and
tris(2,2′-bipyridine-2N,N′) cobalt(III) tris(tetracyanoborate)
(Co(bpy)3[B(CN)4]3) were purchased from Dyenamo AB,
Sweden. 1-Butyl-3-methylimidazolium tetracyanoborate
(BIMTCB), n-tetraethylammonium tetracyanoborate
(TEATCB), and n-tetrabutylammonium tetracyanoborate
(TBATCB) were prepared according to relevant literature
procedures.39,40

Solar Cell Fabrication. Details of solar cell fabrication have
been reported previously.15 A compact TiO2 layer was first
deposited on a precleaned FTO substrate (Pilkington, TEC 15
Ω/cm2) after it had been immersed in a 40 mM aqueous TiCl4
solution at 70 °C for 30 min and then sintered. Subsequently, a
transparent TiO2 layer (diluted paste: a mixture of 60 wt %
TiO2 paste (DSL 18NR-T) with 36 wt % terpineol and 4 wt %
ethyl cellulose) and a scattering layer (WER2-O) were
successively screen-printed and sintered; the printed area was
0.5 × 0.5 cm2, and the film thickness was determined to be 2.5
+ 3 μm (transparent + scattering layer) using a profilometer
(Veeco Dektak 3). All the sintering of working electrodes was
done in an ambient atmosphere according to the same
temperature gradient program: heating to 325 °C for 25 min,
thermostatic for 30 min, then heating to 500 °C for 25 min,
thermostatic for 30 min, and finally slow cooling. The working
electrodes were post-treated with an aqueous TiCl4 solution as
described above, and, after being cooled to 80 °C, were
sensitized in a 0.25 mM D35/ethanol dye bath in the dark for
about 15 h. The counter electrode was prepared using drop-
casting of 20 μL of 4.8 mM H2PtCl6 isopropanol solution on a
predrilled and cleaned FTO (Pilkington, TEC 7 Ω/cm2) glass
and then fired in air at 400 °C for 30 min. The sensitized TiO2
electrodes were washed with ethanol and assembled with the
platinized counter electrodes in a sandwich-type cell using a 25
μm thick hot-melt Surlyn frame (inner area: 0.6 × 0.6 cm2) as
the sealant. All the electrolytes were prepared in air according
to the same recipe: 0.3 M/0.15 M Co(bpy)3[B(CN)4]2/3, 0.2 M
TBP, and 0.1 M cation coadditives and injected into the cells
through predrilled holes under atmospheric pressure. Each hole
was sealed with a 50 μm thermoplastic sheet and a glass
coverslip. A metal contact was finally soldered onto the edge of
the FTO.

Solar Cell Characterization. Current density−voltage (J−
V) characteristics were recorded using a Newport solar
simulator (model 91160-1000) supplying irradiation with AM
1.5 spectral distribution and an intensity of 100 mW cm−2. A
light-shading metal mask (0.7 × 0.7 cm2) was placed on top of
the cell in order to reduce light scattering from the glass edge.
Incident photon-to-current conversion efficiency (IPCE)
spectra were obtained using a computer-controlled setup
consisting of a xenon arc lamp (300 W Cermax, ILC
Techbology), a monochromator (CVI Digikrom CM 110),
and appropriate filters. Both J−V characteristics and IPCE were
recorded by a computerized Keithley 2400 source meter
calibrated using a certified reference solar cell (Fraunhofer
ISE). The accelerated aging tests were performed in a sample
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compartment under continuous irradiation (∼100 mW cm−2;
ATLAS Suntest XLS) and a stable temperature of ca. 60 °C
under open-circuit conditions using a 390 nm UV cutoff filter.
Aging tests under light of different spectral ranges were
conducted using color filters (Thorlabs). Photovoltaic charac-
teristics of the cells during the aging tests were recorded outside
the compartment at selected intervals.
Electrochemical Measurements. Impedance measure-

ments were conducted in the dark using an Autolab PGstat12
potentiostat with an impedance module. The frequency was
swept from 105 to 0.1 Hz using an AC amplitude of 20 mV.
Resistances and capacitances were analyzed using the software
Z-View and a previously reported equivalent circuit model.31

Photoelectrochemical measurements were performed using a
white LED (Luxeon Star 1W) as the light source. Voltage and
current traces were recorded using a 16-bit resolution digital
acquisition board (National Instruments) in combination with
a current amplifier (Stanford Research Systems SR570) and a
custom-made system using electromagnetic switches. The
methods of measurement have been reported previously.18,41

The relationship between voltage and extracted charge (Qoc)
under open-circuit conditions was studied using a combined
voltage decay/charge-extraction method.42 Electron diffusion
time (τd) and lifetime (τn) were determined by monitoring the
photocurrent and photovoltage transients at different light
intensities by applying a small square-wave modulation to the
base light intensity. These transient responses were fitted using
first-order kinetics in order to obtain the time constants. The
data used in the figures displaying the photoelectrochemical
results were based on the cells that exhibited the best
performance for each electrolyte.
Transient Absorption Measurements. The photoin-

duced absorption (PIA) setup has been described previously.43

Excitation was provided by on/off modulation of a green diode
laser (532 nm, Lasermate) at 9.3 Hz. Nanosecond transient
absorption measurements were performed using an Edinburgh
Instrument LP920 laser flash photolysis spectrometer with a
near-infrared LED (λmax 880 nm) as the probe light and an
amplified silicon photodiode (Thorlabs PDA10A) with a 715
nm cutoff filter as the detector (system response time, ∼ 1 μs).
Laser pulses were supplied by a Continuum Surelight II,
Nd:YAG laser at 10 Hz repetition rate in combination with an
OPO (Continuum Surelight). The pulse intensity was
attenuated to 0.1 mJ cm−2 per pulse. A pump light wavelength
of 520 nm was selected for the D35 dye. Kinetic traces were
averaged over 100 pulses per sample. The observed kinetic data
of the same time range were all fitted to a single exponential
function.44

Photophysical Measurements. UV-vis absorption spectra
of the dye-loaded, transparent films (2 μm thick) and dye
solution were recorded on an HR-2000 Ocean Optics fiber
optics spectrophotometer and on a Cary 300 spectropho-
tometer in a quartz sample cell (0.5 cm path length),
respectively. The dye degradation rate was calculated by
monitoring the UV-vis absorption of corresponding samples at
a certain wavelength (510 nm) as a function of time during the
aging test.

■ RESULTS AND DISCUSSION
Figure 1 shows the photovoltaic performance of fresh DSSCs in
the absence (cation-free; in the sense of added salts, except
those of the redox system and potentially generated protons
from the dye adsorption process) and presence of different

cation coadditives including standard Li+ salts (Li+) and other
monovalent cations with the same anion but exhibiting a lower
charge-to-size ratio and a lower Lewis acidity: 1-ethyl-3-
methylimidazolium cation (EIm+), tetraethylammonium cation
(TEA+), and the even larger, 1-butyl-3-methylimidazolium
cation (BIm+) and tetrabutyl ammonium cation (TBA+)
cations. In fresh cells, the short-circuit current density (Jsc) of
these devices appears to show a clear cation dependency of Li+

> EIm+ > cation-free while the presence of other organic
cations gave results similar to those of the cation-free cells. The
difference in Jsc, as was studied previously, can be interpreted as
indicating a cation-specific ability to tune the TiO2 surface
charge and energy levels and thus influence the electron
injection efficiency of the sensitizer.45

The 1000 h accelerated aging results for these cobalt-based
DSSCs are shown in Figure 2. Aging tests under dark
conditions were simultaneously conducted to assess the
photostability of these cells. The results for the BIm+-, TEA+-
and TBA+-containing DSSCs were similar to those for the
cation-free cells and are not further discussed in this paper.
Upon early exposure to light (∼2 h), a boost in Jsc was observed
particularly for the lithium-ion-free cells (collectively referred to
cells containing no or other cation coadditives than lithium ion
salts, including cation-free and EIm+-containing cells), leading
to a plateau efficiency (η) comparable to that of Li+-containing
cells (see Figure 1). In the long term, it is evident that exposure
to light is the main cause of the overall decrease in the
efficiency and fill factor (ff). The decline in the open-circuit
voltage (Voc), as the determining factor of the device
degradation, also shows a light-induced difference: initially
slow (the first 2 h) but subsequently faster than that under heat
alone. The photoinstability of all these parameters strongly
depends on the cation coadditive in the electrolyte: Cation-free
< EIm+ < Li+. All in all, lithium-ion-free devices exhibit a better
photostability regardless of whether they are compared with the
initial or the plateau efficiency.

Light-Induced Efficiency Enhancement for Lithium-
Ion-Free Devices. A Jsc enhancement was noted particularly
for the lithium-ion-free cells after a short-term exposure to full
solar irradiation. A control experiment varying the spectral
range of the light illumination (see Figure S1) further confirms
that this change is light-activated. Much work has been reported
previously illustrating the effects of light exposure on the tuning
of semiconductor energetics.37,46 In agreement with the early Jsc

Figure 1. J−V characteristics of DSSCs freshly prepared (solid lines)
and aged for 2 h (dashed lines), assembled with cobalt electrolytes
containing no (cation-free) and different cation coadditives as labeled.
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increase, monochromatic incident photon-to-current conver-
sion efficiency (IPCE) spectra in Figure 3a also shows a
profound rise, particularly for lithium-ion-free cells and even
more for cation-free cells. The plateau of IPCE eventually
achieved in both these cases is almost identical to that of Li+-
containing cells, except for a smaller extension to the red (see
Figure S2). IPCE is a combined result of the light-harvesting
efficiency (LHE), the injection efficiency (⌀inj), the regener-
ation efficiency (⌀reg), and the charge collection efficiency (ηcc)
at a specific wavelength, as expressed by

λ λ η= × ⌀ × ⌀ ×IPCE( ) LHE( ) inj reg cc (1)

LHE, primarily depending on the dye load level, can be
assumed to be the same for all the systems studied. As indicated
by the kinetic data in Table S1, there was no appreciable change

in the rate of sensitizer regeneration during the early aging of
lithium-ion-free cells. Thus, the most likely reason for the short-
term current enhancement is in ⌀inj,

47 since ηcc can be regarded
high and constant for all the devices assembled with thin
semiconductor films in this work.48 Upon injection to the
semiconductor, the accumulation of electrons could be
estimated by the characteristic absorption at around 800 nm
in the photoinduced absorption (PIA) spectrum (see Figure
S3a);49,50 the relative results are shown in Figure S3b. The
electron concentration significantly increased with aging time in
lithium-ion-free cells, as is indicated by the enhancement of ⌀inj.
Another noteworthy observation in the PIA spectra is a Stark

effect, which reflects the absorption perturbation of anchored
dyes. This effect is noted as a bleach at ca. 550 nm for the D35
dye in this study, caused by the change in the adjacent electric

Figure 2. Evolution of photovoltaic parameters, including (a) Jsc, (b) Voc, (c) ff, and (d) η with aging time for DSSCs having different cation
compositions: cation-free (■), Li+ (red ●) and EIm+ (blue ▲) under full sun illumination (390 nm cutoff filter) (solid lines) and in the dark
(dashed lines) at a temperature of 60 °C. All data normalized with respect to the initial value.

Figure 3. Evolution of (a) IPCE and (b) PIA spectra with aging time under exposure to light at 60 °C for DSSCs based on different electrolyte
cation coadditives as labeled. The arrows in color show the positions of the maximum absorption; the PIA spectrum for each system is normalized
with respect to the initial average characteristic absorption of electrons in TiO2 ranging between 750 and 800 nm.
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field. The electric field over the dye molecules, which mainly
determines the bleach intensity, is generated by the injected
electrons upon light illumination and the proximate polarizing
electrolyte cations.50−52 The contribution of the injected
electrons to the electric field was normalized in the PIA
spectra using the characteristic absorption of electrons (Figure
3b). A red shift (20−30 nm) as well as a doubled or tripled
intensity was found for the Stark bleach of the dye/TiO2 films
in contact with lithium-ion-free eletrolytes in the aging test. By
contrast, only a small relative change was observed in the case
of the Li+-containing electrolyte. This cation-dependence shows
the major effect of electrolyte cation coadditives on the changes
in the interface electric field and thus, by necessity, on the
energy states at the TiO2 surface during aging.
Charge-extraction measurements were made to estimate the

distribution of TiO2 surface energy states.53 In Figure 4a, the
distribution of band gap energy states or trap states was found
to broaden significantly with time for the lithium-ion-free
systems on exposure to light, while little change was noted on
exposure to dark conditions (Figure S4). The energy
distribution of trap states [Nt (qVoc)] fits the exponential
relation:54

=
−⎛

⎝⎜
⎞
⎠⎟N qV

N
kT

qV E
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( ) expt
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c

oc c

c (2)

where Tc, Ec, and Nt, respectively, represent the characteristic
temperature indicating the depth of trap states, the conduction
band energy, and the total volume density of trap states in the
TiO2 film. Therefore,

= +qV kT N qV Aln ( )oc c t oc (3)

and the intercept A is given by

= − −A E E kT
N
kT

( ) lnc
t

c redox
c (4)

where Eredox represents the electrolyte redox potential. By
exponential fitting according to eq 3, the two parameters A and
Tc were obtained, and their changes during the first 2 h under
different aging conditions are summarized in Figure 4c. On the
basis of the trap-limited electron transport model,55 the trap
state redistribution is also indicated by the change in the slope
(mc) of the light intensity (or short-circuit current Isc)
dependence of the electron diffusion time (τd) (Figure 4b)
expressed as

τ ∝ −I kT m
d sc

/ 1c (5)

The two methods suggest a similar cation-dependent increase
in the trap-depth parameter (Tc or mc): Cation-free < EIm+ <
Li+. For the intercept A, the dependence is the opposite: cation-
free > EIm+ > Li+. Assuming that Eredox remains constant during
the short-term light exposure, the decrease in the intercept A

Figure 4. (a) Trap-state distribution in D35-sensitized TiO2 films and (b) the short-circuit current (Isc) dependence of the electron diffusion time τd
in TiO2 for DSSCs assembled with different electrolyte cation coadditives as labeled, obtained at selected times during the exposure to light at 60 °C,
and (c) the evolution of the intercept A, Tc, and mc (from left to right) extracted by fitting the corresponding results in (a) and (b).

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.5b06310
J. Phys. Chem. C 2015, 119, 24704−24713

24708

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5b06310/suppl_file/jp5b06310_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.5b06310


mainly represents the downshift in Ec as the observed increase
in Nt makes little contribution even for lithium-ion-free cells. In
comparison with the Li+-containing case (ΔEc = ∼ 40 meV),
the larger downshift of Ec in the lithium-ion-free cases (cation-
free ∼100 meV, EIm+ ∼ 80 meV), which could be related to
the more significant change in the surface electric field
mentioned above, rationalizes the larger increase in IPCE, as
it promotes the electron injection from dye-excited states. In
addition, a clear correlation was found between mc and τd,
which follows the same cation dependence in terms of both the
initial value and the change upon light exposure. This indicates
that the electron diffusion in TiO2 would be restricted due to
the increasing thermal activation energy required for electron
detrapping as the trap state distribution becomes deeper.56 In
the case of Li+-containing systems, light exposure leads to a
remarkable increase in mc, and a similar result was noted in the
light-intensity-dependence of the charge accumulation in TiO2
obtained under short-circuit conditions (Qsc) with a slope of
double logarithmic plots emerging as kT/mc (Figure S5). It is
known that the difference in the quasi-Fermi level of TiO2
(ΔEFn) under open- and short-circuit conditions reflects the
electron diffusion length, Ln = (Dnτn)

1/2 (where Dn: electron
diffusion coefficient, τn: electron lifetime) based on calculations
of the free-electron concentration profiles.57,58 As little change
in τn was found (vide infra), the significant decrease in ΔEFn
and Ln suggests a reduction in the electron diffusion coefficient
Dn, probably due to light-induced Li+ doping or intercalation
into the TiO2 lattice.

28

Cation Effects on the Voc Photostability and Light-
Induced Dye Degradation. The decrease in Voc, as the main
and unavoidable instability factor of the selected systems, was
found to be strongly related to the light exposure and to the
electrolyte cation coadditives. In comparison with the results
obtained for exposure only to heat, the exposure to light seems
to play an effective role in retarding the Voc decline in the first
several hours and then accelerating it in the late phase. To
rationalize these effects, the change in the electron lifetime (τn)
was accordingly analyzed due to the importance of electron
recombination in determining the EFn level.

59

On the basis of the transport-limited recombination
mechanism and assuming that electrons diffuse to the TiO2
surface or a tunneling distance before recombining with the
oxidized acceptors in the electrolyte,28 the TiO2/dye/electro-
lyte interfacial recombination is predictably delayed by the
deepening of the distribution of trap states as observed above.
This effect is confirmed by the increase in τn upon early
exposure to light, as shown in Figure 5. By a linear fit according
to the power-law dependence of τn on ne derived from the
relation60

τ = β−k n
1

e
n

r
1

(6)

the recombination rate constant kr and the effective
recombination order β can be extracted (see Figure S6). The
recombination rate decreased with aging time and, correspond-
ingly, β evolved in accordance with the parameters Tc and mc as
indicated above. This demonstrates that internal traps delay the
free carrier recombination by limiting electron diffusion.60 In
contrast, systems exposed merely to heat show a continuous
decline in τn (Figure S6), probably due to the redistribution of
components at the TiO2 surface, a dynamic result from the
thermal diffusion of dye molecules or cations and, in turn,

easier access for recombining loss acceptors in the electrolyte.
This condition-dependent varation of τn explains the photo-
stability of Voc in the early stage of the exposure.
When the exposure to light was prolonged, τn, particularly for

the Li+-containing cells, continued to decrease significantly and
faster than for the lithium-ion-free cells. The electrochemical
impedance measurement provided a similar result (Figure S7).
These observations are consistent with the cation-dependence
of the Voc photoinstability mentioned above. In order to
identify the origin of this electrolyte cation effect, a
fundamental investigation of dye stability was undertaken.
Any change at the dye/TiO2 surface may affect both Voc and τn,
considering the known dye effects on both the TiO2
conduction band energy and the blocking of electron
recombination.32,36,50 It is reasonable to expect that the change
in dye attachment correlates to DSSC stability, including both
dye desorption and dye degradation. The former may occur
simply according to an adsorption/desorption thermodynamic
equilibrium, and the latter may derive from the fact that
photoexcited dyes are vulnerable to chemical attack under
open-circuit conditions; both of which are directly electrolyte-
related. Dye degradation will also, for basic thermodynamic
reasons, stimulate further dye desorption.
Figure 6 shows the stability of (a) adsorbed on the TiO2 film

and (b) solvated D35 dye in contact with different electrolyte
additives during the aging conditions. In Figure 6a, the
pronounced dye desorption is presumably caused by the
addition of a Lewis base such as TBP, but it is suppressed by
coadded cations, most dramatically by Li+ and the cationic
cobalt complexes. The former can be linked to the Li+-induced
electrolyte acidity,23 reducing the TBP effect by a simple Lewis
base/acid coordination in the electrolyte; the latter is
presumably due to the efficient regeneration of oxidized dye
by the reducing Co(II) complexes before degradation. The
variation in ionic strength of the electrolyte with different
cation/anion additives is another factor to consider, as a high
ionic strength is considered to be beneficial for dye aggregation
and thus to improve dye adsorption.61,62 Although Li+- and
EIm+-based salts of the same anion and same concentration are
expected to generate the same macroscopic ionic strength in
the electrolyte, a microscopic difference could arise because of

Figure 5. Accumulated electron concentration dependence of the
electron lifetime in TiO2 recorded as a function of aging time for
DSSCs varying in electrolyte cation coadditives as labeled on exposure
to light at 60 °C. Dashed lines show data regions outside the linear
fitting.
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the smaller size of Li+ making it capable of penetrating into dye
multilayers and thus affecting the dye desorption. This
difference is compensated for by coadded cobalt complex
ions. In contrast, the contact with EIm+-containing solution
causes a spectral red shift of the dye/TiO2 film after aging,
which also indicates dye aggregation with the assistance of
cations.
As shown in Figure 6b, the spectral changes after aging

indicate that on exposure to light and heat, D35 molecules in
the pure acetonitrile solution undergo photoisomerization from
trans to cis,63 whereas in the presence of TBP or cation
additives, the dye degrades. The rates of dye degradation with
different additives and at different aging conditions are shown
in Figure 6c. On exposure to light, the dye molecules are almost
depleted within 200 h in the presence of Li+, which is much
faster than in the presence of EIm+ or on exposure to heat. This
is important for rationalizing the fast decrease in τn and Voc of
the Li+-containing devices, and as in such electrolytes,
immobilized dye molecules on the TiO2 surface could be
efficiently destroyed during aging, thus influencing the
interfacial electron transfer and the quasi-Fermi level in TiO2.
With regard to the origin, the acidity of Li+ ions can be
excluded, since the degradation was even faster when TBP was
coadded (Figure S8a).
Water has previously been shown to play an important role

in dye degradation.64 Since Li+ salts are hygroscopic, a
dehydrated Li+ salt was therefore employed for comparison

with water. In Figure 6c, a difference in the early rate due to the
addition of Li+ ions is noted but not in the total amount of dye
degradation when the same amount of water was added.
However, in the water-free case, Li+ ions cause less degradation,
and the process seems to follow a different trend: it initially
increases at the same rate as with the coaddition of water,
probably due to the unavoidable presence of a small amount of
water in “dehydrated” Li+ salts, but it then slows down and
turns to another faster process, where it can be assumed that
trace water is depleted, leaving the Li+ ion itself to accelerate
the degradation reaction. This difference partly demonstrates
that absorbed water is not the main reason for the Li+-induced
dye degradation. Figure S8b shows a significantly reduced
discoloration of solvated dyes in contact with Co(II)
complexes, indicating that dye degradation in the solution is
probably an oxidation process, which can be suppressed by the
coexistence of reductants, such as Co(II) complexes. All these
observations emphasize that the electrolyte composition has a
strong effect on the dye stability.

■ CONCLUSIONS

The stability of cobalt-based DSSCs during long-term aging
tests on exposure to light or heat has been investigated in detail.
A cation dependency was clearly observed in the photostability
of the Jsc during the early aging stage and of Voc in the later
phase of aging. With regard to the former effect, the short-term
light-induced changes with respect to the TiO2 surface electric

Figure 6. UV−vis light absorption of (a) D35-sensitized TiO2 films assembled as complete cells with acetonitrile solution (inset: in the presence of
cobalt electrolytes) and (b) D35/acetonitrile solution, both varying in additives as labeled, recorded initially and after aging on exposure to light at 60
°C for different times. The initial spectra of the different samples were normalized, and those of aged films were changed accordingly. (c)
Degradation rates of 20 μM D35/acetonitrile solution containing different additives: 0.005 M anhydrate Li+, red; 0.05 M H2O, green; 0.005 M
anhydrous Li+ + 0.05 M H2O, purple; 0.005 M EIm+, blue recorded with aging time on exposure to light at 60 °C; and 0.005 M anhydrous Li+, pink,
dashed on exposure at 60 °C.
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field and energy-state distribution reveal the crucial effects of
electrolyte cation coadditives: (1) in lithium-ion-free cells, the
significant downshift of the TiO2 conduction band edge level
explains the improvement in the Jsc and IPCE; (2) in Li+-
containing cells, the deepening of the trap-state distribution
corresponds to an increase in electron-diffusion restrictions.
With respect to the latter effect, the inferior long-term
photostability of the Voc for Li

+-containing cells was linked to
the continuous decrease in the electron lifetime and to the fast
dye degradation observed in the presence of Li+ ions. This
study emphasizes the importance of optimizing the electrolyte
components for device durability and in particular the dye
stability with respect to acidity, ionic strength, and moisture
content, by selecting suitable electrolyte coadditives.
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ABSTRACT: The observation of a significant increase in the photocurrent generation during light soaking for solar cells sensitized 

by the triphenylamine-based D-π-A organic dyes (PD2 and LEG1) is rationalized. The origin of the effects of the electrolyte on the 

dye/TiO2 interface has been investigated. A light-promoted interaction with the electrolyte additive 4-tert-butylpyridine (TBP) was 

clearly demonstrated and found dependent on the accessibility of TBP to the dye. An unexpected appearance of a slower compo-

nent in the electron injection kinetics was found to be correlated to the dye-TBP interaction, accounting for the increased lifetime of 

injected electrons. Photoelectron spectroscopic measurements showed a shift of the whole spectrum indicating a change with re-

spect to the dipole layer at the interface. This microscopic change interprets the variation of the electron transfer kinetics and  

agrees with the observed shift of the TiO2 conduction band edge and the red-shift of the Stark bleach. 

INTRODUCTION  

Over the past two decades, the photon-to-current conversion 

efficiency of dye-sensitized solar cells (DSSCs) has been 

developed to over 13%.
1
 Although the record efficiency is not 

impressive compared to other photovoltaic techniques, in 

particular to the perovskite-type hybrid solar cells so highly 

favored currently, DSSCs still represent a perfect model for 

the fundamental study of charge transfer dynamics, which 

facilitates structural and material engineering. The first and 

foremost step of charge transfer occurs at the 

dye/semiconductor interface characterized by kinetics ranging 

from fs to ms. Photon absorption by the sensitizing dye mole-

cules induces charge separation in the dye molecule and sub-

sequently electron injection into the semiconductor substrate. 

Therefore, a series of organic dyes with Donor-π-linker-

Acceptor (D-π-A) configuration have been designed as sensi-

tizer candidates for efficient intramolecular charge 

separation.
2-4

 The design strategy of increasing the conjugation 

length of the linker has been widely used for broadening of the 

spectral absorption of the sensitizer and thus improving the 

photocurrent generation.
5-7

 However, the engineering of the 

dye/TiO2 interface with the aim to balance electron injec-

tion/recombination kinetics is highly critical but also quite 

tricky as microscopic in situ interfacial characterization tech-

niques are lacking.
8
 

Interfacial properties of interest in DSSCs include binding 

mode and effective dipole moment of the adsorbed 

molecules.
9-11

 Both properties will influence the interfacial 

electronic coupling and control the shift of the conduction 

band edge (ECB) of the metal oxide substrate.
12-14

 ECB deter-

mines the upper limit of the open-circuit voltage (Voc) and also 

affects the driving force of the dye/TiO2 electron transfer; that 

is, the photocurrent is influenced as well. In light of this, mo-

lecular modification on metal oxides including dye sensitiza-

tion is the common way to achieve the improvement of device 

performance. In this respect, the anchoring configuration of 

dye molecules, which depends not only on the structure of the 

dye itself, but also the effect of the surrounding electrolyte is a 

primary factor to consider.
15

 Also other factors contributing to 

the interface structure involving surface treatment or interac-

tions with electrolyte additives have to be considered. Cho et 

al. modified the TiO2 surface with phosphonic acids before 

device assembly; the formed phosphonate dipole layer im-

proves both Voc and short-circuit current (Jsc) through an up-

ward shift of ECB.
10

 A similar effect has also been illustrated 

by Harima et al. regarding the lithium intercalation in the TiO2 

substrate in DSSCs.
16

 Dipolar molecules may also adjust the 

energetics at the interface by interacting with the dye layer 

instead. This strategy for promoting DSSC performance has 

been applied by Buhbut et al. adding benzene derivative co-

solvents in the electrolyte.
9
 Han’s research group addressed 

shifts in energy levels of dye molecules and the ECB of TiO2 

caused by the presence of potential-determining electrolyte 

additives, such as commonly used 4-tert butylpyridine (TBP) 

and lithium-ion-containing salts.
13

 Molecular modification on 

the TiO2 surface with a dipole layer formed, such as a chemi-

sorbed monolayer, was reported by adjusting the interface 

energetics and facilitating electron injection.
17,18

 

In such an interactive system, the interfacial property, espe-

cially for the photoanode/electrolyte interface, is actually 

variable as external conditions change. Photo-induced dye 

isomerization
19

 and thermo-induced dye degradation
20

 essen-

tially change the effective dipole moment on the TiO2 surface. 



 

Under light or thermal stress, electrolyte-involved interactions 

with the dye/TiO2 surface leading to interfacial energy level 

shifts and macroscopically performance variations have been 

documented previously.
21,22

 However, the corresponding mi-

croscopic interactions, likely due to interactions with the elec-

trolyte components, have not been well identified, limiting our 

understanding of interface chemistry. This work aims to give 

some fundamental insights into the electrolyte effects of a 

remarkable performance-improving phenomenon in one type 

of  DSSC system.  

 

       

Figure 1. The chemical structures of the dithiophyl dyes LEG1 

and PD2. 

Fig. 1 shows the two representative organic dyes (LEG1 and 

PD2) selected for the present investigation, both containing a 

D35-type donor (Fig. S1) and a dithiophyl group as π-linker 

but different anchoring groups. Previous studies already 

demonstrated that, for both dyes, the light absorption and the 

photovoltaic performance of freshly assempled DSSCs are 

strongly influenced by the acidity of the electrolyte and the 

presence of pyridine additives.
23

 In order to rationalize the 

significant performance improvement upon exposure to light 

observed for both of dyes, we decomposed the electrolyte 

effects into contributions of mainly the Lewis base additive, 

TBP and the cobalt redox complexes, by selectively investi-

gating the effects on the dye/TiO2 films caused by pre-

treatment of the electrolytes . PD2 containing a aipicolinic 

acid unit as the anchoring group was chosen for an expected 

robust dye attachment to the TiO2 substrate, in contrast to the 

commonly used cyanoacrylic acid acceptor group in LEG1. 

Interfacial characterization measurements were combined to 

interpret the underlying electrolyte effects from the perspec-

tives of electron transfer kinetics and dipole distribution on the 

surface. 

RESULTS AND DISCUSSION  

Compared to the structure of the classic sensitizer D35 for 

cobalt polypyridine mediators (Fig. S1), one extra thiophyl 

group inserted into the π-conjugation linker broadens the ab-

sorption spectrum of LEG1 into the red. However, the photo-

current generation of the corresponding DSSCs is not in-

creased with respect to D35. When exposing DSSCs based on 

LEG1 to light under open-circuit conditions, the increase in 

the efficiency with time was surprisingly high; see Fig. 2. The 

same phenomenon also occurs for the analogous dithiophyl-

linked dye PD2 but the change is relatively slower. Anchoring 

effects on the affinity of the dye for TiO2 alone can thus not 

explain the observations. When prolonging the light exposure 

to over 100 h, the efficiency increase levels off; in comparison 

to the initial values, the efficiency has now almost doubled for 

both the DSSCs containing the two types of dyes. The im-

provement is mainly attributed to an increase in photocurrent 

(Table 1). Consistently, IPCE is also significantly improved; 

the IPCE spectra as shown in Fig. 3 are also broadened into 

the red during light soaking. The maximum current increase 

was found to be dependent on the amount of dye load on the 

TiO2 surface (Fig. S2), indicating that the improvement is 

caused by a dye-related change. In addition, taking PD2 as an 

example of an expected more robust attachment onto TiO2,
23

 

the performance-related change is actually accelerated by light 

exposure of shorter wavelength than 500 nm as compared to 

the effects of heat stress only (Fig. S3). 

 

Figure 2. The evolution of DSSC efficiency with time for the 

dyes PD2 and LEG1during light exposure. 

Table 1. Photovoltaic parameters for DSSCsa sensitized by PD2 

and LEG1, respectively, before and after light exposure (*). 

Dyes 
Voc 

/mV 

Jsc 

/ mA cm-2 
FF 

η b  

/% 

LEG1 0.74 8.3 0.62 3.8 

LEG1* 0.74 12.9 0.63 6.0 

PD2 0.72 6.3 0.68 3.0 

PD2* 0.74 11.4 0.69 5.8 

a DSSCs were assembled with electrolytes consisted of 0.3 

M/0.15 M Co(bpy)3
2+/3+ and 0.2 M TBP in acetonitrile; 

b Efficiencies were recorded under full sun irradiation (AG 

1.5M, ~100 mW/cm2). 

 



 

 

Figure 3. The evolution of IPCE spectra with time for DSSCs 

sensitized by the dyes PD2 and LEG1, respectively, during light 

exposure. Dashed lined IPCE spectra are given for the initially 

DSSC IPCE normalized to the values of for the corresponding 

DSSCs aged 24 h; 470 nm (LEG1) and 440 nm (PD2), respective-

ly. 

The mechanisms for any change occurring in a multi-

component system such as the DSSC devices can be compli-

cated. We employed an approach based on selective exclusion 

in order to identify the origin for the performance improve-

ment by treating the dye/TiO2 electrode according to a pre 

strategy, as schematically illustrated in Fig.4a, while other 

device components (the electrolyte and the counter electrode) 

were kept unchanged. Compared to the post strategy, where 

the DSSCs are exposed to light immediately after being fabri-

cated, in the pre strategy freshly dye-sensitized TiO2 films 

were assembled into dummy cells for light soaking treatment 

with electrolytes containing selected components consisting of 

the normal electrolyte, subsequently dismantled and re-

assembled into working DSSCs with the normal electrolyte for 

characterization. One should bear in mind that the pre treat-

ment could cause dye loss, especially in the presence of base 

(TBP) and oxidant (Co(III)). Therefore, the results of PD2-

sensitized cells, as shown in Fig. 4b are more representative 

than those containing LEG1, due to the expected stronger dye 

attachment. By comparison, it is clear that most contribution 

to the current increase after light treatment can be attributed to 

the presence of TBP. LEG1-based solar cells show a similar 

dependency only in the presence of a reductive electrolyte 

(Co(II)+TBP). It is reasonable because the dissolved dye mol-

ecules are more prone to the oxidative degradation than the 

adsorbed ones. Consistently, the change in IPCE as function of 

wavelength in Fig. 4c and Fig. S4a confirms the crucial effect 

of TBP, since the most obvious increase in IPCE in the range 

500 ~ 600 nm corresponding to the spectral red-shift arises 

only in cases when TBP is present. Notable is also that the role 

of TBP must be different to that expected and documented in 

the previous study, where the presence of TBP in the electro-

lyte shifts the spectral absorption of the dye to the blue region 

due to a proposed acidity effect reducing the photocurrent with 

respect to pyridine-free electrolytes. Fig. 5a shows that the 

current-increasing effect is correlated to the concentration of 

TBP present and the time of interaction. More access of TBP 

causes a larger increase in IPCE below 600 nm, while that of 

longer wavelength decreases gradually (Fig. S4b); the latter 

effect may be related to the previously described effect of 

acidity. 

 

 

 

Figure 4. a) The schematic illustration of the pre and post strate-

gies used for light treatment if DSSCs; b) integrated current densi-

ty based on IPCE spectra for LEG1 and PD2-sensitized DSSCs 

and c) IPCE change of PD2-sensitized DSSCs treated according 

to pre strategy varying the electrolyte components as labelled and 

post strategy, respectively, for 48 h. 

The photocurrent generation and IPCE of DSSCs are result-

ed from three crucial electron transfer processes: injection 

from the excited-state dye into the TiO2 conduction band, 

regeneration of oxidized dye and recombination losses from 

the TiO2 conduction band to the oxidized dye or electrolyte 

oxidant. As shown in Fig. S5, no clear difference in the dye 

regeneration kinetics can be observed for devices after light 

exposure. The TiO2/electrolyte recombination kinetics may be 

represented by the lifetime of TiO2 electrons as determined by 

the transient open-circuit voltage decay; the results are shown 

in Fig. S6. The reduced electron lifetime after the post treat-

ment, almost the same as that after pre treatment in the com-

plete electrolyte, indicates that the contribution to the current 

increase from the perspective of charge collection process is 

negative. In contrast, the presence of TBP in the pre treatment 

renders a higher τn. This effect is enhanced by increasing the 

access of TBP, as shown in Fig. 5b. In addition, by exponen-



 

tially fitting the energy state distribution at the TiO2 surface 

(Fig. 5c and Fig. S7b) estimated by charge extraction meas-

urements, a downward shift of the conduction band edge (Ec) 

was observed with increasing access of TBP following the pre 

treatment of dye-adsorbed films regardless of the negligible 

change in the redox potential of the electrolyte (Eredox). The 

same effect was also observed from the pre treatment in the 

complete electrolyte and post treatment of the devices. 

 

Figure 5. a) Jsc, (b) electron lifetime (τn) and (c) trap state distri-

bution in TiO2 of DSSCs treated according to pre strategy as a 

function of the TBP concentration in the electrolyte and the treat-

ment time as labelled. Plots in (b) are linearly fitted against loga-

rithmic value of τn and in (c) were fitted using exponential func-

tions,24 providing parameters of Ec-Eredox correspondingly shown 

in inset figure. 

The effect of TBP present in pre treatment is also highlight-

ed by the examination of the electron injection/recombination 

kinetics at the dye/TiO2 interface; the results are depicted in 

Fig. 6 and Table 2. Mono-exponential fitting of the fs electron 

injection process offers a lifetime (τinj,1) of PD2 decreasing 

with time of TBP interaction; from ca. 700 to 200 fs in 15 h, 

that is, the injection kinetics is accelerated. More interesting 

and unexpected is the appearance of a new injection compo-

nent with much longer lifetime (τinj,2), in the order of nanosec-

onds.. The contribution of this slow injection component also 

increases with the time of TBP interaction, which eventually 

influences the kinetics of the fast component after 50 h. Multi-

exponential equations containing three lifetime parameters 

were used for the best fit of the electron recombination process 

to the oxidized dye; two lifetimes (τrec, 1, τrec, 2) are below 5 ns 

(the maximum time range that could be determined in the 

measurements), and the third component (τrec, long) longer than 

5 ns could not be properly determined. Comparing to the non-

treated sample (Fresh), the electron recombination is also 

accelerated upon the pre treatment. However, the gradual 

involvement of the slow injection component increases the 

effective ratio of τrec, long and the kinetics of the recombination 

corresponding to this injection could be in an order of milli-

seconds. This result, which agrees with the increase in the 

electron lifetime as discussed above, means an enhanced elec-

tron collection and explains the increase in the current and 

IPCE. The same phenomenon also occurs for the LEG1 sys-

tem; see Fig. S8 and Table S2. 

 

Figure 6. The normalized kinetic curves of electron injec-

tion/recombination processes for PD2-sensitized TiO2 films after 

pre treatment in 0.2 M TBP/acetonitrile solution (Pre-TBP) and 

complete cobalt electrolyte (Pre-E) for different times, recorded 

in contact with the normal cobalt electrolytes. 

Table 2. Electron transfer kinetic halftimes at the PD2/TiO2 inter-

face before (Fresh) and after pre treatment (Pre-) in 0.2 M TBP 

solution (TBP) and complete cobalt electrolyte (E) for different 

times. Values in the bracket indicate the contribution (%) of the 

halftime parameter to the fit. 

Samples 
Electron 

Injection 
Electron Recombination 

 τinj, 1 τ inj, 2* τ rec, 1 τ rec, 2 

τ rec, long 

(>5 ns) 

Fresh 0.7 - 35 (33) 300 (22) τ3 (45) 

Pre-TBP- 5h 0.5 - 13 (49) 135 (27) τ3 (24) 

Pre-TBP-15h 0.2 ns 18 (9) 230 (4) τ3 (87) 

Pre-TBP-50h 1.5 ns 180 (3)  τ3 (97) 

Pre-E-50h 0.4 ns 16 (25) 170 (25) τ3 (50) 

 



 

Aiming to explore the origin of the effect of TBP on the 

dye/TiO2 interface during the light soaking exposure, we ex-

amined the effect of the electrolyte in the pre treatment on the 

device performance in light of the basic property of TBP. By 

comparing the results shown in Table S3, the hypothesis re-

garding the base effect influencing the surficial dye arrange-

ment and thus the device photocurrent can be excluded. The 

structural change of dye molecule in the presence of TBP 

during the light exposure was indicated by a spectral red shift 

of a LEG1 solution, as shown in Fig. S9, which well agrees 

with the red-shift in the IPCE spectrum of LEG1-sensitized 

DSSCs after the post treatment. This shift was not observed in 

the case of D35 structurally differing only in the π-linker. 

Photoelectron spectroscopic measurements including UPS 

and MIES were made to trace the change in the dye/TiO2 

interfacial property based on the pre treatment. The work 

function of each sample can be determined in UPS measure-

ment as UPS technique is capable to probe the electrons in the 

valence level. The value of its work function is associated to 

the onset of the spectrum. Table S4 provides the work func-

tions of each sample. The work function seems to be slightly 

decreased due to the exposure to the presence of TBP and light. 

A shift of the whole spectrum of both UPS and MIES (around 

0.3 eV) towards lower core-level binding energies was also 

observed for both PD2 and LEG1 after pre treated in the pres-

ence of TBP in Fig. 7 and Fig. S10. This means that a change 

with respect to the interface dipole is caused by the treatment. 

This effect, which probably stems from a structural change in 

the adsorbate layer, necessarily influences the energy level 

alignment and the electron injection kinetics at the interface. 

This hypothesis is supported by the Ec shift and the presence 

of a slow injection component mentioned above. The exten-

sion of the Stark bleach into the red regime after post treat-

ment (Fig. S11) indicating a change in the effective dipole 

moment of the adsorbate layer also supports this hypothesis. 

However, the nature of the dipole effects and the related role 

of TBP is still not clear; further structural characterization of 

the dye/TiO2 interface needs to be done and will be reported 

elsewhere. 

 

 

Figure 7. The UP Spectra (upper) and MIE Spectra (lower) of 

PD2/TiO2 film before (blue) and after (red) exposed to 0.2 M TBP 

acetonitrile solution and light. A shift about 0.3 eV is shown in 

both spectra.  

For PD2, the increase in IPCE at longer wavelength than 

600 nm observed for post-treated DSSCs is however achieved 

only when taking into account the additional effect of 

Co(bpy)3
3+

, see Fig. 5a. This effect could be linked to the 

spectral red-shift of PD2 both on the TiO2 film and in the 

solution observed after exposed to light, and the presence of 

cobalt complexes, as shown in Fig. S12. The red-shift was not 

observed in PD2 solution containing the ligand bipyridine, 

confirming that the interaction responsible for the red-shift is 

between PD2 and the cobalt complex species. DFT calculation 

results suggest that the interaction could be coordination of the 

acceptor moiety of PD2 to the cobalt center. These results 

highlight that the cause of the device performance is, to say 

the least, complicated. 

In conclusion, we unravelled the cause of a performance-

improving phenomenon for DSSCs based on two dithiophyl-

linked organic dyes during light soaking experiments. The 

crucial effect of the electrolyte and more particularly, the 

presence of TBP additives on the dye/TiO2 interface was iden-

tified in the present case. The change in the electron injection 

kinetics with presence of a slow component feature facilitates 

electron collection and rationalizes the observed increase in 

current generation. A consistent change in the interface dipole 

was revealed by the interface characterization. This work has 

linked a macroscopic change in a complicated device system 

to the microscopic level, contributing to a deeper understand-

ing of the DSSC chemistry and also highlighting the need for a 

better understanding of the fundamental chemistry in such 

devices. 

 

ASSOCIATED CONTENT  

Supporting Information. The experimental details, additional 

figures and tables including solar cell performance variation, 

transient absorption kinetic traces and fitting parameters, Tool-

box, UV-vis and PIA spectroscopy results. This material is avail-

able free of charge via the Internet at http://pubs.acs.org. 

AUTHOR INFORMATION 

Corresponding Author 

* Larsa@kth.se 

Author Contributions 

The manuscript was written through contributions of all authors. 

All authors have given approval to the final version of the manu-

script. 

Notes 
The authors declare no competing financial interests. 

ACKNOWLEDGMENT  

We gratefully acknowledge the Swedish Research Council, the 

Swedish Energy Agency as well as the China Scholarship Council 

(CSC) for financial support.  

REFERENCES 

(1) Mathew, S.; Yella, A.; Gao, P.; Humphry-Baker, R.; CurchodBasile, F. 
E.; Ashari-Astani, N.; Tavernelli, I.; Rothlisberger, U.; NazeeruddinMd, 

K.; Grätzel, M. Nat Chem 2014, 6, 242. 



 

(2) Hong, Y.; Liao, J.-Y.; Cao, D.; Zang, X.; Kuang, D.-B.; Wang, L.; 

Meier, H.; Su, C.-Y. The Journal of Organic Chemistry 2011, 76, 8015. 
(3) Haid, S.; Marszalek, M.; Mishra, A.; Wielopolski, M.; Teuscher, J.; 

Moser, J.-E.; Humphry-Baker, R.; Zakeeruddin, S. M.; Grätzel, M.; 

Bäuerle, P. Adv. Funct. Mater. 2012, 22, 1291. 
(4) Yang, J.; Ganesan, P.; Teuscher, J.; Moehl, T.; Kim, Y. J.; Yi, C.; 

Comte, P.; Pei, K.; Holcombe, T. W.; Nazeeruddin, M. K.; Hua, J.; Zakee-

ruddin, S. M.; Tian, H.; Grätzel, M. J. Am. Chem. Soc. 2014, 136, 5722. 
(5) Duan, T.; Fan, K.; Li, K.; Cao, W.; Zhong, C.; Chen, X.; Peng, T.; 

Qin, J. Dyes Pigm. 2015, 117, 108. 

(6) Wang, X.-F.; Kitao, O.; Zhou, H.; Tamiaki, H.; Sasaki, S.-i. Chem. 
Commun. 2009, 1523. 

(7) Wang, X.-F.; Fujii, R.; Ito, S.; Koyama, Y.; Yamano, Y.; Ito, M.; 

Kitamura, T.; Yanagida, S. Chem. Phys. Lett. 2005, 416, 1. 
(8) Hahlin, M.; Johansson, E. M. J.; Plogmaker, S.; Odelius, M.; Hagberg, 

D. P.; Sun, L.; Siegbahn, H.; Rensmo, H. Phys. Chem. Chem. Phys. 2010, 

12, 1507. 
(9) Buhbut, S.; Clifford, J. N.; Kosa, M.; Anderson, A. Y.; Shalom, M.; 

Major, D. T.; Palomares, E.; Zaban, A. Energy Environ. Sci. 2013, 6, 

3046. 
(10) Cho, C.-P.; Chu, C.-C.; Chen, W.-T.; Huang, T.-C.; Tao, Y.-T. 

Journal of Materials Chemistry 2012, 22, 2915. 

(11) Rühle, S.; Greenshtein, M.; Chen, S. G.; Merson, A.; Pizem, H.; 

Sukenik, C. S.; Cahen, D.; Zaban, A. J. Phys. Chem. B 2005, 109, 18907. 

(12) Kazes, M.; Buhbut, S.; Itzhakov, S.; Lahad, O.; Zaban, A.; Oron, D. 

J. Phys. Chem. Lett 2014, 5, 2717. 
(13) Yang, X.; Zhang, S.; Zhang, K.; Liu, J.; Qin, C.; Chen, H.; Islam, A.; 

Han, L. Energy Environ. Sci. 2013, 6, 3637. 
(14) Pandey, S. S.; Lee, K.-Y.; Hayat, A.; Ogomi, Y.; Hayase, S. Jpn. J. 

Appl. Phys. 2011, 50, 06GF08. 

(15) Agrawal, S.; Leijtens, T.; Ronca, E.; Pastore, M.; Snaith, H.; De 
Angelis, F. J. Mater. Chem. A 2013, 1, 14675. 

(16) Harima, Y.; Kawabuchi, K.; Kajihara, S.; Ishii, A.; Ooyama, Y.; 

Takeda, K. Appl. Phys. Lett. 2007, 90, 103517. 
(17) Ishii, H.; Sugiyama, K.; Ito, E.; Seki, K. Adv. Mater. 1999, 11, 605. 

(18) Ford, W. E.; Gao, D.; Knorr, N.; Wirtz, R.; Scholz, F.; Karipidou, Z.; 

Ogasawara, K.; Rosselli, S.; Rodin, V.; Nelles, G.; von Wrochem, F. ACS 
Nano 2014, 8, 9173. 

(19) Zietz, B.; Gabrielsson, E.; Johansson, V.; El-Zohry, A. M.; Sun, L.; 
Kloo, L. Phys. Chem. Chem. Phys. 2014, 16, 2251. 

(20) Fredin, K.; Anderson, K. F.; Duffy, N. W.; Wilson, G. J.; Fell, C. J.; 

Hagberg, D. P.; Sun, L.; Bach, U.; Lindquist, S.-E. J. Phys. Chem. C 
2009, 113, 18902. 

(21) Yang, L.; Xu, B.; Bi, D.; Tian, H.; Boschloo, G.; Sun, L.; Hagfeldt, 
A.; Johansson, E. M. J. J. Am. Chem. Soc. 2013, 135, 7378. 

(22) Tiwana, P.; Docampo, P.; Johnston, M. B.; Herz, L. M.; Snaith, H. J. 

Energy Environ. Sci. 2012, 5, 9566. 
(23) Gabrielsson, E.; Tian, H.; Eriksson, S. K.; Gao, J.; Chen, H.; Li, F.; 

Oscarsson, J.; Sun, J.; Rensmo, H.; Kloo, L.; Hagfeldt, A.; Sun, L. Chem. 
Commun. 2015, 51, 3858. 

(24) Gao, J.; Yang, W.; Pazoki, M.; Boschloo, G.; Kloo, L. J. Phys. Chem. 

C 2015, 119, 24704. 

 



Supporting information 

Interfacial dye/electrolyte interaction dramatically 
improving the photocurrent in dye-sensitized solar cells 

Jiajia Gao
1
, Ahmed M. El-Zohry

2
, Herri Trilaksana

3
, Erik Gabrielsson

4
, Hanna Ellis

2
, Luca 

D'Amario
2
, Majid Safdari,

1
 James M. Gardner,

1
 Gunther Andersson,

3
 and Lars Kloo

1*
 

1
 Division of Applied Physical Chemistry, Department of Chemistry, KTH Royal Institute of Technology, SE-100 

44, Stockholm, Sweden. 
2
 Department of Chemistry, Ångström Laboratory, Uppsala University, Box 523, SE-75120, Uppsala, Sweden. 

3
 Flinders Centre for NanoScale Science and Technology (CNST), Flinders University, Adelaide 5042, Australia 

4
 Dyenamo AB, Greenhouse Labs, Teknikringen 38A, SE-114 28, Stockholm, Sweden 

Experimental details 

Materials 

All chemicals were purchased from Sigma Aldrich unless otherwise noted: Fluorine-doped tin oxide (FTO; 

Pilkington, TEC 15 Ω/cm
2
 &TEC 7 Ω/cm

2
), TiO2 pastes (Dyesol Ltd., DSL 18NR-T and WER2-O), Surlyn 

frame (Solaronix). The dyes (PD2 and LEG1) and the tetracyanoborate or hexafluorophosphate salts of 

tris(2, 2’-bipyridine-2N, N’) cobalt(II/III) were all purchased from Dyenamo AB, Sweden. All chemicals 

were reagent grade and used without further purification. 

Solar cell fabrication and characterization 

Details of solar cell fabrication have been reported previously.
28

 A transparent TiO2 layer (diluted paste: a 

mixture of 60 wt % TiO2 paste (DSL 18NR-T) with 36 wt % terpineol and 4 wt % ethyl cellulose; area: 

0.5×0.5 cm
2
, thickness: 5 μm) and a scattering layer (WER2-O, 3 μm) were in succession screen-printed on 

a FTO substrate (Pilkington, TEC 15 Ω/cm
2
) with a TiO2 blocking layer pre-deposited by a simple 

hydrothermal method. The working electrodes were sintered in ambient atmosphere (325
 o

C for 25 min, 

thermostatic for 30 min, up to 500
 o

C for 25 min, thermostatic for 30 min and natural cooling), and post-

treated with an aqueous TiCl4 solution. The working electrodes were dipped in a 0.25 mM D35/ethanol dye 

bath in the dark overnight. The platinized counter electrode was prepared by drop-casting 20 µl 4.8 mM 

H2PtCl6 isopropanol solution on a pre-drilled and cleaned FTO (Pilkington, TEC 7 Ω/cm
2
) glass substrate 

and then sintered in air at 400 °C for 30 min. The DSSCs were fabricated by assembling the sensitized TiO2 

electrodes with the Pt counter electrodes into a sandwich-type cell using a 25 μm thick hot-melt Surlyn 

frame (inner area: 0.6×0.6 cm
2
) as the sealant, introducing the electrolytes through pre-drilled holes under 

atmospheric pressure, and sealing by a 50 μm thermoplastic sheet and a glass coverslip. A metal contact 

was soldered on the edge of the FTO film to increase conductivity. 

Current density-voltage (J-V) characteristics were conducted with a light-shading metal mask (0.7 ×0.7 

cm
2
) on top of the cell under a standard irradiation (AM 1.5, 100 mW cm

-2
) supplied by a Newport solar 



simulator (model 91160-1000). Light illumination for incident photon-to-current conversion efficiency 

(IPCE) measurements was provided by a computer-controlled set-up assembled with a xenon arc lamp (300 

W Cermax, ILC Technology), a monochromator (CVI Digikrom CM 110) and appropriate filters. Both J-V 

curves and IPCE spectra were recorded by a computerized Keithley 2400 source meter calibrated using a 

certified reference solar cell (Fraunhofer ISE). Photoelectrochemical measurements were performed using a 

white LED (Luxeon Star 1W) as the light source. Voltage and current traces were recorded using a 16 -bit 

resolution digital acquisition board (National Instruments) in combination with a current amplifier (Stanford 

Research Systems SR570) and a custom-made system using electromagnetic switches. The methods of 

measurement have been reported previously.
18, 41

 The relationship between voltage and extracted charge 

(Qoc) under open-circuit conditions was studied using a combined voltage decay/charge-extraction 

method.
42

 Electron diffusion time (τd) and lifetime (τn) were determined by monitoring the photocurrent and 

photovoltage transients at different light intensities upon applying a small square-wave modulation to the 

base light intensity. These transient responses were fitted using first-order kinetics in order to obtain the 

time constants. The data used in the figures visualizing the photoelectrochemical results were based on the 

cells that exhibited the best performance for each electrolyte.  

Light exposure treatments performed on open-circuit cells and electrolyte samples were performed under 

continuous irradiation (~100 mW cm
-2

, 390 nm UV cut-off; ATLAS Suntest XLS) in a sample compartment 

maintaining a temperature of 60℃. 

Spectroscopic characterization 

UV-vis absorption spectra of the dye-loaded, transparent films (2 μm thick) and dye solution were recorded on an 

HR-2000 Ocean Optics fiber optics spectrophotometer and on a Cary 300 spectrophotometer in a quartz sample cell 

(0.5 cm path length), respectively.  

Samples for transient absorption measurements were the same as the solar cells fabricated above, except that the 

photocathode contained only a transparent TiO2 layer. Nanosecond transient absorption measurements were 

performed using an Edinburgh Instrument LP920 laser flash photolysis spectrometer with continuous wave xenon 

light as the probe light and a photomultiplier tube detector (system response time, ~1 μs). Scattering light from the 

excitation was surpassed with a 715 nm cut-on filter in front of the detector. Laser pulses were supplied by a 

Continuum Surelight II, Nd:YAG laser at 10 Hz repetition rate in combination with an OPO (Continuum Surelight). 

The pulse intensity was attenuated to 0.2 ~ 3 mJ per pulse with the use of natural density filters. The pump light 

wavelength was selected to 530 nm. Kinetic traces of absorbance were detected at 760 nm, averaged over 50 to 100 

pulses per sample. Three samples were prepared for each electrolyte composition, and the measurement error was 

estimated from the averaged derivation. The overlaid curves were fitted from a KWW function only for visualization. 

The kinetics of the system were characterized by the half time, t1/2, of the decay of the initial absorption difference.
31

 

For the femtosecond transient absorption in the infrared region (IR), femtosecond laser pulses of 800 nm with a 

repetition rate of 3 kHz were used to generate an excitation wavelength of 520 nm with a power of 110-170 μW, and 

a probe pulse with a centered wavelength of ca. 5000 nm (~ 2000 cm
-1

). More details about the femtosecond setup 

can be found in previously published work.
32

  



Ultra-violet Photoelectron Spectroscopy (UPS) is higher surface sensitivity method than XPS. UPS is using inert 

gas usually helium to produce UV photons. The He l photon line (around 21.2 eV) is usually shown to the sample 

then the electron on the sample will be excited by absorbing the photon energy. Only the electrons in the valence 

energy level will be able to excite to the excited state. The valence stages are responsible for crystal/molecular 

bonding and charge transfer.  Metastable Induced Electron Spectroscopy (MIES) is a technique which more 

sensitive using HeI lines. It is able to investigate just a few angstrom below the surface. MIES is a method to 

determine quantitatively the composition and electronic structure of the outermost layer of a sample. Its surface 

sensitivity of MIES, is due to the fact that the object carrying the energy used to excite the target electrons (e.g. the 

metastable atom) cannot penetrate the material in its excited state; it releases its energy to the surface at a distance of 

a few Å. Thus in a MIES experiment, the surface sensitivity does not originate from the mean free path of the 

emitted electrons but from the fact that only electrons in the outermost layer can be excited. Therefore, MIES probes 

the composition of that region which is important for interactions and reactions at surfaces or interfaces. MIES 

spectra are evaluated quantitatively and directly reveal the density of states (DOS) of the valence electrons. 

 

                      
 

Figure S1. Chemical structures of dye D35 (left), the tris(2,2’-bipyridine) cobalt (II/III) complex (middle) and TBP 

(right). 

 

Figure S2. Short circuit current of PD2-sensitized solar cells measured before (Jsc, 0) and after (Jsc
*
) light soaking 

exposure of 500 h; the calculated difference is the maximum current increase (∆Jsc). 



 

Figure S3. The evolution of efficiency normalized against the initial value of fresh PD2-sensitized solar cells during 

light soaking exposure. The spectral range of the light is limited by using color glass filters. 

  

Figure S4. IPCE change of (a) LEG1-sensitized DSSCs and (b) PD2-sensitized DSSCs pre treated by 

varying the electrolyte components and treatment time as labelled and post treated for 48 h. 

 

 

 



 

Figure S5 Normalized transient absorption traces (dotted lines) for PD2 (left) and LEG1 (right) absorbed on 

mesoporous TiO2 in cobalt electrolyte (0.3 M/0.15 M Co(bpy)3
2+/3+

 and 0.2 M TBP in acetonitrile) before (blue) and 

after light soaking exposure of 48 h. Signals were fitted (solid lines) according to biexponential decay functions. 

Table S1 Biexponential fitting parameters of normalized transient absorption kinetic curves of PD2 and LEG1-

sensitized cells before and after light soaking exposure, and accordingly obtained logarithmic weighted average 

lifetime (τave) and observed kinetic rate (kobs) of the absorption decay. 

Dye-Time
a
 A1 τ1/µs A2 τ1/µs τave

b
/µs kobs

c
 

PD2-0 h 0.53205 1166.525 0.24522 6527.363 2008.309 0.000498 

PD2-48 h 0.59037 631.5645 0.17341 6171.783 1059.711 0.000944 

LEG1-0 h 0.70699 311.7224 0.17123 2612.185 471.8185 0.002119 

LEG1-48 h 0.23522 1047.707 0.66145 72.98501 146.807 0.006812 

a The time of a dummy cell consisting of dye-sensitized TiO2 electrode, cobalt electrolyte and a blank FTO as the 

counter electrode under light soaking exposure (full sun irradiation with 390 nm cut-off, 60℃); 

b 𝑙𝑜𝑔𝜏𝑎𝑣𝑒 =
∑𝐴𝑖𝜏𝑖

∑𝐴𝑖
; 

c 𝑘𝑜𝑏𝑠 =
1

𝜏𝑎𝑣𝑒
. 

 

 

Figure S6. Electron lifetime (τn) of freshly-fabricated DSSCs based on fresh and pre-treated PD2 (left) and LEG1 

(right) sensitized TiO2 films in the presence of different electrolyte components as labelled under light soaking 

exposure of 50 h and DSSCs after post treatment. Plots were linear fitted against logarithmic value of τn. 



 

Figure S7. (a) Charge extraction of PD2-sensitized TiO2 film before and after pre-treatment varying with TBP 

concentration in the electrolyte and treatment time; (b) trap state distribution in LEG1-sensitized TiO2 films before 

and after pre-treatment varying with electrolyte components as labelled and post treatment under light soaking 

exposure of 48 h. Plots were fitted using exponential functions. 

 

 

Figure S8. The normalized kinetic curves of electron injection/recombination processes for LEG1-sensitized TiO2 

films after pre treatment in 0.2 M TBP/acetonitrile solution (Pre-TBP) and complete electrolyte (Pre-E) for 

different time as labelled, recorded in contact with normal cobalt electrolytes.  

 

 

 

 

 



Table S2. Electron transfer kinetic halftimes at LEG1/TiO2 interface after pre treatment for different time as 

labelled. 

Samples 
Electron 

Injection 
Electron Recombination 

 τinj, 1 τ inj, 2* τ rec, 1 τ rec, 2 
τ rec, long 

(> 5 ns) 

τrec, averaged 

(< 5 ns) 

Pre-TBP- 5h 0.3 - 12 (6) 175 (4) τ3 (90)  

Pre-E-50h 0.4 ns 5(38) 55(24) τ3 (38)  

D35-Fresh 0.3 - 26 (31) 400 (21) τ3 (48) 78 (52) 

 

Table S3. Photovoltaic parameters for DSSCs
a
 assembled with PD2-sensitized TiO2 films untreated (Fresh) and pre-

treated by different basic solution for different time. 

Base
b
-treatment time 

Voc 

/mV 

Jsc 

/ mA cm-
2
 

FF 

η
 c
  

/% 

Fresh 0.71 6.5 0.68 3.1 

TEA-1 min 0.68 5.5 0.57 3.8 

TMAOH-10 s 0.67 4.4 0.56 1.6 

TMAOH-1 min 0.51 2.8 0.43 0.6 

TMAOH-2 min 0.26 1.5 0.47 0.2 
a
 DSSCs were accembled with electrolytes consisted of 0.3 M/0.15 

M Co(bpy)3
2+/3+

 and 0.2 M TBP in acetonitrile; 
b
 TEA contains 0.1 M triethylamine in acetonitrile; TMAOH 

contains 0.01 M tetramethylammonium hydroxide in 

dichloromethane: methanol (4:1, v/v); 
c
 Efficiencies were recorded under full sun irradiation (AG 1.5M, 

~100 mW/cm2). 

 

 

Figure S9. UV-Vis absorption spectra of LEG1 (left) and D35 (right) in acetonitrile solutions containing different 

additives as labelled before and after light soaking exposure for a period of time as labelled. The arrow indicates the 

spectral shift of LEG1 in the presence of Co(II) and TBP after exposure. 



 

Table S4. Work function of each sample measured by UPS: A, B is PD2 and LEG1-sensitized TiO2 sample; 1 is 

fresh films and 2 means those exposed to TBP solution and cobalt electrolyte respectively for PD2 and LEG1. 

Sample 
Work Function 

(eV) 

A1 18.1 

A2 17.7 

B1 18.0 

B2 17.8 
 

 

 

Figure S10. The UP Spectra (upper) and MIE Spectra (lower) of LEG1/TiO2 film before (blue) and after (red) 

exposed to the complete cobalt electrolyte and light. A shift of the spectrum with respect to that of the fresh film is 

shown in both spectra.  

 



 

Figure S11. Photo-induced absorption of PD2 (left) and LEG1 (right) adsorbed on the mesoporous TiO2 film in the 

cobalt electrolyte before (blue) and after (red) light soaking exposure for 48 h. Dashed lines were obtained by 

normalizing the spectra of samples after exposure against the absorbance at 510 nm and 550 nm respectively. The 

arrows indicate the spectral shift. 

 

Figure S12. The evolution of UV-vis absorption spectra for PD2 (a) adsorbed on TiO2 films in contact with 

difference solutions and (b) solvated in acetonitrile solution containing different additives as labelled. Blank 

TiO2 films and dye-absent solutions were used as the reference. 
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A quasi-liquid polymer-based cobalt redox mediator
electrolyte for dye-sensitized solar cells†

Muthuraaman Bhagavathi Achari,a Viswanathan Elumalai,b Nick Vlachopoulos,c

Majid Safdari,a Jiajia Gao,a James M. Gardnera and Lars Kloo*a

Recently, cobalt redox electrolyte mediators have emerged as a promising alternative to the commonly

used iodide/triiodide redox shuttle in dye-sensitized solar cells (DSCs). Here, we report the successful use

of a new quasi-liquid, polymer-based electrolyte containing the Co3+/Co2+ redox mediator in 3-methoxy

propionitrile solvent in order to overcome the limitations of high cell resistance, low diffusion coefficient

and rapid recombination losses. The performance of the solar cells containing the polymer based

electrolytes increased by a factor of 1.2 with respect to an analogous electrolyte without the polymer.

The performances of the fabricated DSCs have been investigated in detail by photovoltaic, transient

electron measurements, EIS, Raman and UV-vis spectroscopy. This approach offers an effective way to

make high-performance and long-lasting DSCs.

Introduction

Dye-sensitized solar cells were significantly improved upon by
O’Regan and Grätzel in 1991 and have since been extensively
studied as a promising technology for renewable energy pro-
duction because of their potential to offer good energy conver-
sion efficiency at a low cost.1,2 The dye-sensitized solar cell
(DSC) is a photoelectrochemical device and comprises a high-
surface area, nanostructured working electrode consisting of
a dye-sensitized mesoporous, semiconductor film and a plati-
nised counter electrode connected by a redox-active electrolyte
containing the oxidized and reduced forms of a redox mediator.
Recently, cobalt(II)/(III) tris(2,20-bipyridine) complexes have
emerged as new and promising one-electron, outer-sphere
redox couples that offer high photon-to-electron conversion
efficiencies and high photovoltages.3,4 This result has encour-
aged the transition to non-iodide redox mediator systems in the
DSCs, which also gives the possibility to overcome the detri-
mental effects, such as corrosion and visible light absorption,

observed using the most commonly used iodine-based redox
mediators.5–9

However, a common drawback of coordination compound
redox couples is a much faster recombination between them and
injected electrons in the semiconductor substrate of the working
electrode. Previous research has also suggested that cobalt-based
redox mediators are limited in DSCs by mass-transport because
of the low diffusion coefficients in the electrolyte, and in parti-
cular inside the mesoporous semiconductor film.10–12 The poor
mass-transport properties are responsible for sluggish dye regen-
eration and the low fill factor experimentally observed as a high
series resistance.10,13,14 In order to overcome this problem, focus
has been given to the modification of the cobalt complex ligands,
the smaller the better,13,15,16 and/or replacing the sensitizing dyes
consisting of ruthenium complexes with organic dyes.5,7,17 Kim
et al.10 reported that by controlling the mesoporous film porosity
and pore size it is possible to improve the mass transport
properties. However, not many reports11,12,18,19 describe possible
strategies to overcome the problems with high series resistance,
low diffusion coefficient and rapid recombination losses in DSCs
based on cobalt redox electrolyte mediators.

In this work, we report a new approach to overcome the
limitations of high cell resistance, low diffusion coefficient and
rapid recombination losses by introducing a polymer compo-
nent into the DSC electrolyte. We have chosen poly(vinylidine
fluoride) (PVDF) as a polymer guest due to its robust chemical
properties. Electrolytes containing the PVDF polymer are
expected to have a very high stability due to the strong electron
withdrawing functional group – CF. Moreover, a polymer such
as PVDF may render a higher degree of ion-pair dissociation
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and thus a higher concentration of charge carriers.20 The present
work is devoted to the comparative study of the effects of adding
PVDF to cobalt-based electrolytes in 3-methoxy propionitrile
(MPN) solvent in DSCs.

Experimental methods
Materials and methods

All chemicals (research grade) were used as purchased. Poly-
(vinylidene fluoride) was purchased from Apollo Scientific,
4-tert-butylpyridine (TBP) was purchased from Aldrich, and
3-methoxy propionitrile and LiClO4 were purchased from
Fluka. The cobalt complexes were prepared as reported earlier.5

The dye D-35 was purchased from Dyenamo AB, Sweden. The
TiO2 pastes (DSL 18NR-T and WER2-O) were purchased from
Dyesol Ltd.

Electrolyte preparation

Poly(vinylidine fluoride) was dissolved in 3-methoxy propio-
nitrile (1.5 wt%) by stirring at 120 1C for 2.5 h. After allowing the
solution to cool to room temperature, 0.05 M [Co(bpy)3(PF6)3],
0.22 M [Co(bpy)3(PF6)2], 0.1 M LiClO4 and 0.2 M 4-tert-butylpyridine
(TBP) were added to the above prepared solution and mixed until
completely dissolved (CP1). Another electrolyte with 0.05 M
[Co(bpy)3(PF6)3], 0.22 M [Co(bpy)3(PF6)2], 0.1 M LiClO4 and 0.2 M
4-tert-butylpyridine (TBP) was also prepared in 3-methoxy propio-
nitrile without PVDF (CM1) for comparative studies.

Electrodes preparation

The conducting glass substrates (fluorine-doped, tin oxide–
FTO, Pilkington, TEC15) were cleaned in an ultrasonic bath
with soap water, acetone and ethanol, each for 20 minutes. The
FTO glass substrates were then pre-treated by immersing them
into a 40 mM aqueous TiCl4 solution at 70 1C for 30 min after
which they were washed with water and ethanol. For the TiO2

screen-printing paste the following recipe was utilized: TiO2

paste 60 wt% (DSL 18NR-T, Dyesol) mixed with 36 wt% terpineol
and 4 wt% ethyl cellulose to form a homogenous paste.
Mesoporous TiO2 films of 0.25 cm2 area were prepared by
screen printing and then the glass electrodes were kept in an
EtOH atmosphere for 5 min and subsequently dried at 120 1C
for 8–10 min, and then the procedure was repeated for a second
time in order to generate a uniform film (thickness 5 mm, Veeco
Dektak 3). After the electrodes had cooled down a light-scattering
TiO2 layer (WER2-O, Dyesol) was deposited. The prepared
electrodes were sintered in an oven in an ambient atmosphere
in a stepwise fashion; 180 1C (10 min), 325 1C (10 min), 420 1C
(10 min), and 450 1C (30 min). After the sintering process, the
electrodes were once again treated with 40 mM aqueous TiCl4

solution at 70 1C for 30 min and washed as described above.
Again, the plates were sintered at 500 1C (30 min) as the final
stage of preparation (thickness 7.5 mm, Veeco Dektak 3). After
the final sintering step, the electrodes were cooled to 80 1C and
were immediately immersed into a dye bath containing 0.25 M
D35 in ethanol and left overnight. The platinized counter
electrodes (Pilkington, TEC15) were prepared by depositing

20 ml of 4.8 mM H2PtCl6 isopropanol solution on a pre-drilled
FTO glass; the Pt films were sintered in air at 400 1C for 30 min.

Solar cell fabrication

The TiO2 working electrodes and the platinized counter electrodes
were assembled in a sandwich-type device using a 25 mm thick
thermoplastic Surlyn frame (Solaronix), and the electrolyte was filled
through a pre-drilled hole in the counter electrode glass substrate.
Finally, the hole was sealed with a Surlyn sheet and glass cover slip.

Solar cell characterisation

Current–voltage (I–V) measurements were performed using a
Keithley 2400 source meter and a Newport solar simulator
(model 91160) with AM 1.5 G spectral distribution, which was
calibrated using a certified reference solar cell (Fraunhofer ISE) to
an intensity of 1000 W m�2 or with the help of a neutral density
filter to 100 W m�2. In order to reduce the scattered light from the
edge of the glass electrodes of the dyed TiO2 layer and to avoid
additional contribution from light falling on the device outside the
active area, a light-shading mask (0.7� 0.7 cm2) was used. Incident
photon-to-current conversion efficiencies (IPCE) were recorded
using monochromatic light from a system consisting of a xenon
lamp, monochromators, appropriate filters and a potentiostat,
calibrated using a certified reference solar cell (Fraunhofer ISE).
Electron lifetimes for the solar cells were estimated using a green
light-emitting diode (Luxeon, 1 W) as the light source. Voltage and
current traces were recorded using a 16-bit resolution data acquisi-
tion board (DAQ National Instruments) in combination with a
current amplifier (Stanford Research SR570). The relation between
potential and charge was studied using a combined voltage decay/
charge extraction method. Charge extraction measurements were
carried out as follows: the solar cell was illuminated for 5 s under
open-circuit conditions, and then the light was switched off and the
voltage was allowed to decay to a voltage V. At a certain voltage V,
the cell was short-circuited, and the current was determined under
10 s and then integrated to obtain the charge, Qoc (V). Lifetimes
were determined by monitoring the photovoltage response after a
small perturbation of the light intensity.

Spectroscopic techniques

The absorption characteristics of the electrolytes diluted in MPN
and PVDF–MPN were recorded using a Varian UV-visible spectro-
photometer (Cary 300Bio) and a Bio-Rad FTS 6000 Raman spectro-
meter equipped with a Raman accessory. An excitation wavelength
of 1064 nm (Nd:YAG laser), a quartz beam splitter and a resolution
of 4 cm�1 were used. Scattered radiation was detected using a
nitrogen-cooled solid state germanium detector.

Electrochemical impedance spectroscopy (EIS)

EIS investigations were carried out using an Autolab PGstat12
potentiostat with an impedance module operating in the fre-
quency range 1000 KHz to 0.01 Hz, under a single sine function
at 20 mV AC amplitude and under light conditions with an
applied bias potential. The EIS measurements of complete DSCs
were made under suitable conditions (dark or light illumination
conditions were investigated). The resulting impedance curves
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were fitted using a least-squares fitting procedure adopted
using the EQU-VCRT computer programme.21,22

Electrochemical measurements

The electrochemical measurements were made using an Iviumstat
XR potentiostat. The working electrode used was a glassy carbon
microfiber disk microelectrode supplied by BASi, West Lafayette,
USA, with a diameter of (11 � 2) mm (catalog number MF-2007).
The exact surface was determined by recording a cyclic voltammo-
gram of K3Fe(CN)6, for which the diffusion coefficient is known
(7.17 � 10�6 cm2 s�1 at 25 1C in 0.5 M KCl, pH = 3) according to
literature procedures.23 The temperature was regulated to 25 1C by
a thermostat. A two-electrode cell was used, using a graphite rod
(3 mm in diameter) as both the counter and reference electrode.
The scan rate used was 10 mV s�1. Cyclic voltammetry was
performed using a Mini-Autolab potentiostat with a scan rate of
100 mV s�1. The glassy carbon and platinum electrodes were used
as working and counter electrodes with Ag+/AgNO3 as the reference
electrode using 0.1 M tetra-butylammonium hexafluorophosphate
as the supporting electrolyte. Solutions with concentrations
of 5 mM were used and 5 mM ferrocene solution was used as
reference. The reference electrode was calibrated against Fc/Fc+

and potentials were converted to the normal hydrogen electrode
(NHE) scale by using a value of 630 mV vs. NHE for Fc/Fc+.

Results and discussions
Photovoltaic performances

I–V-curves for DSCs containing the CM1 and CP1 electrolytes,
respectively, are shown in Fig. 1a and b, representing two
different light intensities. Cells containing the CM1 electrolyte
display an efficiency of 5.6% and those containing the CP1
electrolyte 6.4% at 1 sun light intensity. The I–V-characteristics
are given in Table 1. The DSCs containing the CM1 electrolyte
show about 20 mV higher Voc than cells containing the electro-
lyte CP1. It is notable that the shape of the I–V-curves reflects
mass-transport problems at higher light intensities by a larger
V–I-slope (higher resistance) and a lower fill-factor. Moreover,
the I–V-measurements under dark conditions (dark-current
measurements) (Fig. S1, ESI†) also show a steep rise in the
dark current at high forward voltage bias, which is dominated
by the reaction of electrons with the oxidized redox species over
the mesoporous TiO2 interface.24 However, currents are very
low at lower bias voltages, indicating low dark currents and
rather low recombination loss effects.

The fabricated cells kept under ambient conditions, in the
dark, show no notable loss in conversion efficiency even after
1000 hours, which is a promising result. Further work on
stability of this new redox system is under investigation.

Incident-photon-to current conversion efficiency (IPCE) spectra
were recorded for the DSCs containing the CM1 and CP1 electro-
lytes (Fig. 2). The CP1-based DSCs perform slightly better with
respect to light response. The IPCE values for both types of
electrolytes show remarkably good values in the visible region,
around 70–88% from 380 nm to 560 nm. Since the IPCE spectra
were recorded at low light intensity, the mass-transport limitations

obvious in the I–V-curves at 1 sun illumination level will not be
obvious in the IPCE spectra.

Transient electron measurements

The electron lifetime gives an estimate of the rate of recombi-
nation loss from the TiO2. The lifetime measurement is per-
formed by using a modulated light source under bias light
conditions and by measuring the photo-voltage response of the
solar cells. The electron lifetime (te) as a function of voltage is
plotted for DSCs containing the electrolytes CM1 and CP1,
respectively (Fig. 3). At zero current, equivalent to open-circuit
conditions, the values originating from DSCs containing CM1
and CP1 are highly similar, indicating that the quasi-Fermi

Fig. 1 I–V-curves of the DSCs containing the two different electrolytes at two
different light intensities: 1 sun (a) and 1/10 sun (b) under AM 1.5 illumination
sensitized with D-35.

Table 1 I–V-characteristics of CM1 and CP1 together with the D35 dye at two
different light intensities; 100 and 1000 W m�2

No Type (W m�2) Voc (mV) Jsc (mA cm�2) FF Z (%)

1 Co-MPN (1000) 940 � 0 10.2 � 0.4 0.57 � 0.2 5.7 � 0.05
2 Co-PVDF (1000) 906 � 14 11.9 � 0.36 0.60 � 0.2 6.4 � 0.1
3 Co-MPN (100) 855 � 3 1.4 � 0.3 0.67 � 0.1 7.9 � 0.01
4 Co-PVDF (100) 770 � 0 1.4 � 0.02 0.74 � 0.1 8.1 � 0.2
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level of the TiO2 film is essentially the same in both systems.
The curve from DSCs containing the CP1 electrolyte shows
longer electron lifetimes at lower voltages indicating lower
recombination losses. These results are consistent with those
from impedance spectroscopy (EIS, vide infra). The longer life-
times observed are also consistent with a higher photocurrent,
as noted in the I–V characteristics of cells containing the CP1
electrolyte. The higher open circuit voltage for CM1 cells may
be due to an increase in quasi-Fermi level EF,n as the measured
voltage directly relates to the EF,n value of the TiO2 film.25 The
lifetime (te) as a function of quasi-Fermi level EF,n is shown in
Fig. S2.†

The extracted charge Qoc as a function of Voc is shown in
Fig. 4 for the DSCs containing the CM1 and CP1 electrolytes,
respectively. The data clearly show that the solar cells containing
the PVDF polymer as an additive to the electrolyte display
significantly more collected charge than the solar cells with a
MPN-based electrolyte only. At the maximum power point of the

two types of solar cells, the DSCs containing the CP1 electrolyte
shows nearly twice as high charge density as those containing
the CM1 electrolyte. This results from higher electron injection
and an increased value in the Jsc for CP1, which is also evident
from the I–V curve and also in good agreement with the electron
life time measurements. The redox potentials for CM1 and CP1
measured through cyclic voltammetry shows comparable values.
The slight increase in the current for CP1 can also explain the
higher conductivity of CP1 with respect to CM1 (Fig. S7†).

The electron lifetime (te) is shown as a function of total charge
in Fig. 5. At lower charge the lifetime of CP1 is considerably
longer, whereas it becomes essentially similar to that of CM1 at
higher charge. It can also be noted that the transport time is
considerably longer in the TiO2 films of CM1 containing DSCs
(Fig. 6). This effect can outweigh the longer lifetimes, since the
risk of recombination loss increases as transport time becomes
longer. It can be speculated that a high degree of dissociated
Co(III) can affect both transport and lifetimes.

Fig. 2 Incident photon-to-current conversion efficiency (IPCE) spectra of DSCs
CM1 and CP1 containing the two different electrolytes.

Fig. 3 Electron lifetimes as a function of open-circuit voltage for DSCs containing
the two different electrolytes in DSCs: CM1 and CP1.

Fig. 4 Extracted charge as a function of open-circuit voltage for DSCs containing
the two different electrolytes in the cells: CM1 and CP1.

Fig. 5 Electron lifetime as a function of extracted charge under open-circuit
conditions for DSCs CM1 and CP1.
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The dependence of the short-circuit current and open-circuit
voltage on light intensity is shown in Fig. 7a and b. Since the
data obtained refer to quite low light intensities the current
response is close to linear. The voltage response is, excluding the

data points at the lowest light intensity, fairly linear with a slope
of 64.8 and 94.5 mV per decade for the two types of DSCs: CP1
and CM1 respectively. This corresponds to a non-ideal Nernstian
response, which in sensitized AgBr has been linked to dye
adsorption site inhomogeneity, such as dye aggregation.26

Electrochemistry and spectroscopic studies

The diffusion coefficients of the cobalt redox mediators were
found from diffusion-limiting current experiments based on
slow-scan cyclic voltammetry at 25 1C and were calculated for
[Co(bpy)3]3+ in the CM1 electrolyte to be 1.82 � 10�6 cm2 s�1

and 4.10 � 10�6 cm2 s�1 in the CP1 electrolyte (Fig. S8 and S9†).
The diffusion coefficients obtained clearly indicate that mass-
transport should be less of a problem in DSCs containing the
CP1 electrolyte than in those containing CM1. These results
are also confirmed by the overall electrolyte conductivities of
the respective electrolytes determined from the impedance
spectroscopy studies (vide infra). A higher Co(III)-ion mobility
is expected to render a higher photocurrent and a higher fill-
factor, and ultimately lead to better performance. The noted
difference in the diffusion coefficients of Co3+ in the CM1 and
CP1 electrolytes cannot be extracted either from Raman or
UV-vis spectra, since no pronounced spectral difference can
be observed (Fig. S3–S6 and Table S1†).

EIS studies

The Nyquist plots of DSCs containing the CM1 and CP1 electro-
lytes are shown in Fig. 8. Impedance spectroscopy was performed
on full DSC cells under an applied bias potential. The curves were
fitted to an electrochemical model using a least-squares proce-
dure. The cells containing the CM1 and CP1 electrolytes display
nearly the same resistance at the FTO surface (Rs) and at the
counter electrode (Rct). There is a marked difference in the
electron recombination resistance (Rrec), and also in the low-
frequency region related to the diffusion impedance of the electro-
lytes. Further, PVDF with its relatively high dielectric constant can
assist in greater ionization of salts, and thus provide a high con-
centration of charge carriers.20 Hence, an increase in photocurrent

Fig. 6 Electron transport time as a function of short circuit current density for
the two different fabricated DSCs CM1 and CP1.

Fig. 7 Short-circuit current (a) and open-circuit voltage (b) responses as a function
of light intensity at low intensities for DSCs containing the two different electrolytes. Fig. 8 Nyquist plots of DSCs CM1 and CP1 with different electrolytes.

PCCP Paper

Pu
bl

is
he

d 
on

 1
9 

A
ug

us
t 2

01
3.

 D
ow

nl
oa

de
d 

by
 K

U
N

G
L

 T
E

K
N

IS
K

A
 H

O
G

SK
O

L
A

N
 o

n 
10

/0
5/

20
16

 1
4:

40
:5

6.
 

View Article Online

http://dx.doi.org/10.1039/C3CP52869C


17424 Phys. Chem. Chem. Phys., 2013, 15, 17419--17425 This journal is c the Owner Societies 2013

can result. Moreover, from the two EIS curves, we can note that
the total internal resistance of cells containing the CP1 electro-
lyte, which is the sum of Rs, Rct and Rrec is much lower than for
cells containing the CM1 electrolyte.

The electron life time was calculated from the EIS data using
the expression,

t = (RQ)1/n (1)

It is found that the electron lifetimes (ts) obtained from the
toolbox measurements and from the impedance spectroscopy
match comparably well. Differences may be attributed to the
different conditions under which the cells were studied; at open-
circuit in the toolbox experiments and under short-circuit in the
EIS experiments. The conductivity (s) was calculated according
to the equation below.

s = l/RA (2)

The various parameters obtained from the EIS measurements
are given in Table 2. The conductivities of the both CM1 and
CP1 compare well with their performances.

However some indication to a plausible explanation for the
observed effect of high ion mobility of the Co(III) ions in the
presence of a polymer additive can be obtained from literature
and also from our dielectric studies. It is well known in lithium-
ion battery electrolytes that addition of a polymer increases ion
mobility, and it has been speculated that ion-pair dissociation
can be involved. Such an effect is difficult to experimentally
prove by direct measurements, and you are normally confined
to indirect effects, such as changes in electric and dielectric
properties of the system (like in our study). However, using
isotopic labelling of Na+ and I� in polymer-supported electro-
lytes of relevance to DSC systems, investigating the likelihood of
a Grotthuss mechanism of conductivity in iodine-based electro-
lyte systems with high iodine concentrations; an alternative, and
equally plausible explanation, is instead based on a high degree
of ion-pair dissociation and consequently a higher apparent
diffusion constant.27

Conclusion

In this study, we successfully explored the possibility of using
cobalt redox mediators in a polymer matrix and its application as
an electrolyte in dye-sensitized solar cells. The polymer-based

cobalt redox mediator DCSs yielded 6.4% and 8.1% at 1 sun
and 0.1 sun respectively, and outperform the analogous device
based on solvent used for comparison by a factor of 1.2.
This also indicates a promising use for indoor applications.
Photovoltaic performance, transient electron measurements
and impedance spectroscopy show that the polymer-based
cobalt redox mediator works more efficiently. The addition of
the polymer increases ionic mobility and also we hypothesize
that ion-pair dissociation also plays an important role. The new
polymer-based cobalt redox mediator performed better in over-
coming the limitations of high cell resistance, low diffusion
coefficients, rapid recombination losses and to some extent the
mass-transport limitations. We believe that this piece of work
on dye-sensitized solar cells will open new ideas and thoughts
to make practical application DSCs.
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Impedance spectroscopic analysis of electrolyte diffusion in aged 
dye-sensitized solar cells containing cobalt tris(bipyridine) redox 
shuttles 

Jiajia Gao,
a
 Haining Tian,

b
 James M. Gardner

a
 and Lars Kloo

a* 

Electrochemical impedance spectroscopy (EIS) is a typical steady-state technique used to examine the internal resistance 

of electron transfer processes in a solar cell directly related to the photovoltaic performance. In this study, EIS was used as 

the main experimental technique to investigate the degradation mechanism for dye-sensitized solar cells (DSSCs) 

containing cobalt tris(bipyridine) complexes as the redox mediators during accelerated ageing tests. It was found that the 

sluggish mobility of cobalt complexes limits the electrolyte diffusion; this charge transfer process is increasingly retarded 

during the ageing test and becomes the rate-limiting step responsible for the lower photovoltaic performance of the 

device. In this respect, the effects of electrolyte composition, including the concentration of redox couples and cation co-

additives, were investigated. A new circuit model was constructed for fitting the EIS results of aged cells, revealing a new 

performance-limiting charge-transfer process emerging in the later phase of the ageing tests. Characterization of the 

electrolyte show a light-accelerated degradation of Co(III) complexes in the presence of 4-tert butylpyridine (TBP) under 

the same ageing conditions; the loss of Co(III) and simultaneously new cobalt complex species generated were proposed 

as the reason for the long-term instability of cobalt-based DSSCs. 

Introduction 

In the area of photovoltaic (PV) technique development, the 

photon-to-current conversion efficiency of dye sensitized solar 

cells (DSSCs) appears to have reached a plateau.
1
 Currently, 

with the sudden emergence of other PV techniques, such as 

perovskite-type material based solar cells, DSSCs are faced 

with the threat of being phased out of competition. In order to 

overcome this situation, there are two ways to go: 1) 

improving the photovoltaic performance by broadening the 

spectral absorption of the sensitizer for high photocurrent and 

decreasing the electron-hole recombination loss for high 

photovoltage; 2) improving the long-term durability, which is 

the most demanding challenge also for other new PV cell 

technologies before commercial application can be 

considered. For studies on the chemical stability, liquid DSSC is 

still a good model due to the well-studied mechanism and 

easily controlled constitution. 

The function of a PV cell can be characterized by the 

photovoltaic performance and internal resistance, which are 

known as combined results of kinetics and resistances of 

various rate-limiting charge transfer (CT) processes in the cell. 

Therefore, changes in these processes must be taken into 

account in order to gain insights into the functional 

degradation of a solar cell. Electrochemical impedance 

spectroscopy (EIS) is a suitable technique used for mapping 

some central processes in the DSSCs. However, the correct 

modelling of CT processes based on equivalent circuit 

elements is required to understand the origin of the recorded 

impedance signals. Based on the well-studied operation 

mechanism of liquid DSSCs, a general model (general 

transmission lines) has been constructed and has been widely 

used.
2, 3

 This general model can be simplified in particular 

cases.  

Based on extensive kinetic studies, the current flow in a 

liquid DSSC is usually limited by the charge transfer in the 

electrolyte, which originates from mass transport of solutes, 

mainly the redox species, with a characteristic time frame of 

the order of seconds. Mass transport of redox species is driven 

by the concentration gradient emerging at the 

electrolyte/electrode interfaces under operation due to the 

photocurrent, i.e. a diffusion process. The diffusion rate (or 

diffusion flux, J, moles/(time*area) is determined by the 

concentration gradient (
∂c

∂x
) and the diffusion coefficient (D) 

according to Fick’s Law of diffusion expressed as: 

𝐽 =  −𝐷
∂c

∂x
                                                                                         (1) 
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The concentration gradient of redox species is caused by the 

difference between the rate of the electrochemical reaction at 

the electrode and the rate of the ion migration in the solution 

from/to the electrodes. Therefore, the electrolyte diffusion is 

not independent from, but closely associated with, the 

electron-transfer processes at the electrolyte/electrode 

interfaces. D is material-dependent. According to the Enstein-

Stokes equation, transient metal redox complex ions suffer 

from sluggish ion mobility due to the relatively large effective 

ionic radius with respect to the traditionally used 

iodide/triiodide-based redox mediators. In addition, D is also 

related to the chemical activity (𝛤) and the viscosity (µ) of the 

solution according to the relationship  

𝐷 = 𝐷0
𝜇0

𝜇
(1 +

∂lnΓ

∂lnC
)                                                                         (2) 

where D0 is the solute diffusivity in an infinitely diluted 

solution and µ0 is the viscosity of the pure solvent. According 

to the Guntelberg approximation of the Debye-Hückel theory, 

𝛤 is determined by the charge (Z) and the ionic strength (I); the 

latter being obtained from the conductivity of the electrolyte 

( 𝜎 ). 𝜎  is inversely proportional to the resistance of the 

electrolyte diffusion (Rd) if the diffusion length (l) and 

electrode surface area (A) are kept constant. 

−logΓ = 0.5Z2I1/2/(1 + I1/2)                                                      (3) 

I = 1.6 × 10−15σ                                                                             (4) 

σ = 𝑙
𝐴𝑅𝑑

⁄                                                                                          (5)                                                                                                                                     

D is also influenced by the properties of the electrolyte, which 

rely on the contribution from all electrolyte components. And 

as the solute concentration increases, D decreases due to 1) 

increased interactions between solute species and 2) increased 

solution viscosity. 

Electrolyte diffusion is essential to consider; diffusion 

limitations in DSSCs affect the linearity of the relationship 

between the photocurrent and the intensity of the incident 

light and leads to a poor fill factor (FF). As a result of low ion 

mobility of cobalt-based redox complexes, the corresponding 

DSSCs typically exhibit lower FF than those based on 

iodide/triiodide redox systems. Some efforts have been made 

to improve the situation. Our group has suggested that the 

addition of suitable additives, such as poly (vinylidine fluoride) 

(PVDF), may favor ion-pair dissociation in viscous Co(bpy)3
2+/3+

-

based electrolytes, leading to high ion mobility and good 

conversion efficiency.
4
 Optimizing the semiconductor 

framework in terms of thickness and pore size was also 

attempted to alleviate the diffusion problem in the porous 

film.
5
 

Electrolyte diffusion has also been claimed as a critical 

factor for the durability of liquid DSSCs. The degradation of 

iodide/triiodide-based DSSCs has been attributed to the 

retarded diffusion as a result of the depletion of triiodide 

induced by UV light or thermal stress.
6, 7

 The degradation loss 

of the redox mediators resulting in an increase in the diffusion 

resistance limiting the DSSC performance was also argued in 

the stability studies of Co(bpy)3
2+/3+

-based DSSCs.
8
 Here, we 

have extended this study to systematically investigate the 

effects of the electrolyte composition on electrolyte diffusion 

during stability tests by EIS analysis. Changes with respect to 

the electrolyte diffusion have been found to be dependent on 

the concentration of the redox mediators and cationic (salt) 

co-additives. A new rate-limiting CT process associated with 

the electrolyte diffusion has been revealed to emerge during 

the late ageing phase based on fitting a suitable model to the 

EIS results. The change in the electrolyte composition with 

respect to Co(III) has been further characterized and related to 

the new feature. 

Experimental section 

All chemicals were purchased from Sigma Aldrich unless 

otherwise noted: Fluorine-doped tin oxide (FTO; Pilkington, 

TEC 15 Ω/cm
2
 &TEC 7 Ω/cm

2
), TiO2 pastes (Dyesol Ltd., DSL 

18NR-T and WER2-O), Surlyn frame (Solaronix), acetonitrile 

(Aldrich , 99.8%), 4-tert-butylpyridine (TBP; Aldrich, 96%), 

lithium perchlorate (LiClO4; Aldrich, 99.99%), 1-ethyl-3-

methylimidazolium tetracyanoborate (EIMTCB; Merck), 

potassium tetracyanoborate (KB(CN)4; SelectLab, 97%), 1-

butyl-3-methylimidazolium chloride (BIMCl; Aldrich, ≥98.0%), 

n-tetraethylammonium iodide(TEAI; Aldrich, 98%), n-

tetrabutylammonium bromide (TBABr; Aldrich, ≥99.0%),. The 

dye (D35) and the tetracyanoborate or hexafluorophosphate 

salts of tris(2, 2’-bipyridine-2N, N’) cobalt(II/III) were all 

purchased from Dyenamo AB, Sweden. All chemicals were 

reagent grade and used without further purification. The 

following chemicals were prepared according to relevant 

literature procedures:
9, 10

 1-butyl-3-methylimidazolium 

tetracyanoborate (BIMTCB), n-tetraethylammonium 

tetracyanoborate (TEATCB), n-tetrabutylammonium 

tetracyanoborate (TBATCB). 

 

Solar cell fabrication and characterization 

Details of solar cell fabrication have been reported previously.
4
 

A transparent TiO2 layer (diluted paste: a mixture of 60 wt % 

TiO2 paste (DSL 18NR-T) with 36 wt % terpineol and 4 wt % 

ethyl cellulose; area: 0.5×0.5 cm
2
, thickness: 5 μm) and a 

scattering layer (WER2-O, 3 μm) were in succession screen-

printed on a FTO substrate (Pilkington, TEC 15 Ω/cm
2
) with a 

TiO2 blocking layer pre-deposited by a simple hydrothermal 

method. The working electrodes were sintered in ambient 

atmosphere (325
 o

C for 25 min, thermostatic for 30 min, up to 

500
 o

C for 25 min, thermostatic for 30 min and natural 

cooling), and post-treated with an aqueous TiCl4 solution. The 

working electrodes were dipped in a 0.25 mM D35/ethanol 

dye bath in the dark overnight. The platinized counter 

electrode was prepared by drop-casting 20 µl 4.8 mM H2PtCl6 

isopropanol solution on a pre-drilled and cleaned FTO 

(Pilkington, TEC 7 Ω/cm
2
) glass substrate and then sintered in 

air at 400 °C for 30 min. The DSSCs were fabricated by 

assembling the sensitized TiO2 electrodes with the Pt counter 

electrodes into a sandwich-type cell using a 25 μm thick hot-
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melt Surlyn frame (inner area: 0.6×0.6 cm
2
) as the sealant, 

introducing the electrolytes through pre-drilled holes under 

atmospheric pressure, and sealing by a 50 μm thermoplastic 

sheet and a glass coverslip. A metal contact was soldered on 

the edge of the FTO film to increase conductivity. The 

electrolytes were consisted of Co(bpy)3
2+/3+

 and cation co-

additives with different concentrations as detailed below, and 

0.2 M TBP in the acetonitrile. 

Current density-voltage (J-V) characteristics were 

conducted with a light-shading metal mask (0.7 ×0.7 cm
2
) on 

top of the cell under a standard irradiation (AM 1.5, 100 mW 

cm
-2

) supplied by a Newport solar simulator (model 91160-

1000). J-V characteristics were recorded by a computerized 

Keithley 2400 source meter calibrated using a certified 

reference solar cell (Fraunhofer ISE). The stability tests were 

performed in a sample compartment under continuous 

irradiation (~100 mW cm
-2

; ATLAS Suntest XLS) and a stable 

temperature around 60℃ under open-circuit condition and 

using a 390 nm UV cut-off filter. Characterization of the cells 

during ageing tests was conducted out of the compartment at 

selected intervals. UV-vis absorption spectra on a Cary 300 

spectrophotometer in a quartz sample cell (0.5 cm path 

length). Differential Pulse Voltammetry (DPV) measurements 

were conducted with an Autolab potentiostat using a glassy 

carbon disk as the working electrode, a platinum wire as the 

counter electrode and Ag/AgNO3 as the reference electrode. 

0.1M [Bu4N]PF6 was added as conductive medium. 

 

Electrochemical impedance spectroscopy (EIS) measurements 

Impedance spectroscopic measurements were conducted in 

the dark under a bias voltage using an Autolab PGstat12 

potentiostat with an impedance module. The frequency was 

swept from 10
5
 Hz to 0.1 Hz using 20 mV AC amplitude. 

Resistances and capacitances were analyzed using the 

software Z-View. The simplified equivalent circuit models used 

for fitting EIS data are shown in Scheme 1. Besides the 

common circuit elements representing the resistance of FTO 

(Rs), the charge transfer resistance (Rct) and capacitance (Cct) at 

the electrolyte/counter electrode interface, the recombination 

resistance (Rrec) and chemical capacitance (Cμ) at the 

TiO2/electrolyte interface, and the Warburg impedance (WS) 

for electrolyte diffusion, a new circuit element labelled Rnew 

and Cnew was added in series for modelling the EIS signals of 

aged DSSCs in this work. 

  
Scheme 1. The simplified equivalent circuit models for liquid DSSCs: 

commonly used model (Model 1) and model used for aged DSSCs in 

this work (Model 2).

 

Results and discussion 

Effect of redox couple concentration 

In the light of degradation studies performed for 

iodide/triiodide-based DSSCs, the effect of the concentration 

of Co(bpy)3
2+/3+

 redox complexes on the device performance 

was investigated during the stability test. The factors that 

matter in this study include the individual concentration, the 

concentration ratio and the total concentration of cobalt 

complexes. Table 1 lists the photovoltaic performance of 

DSSCs differing in these respects. The most significant 

difference lies in the FF. An exponential correlation was noted 

between the FF measured immediately after device fabrication 

and the concentration ratio of Co(II)/Co(III), as shown in Fig. 1; 

that is, a higher ratio leads to a lower FF. Additionally, the 

decrease in the FF and the increase in the diffusion resistance 

(Rdif) of the electrolyte, which were both observed for all these 

systems and investigated during the stability test, was found to 

show the same dependence on the Co(II)/Co(III) ratio. The 

strong correlation between FF and Rdif is therefore indicated in 

this type of system. The diffusion of Co(III) dominates the 

diffusion of the entire electrolyte due to the low concentration 

(lower than that of Co(II) and with almost the same diffusion 

coefficient).
4
  The diffusion of Co(III) is expected to be lower in 

the electrolytes with higher concentration ratio of Co(II)/Co(III) 

due to interactions between these complexes limiting the 

diffusion. 

 

Table 1 The concentration, concentration ratio and total concentration 

of Co(bpy)3
2+/3+ in the electrolytes (A1~A5) and the corresponding 

photovoltaic performance of fresh DSSCs.
 
 

Electrolytea A1 A2 A3 A4 A5 

[CoII], [CoIII] /M 
0.22, 

0.05 

0.30, 

0.05 

0.40, 

0.05 

0.30, 

0.15 

0.30, 

0.20 

[CoII]/[CoIII]  4.4:1 6:1 8:1 2:1 1.5:1 

[CoII/III]total /M 0.27 0.35 0.45 0.45 0.50 

Jsc / mA cm-2 11.9 11.7 11.7 11.3 11.4 

Voc / V 0.90 0.89 0.89 0.90 0.89 

FF 0.64 0.63 0.58 0.66 0.65 

ηb / % 6.81 6.53 6.02 6.68 6.50 

a All in acetonitrile with the same co-additives: 0.1 M LiClO4, 0.2 M 

TBP; 
b The efficiencies were recorded under full sun irradiation (AM 

1.5G, ~100 mW/cm-2) 
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Fig. 1 The FF recorded initially and the changes in FF, Rdif and Rrec as function 

of the concentration ratio of Co(bpy)3
2+/3+ in the electrolyte. The change is 

obtained by calculating [aged value]/[initial value]-1. The plots of the initial 

FF and FF changes were fitted with an exponential model. 

 
Fig. 2 Bode plots for DSSCs with different concentrations of Co(bpy)3

2+/3+ in 

the electrolyte: 0.22 M/0.05 M, blue; 0.3 M/0.05 M, pink; 0.4 M/0.05 M, 

purple; 0.3 M/0.15 M, red and 0.3 M/0.2 M, green, recorded after the 

stability test for 1000 h. 

 
Towards the end of the stability tests, it seems that the 

concentration ratio of Co(II)/Co(III) increases and that the 

frequency response of the diffusion (0.01 Hz~1 Hz) and the 

recombination (10~100 Hz) processes in the Bode plots (Fig. 2) 

are closely correlated, and both resistances become higher 

indicating the two processes are both affected. It is known that 

the kinetics of the two processes both depend on the 

concentration of Co(III); therefore the results indicate a loss of 

Co(III) during ageing under light. The influence of the Co(III) 

loss would be more significant in electrolytes containing 

relatively lower initial concentrations. In summary, it can be 

concluded that the loss of Co(III) during ageing under light 

exposure increases the diffusion limitation and leads to the 

degradation of FF. 

Dependence on cation co-additives  

As shown in Table 2, the addition of salts containing organic 

cations with lower charge-to-size ratio than the lithium ion, 

commonly used in liquid electrolytes, made little difference in 

device performance unless very high concentrations were used 

(1.5 M). Such high concentrations appear to limit the 

photocurrent and FF and also to cause fast degradation of the 

device (see Fig. S1). However, based on the EIS analysis, Rdif 

shows a clear dependence on the type of cation and its 

concentration. A higher concentration of cation co-additives 

leads to higher Rdif, and, as well, to slower diffusion kinetics 

indicated by the low-frequency response in Fig. 3a. 

Additionally, Rdif was observed to increase more significantly 

during the stability test with higher cation concentrations. The 

electrolyte diffusion relies on not only the solute 

concentration but also the properties of the electrolyte as a 

whole. The addition of salts containing different cations by 

necessity will affect the conductivity and the viscosity of the 

electrolyte, and this will also limit the activity of the redox 

mediators. The dependence of the increase in Rdif on the 

concentration of salt therefore indicates that also the overall 

properties of the electrolyte change during the stability test, 

and this change depends on the additives and limits the 

electrolyte diffusion. 

Interestingly, upon ageing under light exposure a phase-

frequency peak appears between the peaks originating from 

the recombination and diffusion processes. This feature was 

observed in all investigated systems. A new circuit element: a 

new model resistor in parallel with a capacitor, as shown in 

Scheme 1, therefore needs to be added in series to the 

commonly-used simplified impedance model in order to better 

describe the aged systems. The new resistance and 

capacitance introduced are labelled Rnew and Cnew. Fig. 3b 

shows that the plots in the range of 1~10 Hz cannot be well 

modelled without this new feature. Based on the new model, 

the variation of Rdif and Rnew is shown in Fig.4. It can be noted 

that Rnew increases faster with higher concentration of salts 

added, similar with the change in the Rdif. 

 

Table 2 The composition of the electrolyte and the photovoltaic 

performance of the corresponding DSSCs recorded under full sun 

irradiation (AM 1.5G, ~100 mW/cm2). 

Electrolytea Cation [C+] 

/M 

Jsc 

/mA 

cm-2 

Voc 

/V 

FF ηb 

/% 

Rdif 

/Ω 

A-Free None 0 10.5 0.92 0.65 6.25 8.0 

A-TEA TEA+ 

0.1 

10.7 0.93 0.66 6.57 9.7 

A-TBA TBA+ 10.3 0.92 0.65 6.16 9.0 

A-BIm BIm+ 10.6 0.93 0.65 6.41 9.6 

[A-EIm]low 

EIm+ 

0.1 10.5 0.93 0.68 6.60 9.0 

[A-EIm]medi 0.8 10.8 0.93 0.67 6.70 13.0 

[A-EIm]high 1.5 10.0 0.94 0.66 6.24 28.5 

aAll electrolytes contained 0.3 M/0.15 M Co(bpy)3
2+/3+ and 0.2 M TBP; 

b The efficiencies were recorded under full sun irradiation (AM 1.5G, 

~100 mW/cm-2) 
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Fig. 3 Above: Bode plots for DSSCs with different concentrations of EMITCB: 

low, 0.1 M; medi, 0.8 M and high, 1.5 M, recorded during the stability test: 

Initial, black; 100 h, blue; 300 h, purple; 700 h, pink; 1000 h, red. Below: 

Nyquist plot for DSSCs containing the electrolyte [A-EIm]high after ageing for 

700 h, and fitted curves according to different equivalent circuit models. 

 

Fig. 4 The diffusion resistance (Rdif), the resistance of the new model feature 

(Rnew) (left) and the efficiency η (right) as a function of ageing time for DSSCs 

with different concentrations of EMITCB: low, 0.1 M; medi, 0.8 M and high, 

1.5 M. 

 

Bode plots recorded during the stability tests of the DSSCs 

based on different types of cation co-additives were compared 

with those without such additives (Free); the results are shown 

in Fig. 5. The presence of TEA
+
 retards the electron 

recombination more dramatically than other cation co-

additives, as indicated by the slower frequency response and 

higher resistance. Compared to the EIS results of DSSCs 

containing EIm
+
 and no cation co-additives, where the peak 

characteristic for the recombination process gradually shifts to 

higher frequencies, no shift was observed in the other three 

systems, when the stability test approached the later phase. 

The effect of these added cations, most likely interacting with 

the TiO2 surface, is thus indicated. In this light, a greater 

increase in Rdif, particularly for DSSCs containing the cation co-

additives during the stability test probably also suppresses the 

ion diffusion in the mesoporous film. The change in FF shows 

the same dependence on the cation co-additive, see Fig. 6b, 

again highlighting the importance of the electrolyte 

composition. In addition, Rnew also increases during the latter 

phase of ageing depending on the cation co-additives in the 

same manner as Rdif. The strong correlation between the 

changes in these two modelled resistances indicate that the 

process represented by the new feature probably also is 

associated with electrolyte diffusion. 

 

 

  

Fig. 5 Bode plots for DSSCs containing different cation co-additives, recorded 

during the stability test: Initial, purple; 96 h, blue; 336 h, green; 576 h, 

yellow; 720 h, orange; 1000 h, red. 
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Fig. 6 (a) The diffusion resistance (Rdif, solid lines) and the resistance of the 

new- feature (Rnew, dashed lines) and (b) FF as a function of ageing time for 

DSSCs with different cation co-additives.  

 

Changes within the electrolyte 

In order to confirm the hypothesis of a loss of Co(bpy)3
3+

 

during the stability test, the change in the 

Co(bpy)3
3+

/acetonitrile solution was investigated by a series of 

out-of-device, solution experiments. 
1
HNMR spectra show no 

change for the solutions containing the dissolved Co(bpy)3
3+

 

salt only (Fig. S3), but in contrast a decrease with time in the 

content of Co(bpy)3
3+

 when the commonly-used Lewis-base-

type additive 4-tert-butylpyridine (TBP) is present could be 

detected (Fig. 7). The change in concentration is also indicated 

by the reduced electrochemical response of the solution after 

ageing, see Fig. S4a. A downfield shift with time of the 

characteristic peaks (labelled a and b) for the TBP-pyridine 

hydrogen atoms was also observed along with a new peak 

appearing at 14.5 ppm with an intensity increasing with time 

during ageing under light. This observation demonstrates that 

TBP is probably involved in a ligand exchange reaction with 

Co(bpy)3
3+

 and that new cobalt complexes with mixed ligand 

compositions in a high-spin configuration, showing a 

paramagnetic response in the NMR spectra, are generated. 

This hypothesis is supported by facts that (1) a new d-d 

transition band from the cobalt complexes arises at ~430 nm 

upon the addition of TBP is gradually blue shifted to ~400 nm 

during ageing up to 200 h. This indicates a significant change in 

the inner coordination sphere of the initial cobalt complex 

probably involving a step-wise exchange of biopyridyl ligands 

for TBP; (2) DPV measurements show a gradually more 

negative redox potential. The change in the Co(bpy)3
3+

/TBP 

mixture also occur when aged at 60 ℃ in the dark; in contrast, 

the light exposure appeared only to accelerate the ligand 

exchange reactions. 

 

 

Fig. 7 1HNMR spectra of the 0.05 M/0.06 M Co(bpy)3
3+/TBP mixture in 

deuterated acetonitrile recorded during the stability test. Characteristic 

peaks of the TBP-pyridine hydrogen atoms are labelled a and b. The new 

peak is labelled c. 
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Fig. 8 Nyquist and Bode plots of DSSCs with different electrolyte 

components pre-aged for 1000 h before formulating the electrolyte, 

measured in the dark and under a bias of -0.9 V. 

 

 

The aged Co(bpy)3
3+

/TBP mixture was assembled into the 

DSSC in order to reveal the effect of the change in the 

electrolyte itself on the device performance. The results are 

shown in Table S1. Compared to the system containing an 

electrolyte with only aged Co(bpy)3
3+

, the change in the 

electrolyte in the presence of TBP causes a decrease in the FF, 

confirming the overall hypothesis given above regarding a 

correlation between the FF degradation and the loss of active 

Co(III) in the electrolyte. The EIS results in Fig. 8 showing the 

new EIS feature indicate that this process is probably be 

attributed to the new and ligand-exchanged cobalt complexes 

(most likely Co(III)) and limits the device performance. 

Conclusions 

In conclusion, the effects of the electrolyte composition on the 

electrolyte diffusion properties in DSSCs during stability tests 

have been systematically investigated from the perspectives of 

the concentration of the redox couple and cation co-additives. 

This study confirms that the loss of active Co(III) is responsible 

for the increase in the diffusion resistance and the degradation 

of FF. The property of the electrolyte influenced by the co-

additives was also identified to be a factor for the diffusion 

problems arising during ageing under light. The chemical 

reaction occurring in the electrolyte was revealed, and the 

generated cobalt species, being less active for enhancing the 

photovoltaic performance, contributes to the total resistance 

of the DSSC. This fundamental study highlights the importance 

of optimization of the electrolyte composition for the 

durability of liquid DSSCs. 
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Fig. S1. The efficiency (η) as a function of ageing time for DSSCs with different concentrations of EMITCB: low, 0.1 
M; medi, 0.8 M and high, 1.5 M. 

 



 

Fig. S2 Nyquist plots of fresh DSSCs containing no (Free) and different cation co-additives recorded in the dark 

under a bias voltage of -0.9 V. 

 

Fig. S3 
1
H NMR spectra of Co(bpy)3

3+
 in d

3
-acetonitrile recorded during the stability test. 

 



 

Fig. S4. Changes in the 3.5 mM/7 mM Co(bpy)3
3+

 /TBP acetonitrile solutions during the ageing test under light/60°C 
exposure in (a) UV-Vis absorption spectra and (b) electrochemical properties: DPV curves measured with a scan 
rate of 50 mV/s. 



 

Fig. S5. 
1
H NMR spectra of 0.05 M/0.06 M Co(bpy)3

3+
/TBP in d

3
-acetonitrile recorded during the stability tests 

under exposure to darkness/60℃ conditions. Characteristic peaks of TBP pyridine hydrogen are labelled a and b. 
The new peak is labelled c.  

Table S1 The photovoltaic performance and the resistances (Rdif and Rnew) of DSSCs with different electrolyte 
components pre-aged for 1000 h before formulating the electrolyte. 

Electrolytes
a

 Aged 

components
b 

J
sc
 

(mA cm
-2

) 

V
oc

 

(V) 

FF η 

(%) 

Rdif Rnew 

A CoIII/TBP 10.2 0.93 0.60 5.60 5.5 34.0 

B CoIII 9.9 0.95 0.63 5.92 17.2 0 
a

 Electrolytes are both formulated according to the same recipe: 0.22 M/0.05 M Co(bpy)3
2+/3+

, 0.2 M TBP in 

acetonitrile; 
b

 Aged in acetonitrile solution under full sun irradiation (390 nm cut-off)/60°C for 1000 h. 

 

 


	Jiajia gao-doctoral thesis-final
	Paper divider-I
	Paper I
	Paper divider-II
	Paper II
	Paper II.pdf
	paper II-SI

	Paper divider-III
	Paper III
	文章 3.pdf
	III .pdf
	blank
	paper III

	blank

	Paper divider-IV
	Paper IV
	IV.pdf
	blank
	paper IV

	Paper divider-V
	Paper V
	Paper V.pdf
	paper V.pdf
	paper V-SI

	paper V-SI

	Paper divider-VI
	Paper VI
	文章 6.pdf
	VI.pdf
	blank
	Paper VI

	blank

	Paper divider-VII
	Paper VII
	Paper VII new.pdf
	Paper VII
	VII.pdf
	blank
	Paper VII
	paper VII-SI





