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Abstract 

 The scope of this thesis is the study of the dye (N719) - TiO2 (anatase) interface in dye 

sensitized solar cell (DSSC). The study of the TiO2 semiconductor/Ru complex [cis - 

(2,2’- bipyridyl - 4,4’- dicarboxylate)2 (NCS)2 ruthenium(II): N719] interface is important 

in order to understand the sensitization event as the dye and semiconductor are key 

factors for high conversion efficiency in DSSC. In spite of several studies of the 

interaction of the N719 dye/TiO2 films, the anchoring mechanism has been debated for a 

decade because it has not been fully revealed. Thus, this thesis aims at unifying the 

previous different views on the binding mechanism and the type of groups involved in the 

N719-TiO2 system as well as further elucidate new spectral information via vibrational 

spectroscopy (ATR-FTIR and SERRS), imaging techniques (Confocal Raman mapping 

and ATR-FTIR imaging) and electron spectroscopy (XAS and XPS). The combination of 

vibrational and electronic spectroscopic results allows for all the operating binding modes 

on the interface from molecular structure to interfacial electronic structure to be 

determined. 

We focused on the spectral change in our Raman and ATR-FTIR spectra rather than 

depend on ∆ν values (frequency difference) as the only method for differentiating binding 

modes. Furthermore, the hydroxyl vibrations of the N719 and two distinct nano-

crystalline anatase surfaces (Dyesol and our own aqueous-synthesized variety) that occur 

before / after adsorption and their relation to the binding mechanism were explored using 

ATR-FTIR, SERRS, Confocal Raman mapping and ATR-FTIR imaging. As a result of 

this analysis the binding of the N719 dye to TiO2 was proposed to occur through two 

neighboring carboxylic acid/carboxylate groups via a combination of bidentate-bridging 

and H-bonding involving a donating group from the N719 (and/or Ti-OH) units and 

acceptor from the Ti-OH (and/or N719) groups. This binding mechanism was further 

elucidated by investigating the electronic interactions of TiO2 substrates and the N719 

molecules via surface sensitive techniques (XAS and XPS) and probing methods 

(electron yield) before and after the sensitization event. This allowed us to propose that 

additional electronic interactions occur through the aromatic electron density of the 
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bipyridine groups and the d states found in TiO2 and.that there is extra H-bonding 

interaction of the NCS ligand of the dye with the TiO2 surface groups (OH/H2O). 

From the application standpoint, TiO2 nanocrystalline films were prepared from 

commercial and aqueous-synthesized precursors by screen printing with the purpose of 

correlating physical properties and in particular surface TiO2 groups (Ti-OH/Ti-OH2) to 

DSSC performance. Their morphological features were characterized in terms of particle 

size, shape, BET surface area, pore size, Raman and AFM analysis. This work showed 

the distribution of surface Ti-OH/Ti-OH2 groups in Aqueous TiO2 to be qualitatively 

richer than in Dyesol TiO2.  The current–voltage characteristics (I–V), electrical 

impedance spectroscopy (EIS) and open circuit voltage decay (OCVD) were also 

investigated in relation to the TiO2 film physical properties.  It was found that 

photoelectrodes composed of surface hydroxyl-rich TiO2 nanocrystalline material 

exhibits longer electron lifetime attributed to enhanced surface-dye binding that 

suppresses interfacial recombination. The relations between the film’s morphology, 

adsorption properties, and electrochemical behavior are comprehensively discussed. 

  

 

  

  

 

  



 

iii 

 

Résumé 
 

 

L’objectif de cette thèse  est l’étude de l’interface colorant (N719) – TiO2 (anatase) dans 

la cellule solaire sensibilisée par un colorant (DSSC). L’étude de l’interface du 

semiconducteur TiO2/complexe Ru [cis - (2,2’- bipyridyl - 4,4’- dicarboxylate)2 (NCS)2 

ruthenium(II): N719] est importante pour comprendre l’évènement du sensibilisation 

étant donné que le colorant et le semiconducteur sont des facteurs clés pour une 

conversion à haute efficacité dans la DSSC. En dépit de plusieurs études sur l'interaction 

au niveau des films colorant N719/TiO2, le mécanisme d'ancrage a été débattu pendant 

une décennie, et est toujours non complètement connu. Ainsi, cette thèse vise à unifier les 

différentes points de vue antérieurs sur le mécanisme de fixation et le type de 

groupements impliqués dans le système N719-TiO2 ainsi que d'élucider de nouvelles 

informations spectrales moyennant la spectroscopie vibrationnelle (ATR-FTIR et 

SERRS), Les techniques d'imagerie (la cartographie Raman à confocale et l’imagerie 

ATR-FTIR) et la spectroscopie électronique (XAS et XPS). La combinaison des résultats 

de la spectroscopie vibrationnel et électronique permet de déterminer tous les modes de 

fixation fonctionnels à l'interface de la structure moléculaire et la structure électronique. 

Nous nous sommes concentrés sur le changement spectral dans les spectres Raman et 

FTIR-ATR et non seulement aux variations de fréquence Δν, comme étant la seule 

méthode qui différencie entre les différents modes de fixation. Par ailleurs, les vibrations 

de l'hydroxyle de N719 et les surfaces de deux distinctes anatase nano-cristalline (Dyesol 

et nos propres variétés aqueuses synthétisés) qui se produisent avant / après l'adsorption 

et leur relation avec le mécanisme de fixation ont été explorés par ATR-FTIR, SERRS, 

cartographie à confocale Raman et l'imagerie ATR-FTIR. En conséquence à cette analyse, 

la fixation du colorant N719 avec TiO2 a été proposée. Elle se produise à travers deux 

groupements carboxylique / carboxylate voisins via une combinaison de pontage bidentés 

et liaisons-H. Ces derniers impliquent un groupement donneur des unités de N719 (et / ou 

Ti-OH) et accepteur des groupements  Ti-OH (et / ou N719). Ce mécanisme de fixation a 

été ensuite élucidé en étudiant les interactions des substrats de TiO2 et les molécules 

N719 via les techniques sensitives de surface (XAS and XPS) et les méthodes à sonde 

(rendement d’électron) avant et après l’évènement de sensibilisation. Cela nous a permis 
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de proposer que les interactions électroniques supplémentaires se produisant à travers la 

densité des électrons aromatiques des groupes bipyridine et les états d trouvés dans TiO2 

et qu’il y a des interactions supplémentaires de liaisons hydrogènes des ligands de NCS 

du colorant avec les groupements (OH/H2O) de la surface de TiO2. 

Du point de vue application, les films TiO2 nanocristallins ont été préparés à partir de 

précurseurs commerciaux et aqueuse synthétisés par sérigraphie dans le but de corréler 

les propriétés physiques et en particulier les groupements (Ti-OH/Ti-OH2) à la surface de 

TiO2 par rapport à la performance de la DSSC. Les caractéristiques de leurs 

morphologies ont été discutés en fonction de la taille des particules, leur forme, leur 

surface BET, la taille des pores, l’analyse AFM et la spectroscopie Raman. Les 

caractéristiques courant-tension (I-V), la spectroscopie d'impédance électrique (SIE), le 

déclin de tension en circuit ouvert (OCVD), ont également été étudiés en relation avec les 

propriétés physiques du film de TiO2.  
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Chapter 1. Introduction  

 

 

1. 1 Motivation 

 

 With a growing demand for energy combined with the prospect of global warming and 

climate change, research and development efforts intensify for the development of 

renewable energy sources such as photovoltaic, tidal power or wind energy. Considering 

the abundance of solar radiation reaching the Earth (some 120,000 TW compared to a 

current global consumption of ~13 TW), solar energy constitutes a strategic energy 

source, if cost effective solar cell technologies are widely developed and implemented. 

Solar cells can be classified according to their type into three groups: Si bulk 

heterojunction cells (first-generation technology); thin film (CuInGaSe2 (CIGS), CdTe) 

solar cells (second-generation); or organic photovoltaic (OPV) and Dye Sensitized Solar 

Cells (DSSC) (third-generation). Among these the first type (silicon-based) dominates 

currently the solar energy market. However, the high cost of solar grade silicon 

production and processing including its significant environmental footprint (1.5 tones of 

CO2 produced per tone of Si) limits its wider proliferation, but intensive research and 

development efforts are directed to overcome these obstacles. Thin film-based solar cells 

have broken into the commercial scene in part because of their advantage of using only a 

small fraction of semiconducting materials in comparison to the Si-based solar cells and 

their lower production cost in the case particularly of CdTe. However, over the longterm 

concerns are expressed either because of the use of toxic elements like Cd or rare 

elements like In. The third generation cells are not yet a commercial reality but they are 

the focus of intensive research studies. One of these types of cells is the DSSC that is 

based on electrochemistry at the interface between a dye adsorbed onto a porous network 

of nanometer-sized titanium dioxide particles and a redox electrolyte. Since Gratzël and 

co-workers [1-3] first reported on the DSSC, its overall energy conversion efficiency has 

been raised to 12 %, which makes it a serious contender for commercial application. 

However, a number of issues remain to be addressed hence the great R&D attention the
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 DSSC attracts [4]. This thesis constitutes part of this R&D effort having as focus the 

understanding of the dye/TiO2 interface.  

 

1.2 Objective of the present work 

 

In this work, dye/semiconductor interfaces have been investigated by means of 

vibrational spectroscopy (IR and Raman), electron spectroscopy (XPS and XANES) and 

imaging techniques (confocal Raman mapping and ATR-FTIR imaging). The studies 

have mainly focused on all possible bonding features relevant to electron transfer 

processes between adsorbed dye molecules and semiconducting substrates. The dye used 

in these studies is N719 [5], a ruthenium bipyridine complex adsorbed via carboxyl linker 

groups to the semiconductor, titanium dioxide (TiO2). Furthermore, the electrochemical 

properties of the complete DSSC using commercial TiO2 sources and our in-house 

aqueous-synthesized variety (Aqueous TiO2) were characterized by I-V curves, EIS 

(electrochemical impedance spectroscopy) and OCVD (open circuit voltage decay) 

methods as well as the bonding between adsorbate and substrate.  

 

The thesis is divided into seven chapters: Following this initial chapter, the literature 

review of DSSC system is described in chapter 2. Chapters 3, 4 and 5 focus at the 

molecular level on the interface of dye-TiO2 using vibrational spectroscopy, core-level 

electron spectroscopy and imaging techniques. Chapter 6 describes the electrochemical 

techniques of complete solar cells via the use of commercial and synthetic TiO2 sources 

as a photo-anode to perform a systematic study of the relations between the film’s 

morphology, adsorption properties, and electrochemical behavior with the purpose of 

correlating physical properties to DSSC performance. Finally, Chapter 7 summarizes the 

results obtained in the previous chapters-papers included in this thesis. The experimental 

methods used in the thesis are described in the appendix. 
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Chapter 2. Literature Review 

 

 

2.1 Overview 

This chapter reviews the theoretical background necessary for understanding the 

generated experimental results. In the first part, the operating principle and the key 

components (semiconductor, dye and electrolyte) of the dye sensitized solar cell (DSSC) 

are discussed in detail. The second part of this review provides the general theory of 

some key characterization techniques (vibrational spectroscopy, core-level electronic 

spectroscopy and electrochemical impedance spectroscopy) employed in this study.  

 

2.2 Dye sensitized solar cell  

2.2.1 Introduction 

The dye sensitized nanocrystalline solar cell was developed by Gratzël and co-workers in 

1991[1]. Record efficiencies of up to 12 % for small cells [2] and about 9 % for 

minimodules [3], promising stability data, for example, the critical 1000 h stability test at 

80 °C with a durable efficiency of 8-9 %, and pre-commercial fabrication methods have 

been accomplished. A schematic of a typical DSSC device (left) and a transparent dye 

sensitized solar cell running a small motor under a diffuse day-light (right) are shown in 

Figure 2.1.  

  

Figure 2.1 Device structure of the dye sensitized solar cell (left) and actual DSSC (right) 

[3]
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The prospect of low-cost investments and fabrication are key features of DSSC in 

comparison to silicon-based solar cells. DSSC performs also relatively better compared 

with other solar cell technologies under diffuse light conditions and at higher 

temperatures. DSSC offers the possibilities to design solar cells with a large flexibility in 

shape, color, and transparency, which in turn opens up new commercial opportunities [4]. 

For these reasons, DSSC was emerged as a new generation photovoltaic device that is 

being studied extensively. Current R&D efforts focus mainly on the design of new dyes, 

development of electrolytes and investigating various semiconductor materials. A review 

of the most significant recent studies [5] in DSSC is presented in the following section. 

 

2.2.2 Basic principles of dye sensitized solar cell 

Conventional solar cells convert light into electricity by exploiting the photovoltaic effect 

that exists at semiconductor junctions. These photovoltaic devices are based on the 

concept of charge separation at an interface of two materials of different conduction 

mechanism, normally between solid-state materials, either n- or p-type regions with 

electron and hole majority carriers in a single semiconductor material, heterojunctions 

between different semiconductors or semiconductor-metal junction (Schottky) [6-9].  

When the two halves are brought together, the Fermi levels (EF) on either side are forced 

to coincide, causing the valence and conduction bands to bend. These bent bands 

represent a built-in electric field over the space referred to as the depletion region (Figure 

2.2). In the case of illumination as shown in Figure 2.2(below), a photon which is 

absorbed by the material passes through the solar cell. This absorption takes the form of a 

band-to-band electronic transition, so an electron/hole pair is produced. If these carriers 

can diffuse to the depletion region before they recombine, then they are separated by the 

electric field, causing one quantum of charge to flow through an external load.  
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Figure 2.2 Energy band diagram of a conventional p-n junction solar cell in case of 

thermal equilibrium (above); under illumination (below) [6] 

 

In contrast, the photo-electrochemical cells (as is the case of DSSC) work on a different 

principle, whereby the processes of light absorption and charge separation are 

differentiated. The schematic structure of the DSSC invented by the Gratzël group [4, 10-

12] is shown in Figure 2.3. Its operation involves the following steps [13]. 

 
Figure 2.3 Schematic energy diagram and operating principle of DSSC [12] 

 

1) Ru complex photosensitizers (Dye)
+
 adsorbed on the TiO2 surface absorb incident photon 

flux. The sensitizers are excited from the ground state (Dye) to the excited state (Dye*). 

2) The excited electrons are injected into the conduction band of the TiO2 electrode, 

resulting in the oxidation of the sensitizer. 
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3) Injected electrons in the conduction band of TiO2 are transported by diffusion along the 

TiO2 nanoparticle network towards the external conducting glass made of fluorine-doped 

tin oxide (FTO) and subsequently reach the Pt counter electrode through the external load. 

4) The oxidized sensitizer (Dye*) accepts electrons from the I
-
 ion redox electrolyte, 

regenerating the ground state (Dye), and I
-
 is oxidized to I3

- 
state. 

5) The oxidized redox mediator, I3
-
, diffuses toward the counter electrode where is re-

reduced to I
- 
ions. 

As in natural photosynthesis, in the artificial analog sunlight sets in action a molecular 

electron pump. The sensitizer (S) is bound as a monomolecular coating on the surface of 

a semiconductor oxide, such as TiO2. It absorbs the incident solar rays, and is thereby 

raised to the electronically excited state S*. From this state it injects an electron into the 

conduction band of the mesoporous oxide semiconductor. The conduction band electrons 

then cross the film and are directed through a charge collector into the external current 

circuit where electrical work is done. The electrons are then returned to the cell through a 

counter electrode. Between this counter electrode and the oxide is an electrolyte 

containing a redox couple, i.e., triiodide and iodide (I3
-
/I

-
). This redox electrolyte allows 

for the transport of electrical charge between the two electrodes. The electrons reduce 

triiodide to iodide ions which diffuse from the counter electrode to the nanocrystalline 

film surface where they regenerate the sensitizer by electron transfer to the sensitizer 

cations, while simultaneously the iodide is oxidized back to iodine or triiodide. The redox 

catalytic cycle leading to the conversion of light into electrical current is thereby closed 

[13]. 

 

The dye sensitized solar cell is working on the basis of differential kinetics (Figure 2.4). 

The performance of DSSC can be understood in regard of the kinetic competition of the 

various redox processes involved in the conversion of light into electricity. Ultrafast 

electron injection has been observed in the femtosecond-picosecond (10
−15

-10
−12

 s) time 

domain [14]. Regeneration of the oxidized dye is typically characterized by rate constants 

of 10
5
-10

7
 s

−1 
[15]. This is more than 100 times faster than recombination of injected 

electrons with the oxidized redox species (e.g. triiodide) and orders of magnitude faster 
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than back transfer to the dye cation in the absence or a redox mediator. As electron 

transport in the semiconductor electrode is generally one order of magnitude faster than 

recombination, the charge collection efficiency is near unit for optimized cells [16,17].  

 

Figure 2.4 Dynamics of the processes involved in the conversion of light into electricity 

in a dye sensitized solar cell [18] 

 

2.2.3 Semiconductor - TiO2  

The key to the breakthrough for DSSC in 1991[1] was the use of a mesoporous TiO2 

electrode, with a high internal surface area, to support the monolayer of a sensitizer. 

Typically, the increase of surface area by using mesoporous electrodes is about a factor 

1000 in DSSC. TiO2 still gives the highest efficiencies, but many other semiconductor 

metal oxide systems have been tested, such as ZnO, SnO2, and Al2O3 [19-21]. Besides 

these simple oxides, ternary oxides, such as SrTiO3 [22] and Zn2SnO4 [23] have been 

investigated, as well as core-shell structures, such as ZnO-coated SnO2 [24]. In this work, 

TiO2 was only applied to make our solar cell. Thus the characteristics of TiO2 are mainly 

described here. 

TiO2 is a stable, nontoxic oxide, which has a high refractive index (n = 2.4-2.5) and is 

widely used as a white pigment in paint, toothpaste, sunscreen and self-cleaning materials. 

Several crystal forms of TiO2 occur naturally: rutile, anatase, and brookite. Rutile is the 

thermodynamically most stable form. Anatase is, however, the preferred structure in 

DSSC, because it has a larger bandgap (3.2 vs 3.0 eV for rutile) and higher conduction 

band edge energy, Ec. This leads to a higher Fermi level and Voc (open circuit voltage) in 

DSSC for the same conduction band electron concentration [4]. 

For dye sensitized solar cells, the most common technique for preparation of TiO2 

nanoparticles is sol-gel techniques by hydrolysis of a titanium precursor such as titanium 

(IV) alkoxide with excess water catalyzed by acid or base, followed by hydrothermal 

growth and crystallization. Acid or base hydrolysis gives materials of different shapes 

and properties, and the rate of hydrolysis, temperature, and water content can be tuned to 
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produce particles of different sizes. Transmission electron microscopy (TEM) 

measurements revealed that for TiO2 nanoparticles prepared under acidic conditions, 

crystalline anatase particles are formed exposing mainly the 〈101〉 surface [25,26]. 

Preparation in acetic acid compared with nitiric acid increased the proportion of the 〈101〉 

face about 3-fold [26]. The differences can be explained by different growth rates: in 

acetic acid crystal growth was enhanced in the 〈001〉 direction compared with the growth 

in the presence of nitric acid [27]. On the other hand, Hore et al. found that base 

catalyzed conditions led to mesoporous TiO2 that gave slower recombination in DSSC 

and higher Voc but a reduced dye adsorption compared with the acid-catalyzed TiO2 [28]. 

The produced particles are formulated in a paste with polymer additives (such as ethyl 

cellulose, polyethylene glycol or hydroxypropyl cellulose) and deposited onto conductive 

glass substrates using doctor blading or screen printing techniques. Finally, the film is 

calcined at 450 °C in air to remove organic components and to make electrical connection 

between the nanoparticles. The porosity of the resulting mesoporous film can be 

controlled by changing the amount of polymer in the paste and is ideally about 50-60 wt % 

[4]. Higher porosity causes less interconnection between the particles and a decrease in 

charge collection efficiency [29]. 

Several improvements to the TiO2 electrode in the DSSC have been made since 1991 in 

terms of light absorption, light scattering, charge transport, suppression of charge 

recombination, and improvement of the interfacial energetic. The employed architecture 

of the mesoporous TiO2 electrode is as follows: 

(a) A TiO2 blocking layer which coats the FTO plate to prevent contact between the 

redox mediator in the electrolyte and the FTO, prepared by chemical bath deposition, 

spray pyrolysis, or sputtering [30]. In this study, the blocking layer was prepared by 

dipping into 0.2 M TiCl4 aqueous solution (chemical bath deposition) at 60 °C for 30 min. 

(b) A transparent (light absorption) layer consisting of a 10~12 μm thick film of 

mesoporous TiO2 with ∼20 nm particle size that provides a large surface area for 

sensitizer adsorption and good electron transport to the substrate. 

(c) A light scattering (anti-reflective) layer on the top of the mesoporous film, consisting 

of a ∼3 μm porous layer containing ∼400 nm sized TiO2 particles [31]. Similar sized 

spherical voids in the nanocrystalline films are effective for light scattering [32].  



 Chapter 2. Literature review  

10 

 

(d) An ultrathin overcoating of TiO2 on the whole structure, deposited by means of 

chemical bath deposition (using 0.2 M TiCl4 aqueous solution), followed by heat 

treatment. The TiCl4 treatment leads to the deposition of an ultrapure TiO2 shell (∼1 nm) 

on the mesoporous TiO2 [33] (which may contain impurities or have carbon residues at 

the surface). The procedure leads to increased dye adsorption due to increased roughness 

despite a decrease in BET area (in m
2
/g) [25,30,33]. It lowers the acceptor levels in TiO2 

in energy,[33,34] which can improve the injection efficiency. It also improves electron 

lifetime significantly, leading to an increase in the electron diffusion length [34,35]. 

2.2.3.1 TiO2 surface 

Since the binding between dye and TiO2 occurs on the surface of TiO2, it is important to 

consider the surface groups on TiO2. Thus this section reviews several reports related to 

TiO2 surface groups and how these affect the DSSC system.  

Among the physical properties and chemical structure of the TiO2 surface, the surface 

OH groups on the TiO2 surface have been assumed to play important roles in 

photocatalytic reactions[36] in which the surface OH groups and adsorbed water react 

with photogenerated holes and transform into hydroxyl radicals (•OH) with strong 

oxidation power. Regarding the mechanism of photoinduced hydrophilicity, it has been 

proposed that UV irradiation leads to an increase in the number of surface OH groups, 

which in turn increases the hydrophilicity of the TiO2 surface [37]. For this reason, 

Kuribayashi et al. conducted a study on UV radiation onto their TiO2 film before dye 

adsorption. They suggested that the generation of OH sites by UV irradiation on the TiO2 

electrodes prior to N719 dye adsorption is effective in increasing the short-circuit current 

density (Jsc) of the dye sensitized solar cells [38]. 

Prior to Kuribayashi et al.’s study, Finnie et al. also noted the effect of various surface 

treatments on the extent of dye uptake by the films in the course of optimizing the film 

dyeing procedure in DSSC, which suggested that attachment of the dye molecules 

involves interaction with hydroxyl groups on the surface of the TiO2 [39]. They 

mentioned that the surface properties of TiO2 depend strongly on how it is prepared. In 

particular, particle size and the presence of surface impurities (e.g., chloride, sulfate, etc.) 

from the various synthetic procedures used are important factors giving rise to such 

variability.  
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For the extensive study of TiO2 surface, Minella et al. carried out IR spectroscopy in a 

controlled atmosphere and investigated the effect of fluorination on the surface properties 

of TiO2. In their study, a series of quite narrow, partly resolved components between 

3750 and 3550 cm
-1

, a broad absorption spread over the 3550-2500 cm
-1

 range, and a 

band at ca. 1620 cm
-1

 were observed (Scheme 2.1) [40]. The last two sets of signals are 

simple in nature, as they are due to the δH2O of adsorbed water molecules and to 

carbonate-like species, respectively. Conversely, both components at higher frequency 

are due to the -OH stretching modes of surface hydroxy groups [in both the linear (Ti-OH) 

and bridged (Ti-OH-Ti) forms] and adsorbed H2O, which depending on their behavior as 

“free” or “H-bonded” oscillators, can contribute to the 3750-3550 cm
-1

 pattern (free νOH 

oscillators) or to the 3550-2500 cm
-1

 broad absorption (H-bonded νOH oscillators) [41-45]. 

 

Scheme 2.1 Schematic diagram showing the location/range, on a wavenumber axis, of the 

IR signals related to surface hydroxy groups and adsorbed H2O and CO [40] 

 

Selloni conducted computer simulation of TiO2 single crystal to understand the reactivity 

and other surface physico-chemical properties [46]. The first-principles calculations 

showed that water molecules undergo spontaneous dissociative adsorption on clean 

anatase (001). On the other hand, the majority (101) facets in anatase TiO2 adsorb water 

without dissociation. It is assumed that anatase TiO2 crystals containing in the large size 

(001) facets are expected to have higher reactivity, compared with those crystals 

dominated by the (101) facets. The atomic structures of anatase (001) and (101) surface 

are shown below. 
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Figure 2.5 Surface Ti-OH and Ti-OH2 groups on TiO2 anatase (red: titanium, gray: 

oxygen and white: hydrogen) [46] 

 

2.2.4 Dye 

The dye is the photoactive element of the photovoltaic device, harvesting the incident 

light for the photon-to-electron conversion. To be used as sensitizer in DSSC, the 

photosensitizer should fulfill some essential characteristics [4]. 

(1) The sensitizer should be panchromatic. In this case, the absorption spectrum of the 

sensitizer covers the whole visible region and even the part of the near-infrared. 

(2) The sensitizer should contain anchoring groups such as -COOH, -H2PO3 or -SO3H in 

order to strongly bind the dye onto the semiconductor surface. 

(3) The LUMO (lowest unoccupied molecular orbital, excited state) level of the sensitizer 

should be higher in energy than the conduction band edge of the semiconductor, so that 

an efficient electron transfer process between the excited dye and conduction band (CB) 

of the semiconductor can happen.  

(4) For dye regeneration, the oxidized state level of the sensitizer must be more positive 

than the redox potential of electrolyte. 

(5) The aggregation of dye molecules on the semiconductor surface is unfavorable so that 

it should be avoided through optimization of the molecular structure of the dye or by 

addition of coadsorbers that prevent aggregation. Dye aggregates (H- and J-aggregates) 

can, however, be controlled which in turn lead to an improved performance compared 

with a monomer dye layer as described by Mann et al.[47].  

(6) The photosensitizer should be photostable as well as exhibit good electrochemical and 

thermal stability. 
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Based on these requirements, many different photosensitizers including metal complexes, 

porphyrins and metal-free organic dyes have been designed and applied to DSSC in the 

past two decades. 

2.2.4.1 Ru-complexes 

Among the metal complexes, Ru complexes [12] have shown the best photovoltaic 

properties due to a broad absorption spectrum, suitable excited (LUMO) and ground state 

(HOMO) energy levels, relatively long lifetime in the excited state, and good stability [4]. 

Several Ru complexes used in DSSC have reached more than 10 % solar cell efficiency 

under standard measurement conditions. Some representative Ru-complex photo-

sensitizers are listed in Table 2.1.  
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Table 2.1 Structure of Ru-complex photo-sensitizers [48] 

Dye 
Extinction 

coefficient (M-1
cm

-1
) 

Substituent groups 
η 

(%) 
Year Ref. 

N3 13,000 538 nm R1 = R2 = R3 = R4 = H 10.0 1993 [49] 

N712 N/A 518nm R1 = R2 = R3 = R4 = TBA
+
 8.2 2003 [50] 

N719 13,500 535 nm 
R1 = R2 = TBA

+
; 

 R3 = R4 = H 
11.2 2005 [51] 

Z907 12,200 522 nm R1 = R2 =  7.3 2003 [52] 

Z910 16,900 543 nm 
R1=R2= O  

10.2 2004 [53] 

K19 18,200 543 nm 

R1=R2=
O

 

7.0 2005 [54] 

N621 7,830 530 nm 
R1=R2=

 
9.6 2005 [51] 

K73 18,000 545 nm 
R1=R2=

O

 
9.0 2006 [55] 

N945 18,600 545 nm 
R1=R2=

O

O  
10.8 2007 [56] 

Black 

dye 
(N749) 

7,000 ~600 nm  10.4 2001 [57] 

Ru-complexes 

                
  

 

The evolutionary development of Ru-complexes is discussed on the basis of three 

molecular features: trying different protonation level; extending π system; and adopting 

alkyl chains for amphiphilic dyes. 

2.2.4.1.1 Different protonation level of N3 

Nazeeruddin et al.[50] investigated the effect exerted by the proton content of the N3 dye 

on the performance of DSSC. The protons were exchanged for a bulky tetra-n-

butylammonium (TBA
+
) group. As a consequence the short-circuit photocurrent (Isc) is 

17.5-18.5 mA/ cm
2
 for N3 (all protons), while it is only about 12-13 mA/cm

2
 for N712 

(all TBA
+
 groups). Although the photovoltage of N712 is 200 mV higher than the one of 
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N3, this is insufficient to compensate for the current loss. For the incident 

monochromatic photon-to-current conversion efficiency (IPCE), the value in the plateau 

region is 80 % for N3 while for N712 it is only about 66 %. At 700 nm (red region), the 

IPCE value is twice as high for the fully protonated N3 as compared to the deprotonated 

N712. However, the photovoltaic performance of N719 carrying two protons and two 

TBA
+
 groups was found to be superior to that of N3 and N712 that contain four and no 

protons, respectively. Hence the doubly protonated form of the complex (N719) became 

the benchmark sensitizer.  

2.2.4.1.2 Extending the π-system 

One strategy for increasing the light-harvesting efficiency is to increase the conjugation 

length of the ligand. To further extend the π-conjugated system of the bipyridine and 

enhance the harvesting of solar light, Gratzël et al. incorporated the 3-methoxystyryl 

group into the ancillary ligand to obtain a novel Ru dye, Z910, which exhibited 

prominent efficiency (10.2 %). The study demonstrated that enhancing the molar 

extinction coefficient is a good strategy to improve the photovoltaic performance of Ru 

dyes [53].  

The performance of these novel sensitizers on thick electrodes (10~12 μm) and with 

volatile electrolytes is similar as for the N3 (e.g. Z910 10.2 % [53] and N945 10.8 % 

[58]). But almost equivalent efficiency is obtained when applied on thin electrodes (2~5 

μm) and with non-volatile electrolytes (e.g. K73 with 3-methoxypropionitrile 9.0 %). At 

the same time, they exhibit remarkable stability at 80 °C in darkness and at 60 °C under 

AM 1.5 illuminated. The excited state of these dyes is between -0.71 V and -0.79 V vs. 

NHE [58], which is sufficiently more negative than the conduction band of TiO2 (ca. -0.1 

V vs. NHE) hence complete charge injection is ensured.  

Furthermore, Gratzël group designed the N749 dye, also called the “black dye” in which 

the Ru center has carboxylated terpyridyl and three thiocyanate groups as ligands. Based 

on this dye, an IPCE spectrum was obtained over the whole visible range extending into 

the near IR region up to 920 nm [57]. However its extinction coefficient is rather low, 

requiring thicker films for sufficient light absorption having as result an unfavorable 

series resistance [10]. 
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Recently Berlinguette and coworkers reported a series of asymmetric cyclometalated 

Ru(II) complexes (the similar structure of “black dye”) bearing a TPA (triphenylamine) 

unit bridged by a thiophene in order to further enhance light absorption [59]. The new 

cyclometalated dyes devoid of NCS ligands generated high η (>8 %) in DSSC. Their 

studies showed that the tridentate ligand proximate to the TPA unit maximizes light 

harvesting in the visible region, maintains sufficient electron transfer toward the 

semiconductor surface, and ensures that the LUMO (lowest unoccupied molecular orbital)  

is situated on the anchoring ligand to enable facile charge injection into the TiO2 [60]. 

2.2.4.1.3 Amphiphilic dyes with alkyl chains 

Amphiphilic molecules contain a polar, water-soluble group as well as a non-polar, 

water-insoluble hydrocarbon chain. In order to suppress the susceptibility of dye (such as 

N3) toward water, N3-based Ru-complexes were modified by replacing two of the four 

carboxylic groups into long alkyl chains (detailed structures given in Table 2.1). In these 

sensitizers, the conjugated π-system of the bipyridil-ligand is smaller and thus, the 

absorption coefficient is typically lower. Yet, the initial conversion efficiencies are still 

reasonably good, ranging from 7.3 % for Z907 (with 9 carbon atoms) [52] to 9.6 % for 

N621 (with 13 carbon atoms) [51]. The main advantage of these dyes is their 

extraordinary stability. For example, Z907 sensitized DSSCs passed 1000 h at 80 °C in 

darkness and at 55 °C under illumination without any degradation [52].  

2.2.4.2 Porphyrin dyes 

One of the drawbacks of ruthenium complexes is the limited absorption in the near-

infrared region of the solar spectrum. Porphyrins exhibit intense spectral response bands 

in the near-IR region and possess good chemical, photo and thermal stability, providing 

good potential candidates for photovoltaic applications.  

The introduction of porphyrins as photosensitizers in DSSC is particularly interesting 

given their primary role in photosynthesis. Owing to appropriate LUMO (lowest 

unoccupied molecular orbital) and HOMO (highest occupied molecular orbital) energy 

levels and very strong absorption of the Soret band in the 400-450 nm region, as well as 

the Q-band in the 500-700 nm region [61], porphyrin derivatives can be suited as 

panchromatic photosensitizers for DSSC. Several studies have demonstrated that 

http://en.wikipedia.org/wiki/Molecular_orbital
http://en.wikipedia.org/wiki/Molecular_orbital
http://en.wikipedia.org/wiki/Molecular_orbital
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porphyrin dyes can show efficient photoinduced electron injection into the conduction 

band of TiO2 [62,63]. 

The best initial efficiencies were achieved with differently substituted Zn-

tetraphenylporphyrins (ZnTTP). The cells based on Zn-3 yielded close to 85 % IPCE 

with a corresponding overall efficiency of 5.6 % under AM 1.5 irradiation [64]. Recently, 

Campbell et al. further extended the π system in the β-position with functional group and 

obtained a more efficient porphyrin sensitizer, Dye 2 [65,66]. Dye 2 exhibited an IPCE 

value of up to 75 % and an impressive efficiency of 7.1 % in DSSC with a liquid 

electrolyte and achieved a conversion efficiency of 2.4 % in solid-state DSSC [4]. 

Zn

N N

N N

ZN-TTP

 

Zn

N N

N N

COOH

NC
Zn-3  

Zn

N N

N N

COOH
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Dye 2  

Figure 2.6 Chemical structures of Zn-porphyrin dyes [64,65] 

 

2.2.4.3 Metal free organic dyes 

Organic dyes as an alternative to the noble Ru complexes exhibit many advantages: (1) 

The molecular structures of organic dyes are in many forms and can be easily designed 

and synthesized. (2) Concerning the cost and environment issues, organic dyes are 

superior to noble metal complexes. (3) The molar extinction coefficients of organic dyes 

are usually higher than those of Ru complexes, making them attractive for thin film and 

solid-state DSSC [4]. Here, the most distinctive metal organic dyes such as coumarin 

dyes, indoline dyes and triarylamine derivatives are introduced. 

2.2.4.3.1 Coumarin dyes 

A class of organic dyes consisting of a coumarin unit and a cyanoacrylic acid unit linked 

by vinylene, isophorone, or thienyl was developed by Arakawa et al.[67,68]. C343, 

recognized as the original coumarin sensitizer, exhibited an effective electron injection 

process [69]. However, when this dye was used in DSSC, it showed a lower efficiency 

than Ru complex-based DSSC due to the narrow light response range in the visible region. 

Later, they introduced vinylene (–CH=CH-) groups to coumarin derivatives to exhibit 
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wide absorption. NKX-2311 dye exhibits red-shift in the absorption spectra and improved 

efficiencies. Yet, the lengthening of the dye with the vinylene units also enhances dye 

aggregation on the TiO2 surface resulting in a decrease of electron injection yield owing 

to the intermolecular charge transfer. Under optimized conditions, the NKX-2311 based 

DSSC gave 6.0 % efficiency under AM 1.5 [67]. In subsequent experiments, they found 

that there were two problems associated with the introduction of vinylene units: the 

complicated synthesis procedure and possible isomerization. In view of this, NKX-2677 

was introduced to include thienyl and isophorone units employed to expand the 

conjugated system. Their experimental work showed that the number of thiophene units 

affect the photovoltaic properties due to different aggregation issues on the TiO2 surface. 

As a result, the NKX-2677 based DSSC gave 6.1-8.1 % overall efficiency under AM 1.5 

[68].  

 

Figure 2.7 Chemical structures of coumarin derivatives [68] 

 

2.2.4.3.2 Indoline dyes 

Horiuchi, Uchida and co-workers first reported this type of organic dye with simple 

synthesis procedures, low costs, and good efficiencies obtaining 6.1 % power conversion 

efficiency of the D102 in 2003 [70]. To further improve the DSSC performance, an 

additional rhodanine framework was introduced to the molecular structure of D102 to 

extend the absorption spectrum, giving a series of novel indoline dyes [71]. Among these 

dyes, D149 showed most prominent efficiency, 8.0 %, under AM 1.5 irradiation. Gratzël 

et al. achieved 9.0 % efficiency based on D149 through optimizing the TiO2 electrode 

thickness [72]. In 2008, Ito and co-workers developed D205 with a rhodanine framework 

substituted with n-octyl to suppress the dye π-stacked aggregation on the semiconductor 

surface and obtained a 9.5 % efficiency [73]. This is one of the best efficiencies for 

organic dye sensitized solar cells. Moreover, endowing the sensitizer with an octyl chain 

can effectively suppress electron recombination between electrons in the conduction band 

of TiO2 and electrolyte, resulting in higher open-circuit voltage and short-circuit current. 
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Figure 2.8 Chemical structures of indoline derivatives [73] 

 

2.2.4.3.3 Triarylamine dyes  

This class of organic sensitizers has been investigated widely due to prominent 

electrondonating ability and hole-transport properties of the triarylamine unit. To date, a 

very large number of triarylamine dyes have been developed and most of them have 

shown good power conversion efficiencies in DSSC [4]. In this section, only prominent 

dyes containing triarylamine moieties are introduced. 

Lin et al. reported a series of efficient triarylamine type organic dyes. D5 with simple 

structure and short synthesis route showed over 5.1 % efficiency. Later on, they replaced 

the thiophene unit of D5 with furan and achieved 7.4 % overall efficiency [74]. 

Great efforts in developing dimethylfluorenylamino-based organic dyes have been made 

by Ko and co-workers [75]. The tailored dimethylfluorenylamino moiety can ensure 

greater resistance to degradation when exposed to light or high temperature, because it 

possesses a bipolar character that allows the formation of both stable cation and anion 

radicals [75]. Under AM 1.5 illumination, JK-1 gave efficiencies of 8.0 %. More 

structural modifications of fluorine-based organic dyes have been performed through 

changing the π bridge or electron acceptor and introducing the alkyl chains into fluorene 

or π-bridge. JK-45 and JK-46 are two successful examples of the molecular optimization 

with alkyl chains [75]. The introduction of long alkyl chains into thiophene π-bridge of 

JK-46 can enhance the tolerance toward water in the electrolytes. A JK-45 and JK-46 

based DSSC with volatile electrolyte yielded overall conversion efficiency of 7.42 and 

8.60 %, respectively while the N719 based DSSC showed 10.31 %.  

In 2009, Wang and co-workers made great progress in developing efficient triarylamine 

organic dyes [76]. By using the alkoxy-substituted triphenylamine as electron donors and 

changing different π-bridges, they developed the triphenylamine dye, C217 [76]. The 
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C217 containing both EDOT (3,4-ethylenedioxythiophene) and TT (thienothiophene) π-

bridges showed an absorption band with a peak at 552 nm, exceeding 90 % IPCE values 

from 440 to 590 nm [76]. Efficiencies of 9.8 % and 8.1 % with liquid electrolyte and 

solvent-free ionic electrolyte under AM 1.5 were obtained, respectively. The two 

efficiency values are the records of DSSC based on organic dyes so far. Furthermore, the 

high performance cell based on C217 with ionic electrolyte still retained >96 % of its 

initial efficiency after 1000 h under full sunlight soaking at 60 °C. 
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Figure 2.9 Chemical structures of triarylamine dyes [74-76] 

 

2.2.5 Electrolyte  

2.2.5.1 Iodine based electrolyte 

The redox couple in the electrolyte is used to regenerate the oxidized dye. It should have 

a high diffusion coefficient and be able to penetrate the nanostructured film. These 

requirements are best matched by a liquid electrolyte. A common electrolyte is the 

triiodide/iodie (I3
-
/I

-
) couple in an organic solvent. The typical electrolyte has the 

following composition: 0.6 M 1,2-dimethyl-3-n-propylimidazolium iodide (ionic liquid), 

0.1M LiI, and 0.05 M I2 in methoxyacetonitrile or acetonitrile (solvent) with tert-butyl 

pyridine (additive) [4,12]. Organic solvents are used instead of water, since the dye 

usually is unstable in water. The problem with liquid electrolytes is generally that they 
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are very difficult to encapsulate for long time. For commercial use, it is necessary to 

overcome this problem in an efficient manner. By far, the most significant advances 

towards electrolytes with negligible vapor pressure were achieved with ionic liquids, 

which are introduced in the following section.  

2.2.5.1.1 Ionic liquids 

The first ionic liquids tested belong to the imidazolium family (Figure 2.10), and these 

are the most commonly used in electrochemical applications, also in solar cells. Both 

good photoelectrochemical performance and stability were observed. The area of ionic 

liquids is vastly dominated by imidazolium-based electrolytes, and some of the main 

conclusions were that the combination of photochemical stability and low viscosity, and 

thus ion mobility, remains a challenge [77].  

 

Figure 2.10 Molecular structures of imidazolium iodides. DMPImI: 1,2-dimethyl-3-n-

propylimidazolium iodide, EMImI: 1-ethyl-3-methylimidazolium iodide and MPImI: 1-

methyl-3-n-propylimidazolium iodide [78] 

2.2.5.1.2 Additives 

4-tert-Butylpyridine (TBP) was first applied in DSSC by Gratzël and co-workers in 1993, 

demonstrating a remarkable increase in Voc of these cells in combination with LiI-based 

electrolytes [49]. On the basis of intensity-modulated photovoltage spectroscopy (IMVS) 

measurements; it was shown that TBP shifts the titania band edge toward higher energies 

[79]. Haque et al. studied the effects of TBP and lithium cations on shifts of TiO2 

conduction band and trap levels, as well as on recombination kinetics between electrons 

in TiO2 and oxidized dye molecules [80]. The change in the kinetics was attributed to the 

change in TiO2 energy levels. The effects of TBP were studied in more detail in DSSC 

showing that both band edge shift and increased electron lifetime play a role [81].  

Although TBP and Li
+
 ions have opposite effects on the conduction band and trap states, 

and thus on the kinetics of electron injection and recombination, it is a very common 

combination of additives in solar cell electrolytes. The reason for the good overall 

performance of this combination is not fully understood. Adding to the complexity results 
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from ionic liquids with varying amounts of water, in which the interplay among lithium 

cations, TBP, and water appeared to be essential but not clearly understood [82]. 

2.2.5.2 Hole conducting materials  

Due to the disadvantage of triiodide/iodide (I3
-
/I

-
) based electrolytes that they are 

chemically very aggressive, hole conducting materials (HTM) have been developed for 

DSSC. Most HTMs are inorganic solids, organic polymers or p-conducting molecules 

[48]. In organic hole conductor, positive charge moves by a hopping mechanism between 

neighboring molecules or moieties, as opposed to I3
-
/I

-
 electrolytes where charge 

transport is due to movement of redox molecules [4]. Though most HTMs are chemically 

less aggressive, a number of problems are encountered, which is the reason why the 

triiodide/iodide redox couple is still superior to HTM in terms of efficiency.  

A general problems with solid hole conductors in DSSC is the pore filling. For efficient 

cells, it is necessary for all dye molecules to be in contact with both TiO2 and the hole 

conductor. Also, no (or very few) interruption in the hole-conducting path are an essential 

requirement. However most efficient DSSC with HTM to have a TiO2 film thickness of 

about 2 μm only, which is not sufficient for complete light harvesting with the current 

sensitizers. In case of organic polymer hole conductors, the hole mobility is significantly 

lower than in a liquid electrolyte, which increases the series resistance of the cell [4].  

Triarylamine-based compound, such as the 2,2′,7,7′-tetrakis(N,N-di-p-

methoxyphenylamine)-9,9′-spirobifluorene (spiro-MeOTAD) in Figure 2.11, is the most 

popular hole conductor in solid-state DSSC. It was first introduced by Bach et al. in 1998 

[83]. The main advantage of this material is its high glass transition temperature (Tg) of ~ 

120 °C. Thus, it forms amorphous layers to fill the pore. The device has been optimized 

and the current state of the art is at 4 % efficiency with an ambiphillic sensitizer Z907 

[52].  

 

Figure 2.11 Strucutre of spiro-OMeTAD [83] 
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Rau and coworkers made a comparison between liquid and solid electrolytes, and 

concluded that recombination is a larger problem in the solid cells than in the liquid ones 

[84]. The FTO-interface can be shielded with a compact TiO2 layer to avoid short-

circuiting of the cell, but the recombination with conduction band electrons is inherent 

and is difficult to suppress. 

 
2.2.5.3 Recent developments of electrolytes in DSSC 

In 2008, an article published by Bai et al. in Nature Materials demonstrated cell 

efficiencies of 8.2 % using a new solvent-free liquid redox electrolyte consisting of a 

melt of three salts, as an alternative to using organic solvents as an electrolyte solution. 

Although the efficiency with this electrolyte is less than the 11 % being delivered using 

the existing iodine-based solutions, the efficiency appears to be improved further [85]. 

In 2010, cooperative research between Grätzel’s group at the École Polytechnique 

Fédérale de Lausanne and Marsan’s group at the Université du Québec à Montréal led to 

the development of a new electrolyte based on the disulfide/thiolate T2/T
-
 couple, where 

T
-
 represents 5-mercapto-1- methyltetrazole ion and T2 stands for its dimer. It is known 

that the triiodide/iodide redox couple has two main disadvantages: it is corrosive and 

partially absorbs visible light. The new disulfide/thiolate redox couple overcomes these 

disadvantages making it very attractive for flexible DSSC that use transparent conductors 

as current collectors. An efficiency of 6.4 % under full sunlight was achieved using their 

iodide-free electrolyte [86]. 

 

2.2.6 Counter electrode 

Counter electrodes for DSSC with triiodide/iodide (I3
-
/I

-
) electrolytes can be rather easily 

prepared by deposition of a thin catalytic layer of platinum onto a conducting glass 

substrate. Without platinum, florine doped tin oxide (SnO2:F-FTO) glass is a very poor 

counter electrode and has a very high charge transfer resistance (more than 10
6
 Ω cm

2
) in 

a standard triiodide/iodide electrolyte [87]. Pt can be deposited using a range of methods 

such as electrodeposition, spray pyrolysis, sputtering, and vapor deposition. Best 

performance and long-term stability has been achieved with nanoscale Pt clusters 

http://en.wikipedia.org/wiki/Dye-sensitized_solar_cell#cite_note-24
http://en.wikipedia.org/wiki/%C3%89cole_Polytechnique_F%C3%A9d%C3%A9rale_de_Lausanne
http://en.wikipedia.org/wiki/%C3%89cole_Polytechnique_F%C3%A9d%C3%A9rale_de_Lausanne
http://en.wikipedia.org/wiki/Universit%C3%A9_du_Qu%C3%A9bec_%C3%A0_Montr%C3%A9al
http://en.wikipedia.org/wiki/Electrolyte
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prepared by thermal decomposition of platinum chloride compounds [88]. In this study, 

Pt counter electrode is prepared by dropping 5 mM H2PtCl4 solution on the FTO glass. 

Other materials for the counter electrode (graphite/carbon black and CoS) have been 

developed. Kay and Grazel developed a counter electrode from a mixture of graphite and 

carbon black for use in DSSC with the monolithic cell geometry because carbon 

materials are suited as catalysts for the reduction of triiodide [89]. Very recently, 

electrodeposited CoS has been identified as a suitable catalyst for the triiodide/iodide 

redox couple [90], which is far less expensive, more efficient, more stable and easier to 

produce in the laboratory.  

 

2.3 Spectroscopic techniques 

2.3.1 Vibrational spectroscopy 

Vibrational spectroscopy methods are used to experimentally identify the surface species 

generated upon molecular adsorption and the species generated by surface reactions. The 

vibrational spectroscopy techniques used in this thesis are shortly presented below. 

2.3.1.1 ATR-FTIR spectroscopy  

Infrared (IR) spectroscopy deals with the infrared region of the electromagnetic spectrum, 

that is light with a longer wavelength and lower frequency than visible light. Infrared 

spectroscopy exploits the fact that molecules absorb specific frequencies that are 

characteristic of their structure. These absorptions are resonant frequencies, i.e. the 

frequency of the absorbed radiation matches the frequency of the bond or group that 

vibrates. The energies are determined by the shape of the molecular potential energy 

surfaces, the masses of the atoms, and the associated vibronic coupling [91]. 

In order for a vibrational mode in a molecule to be "IR active," it must be associated with 

changes in the permanent dipole. A molecule can vibrate in many ways, and each way is 

called a vibrational mode. For molecules with Number of atoms (N) have 3N – 5 degrees 

of vibrational modes if they are linear, whereas nonlinear molecules have 3N – 6 degrees 

of vibrational modes (also called vibrational degrees of freedom). As an example H2O, a 

non-linear molecule, has 3 × 3 – 6 = 3 degrees of vibrational modes. More complex 

molecules have many bonds, and their vibrational spectra are correspondingly more 

complex, i.e. big molecules have many peaks in their IR spectra [91]. 

http://en.wikipedia.org/wiki/Infrared
http://en.wikipedia.org/wiki/Electromagnetic_spectrum
http://en.wikipedia.org/wiki/Wavelength
http://en.wikipedia.org/wiki/Frequency
http://en.wikipedia.org/wiki/Visible_light
http://en.wikipedia.org/wiki/Resonant_frequency
http://en.wikipedia.org/wiki/Potential_energy_surface
http://en.wikipedia.org/wiki/Potential_energy_surface
http://en.wikipedia.org/wiki/Vibronic_coupling
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Fourier transform infrared (FTIR) spectroscopy is a measurement technique that allows 

one to record infrared spectra. Infrared light is guided through an interferometer and then 

through the sample (or vice versa). (Figure 2.12) A moving mirror (MM) inside the 

apparatus alters the distribution of infrared light that passes through the interferometer. 

The signal directly recorded, called an "interferogram", represents light output as a 

function of mirror position. A data-processing technique called Fourier transform turns 

this raw data into the sample's spectrum: Light output as a function of infrared 

wavenumber. With reference to Fig. 2.12, FM1 is the fixed mirror; BS1 is the 

beamsplitter; MM is the moving mirror; and Dl is the infrared detector producing the 

infrared interferogram that is then transformed into the spectrum. D2 is a photodiode that 

serves as a detector of laser [92]. 

 

Figure 2.12 Simplified schematic instrumentation of FTIR [92]  

 

Attenuated total reflectance–Fourier transform infrared (ATR–FTIR) spectroscopy is a 

versatile tool for measuring infrared spectra of solids and liquids. ATR–FTIR 

spectroscopy of solids and liquids requires that the sample of interest be placed onto an 

internal reflection element (IRE). The IR beam from the spectrometer is directed onto the 

element at an angle, θ, greater than the critical angle, θc, so that the infrared light 

undergoes internal reflection. At each point of internal reflection an evanescent wave is 

produced, from which, the radiation can be absorbed by a sample that is placed in direct 

contact with the IRE. The evanescent wave of the infrared radiation has a limited 

http://en.wikipedia.org/wiki/Fourier_transform
http://en.wikipedia.org/wiki/Interferometer
http://en.wikipedia.org/wiki/Fourier_transform
http://en.wikipedia.org/wiki/Wavenumber
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penetration depth on the order of 1 μm [9,94]. A pictorial representation is shown in 

Figure 2.13.  

 

Figure 2.13 A pictorial representation of internal reflections through a high refractive 

index medium, for example, ZnSe, used as the internal reflection element (IRE). At each 

reflection, an evanescent wave is produced that decays exponentially into the medium 

above [95]. 

 

The absorption of the infrared light by the solid or liquid sample in direct contact with the 

IRE can be measured in this way. The absorbance is proportional to the path length, 

which is similar to transmission infrared spectroscopy. However, in the case of ATR–

FTIR spectroscopy, the effective path length, b′, is equal to the number of reflections of 

the IR beam times the penetration depth, 

                                                  (eq. 2.1) 

where N is the number of reflections and dp is the penetration depth per reflection. The 

penetration depth, dp, is 

                                 (eq. 2.2) 

where n1 is the index of refraction of the IRE, n2 is the index of refraction of the sample 

medium in contact with the crystal, n21 is equal to n2∙n1 and λ1 = λvacuum∙n1[96-98]. The 

small penetration depth and short path length allow for infrared absorption measurements 

of a strongly adsorbing medium such as those for infrared measurements of aqueous 

solutions or polymers [93]. 

In the experiment presented in this thesis, a horizontal ATR internal reflection element, 

diamond, was chosen for the compatibility, refractive index, and transmission range as 
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well as durability and lower cost that still produced quality spectra. In addition, since dp 

is wavelength dependent, the relative intensities of the absorption bands measured with 

different internal reflection elements can differ and these may also differ from a 

transmission FTIR spectrum of the sample [93]. 

2.3.1.2 Micro Raman Spectroscopy 

Raman spectroscopy as a technique providing microscopic (vibrational) information on 

organic adsorbates at the semiconductor/solution interface was used in the present work. 

A brief description of the Raman effect is necessary in order to understand the theory 

behind surface-enhanced Raman. The Raman effect, originally observed by Lord Raman 

in 1928, is also a light-scattering effect. When an incident electromagnetic field, Ei, 

interacts with a molecule, an electric dipole is induced in the molecule [100-102], given 

by: 

                                                                                                               (eq. 2.3) 

where α is referred to as the polarizability of the molecule and p is the induced dipole. 

The incident field is a time-varying quantity of the form 

                                                    (eq. 2.4) 

For a vibrating molecule, the polarizability is also a time varying term with the frequency 

of vibration, υvib: 

                                             (eq. 2.5) 

Multiplication of the two time-varying terms, Ei and α, gives a cross term of the form: 

                                 (eq. 2.6) 

This cross term in the induced dipole represents light that can be scattered at both higher 

and lower energy than the Rayleigh (elastic) scattering of the incident radiation. The 

increments are given by the vibrational frequencies of the molecule, υvib. These lines are 

referred to as the “anti-Stokes” and “Stokes” lines, respectively. The Stokes lines are 

generally stronger. Since the Stokes and anti-Stokes lines contain the same type of 

information, generally only the stronger Stokes lines are scanned. When Lord Raman 

initially observed this effect, it was very difficult to discern owing to an extremely faint 

signal. However, use of a laser as the illumination source produces enough intensity that 
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current detection systems using either photomultiplier tubes or charge-coupled device 

(CCD) detectors can be used to observe the Raman effect relatively easily [99]. 

Raman spectra of molecules adsorbed onto metal colloids have been observed to exhibit a 

considerable signal enhancement [101,103-105]. This effect has been studied repeatedly 

since its discovery in 1974 and is known as surface-enhanced Raman spectroscopy 

(SERS). SERS is similar to resonance Raman scattering except that the resonances 

involved are not exclusively intramolecular. Nanoscale surface roughness supports the 

electromagnetic resonance which is the dominant mechanism of enhancement [106]. 

When electromagnetic radiation is incident on the particles of a metal colloid, a resonant 

field is induced. This resonance effect can be understood in terms of the bonding 

structure of metals. The electrons in metals behave as a sea of free negative charges, or 

plasma, bound by stationary cations. Excitation by an electromagnetic wave at a 

particular frequency can induce a resonant vibration of these free electrons. These 

vibrations are known as plasmons. The vibrating electrons will generate an additional 

electric field near the particle’s surface at their vibrational frequency [103].  

The enhancements in Raman signals observed in SERS are encountered when Raman-

active molecules are adsorbed onto the surface of small metal particles. Since the Raman 

intensity is proportional to the square of the induced dipole moment [100], an 

enhancement of the signal can arise from a change in either the polarizability, α, or the 

exciting electromagnetic field, Ei (see eq. 2.3). Although both effects can contribute to 

the observed enhancement, the dominant contribution in this case is the electromagnetic 

field effect. Because of the resonance effect between colloidal metals and incident 

radiation, the field that actually induces Raman scattering on adsorbed molecules is a sum 

of the incident field, Ei, and the resonantly induced field near the surface, Eind [99]. 

 

2.3.2 Core-hole electron spectroscopy 

Electron spectroscopy methods are used to experimentally study the electronic structure 

of materials. The electronic structure can, for example, give information about what 

elements are present in the sample and their chemical state. By exciting an atom using an 

X-ray source, the electron configuration of the atom is changed; one (usually a core-shell) 

electron or more electrons populate unoccupied bound or continuum states. The success 
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of this spectrometry lies in the fact that the photoelectrons act as very sensitive probes 

that can “feel” the charge distribution and the arrangement of the neighboring atoms 

around the absorbing atom, or, in other words, they can feel the arrangement of the 

neighboring atoms (chemical environment). The electron spectroscopy techniques used in 

this thesis are shortly presented below. 

2.3.2.1 X-ray Photoelectron Spectroscopy 

X-ray Photoelectron spectroscopy, based on the photoelectric effect [107,106], was 

developed in the mid-1960’s by Kai Siegbahn and his research group at the University of 

Uppsala, Sweden [109]. 
 

X-ray photoelectron spectroscopy (XPS), also known as ESCA (Electron Spectroscopy 

for Chemical Analysis) is a powerful surface analysis technique, which provides 

elemental information about a surface as well as chemical state information. A sample 

material is bombarded by “monoenergetic” soft X-rays, causing electrons to be ejected. 

XPS spectral lines are identified by the shell from which the electron was ejected (1s, 2s, 

2p, etc.) [110,111].  

The ejected photoelectrons are collected as a function of their energy from which binding 

energies can be obtained using the Einstein equation: 

BE = hν – KE - Φspec                                                                        (eq. 2.7) 

where BE is the binding energy of the electron, KE is kinetic energy and Φspec the work 

function of the spectrometer. On a finer scale, it is also possible to identify the chemical 

state of the elements present from small variations in the determined kinetic energies.  

 

 

Figure 2.14 Photo-electric process in XPS (left) and Auger relation to core hole (right) 

[112] 
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Following the XPS process (Figure 2.14 left), the atom will release energy (relax back to 

ground state) by the emission of an Auger Electron. The L electron falls to fill core level 

vacancy (step 1). Then, a KLL Auger electron emitted to conserve energy is released in 

step 1. The kinetic energy of the emitted Auger electron is:  

KE=E(K)-E(L2)-E(L3)                                               (eq. 2.8) 

The XPS instrument measures the kinetic energy of all collected electrons. Thus, the 

electron signal includes contributions from both photoelectron and Auger electron lines. 

For the kinetic energy scale in XPS (KE = hv - BE - Φspec), photoelectron line energies 

are dependent on photon energy. However, Auger electron line energies are not 

dependent on photon energy. In case of binding energy in XPS (BE = hv - KE - Φspec - 

Ech), photoelectron line energies are not dependent on photon energy. But, Auger electron 

line energies are dependent on photon energy. Ech is Surface Charge Energy. Ech can be 

determined by electrically calibrating the instrument to a spectral feature such as C1s at 

285.0 eV or Au4f7/2 at 84.0 eV [113].  

Chemical shift values in XPS depend on the degree of electron bond polarization between 

nearest neighbor atoms. A specific chemical shift is the difference in BE values of one 

specific chemical state versus the BE of the pure element [114]. Figure 2.15 shows 

chemical shifts in XPS.  

 

Figure 2.15 Chemical shifts in XPS [111] 

 

Peaks derived from peak-fitting a raw chemical state spectrum are due to the presence of 

different chemical states. The chemical state of a group of elements, can be similar to, but 

is different from the chemical state of another very similar group of elements because the 
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two groups have different ratios of the same elements and exhibit different chemical, 

electronic, and physical properties that can be detected by various spectroscopic 

techniques [115]. In addition to the identity of the element and the orbital (s, p, d, f) 

electron binding energies depend on the formal oxidation state of the atom and the local 

chemical environment. Both cases cause small binding energy shifts (< 5 eV). An 

increase in oxidation state causes the binding energy to increase due to a decrease in the 

screening of the bound electron from the ion core. Thus, the ability of XPS to determine 

oxidation states is used extensively in catalysis research [116]. 

 

Figure 2.16 X-ray photoelectron spectroscopy-small area detection [112] 

 

XPS probes 2-20 atomic layers (3-10 nm) deep for a solid sample as shown in Figure 

2.16. The energy of the photoelectron depends on the angle (with respect to the surface) 

of the measurement. The escape depth Z of the photoelectron depends on its inelastic 

mean free path length λ as well as on its emission angle α with respect to the surface. The 

sampling depth can therefore be varied by making use of the equation: 

Z = λ·sinα                                                        (eq. 2.9) 

The lateral resolution of this technique is around 2-10 μm. The particular strengths of 

XPS are semi-quantitative elemental analysis of surfaces, as well as chemical state 

analysis for vacuum-compatible materials as diverse as biological to metallurgical 

samples.  

On more important characteristic of XPS is that XPS can be used for semi-quantitative 

analysis. Figure 2.17 (below) shows the quantitative analysis of Ni-Cu alloy from the 

XPS survey scan.  
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Figure 2.17 XPS of Cu-Ni alloy [112] 

Quantitative accuracy depends on several parameters such as: signal-to-noise ratio, peak 

intensity, accuracy of relative sensitivity factors, and correction for electron transmission 

function, surface volume homogeneity, and correction for energy dependency of electron 

mean free path, and degree of sample degradation due to analysis. Under optimum 

conditions, the quantitative accuracy of the atomic percent (at %) values calculated from 

the major XPS peaks is 90-95 % for each major peak. If a high level quality control 

protocol is used, the accuracy can be further improved. Under routine work conditions, 

where the surface is a mixture of contamination and expected material, the accuracy 

ranges from 80-90 % of the value reported in atomic percent values. The quantitative 

accuracy for the weaker XPS signals, that have peak intensities 10-20 % of the strongest 

signal, are 60-80 % of the true value [117,118]. 

2.3.2.2 X–ray Absorption Spectroscopy 

X-ray absorption spectroscopy (XAS) is a technique that measures the absorption, μ, by a 

sample as a function of photon energy, E (usually in units of electron volts). At the 

appropriate energies, core level electrons are promoted to empty or partially-empty bound 

states; at higher energies, the electrons are completely ionized to the continuum of 

unbound states [119]. As shown in Figure 2.18, there are several distinct processes that 

can occur during the generation of the XAS spectrum. The incident photon beam excites 

an electron from a core state into an unoccupied electronic state and the subsequent 

relaxation of the excited molecule results in the ejection of either an Auger electron or an 
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energetic photon with the cross-section of each process being atomic number dependent 

[120]. Indeed, it is generally possible to monitor each of these processes, as illustrated in 

Figure 2.19. 

 

Figure 2.18 Schematic of the photo-absorption and relaxation processes occurring in a 

XAS experiment [121] 

 

 

 

Figure 2.19 Schematic of the possible measurement techniques for NEXAFS 

spectroscopy [121] 

 

The absorption process depicted in Figure 2.18 cannot be detected directly and so the 

XAS signal must be detected through either the absence of the absorbed photons in the 

transmitted X-rays (transmission detection) or through the particles ejected during the 

relaxation process that follows (fluorescence detection or electron detection). Energy 

discrimination allows the electron detection technique to be broken down into total 

(TEY), partial (PEY) and Auger (AEY) electron yield detection schemes [121]. 

XAS transitions are named according to the initial state with the principal quantum 

number as an uppercase letter and the specific absorption line (when more than one line 

is possible) as a subscript number. For example, 1s = K; 2s = L1; 2p1/2 = L2; 2p3/2 = L3; 3s 
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= M1; and so on; thus, a K-edge spectrum spans the photon energy for the ionization of 

electrons from the 1s orbital whereas an L2,3-edge spectrum corresponds to the 2p 

electron ionization region [122,123]. 

XAS is an element-specific technique because the ionization energies of core electrons 

are generally well-separated from their nearest neighbor. For example, the C K-edge 

occurs at approximately 285 eV whereas the N K-edges are at ~400 eV. XAS is also 

versatile because it can be applied to almost any element and is sensitive to oxidation 

state, coordination number, or geometry. A key benefit of XAS is that it can be used for 

dilute, non-crystalline samples [119]. 

XAS (X-ray Absorption Spectroscopy) includes both XANES (X-ray Absorption Near 

Edge Structure) and EXAFS (Extended X-ray Absorption Fine Structure) regions of the 

XAS spectrum as shown in the Figure 2.20. Both of these are distinct but at the same 

time complementary methods which can be used to determine chemical, electronic and 

symmetry-coordination information for an element of interest [124,125]. 

 

Figure 2.20 XAS spectrum of Molybdenum metal including XANES and EXAFS [126] 

 

The limiting energy that divides XANES from EXAFS is not exactly defined since the 

transition from the one regime to the other is smooth: as energy is increased, the 

transition starts happening gradually. As a rule of thumb, near-edge structure ends 

approximately where the electron wavelength equals the distance from the absorbing 

atom to its nearest neighbors [127], which usually means about 40–50 eV above the edge. 

In the XANES regime, the electron’s kinetic energy is small and the scattering on the 

neighboring atoms tends to be strong for this reason, while the effect of the scatterers 
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becomes smaller at higher energies; in EXAFS region, the photoelectrons are only 

weakly scattered.  

 

Figure 2.21 Scheme of interaction of a photoelectron with the atoms of the nearest 

environment [128] 

 

 

In Figure 2.21, schematic diagrams illustrate the process of photon absorption by an atom 

in a solid. At photon energies exceeding the electron binding energy in an atom, an 

electron with an energy E and a wave vector k become excited. This electron is scattered 

by the potentials of the neighboring atoms (including the potential of the absorbing atom 

itself). At low photoelectron energies and, accordingly, large wavelengths, which are 

comparable with the interatomic distances R0 in the crystal lattice, the contribution of 

multiple scattering generally significantly exceeds that of single scattering events. At 

high photoelectron energies, the de Broglie wavelength (λ=h/p, h is plank constant and p 

is momentum) is very small, and the processes of single scattering generally dominate 

[128].  

 

XANES can be used to investigate the local coordination chemistry (octahedral, 

tetrahedral), molecular orbitals (p-d hybridization, crystal field theory), band structure 

(the density of available occupied electronic states) and spin state (high or low spin) of 

materials at the bulk and at interfaces [124,129,130]. More specifically, XANES at the 

L2,3-edge of transition metal cations (such as Ti
4+

) are dominated by exchange 
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interactions, spin-orbit splitting and crystal field effects; all of which  makes it a perfect 

probing tool to study coordination states. Thus the L2,3-edge XANES probes the 

electronic structure and crystal field details within the first coordination sphere (surface) 

and bulk depending upon which decay channel is used for detection (TEY, FY, PEY) 

[124,131,132]. In transition metal systems, the crystal field is related to their coordination 

and symmetry (Figure 2.22(a)) which in turn directly affects the XANES L-edge spectra 

of all transition metals including Ti
4+  

as shown very nicely by the
 
spectra in Figure 

2.22(b) and theoretically described by de Groot [132]. 

 

Figure 2.22 Crystal field splitting diagram for different symmetry and coordination (a) 

and Ti-L edge spectra of rutile TiO2, Ba2TiO4 and frenosite showing the effect of 

coordination change to the XANES spectra (b) [131] 

 

For example if we take the case where a Ti
4+ 

atom is in a coordination of Oh vs D4h, the 

crystal field that is observed is distinct as shown from Figure 2.22(b). Thus if the 

coordination (symmetry) changes from Oh (CN = 6) to D4h (CN =4) around the Ti atoms, 

not only is the symmetry affected but so is the crystal field that is expressed. The fine 

structure of transition metal XANES spectra are well known to be governed by the crystal 

field, which is determined by the local symmetry around the Ti atoms, and as such have a 

significant impact upon the XANES spectra (Figure 2.22(b)).  
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EXAFS gives us information about (1) distances between central and neighboring atoms, 

(2) the number of neighboring atoms, (3) the nature of neighboring atoms (their 

approximate atomic number) and (4) changes in central-atom coordination with changes 

in experimental conditions. 

In order to analyze EXAFS data, a number of variables must be considered. Some 

parameters are calculated or determined from model compounds whereas others are 

refined in the fitting process. Eq. 2.10 is the single-scattering EXAFS equation, which 

can be separated into the amplitude function and the phase function. Overall, eq. 2.10 

describes the sum of all absorber-scatterer interactions, each of which is represented by a 

damped sine wave [133]. 

                (eq. 2.10) 

In eq. 2.10, the parameters that are of principal interest for coordination chemistry are the 

number of scattering atoms, Ns and the absorber–scatterer distance, Ras. However, there 

are a variety of other parameters that must either be determined or be defined in order to 

extract the chemically relevant information. Chief among these are As(k) and σas(k). These 

represent, respectively, the energy dependence of the photoelectron scattering, and the 

phase shift that the photoelectron wave undergoes when passing through the potential of 

the absorbing and scattering atoms. These amplitude and phase parameters contain the 

information necessary to identify the scattering atom[134]. Once the χ(E) is isolated, the 

oscillations can be viewed and fit in k-space (Å
-1

), which is usually weighted as k
3
 to 

enhance the dampened high k region (Figure 2.23(B)) [135]. The Fourier-Transform of 

the k-space plot results in a more conceptually-useful depiction in R-space (Å) (Figure 

2.18(C)) [119]. 



 Chapter 2. Literature review  

38 

 

 

Figure 2.23 EXAFS data processing: spline function (A), k
3
-space (B) and R space (B) 

plots [133] 

 

Although the R space plot is shifted and does not represent exact bond distances, 

examination ensures that the processing procedures have been successful and can indicate 

the relative number and distance of scattering atoms. To extract quantitative information 

from the EXAFS oscillations, some parameters are determined from model compounds or 

ab initio calculations. Those parameters are used for iterative data fitting [119]. 

In our studies the XANES region was the major tool of use in this study; however, the 

EXAFS region of the Ti K-edge was also investigated due to its relevance to previous 

works. Thus each term is used in the appropriate manner for the relevant section.  

 

2.3.3 Electrochemical impedance spectroscopy (EIS) 

Electrochemical impedance spectroscopy (EIS) is a steady state method measuring the 

current response to the application of an ac voltage as a function of the frequency [135]. 

An important advantage of EIS over other techniques is the possibility of using tiny ac 

voltage amplitudes exerting a very small perturbation on the system. EIS has been widely 

employed to study the kinetics of electrochemical and photoelectrochemical processes 

including the elucidation of salient electronic and ionic processes occurring in the DSSC 

[136-139]. The electronic processes in a DSSC are described by a general transmission 

line model, as shown in Figure 2.24 [141]. The Nyquist diagram (Figure 2.25(above)) 

features typically three semicircles that in the order of increasing frequency are attributed 
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to the Nernst diffusion within the electrolyte, the electron transfer at the oxide/electrolyte 

interface and the TiO2 film, and the redox reaction at the platinum counter electrode[136]. 

However, owing to the complexity of the system, the unambiguous assignment of 

equivalent circuits and the elucidation of processes occurring on dye sensitized 

mesoscopic TiO2 electrode is difficult and remains a topic of debate [140]. 

 

Figure 2.24 General transmission line mode of DSSC [141] 

 

Here, the whole mesoscopic TiO2 film is treated as an interconnected network. Under a 

forward bias, electrons are injected from FTO substrate into the TiO2 and the film is 

charged by electron propagation through individual particles with a resistance of rt. Some 

of the injected electrons recombine with the oxidized species in the electrolyte, 

characterized by a charge transfer resistance of rct and a capacitance of cch, and the rest of 

the electrons are then recaptured by the FTO current collector during the opposite phase 

of the sinusoidal voltage modulation. The two channels for electron transportation 

through TiO2 and that of the I3
- 
through the electrolyte are coupled in series [140-143]. 

Taking d as the thickness of the mesoscopic TiO2 film, the electron transport resistance is 

Rt = rt × d, the interfacial charge recombination resistance is Rct = rct / d and the chemical 

capacitance of the film is Cch = cch × d, where the lower case letters represent resistances 

and capacitance that are normalized to the film thickness [142]. RFTO/EL and CFTO/EL stand 

for the charge transfer resistance and the corresponding double layer capacitance at 

exposed FTO/electrolyte interface and change with surface conditions (blocking layer 

and cleanliness). Due to the irreversibility of I
-
/I3

- 
couple on FTO, RFTO/EL is usually very 

large. The diffusion of I3
-
 within a thin layer cell is described by a Nernst diffusion 

impedance Zd. Regeneration of I3
-
 at the counter electrode is characterized by RCE and 
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CCE, which are the charge transfer resistance and double layer capacitance at the 

platinized FTO, respectively [143]. 
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Figure 2.25 Typical EIS plots of a N719 sensitized DSSC: Nyquist plot (above) and Bode 

plot (below) 

 

Typical impedance spectra are shown in Figure 2.25 and the data are measured using 

N719 sensitizer and commercial TiO2 paste. The above curve displays real part (Z') 

versus the imaginary part (Z'') of the impedance, usually known as the Nyquist plot. The 

curve in below is the Bode plot where the phase angel θ is plotted against frequency. As 

shown in Figure 2.25 (above), the Nyquist plot consists of three semicircles. The 

semicircle occurring at high frequencies represents redox charge transfer at the platinum 

counter electrode, the large one at intermediate frequencies stands for the electron 

transport in the TiO2 layer, and the electron transfer at the oxide/electrolyte interface 

while the third one at low frequencies is attributed to ion diffusion within the electrolyte. 

Accordingly, there are three peaks in the Bode plot, corresponding to the RC time 

constants shown in the Bode plot.  
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At the proper conditions, electron transport in the mesoscopic TiO2 film, electron 

recombination at the TiO2-electrolyte interface, charge transfer at the counter electrode, 

and diffusion of the redox species in a electrolyte can be well distinguished according to 

the spectral shapes of the impedance response as a function of frequency [141]. 

2.4 Application of these techniques in DSSC 

In the subsequent chapters which are based on manuscripts/papers, appropriate 

reference is made to specific literature sources in relation to the study described. Here, 

only a brief general reference to the application these techniques in DSSC is discussed. 

The use of vibrational spectroscopy in DSSC was described by Finnie et al. [144] in 

1998 and Leon et al. [145] in 2006. Finnie et al. [144] reported analysis by IR and Raman 

spectroscopy of a series of parent dyes (N3, N719 and N712) and performed an in situ IR 

study of the corresponding sensitized TiO2 photoelectrodes, to investigate the manner in 

which the dye molecules interact with the TiO2 surface. They used Δν method (ΔνCOO-

asym-ΔνCOO-sym) in IR spectra to observe the nature of binding between dye and TiO2 

surface. This is because of the low symmetry of the COOH and COO
-
 groups which does 

not allow distinguishing the type of coordination based on the number of infrared and 

Raman active bands. In Leon et al.’s work [145], Raman, resonance Raman, and ATR-

FTIR spectroscopies were used to investigate the nature of binding of two Ru-bpy 

complexes N719 and a new Ru complex (Ru(dcbpyH2)2(bpy-TPA2)](PF6)2) on 

mesoporous TiO2 films.  

Core-shell electron spectroscopy for DSSC was described in the works of Ju et al. [146] 

in 2001, Zubavichus et al. [147] in 2002 and Johansson et al. [148] in 2005. Each groups 

used different electron spectroscopic technique such as EXAFS, XANES and XPS. 

Johansson et al. [148] used XPS to obtain element specific information on the electronic 

structure and molecular surface structure. They compared the molecular and electronic 

structure of N3 with that of BD (black dye) and N719 in detail when adsorbed on 

nanostructured TiO2. In Zu et al.’s work [146], the interfacial structure of N3 dye 

adsorbed TiO2 was probed by X-ray absorption spectroscopy and the Ti–O interatomic 

distance and the coordination number of the O atoms around the Ti central atoms were 

extracted by EXAFS calculation. Zubavichus et al. [147] characterized N719 and black 

dye adsorbed TiO2 films using X-ray photoelectron spectroscopy, and Ti K-edge XAFS 
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(XANES and EXAFS). The data indicate, within the sensitivity limits of the methods 

applied, that coating with the dyes leads to a stronger distortion of the local environment 

of Ti atoms in anatase nanoparticles. 

Electrochemical impedance spectroscopy (EIS) has been a useful tool to study the 

electrochemical performance of the dye sensitized solar cells. Among many DSSC 

publications including EIS characterization, the work of Wang et al. [140,141] and 

Bisquert [137,138,142] are mostly referred due to their systematic studies. Wang et al. 

[140,141] used EIS to investigate electronic and ionic processes in dye sensitized solar 

cells. They showed a theoretical model to interpret the frequency response of the device. 

Using EIS, they interpreted DSSC performance variations under prolonged thermal aging, 

which results mainly from the decrease in the lifetime of the conduction band electrons in 

the TiO2 film. Bisquert [137,138] has developed an approach to the impedance of 

anomalous diffusion mechanisms in electrochemical systems to derive a series of 

improved models for the analysis of advanced devices.  
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Chapter 3. Adsorption Mechanism of N719 Sensitizer on 

Anatase TiO2 Films for DSSC Applications Using 

Vibrational Spectroscopy and Confocal Raman Imaging 

 

In this first of 4 papers-chapters series, the binding mechanism between N719 dye and 

anatase TiO2 surface is studied using vibrational spectroscopy (ATR-FTIR and Raman) 

and Confocal Raman imaging. Raman and IR spectroscopy can show the changes in 

molecular symmetry due to adsorption (therefore, the molecular orientation at the surface) 

and changes in chemical bonding associated with surface adsorption hence their 

application in this work. These two techniques are complementary since according to the 

spectroscopic selection rule for infrared spectroscopy is only transitions that cause a 

change in dipole moment that can be observed; on the other hand, for a mode to be 

Raman active it must involve a change in the polarisability, which means that not all 

vibrational modes appear in Raman spectra. In fact for centrosymmetric molecules the 

Raman active modes are IR inactive, and vice versa. Therefore, two vibrational 

spectroscopic techniques were combined to investigate the nature of binding of the N719 

on TiO2. This spectroscopic study aimed at (1) resolving and unifying the binding 

mechanism ideas that have been proposed to operate between the N719 complex and 

nano-crystalline anatase TiO2 films; and (2) in particular shedding light as to the way in 

which various molecular groups are involved in the binding mechanism.  

 

http://www.doitpoms.ac.uk/tlplib/raman/polarisability.php
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3.1 Abstract 

Vibrational spectroscopic studies of N719 dye adsorbed-TiO2 films have been carried out 

by using Raman SERRS, ATR-FTIR and Confocal Raman imaging. The high 

wavenumber region (3000~4000 cm
-1

) of dye adsorbed TiO2 is analyzed in Raman and 

IR spectra to investigate the role of TiO2 surface groups in the anchoring mode. As a 

complementary technique, Confocal Raman imaging is employed to study the 

distribution features of key dye groups (COO-, bipyridine and C=O) on the anatase 

surface. Sensitized TiO2 films made from two different nanocrystalline anatase powders 

are investigated: a commercial one (Dyesol) and our synthetic variety produced through 

aqueous synthesis. It is proposed the binding of the N719 dye to TiO2 to occur through 

two neighboring carboxylic acid/carboxylate groups via a combination of bidentate-

bridging and H-bonding involving a donating group from the N719 (and/or Ti-OH) units 

and acceptor from the Ti-OH (and/or N719) groups. The Raman imaging distribution of 

COO
-
sym on TiO2 was used to show the covalent bonding, while the distribution of C=O 

mode was applied to observe the electrostatically bonded groups. 

 

3.2 Introduction 

Dye-sensitized solar cells (DSSCs) are being intensively investigated due to their 

application in solar energy conversion and photovoltaic systems[1-4]. The TiO2 

semiconductor/Ru complex [cis - (2,2’- bipyridyl - 4,4’- dicarboxylate)2 (NCS)2 

ruthenium(II): N719] interface has been studied to understand the sensitization event 

using vibrational spectroscopy[5-8], X-ray absorption spectroscopy[9] and computational 

modeling studies[10-12]. In spite of several studies of the interaction of the N719 /TiO2 

system, the anchoring mechanism has been debated for a decade. The importance of 

investigating the type of anchoring between the sensitizer molecules and the TiO2 surface 

is emphasized by the fact that the bonding mechanism and electronic coupling between 

semiconductor and dye, directly impacts onto electron transfer and the performance of 

the dye-sensitized photoanode[13]. 
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Figure 3.1 Possible anchoring modes for the N719 molecule 

 

 

Figure 3.2 The molecular structures of various Ru sensitizer complexes: (a) N3: (cis-

di(thiocyanato)-bis(2,2'-bipyridyl-4,4'-dicarboxylic acid)-ruthenium(II)), (b) N712: 

(tetra(tetrabutylammonium)[cis-di(thiocyanato)-bis(2,2'-bipyridyl-4,4’-dicarboxylate)-

ruthenium(II)]) and (c) N719: (bis(tetrabutylammonium)[cis-di(thiocyanato)-bis(2,2'-

bipyridyl-4-carboxylate-4'-carboxylic acid)-ruthenium(II)]) 

Figure 6.1 shows the possible anchoring modes for the carboxylic and carboxylate groups 

that may participate in the N719 binding to the TiO2 surface[8,14]. Falaras[5] reported 

that the N719 sensitizer (Fig. 2) binds to the TiO2 surface via ester-like bond (mode I, 

Fig.3.1) deduced from the ν(C=O) shift of 20 cm
-1

 relative to the neat dye in the FTIR 

spectrum. Finnie et al.[6] reported that the N3 (Fig. 3.2) sensitizer anchors on the surface 

of TiO2 in a bidentate chelating or bridging type of mode (modes II and III, Fig. 3.1). In 

their case, they used the splitting of carboxylate stretching bands (∆ν= νasym(COO
-
) - 

νsym(COO
-
)) to distinguish possible modes of coordination, which indicated a bridging or 

bidentate chelating coordination. Shklover et al.[10] made further suggestions as to the 
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possible anchoring modes of the N3 sensitizer on the TiO2, based on computational 

studies, and presented two thermodynamically favorable models (Fig. 3.3(A),(B)).
  

 

Figure 3.3 Binding mechanisms that have been proposed by previous authors 

[10,12,16,17,25] 

Figure 3.3(A) indicates the N3 molecule bonded to the TiO2 surface via two of its four 

carboxylic acid groups coming from two different bypyridine ligands and (B) indicates 

the N3 molecule bonded to the TiO2 surface via one carboxylic acid and one carboxylate 

group coming from two different bypyridine ligands[10]. Figure 3.3(C) and (D) show 

how the NCS ligand of N3 and N719 molecule may interact with the TiO2 surface where 

the former shows a configuration with chemically equivalent NCS groups and the latter 

shows a configuration where sulfur atoms in NCS interact with the TiO2 surface[25]. 

Figure 3.3(E) and (F) show the configurations where the two protons initially carried by 

the N719 dye are retained on the N719 and when there are transferred from the dye to the 

TiO2 particles respectively[12]. Lastly, Figure 3.3(G) and (H) show a binding mechanism 

where the N719 dye adsorbs to the TiO2 via one of its carboxylate groups displacing the 

Ti-OH surface proton to the TBA
+
 molecules[16,17].  

Nazeeruddin et al.[7] supported Shklover et al.’s findings[10] based on their ATR-

FTIR spectra; here they investigated three types of Ru complexes (N3, N712 and N719, 

Fig. 3.2) to determine how many carboxylic groups coordinate and which groups (COOH 
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or COO
-
) are involved. Binding of all four of the binding groups was deemed for steric 

reasons to be impossible and thus they proposed the use of only two carboxylic groups in 

a bridging coordination (mode III, Fig. 3.1). On the basis of carboxylate vibrations 

present in the FTIR spectra of the N719 complex adsorbed onto TiO2, they further 

specified that it was the two carboxylic groups trans to the NCS group involved in the 

bridging mechanism (Figure 3.3). The bidentate chelating mode (mode II, Fig. 3.1) was 

deemed highly unstable[15]. Later on, Leon et al.[8] examined the adsorption of N719 

onto TiO2 using SERRS at 514nm, SERS at 632 nm, normal FTIR and ATR-FTIR 

spectroscopies; here they suggested based on the ∆ν frequency change of COO
-
 (Table 

3.1) that the N719 carboxylate groups bind either by the bridging or bidentate chelating 

modes (III and II respectively, Fig. 3.1). When the 632 nm wavelength was used, the 

Raman spectra showed the presence of the ν(C=O) vibration, which should not be 

observed if bidentate chelating occurs (mode II, Fig. 3.1). However, this was justified due 

to the presence of adsorbed and non-adsorbed molecules.  

Recently, Hirose et al.[16,17] in a departure from previous studies proposed that the 

N719 adsorption on the TiO2 surface is facilitated by the presence of surface OH sites 

that leads to the formation of bidentate chelating linkage (mode II, Fig. 3.1) with one of 

its four carboxylate groups (Fig. 3.3). Wang and Lin[18] reported surface hydroxyl 

groups induced on the TiO2 semiconductor oxide surface by O2 plasma treatment lead to 

increased dye adsorption, although no surface characterization or discussion of the 

binding mechanism was offered[19,20]. On the basis of the literature works reviewed 

above and our own interest in hydroxyl-rich TiO2 as photoanode in DSSCs, a greater 

understanding of the role of the N719  anchoring (COO
-
 and COOH) groups and TiO2’s 

surface groups (Ti-O, Ti-OH, Ti-OH2) is needed[21,22]. To this end, we have undertaken 

this spectroscopic study with the aim at (a) resolving and unifying the binding 

mechanism ideas that have been proposed to operate between the N719 complex and 

nano-crystalline anatase TiO2 films; and (b) in particular shedding light as to the way in 

which molecular groups involved in the binding mechanism are distributed. In order to 

elucidate the latter aspect, TiO2 films with two different anatase powders are used: a 

commercial one (Dyesol) and our house variety produced via an aqueous synthesis 
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route[22]. For comparison, we also examine the stearic acid (C8H14O2) as a binding 

molecule, and analyze the spectra of the stearic acid-adsorbed TiO2 film. 

 

3.3 Experimental section 

3.3.1. TiO2 film preparation 

The Ru complex ((bis(tetrabutylammonium)[cis-di(thiocyanato)-bis(2,2'-bipyridyl-4-

carboxylate-4'-carboxylic acid)-ruthenium(II)]): N719) used in this work was obtained 

from Dyesol. The study of the binding of the Ru complex involved two nanostructured 

TiO2 (both anatase; one commercial-Dyesol and our aqueous produced variety-

Aqueous[22]) films prepared by paste deposition, annealing and sensitization[23] The 

TiO2 paste of the Aqueous product was prepared with Ethyl Cellulose and α-Terpineol as 

per procedure for screen printing pastes described elsewhere[24]. With the exception of 

the Aqueous TiO2 powder, all other chemicals used were purchased from commercial 

sources (Sigma Aldrich, Fisher Scientific) and used without further purification. TiO2 

electrodes were prepared by screen printing on FTO conductive glass substrates (Nippon 

Sheet Glass with a sheet resistance of 10 Ω per square). The TiO2 paste was spread out 

onto a FTO glass and sintered at 450°C in air for 30 min yielding a 6~10µm thick 

nanostructured anatase film. For ATR-FTIR measurement, TiO2 paste was deposited onto 

the cover glass to get better signals. The dye adsorption was experimentally performed by 

immersing the TiO2 electrodes for 24 h in a 0.5 mM solution of N719 in ethanol. The 

coated TiO2 was rinsed several times with ethanol to remove physisorbed N719 dye 

molecules and was left to dry in air. 

 

3.3.2 Methods 

Infrared spectra were obtained using a Perkin Elmer FTIR spectrometer with a Miracle 

single bounce diamond ATR cell from PIKE Technologies. Spectra over the 4000 to 550 

cm
–1

 range were obtained by the co-addition of 10 scans with a resolution of 4 cm
–1

. 

Raman spectra and images were collected with an InVia Raman microscope from 

Renishaw using a polarized He-Ne laser operating at 514 nm. Spectra and images were 

collected with 50x and 100x short distance objectives, respectively. The area of the 

mapping images was collected with a piezo-motorized stage using two different step sizes: 
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one at 5µm x 5 µm with a step size of 2 µm and the other at 70µm x 70 µm with a step 

size of 10 µm. Data pre-processing, map generation (via  univariate analysis) and further 

details can be found in Supplementary Information. The energy resolution was 4 cm
–1

 at 

the full width half max (FWHM) of the internal Si reference peak. The scans were 

collected at 10 % of the laser output at the microscope exit (3mW) to avoid radiation 

damage to the dye molecules.  

 

3.3.3 Raman imaging data processing 

3.3.3.1 Raman imaging Data pre-processing 

Prior to performing spectral univariate analysis to derive map profiles representing 

spatial variation of relative concentration of a specific band (correlated to a chemical 

species or a functional group), data pre-processing is a necessary step to clean up the 

mapping spectra from cosmic rays that add sharp feature artefacts unrelated to real 

Raman scattering information. Usually, cosmic rays are automatically removed by the 

acquisition software (Renishaw’s Wire3) by performing additional spectral 

accumulations, and subsequently taking the median of each recorded pixel spectral data 

point value. Even if this automatic pre-processing routine guarantees a large part of 

cosmic ray-free data, however in the case of a large quantity of mapping spectra a 

residual contribution of cosmic rays still remains and must be removed by manual data 

treatment. If cosmic ray features are not completely removed they can significantly 

influence the univariate data analysis method, especially if the cosmic rays overlap with 

the bands of interest. 

 

3.3.3.2 Spectral curve-fitting and map generation 

Spectral curve fitting of all the Raman mapping spectra was performed on the bands 

located in the spectral regions of interest in order to adequately remove local baseline 

contribution and efficiently resolve overlapping spectral bands. This curve fitting step 

ensures a more accurate calculation of the relative areas of the bands used in the 

univariate analysis method. Further, the curve-fitting calculated areas of specific bands 

were represented as a function of spatial mapping position to generate the final two 

dimensional spectral maps (showing the spatial distribution of a chemical component as a 
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color coded scale for the intensity). For this purpose, an automatic curve fitting routine of 

the Renishaw Raman instrument software (Wire3) was used for band decomposition and 

baseline removal. The fitting is based on a least squares iteration model that uses a 

combination of Gaussian and Lorentzian functions for spectral bands fitting and a 

polynomial curve for baseline correction. 

 

3.4 Results and Discussion 

3.4.1 ATR-FTIR  

3.4.1.1 N719-TiO2 dye region 

Band assignment: Figure 3.4 (a) presents the ATR-FTIR spectra of the neat N719 dye 

and the N719 dye adsorbed onto the two TiO2 films (Dyesol and Aqueous); the suggested 

band assignments are summarized in Table 3.2. The IR spectrum of the neat N719 dye 

(Fig. 3.4(a)) shows the presence of carboxylic acid and carboxylate groups as evident by 

the ν(C=O) at 1708 cm
-1

, ν(C-O) at 1230 cm
-1

, and ν(COO
-
asym and sym) at 1605 and 1373 

cm
-1 

[6,7].  

 

Figure 3.4 ATR-FTIR spectra of N719 dye and N719-TiO2 in (a) 1000 - 4000 cm
-1

 region 

and (b) 2600 - 4000 cm
-1

 region 

The spectrum of N719-adsorbed TiO2 (Dyesol and Aqueous) similarly shows a carbonyl 

stretch band at ~ 1713 cm
-1

 due to carboxylic acid groups and carboxylate vibrations of 

the ν(COO
-
asym and sym), ν(C-O) modes at ~1607, 1377 and 1234-1230 cm

-1
, respectively. 
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The occurrence of ester like bond can be ruled out in our experimental results 

[insignificant (~ 5cm
-1

) shift of C=O vibration] [6-8]. The band due to ν(NC) of 

thiocyanate was found to shift to higher energy (~ 9 cm
-1

) in the adsorbed samples 

(Dyesol and Aqueous), indicating that perhaps these groups participate in the binding 

interaction between the N719 molecule and TiO2 in accordance with the XPS study by 

Johansson et al. (D-type, Fig. 3.3) [25]. Finally, it is worth to note that the vibrational 

modes of the TBA
+
 ions should not be active in the adsorbed samples if the anchoring of 

both carboxylate anions occurs via covalent bonding, but this is not the case. Hirose et al. 

assumed that in order for the TBA
+
 ion(s) to be dissociated from the N719 molecule 

[17,18], it must react with a proton from surface Ti-OH/Ti-OH2 groups (Fig. 3.3 (G) and 

(H)). In our case, the TBA
+
 ions’ vibrational mode (~1469 cm

-1
) is still observed before 

and after adsorption (Dyesol and Aqueous) but a decrease in intensity is monitored in the 

latter case. 

 

Parameter Δν: Many research groups have used the carboxylate difference (∆ν= 

νasym(COO
-
)- νsym(COO

-
)) in the infrared spectra as a criterion to elucidate the type of 

bonding between the metal oxide surface and adsorbents, such as sensitizer, gas and 

polymer molecules [6-8,26]. In particular, the neat/solid (Δνsalt) state and the adsorbed 

state (Δνads) have been used to determine bond coordination in carboxylate and 

carboxylic acid groups [6-8,26,27]. Deacon and Phillips made elaborate examinations of 

infrared spectra of solid acetates and trifluoracetates (carboxylates) having known crystal 

structures,[28,29] from which the Δν parameter was derived as a result of the COO
-
 low 

symmetry. The nature of the binding mode can be inferred from the following criteria: if 

Δνads >Δνsalt= unidentate; if Δνads <Δνsalt= chelate or bridge; and if Δνads ≪Δνsalt= chelate 

[28,29]. In an effort to apply the ∆ν criterion to the type of bonding operating between 

the N719 dye and other reagents with similar binding groups onto TiO2, the ∆ν values 

from several previous studies were analyzed. These values are summarized in Table 3.1, 

along with the postulated binding mechanism for each case. Careful examination of all 

these values for our system reveals quite wide range of variation
.
(ranging from 5 - 25 cm

-

1
) [5,7,16,17,30].  
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Table 3.1 Summary of ∆ν values for different carboxylate/carboxylic acid group-TiO2 

systems compounds 

Compound νasym(COO) 

(cm
-1

) 

νsym(COO) 

(cm
-1

) 

∆ν 

(cm
-1

) 

Binding mode ref 

N719 

N719-TiO2 

1618 

1617 

1376 

1382 

242 

235 
Ester-like unidentate 5 

N3 

N712 

N719 

N3-TiO2 

N712-TiO2 

N719-TiO2 

1609 

1615 

1615 

1610 

N/A 

N/A 

N/A 

1364 

1371 

1380 

N/A 

N/A 

N/A 

244 

251 

230 

N/A 

N/A 

Bridging/ Bidentate 

chelating 
6 

N3 

N712 

N719 

N3-TiO2 

N712-TiO2 

N719-TiO2 

1613 

1616 

1608 

1593 

1601 

1602 

N/A 

1352 

1365 

1383 

1371 

1373 

N/A 

264 

243 

211 

230 

227 

Bridging 7 

N719 

N719-TiO2 

1606 

1602 

1354 

1375 

252 

227 

Bridging/ Bidentate 

chelating 
8 

N719 

N719-TiO2 

N/A 

1626 

N/A 

1352 

N/A 

274 
Bidentate chelating 16,17 

N719 

N719-TiO2 (Dyesol) 

N719-TiO2 (Aqueous) 

1603 

1607 

1608 

1377 

1377 

1376 

235 

230 

232 

Bridging 
This 

work 

Stearic acid 

Stearic acid-TiO2 

N/A* 

1608/156
‡
 

 

1403 

N/A* 

205/163 

 

Bidentate chelating 

/Bridging 

This 

work 

(m-Py-EPE-Ipa) 

(m-Py-EPE-Ipa)-TiO2 

1603* 

1593/1557
‡
 

1414* 

1417 

189 

176/140 
Bidentate/Unidentate 

 

32 
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[Ru(CO)2(C2H5COO)]n 1548 1410 138 Bridging 57 

Ru(OAc)(CO)2(PPh3) 1613 1315 298 Unidentate 58 

EMAA 

EMAA-Cu 

N/A 

1600 

N/A 

1375 

N/A 

227 

N/A 

Unidentate 

59 

26 

M1 

M1-TiO2 

M3 

M3-TiO2 

1634 

1587 

1645 

1586 

1370 

1382 

1373 

1395 

264 

205 

272 

191 

 

Bridging 

 

Bridging 

27 

* The value is not mentioned in the reference and estimated through the figure for this 

table. 

╪ Two ΔνAds values are given because the carboxylate band is split into two and each one 

was taken. 

 

In the present study, the ∆ν value is 235 cm
-1

 in the neat N719 and 230 cm
-1

 in the 

adsorbed state, giving a difference of 5 cm
-1

 between Δνsalt and ΔνAds. Our separation 

value (5 cm
-1

) may then be taken as evidence of “bidentate bridging” in agreement with 

previous spectroscopic and computational reports [6-8,16,17]. However, given the 

observed difference in the Δν separation value for the same system reported by previous 

authors and our studies, further supporting evidence was collected in our study to 

investigate the type of bonding between dye’s COO
-
/COOH groups and TiO2.  

 

Structural changes: In general, the ATR-FTIR spectra in the region 1000-2200 cm
-1

 of 

dye adsorbed-TiO2 films appear to be similar (with some modest variation in intensity for 

certain bands [31]) with the neat N719 spectrum in terms of spectral structure for the 

groups of interest (C=O, COO
-
, NCS), before or after adsorption (Fig. 3.4(a)). However, 

structural changes of molecules in the IR vibrational spectra have been observed for C=O, 

COOH and COO
-
 modes involved in chemisorption; for example, Taratula et al.[32] 

showed the structural change of the COO
-
 vibrational mode with their bulky m-Py-EPE-

Ipa molecules on TiO2 [33]. Similarly, Pal et al.[34] investigated the binding mechanism 

of stearic acid molecules on TiO2 and reported the disappearance of the C=O stretching 

band at 1702 cm
-1

 upon adsorption and the appearance of three new bands owed to bound 
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carboxylate groups on the TiO2 nano-surface. This was confirmed by the present authors 

(Fig. 3.5(a), Table 3.2).  

 

Figure 3.5 ATR-FTIR spectra of Stearic acid and Stearic acid-TiO2 in (a) low wave 

number region and (b) high wave number region 
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Table 3.2 Assignment of the bands observed in ATR-FTIR of N719, N719-TiO2 (Dyesol), 

stearic acid, and stearic acid-TiO2 (Dyesol) 

N719 

ν(cm
-1

) 

N719- 

Dyesol TiO2 

ν(cm
-1

) 

Assignment Stearic acid 

ν(cm
-1

) 

Stearic acid- 

Dyesol TiO2 

ν(cm
-1

) 

Assignment 

1230 1234 C=O 1358 1403 -COO
-
 sym 

1373 

1407 

1377 

1408 

COO
-
sym 

bpy 

1411   

1468 1469 δ(CH2) in TBA
+
 1430   

1543 1543 bpy 1462   

1605 

 

1607 

 

COO
-
asym 

 

1471 

 

1471 

 

-COO
-
 sym 

 

1708 1713 COO
-
  1566 -COO

-
 asym 

2095 2104 NC  1608 -COO
-
 sym 

2870 2878 CH2,asym 1700 1698 C=O 

2931 2938 CH2,sym  1980  

2968 2965 CH3 2583 2853 CH2 sym 

3079 3083 CH/OH
‡
 2913 2913 CH2 asym 

 3397 OH    

 ╪ This band is suggested to be a mixture of CH from bpy and OH from COOH (Fig. 3.7) 

 

From Figure 3.5(a), it can be observed that upon adsorption of stearic acid onto TiO2, 

there are significant spectral changes to the C=O and COO
- 
vibrations, indicating that 

there is a loss of symmetry and change of bond order in the binding groups (Figure 3.1) 

[35]. Upon binding on the TiO2 surface, the ν(C=O) band is removed and replaced by two 

carboxylate asymmetric bands at 1608 and 1566 cm
-1

. 
 
Thus, we can demonstrate that 

stearic acid is covalently bonded on TiO2 surface and little to no electrostatic interaction 

is present. In contrast to stearic acid-TiO2 system, the ν(C=O) near 1700 cm
-1 

of our 

spectrum of N719-adsorbed TiO2 (Figure 3.4(a)) does not split nor disappears (only a 

decrease in intensity is observed), and ν(COO
-
asym and sym) stretches are still observed 

indicating that there are carbonyl groups unbound in the N719 molecules. The lack of 
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structural spectral change (C=O and COO
-
 bands) in the neat/solid and adsorbed dye 

states may indicate that some of its COOH and/or COO
-
 groups remain unbound [6-8,16] 

and that complementary electrostatic/H-bonding components in addition to bidentate 

bridging (mode III, Fig. 3.1) may be present [36].  

 

3.4.1.2 N719-TiO2 high wavenumber region  

In this section, we focus on the hydroxyl vibrations of the N719 and TiO2 surface 

groups and their relation to the type of bonding mechanism that occurs upon adsorption. 

The interaction of N719 with the TiO2 surface has been largely examined previously in 

terms of the characteristic vibrational signals of the dye molecules (1000-2200 cm
-1

) as 

presented in the previous section. Previous studies have only briefly touched on the role 

of Ti-OH/Ti-OH2 groups on the TiO2 surface [16,17] and that of OH units from the 

carboxylic acid groups of the dye molecules [11,12]. Finnie et al. focused on examining 

the dye vibrational region (1000-1800 cm
-1

); however, they reported that H-bonding 

could not occur between the dye and the TiO2 surface, and attributed a sharp ν(OH) IR 

vibration at 3582 cm
-1

 observed in the adsorbed sample as indicative of uncoordinated 

carboxylic acid groups [6]. They further refuted the possibility of H-bonding (via acid 

groups), because no broad ν(OH) features were observed at ~ 3000 cm 
-1 

in their adsorbed 

samples. Hirose et al. studied the hydroxyl structure of the N719 dye adsorbed onto TiO2 

(UV radiated and non) samples [16,17], but no reference to the OH units on the TiO2 

surface was considered. Here, it was suggested that the N719 dye adsorbed onto the TiO2 

surface by consuming surface OH sites in the UV radiated TiO2. It was proposed that the 

N719 dye is adsorbed on the surface via the carboxylate anions and a bidentate chelating 

complex is formed at the TiO2 surface via only one carboxylate group per dye molecule 

(Figure 3.3 (G) and (H)). Interestingly, in that study, the splitting of the νsym(COO
-
) group 

was observed for the adsorbed sample but was attributed to chemically bonded, isolated 

and/or physisorbed N719 dye molecules on the TiO2 surface, without consideration given 

that the νsym(COO
-
) splitting was due to different symmetry of the binding molecule in 

the pure versus that of the adsorbed state (anchoring mode V or VI in Fig. 3.1). De 

Angelis et al. reported a DFT (Density Functional Theory) computational study focusing 

on the protons carried by the N719 sensitizer’s carboxylic acid groups and their role in 
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binding onto the TiO2 surface, but not on OH units of the TiO2 surface [11,12]. In 

contrast to previous studies [5-8], it was reported that the carboxylic acid groups (and not 

the carboxylate) were used to anchor the dye onto the TiO2 surface via proton transfer 

from the dye to the TiO2 surface [11,12]. Based on their computational studies the 

distinction between non-adiabatic (dye with COO
-
 binding groups) or adiabatic (dye with 

COOH binding groups) electron injection mechanism was made proposing that the high 

rates of electron injection observed experimentally should suggest an adiabatic 

mechanism, i.e. dye binding through its COOH groups. 

 

Analysis of the spectra: Figure 3.4(b) presents the ATR-FTIR spectra of the high 

wavenumber region for N719 dye and the N719-TiO2 (Dyesol and Aqueous) samples. 

This region consists of the usual CH stretches as well as important chemical information 

on the OH stretches from hydroxyl units (free or bound via H-bonding) in chemical 

groups of interest, such as COOH and Ti-OH/Ti-OH2.  

The spectra of the pure Dyesol and Aqueous TiO2 films were published recently and 

reproduced in Figure 3.6 [22].
  

 

Figure 3.6 ATR-FTIR spectra of TiO2 film (Aqueous and Dyesol) in (a) low wave 

number region, (b) high wave number region. 
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The IR spectra of pure TiO2 films (Dyesol and Aqueous) show an adsorbed water peak at 

~1632 cm
-1

 in Figure 3.6(a). In the high wavenumber region (Fig. 3.6(b)), the broad band 

is shown at 3320 cm
-1

 indicating the mixture of surface hydroxyl groups and adsorbed 

molecular water [38,39]. In the case of Aqueous TiO2, this broad band is strongly 

represented in comparison to Dyesol TiO2 moreover the small peak at 3690 cm
-1

 is 

observed clearly for Aqueous TiO2 indicative of the isolated hydroxyl groups (linear Ti-

OH[38]). The Dyesol TiO2 film spectrum shows a weak ν(OH) infrared vibration at 3400 

cm
-1

 , while our Aqueous TiO2 [22] shows a much stronger broad hydroxyl vibration 

occurring at 3320 cm
-1

. These bands may be attributed to Ti-OH/Ti-OH2 [37] groups as 

also done recently by Minella et al.[38].
 
In addition a small band is seen at 3690 cm

-1
 

typical of linear hydroxy groups [38,39].
 
From the observation of these vibrations, it is 

evident that the TiO2 surface groups do not consist only of Ti-O sites, as considered in 

previous dye-TiO2 binding studies [10-12] but more importantly of Ti-OH/Ti-OH2 groups. 

In previous studies on the binding of the N719 onto TiO2, the high wavenumber spectra 

of the pure TiO2 films was not presented or discussed in relation to the adsorbed samples 

[6,7,16]. The presence of Ti-OH/Ti-OH2 units, as those identified in the commercial 

(Dyesol) and our synthetic (Aqueous) samples, need to be considered in understanding 

the binding mechanism between the anchoring groups (COOH vs. COO
-
) and the TiO2 

surface. This is especially relevant and important to elucidate in the case of our in-house-

made TiO2 from aqueous media [22].  

The high wavenumber structure of the neat N719 dye molecule spectrum (Fig. 3.4(b), 

Table 3.2) exhibits the usual ν(CH) stretches from the TBA
+
 occurring between 2874-

2963 cm
-1 

[7]. But in addition, a distinct band at 3079 cm
-1

 is observed which may be 

attributed to the ν(CH) from bipyridine and the OH units from the carboxylic acid moiety 

of the N719 dye molecules[40]. In order to substantiate this assignment in particular with 

reference to the ν(OH) of the COOH groups, the high wavenumber region of 2,2' -

bipyridyl and 2,2'-bipyridyne-4,4'-dicarboxylic acid were investigated (Figure 3.7).  
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Figure 3.7 ATR-FTIR spectra of (a) N719, 2,2'-bipyridine and 2,2'-bipyridine-4,4'-

dicarboxylic acid , ATR-FTIR and Raman spectra of (b) 2,2'-bipyridine and (c) 2,2'-

bipyridine-4,4'-dicarboxylic acid 

2, 2'-bipyridine and 2, 2'-bipyridine-4,4’-dicarboxylic acid were chosen specifically as 

they are the ligands of the N719 molecule. In the IR spectrum of 2,2'-bipyridine, the CH 

stretches from pyridine occurred at ~ 2874 - 3200 cm
-1

. On the other hand, in the IR for 
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the 2,2'-bipyridine-4,4'-dicarboxylic acid, only a strong doublet band at 3090-3100 cm
-1 

is 

observed. More interestingly, there is no extra band for OH in 2,2'-bipyridine-4,4'-

dicarboxylic acid in the comparison to the spectrum of 2,2'-bipyridine in the IR or Raman 

spectra as shown in Figure 3.7 (It should be noted that the 2,2'-bipyridine-4,4'-

dicarboxylic acid showed the usual C=O stretch at 1700cm
-1

 expected of a COOH group). 

In the Raman spectra of 2,2'-bipyridine and 2,2'-bipyridine-4,4'-dicarboxylic acid, the 

peak due to CH stretches is exist in the same region. However, again there is no extra 

peak representing the OH in the Raman spectrum of 2,2'-bipyridine-4,4'-dicarboxylic acid. 

The OH vibration due to COOH groups should be active in either the IR or Raman 

spectra as these are complementary technique, but as we have shown the OH stretches are 

not clearly evident. Thus, the peak around 3090-3100 cm
-1

 for 2,2'-bipyridine-4,4'-

dicarboxylic acid (in the IR and Raman) should be a mixture of OH units from COOH 

and CH stretches from pyridine. By extrapolation, the vibrational peak at 3080 cm
-1

 in the 

N719 and N719 dye adsorbed TiO2 is interpreted to be a mixture from bipyridine ν(CH) 

and ν(OH) stretches from COOH groups. 

The spectra of the adsorbed N719 onto the TiO2 films show the usual vibrations 

occurring at 2876 - 2966 cm
-1 

(Fig. 3.4(b)) corresponding to TBA
+
 vibrations[7]. The 

broad diffuse band observed in the films after adsorption at 3397(Dyesol) and 

3365(Aqueous) cm
-1

 are attributed to the surface Ti-OH/Ti-OH2 groups [38,39]
 
similar 

with the assignment made above for the pure TiO2 (Fig. 3.6(b)) [22]. It is noted that the 

small band at 3697 cm
-1

 observed in pure Aqueous TiO2 (Fig. 3.6(b)) and typical of linear 

hydroxy groups [38] is removed upon dye adsorption (Fig. 3.4(b)). The preservation of 

the surface Ti-OH/Ti-OH2 group broad vibrations upon adsorption of the dye suggests 

their involvement in the binding mechanism via electrostatic (H-bonding) interaction.  

 

Stearic acid-TiO2 high wave number region: In an effort to further strengthen the 

assertion made with reference to the involvement of Ti-OH/Ti-OH2 surface groups in the 

binding of the dye, we decided to examine the analogous system of stearic acid-TiO2, the 

binding mechanism of which is well established [34,41]. Figure 3.5(b) presents the ATR-

FTIR spectra of the high wavenumber region for the pure stearic acid and the Dyesol 

TiO2-stearic acid (adsorbed) sample. The IR spectra of the pure stearic acid at this higher 
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wavenumber region show the usual alkyl chain CH2 and CH3 asymmetric and symmetric 

stretches [34,41,43] at 2600 – 3000 cm
-1

, but we note the absence of hydroxyl vibrations 

from the free carboxylic acid groups. From our high wavenumber spectra of Figure 3.5(b), 

we can see that upon binding of stearic acid on TiO2, there is no change to the vibrational 

structure of the alkyl chains, as expected (since they do not participate in the bonding) in 

agreement with previous works [34,41,43]. But more importantly we do not observe the 

surface Ti-OH/Ti-OH2 groups vibrations after adsorption of stearic acid unlike the N719-

TiO2 case (compare Fig. 3.4(b) and 3.5(b)). This implies that most of the Ti-OH/Ti-OH2 

units have been replaced by the carboxylate binding complex involving covalent bonding 

between stearic acid and TiO2 surface groups [44].
  

 

3.4.2 Resonance-Raman @ 514 nm 

3.4.2.1 N719-TiO2 dye region @ 514 nm  

Band assignment: The Raman spectra of commercial (P25 and Dyesol) and our 

Aqueous TiO2 have been previously described elsewhere [22] and will not be discussed in 

detail but are shown for comparison to the adsorbed samples in Figure 3.8(a). The Raman 

spectra (Fig. 3.8(a)) of the dye adsorbed films (Dyesol and Aqueous) show the normal 

modes of anatase at 144, 197, 398, 514, and 640 cm
-1

 assigned to Eg, B1g, A1g or B2g and 

Eg modes, respectively [42,45]. It should be noted that these bands appear as less 

resolved in the N719 adsorbed-Aqueous TiO2 versus those of the N719 adsorbed-Dyesol, 

as a result of the lower crystallite size in the former [22]. 
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Figure 3.8 Raman spectra of (a) TiO2, N719 and N719 –TiO2 in low wave number region, 

(b) TiO2 film in high wave number region and (c) N719 and N719-TiO2 in high wave 

number region  

The peak positions in the 100-2000 cm
-1

 region of the Raman spectra and their 

assignment are listed in Table 3.3. The Raman spectrum of the neat N719 dye has been 

published extensively [6,7,8,46] thus we will not discuss it in any detail but indicate 

where the important vibrations occur. The Raman spectrum of the neat N719 is composed 

of strong bipydine bands (1605, 1542, 1474 cm
-1

), weak C=O modes(1720 cm
-1

) arising 

from COOH groups, C-C and C-O stretches (1268 cm-1) and the CN modes (2097 cm
-1

) 

from NCS groups (Table 3.3) [6,8].    
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Table 3.3 Raman assignment for N719 and N719 adsorbed TiO2 films 

N719 

ν(cm
-1

) 

N719-Dyesol 

TiO2 

ν(cm
-1

) 

N719- 

Aqueous 

TiO2 (cm
-1

) 

Assignment ref 

 145 146 TiO2(Eg) 42,45 

 197 198 TiO2(Eg) 42,45 

 398 397 TiO2(B1g) 42,45 

450 453 451 out-of-plane ring deformation 6,8, 

 514 515 TiO2(A1g,B1g) 42,45 

 639 642 TiO2(Eg) 42,45 

697 699 699 in-plane ring deformation 6,8,54 

1019 1025 1023 bpy ring breathing 6,8,54 

1104 1107 1106 in-plane C-H wagging 6,8,54 

1268 1268 1268 C-C inter-ring, C-O stretch 6,8,54 

1316 1316 1315 C=N (bpy ring) 6,8,54 

 1372 1376 symmetric stretch –COO
-
 6,8,54 

1474 1474 1474 C=N (bpy ring) 6,8,54 

1542 1542 1542 C=C (bpy ring) 6,8,54 

1605 1605 1605 C=C (bpy ring ) 6,8,54 

1720 

2097 

3006 

3079 

1725 

2085 

3015 

3085 

1727 

2095 

3016 

3085 

C=O stretch 

CN (SCN) 

OH 

OH 

6,8,54 

6,8,54 

 

In the N719 adsorbed TiO2 (Dyesol and Aqueous) films, the symmetric stretch COO
-
 

band appears as a very weak band at 1372 (and 1376) cm
-1

 but not in the free N719
 

[7,8,11,16]. Leon et al.[8] mentioned that this band is proof of chemisorption between the 

dye and TiO2 surface and is the only Raman spectral evidence of the presence of 

chemisorption between the N719 and TiO2 surfaces [47].  

The Raman spectra of the N719-TiO2 films for both Aqueous and Dyesol products are 

quite similar in terms of vibrational structure to that of free N719 (aside from the weak 
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COO
-
 band). Umapathy et al.[48] also reported a similar phenomenon (no change in 

spectral structure of the Raman spectra of the non-adsorbed and adsorbed molecules) 

using Ru-based sensitizers RBDA and RB4H adsorbed on TiO2. They attributed the lack 

of change in the Raman spectra of the non-adsorbed and adsorbed samples as indication 

of physisorption (electrostatic) rather than chemisorption (covalent bonding) mode. Thus, 

it may be deduced from the similar lack of change in the Raman spectra of N719-TiO2 

(Fig. 3.8(a)) - notwithstanding the weak COO- band - that physisorption is also an 

important component of the adsorption mechanism in this system as well.  

 

Carbonyl group interaction: In the dye-adsorbed Dyesol and Aqueous TiO2 samples 

(Fig. 3.8(a)), a weak band at ~1725 cm
-1

 is observed and attributed to ν(C=O) stretching 

of COOH groups. This band is observed at slightly higher energy (~5-7 cm
-1

) in 

comparison to the neat N719 Raman spectrum (Fig. 3.8(a)). The fact that this band 

appears in the Raman (and IR spectra-Fig. 3.4(c)) could indicate that some (most likely 

two) C=O from COOH groups are not bound[49] but also that they are simply involved 

in electrostatic interaction/H-bonding [7,8,11,12]. Previous authors have justified the 

occurrence of this Raman band at 532 nm,[8,54] (near the main absorption band of N719 

in which adsorbed and non-adsorbed molecules contribute to the signal) as a result of the 

resonance effect. In analogy, one could also argue that some carbonyl vibrations from 

unbound groups should then be observed in the IR and Raman at resonant (514, 532 nm) 

or non-resonant energies (632 nm – Fig. 3.9) since N719 has four carbonyl groups 

(2COOH and 2COO
-
) of which only two are reported to bind to the surface [7]. 

Experimentally, the carbonyl band was indeed observed (albeit with reduced intensity) in 

the IR (Fig. 3.4(a)) as well as at near resonance energy (514 nm) in the Raman (Fig. 

3.8(a)). However, this interpretation is in contradiction to the work by Leon et al.[8] who 

stated that the Raman spectra at 632nm (SERS and no resonance) of N719-TiO2 showed 

no ν(C=O) vibration present and as such they opted for the coordination of the carboxy 

ligands to TiO2 via bidentate chelating or bridging bonds (modes II and III, Fig. 3.1).  
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Figure 3.9 Raman spectrum of N719-TiO2 at 632 nm. The circle around 1700 cm
-1

 

highlighted in red indicates C=O vibration upon adsorption. This band was observed not 

only at the resonance Raman scattering (514 nm) but also, non resonance Raman 

scattering spectrum such as at 632 nm. 

 

Thiocyanate group: The vibration occurring at 2085 and 2095cm
-1

 for the N719-TiO2 

samples, Dyesol and Aqueous respectively, is assigned to the ν(CN) stretching of the -

NCS ligands. This band shows a shift (~2-12 cm
-1

) to lower frequency in the Raman 

spectra (Fig. 3.8, Table 3.3), in comparison to the CN band of the neat N719 [25]. Shifts 

to lower energies in vibrational spectroscopy are usually indicative of lower force 

constants of the bonds of interest as a result of lengthening of the bond distance or due to 

electronic effects (electronegativity, conjugation etc). Thus in our case, there appears to 

be some interaction of the -NCS ligands with the TiO2 surface, causing the NC bonds to 

be slightly longer in the adsorbed samples (versus the neat state) [50]. This is in 

agreement with previous work by Johansson et al.[25] who studied the same system via 

X-ray photoelectron spectroscopy. 

 

3.4.2.2 Stearic acid-TiO2 dye region @ 514 nm  

With the view of further clarifying the N719-TiO2 binding system, the Raman spectra of 

the analogous stearic acid-TiO2 system were examined. The Raman spectra of stearic 
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acid and its deuterated derivatives in its crystalline solid state have been previously 

reported [51], thus the assignments are not discussed in any detail (Table 3.4).  

Table 3.4 Raman assignment for stearic acid and stearic acid adsorbed TiO2 film 

SA 

ν(cm
-1

) 

SA-TiO2 

ν(cm
-1

) 

Assignment ref 

 144 TiO2(Eg) 42,45 

146,162  LAM 51,52 

 196 TiO2(Eg) 42,45 

 396 TiO2(B1g) 42,45 

 513 TiO2(A1g,B1g) 42,45 

 636 TiO2(Eg) 42,45 

 795   

893  CH3 rocking 51,52 

910  ν(C-C) 51,52 

985    

1060  νas(C-C) 51,52 

1104  CH2 twist 51,52 

1126 1126 νs(C-C) 51,52 

1180  CH2 twist 51,52 

1293 

1421 

1299 CH2 twist 51,52 

1439 

1458 

1468 

1450 CH2 scissoring 51,52 

2202    

2413    

2581    

2722    

2744    

2885 2879 νs(CH2) 51,52 
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2925 

2967 

3079 3079 ν(OH)  

3593    

 

Figure 3.10 shows the Raman spectra of stearic acid in the crystalline solid state and 

that of stearic acid adsorbed onto TiO2 film substrate (Dyesol only).  

 

Figure 3.10 Raman spectra of Stearic acid and Stearic acid- TiO2 in (a) low wave number 

region and (b) high wave number region 

Raman studies of stearic acid on nano-crystalline TiO2 substrates have not been 

previously reported; only FTIR measurements are available [34]. From Figure 3.10, it can 

be observed that there is a significant spectral structural change in the Raman active 

vibrations (and IR, Fig. 3.5) in the pure state of stearic acid versus that of the adsorbed 

state. Similar effects to the Raman spectra have been observed in previous works on 

stearic acid adsorbed onto Al, Au, Ag and Al2O3 surfaces [52]. Thus, the adsorption of 

the N719 dye upon the TiO2 surface lacks this structural change in the Raman (and IR) 

spectra, which is clearly present in the stearic acid examples.  

 

3.4.2.3 Confocal Raman Imaging 

Raman imaging provides detailed information on the spatial distribution of individual 

chemical species of interest in samples such as anatase-rich and rutile-rich domains in 
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P25 [53].
 
Hence it was decided to apply Confocal Raman imaging to examine the 

distribution of N719 molecules on the TiO2 surfaces (Dyesol and Aqueous). To this end, 

4 groups of interest in the N719 dye adsorbed TiO2 films were selected for observation: 

the anatase band at ~640 cm
-1

 (Eg mode), the COO
-
 sym band at ~1376 cm

-1
, the bipyridine 

band at 1542 cm
-1

 and the C=O band at ~1725 cm
-1

. Raman images were obtained at two 

different step sizes in order to obtain information about the distribution of the dye 

molecular groups over both, large (70 x70 μm using 10 μm step size) (Fig. 3.11) and 

small (10 x10 μm using 2 μm step size) (Fig. 3.12) area . The large area using a bigger 

step size shows an overall/bulk view of the samples. 

 

 

Figure 3.11 Confocal Raman images showing the N719 distribution on TiO2 film (Dyesol 

and Aqueous), 70 x 70 μm wide, 10 μm step size, monitoring the intensity at (a),(e) 640 

cm
-1

, (b),(f) 1376 cm
-1

 (c),(g) 1542 cm
-1

 and (d),(h) 1725 cm
-1 

The Raman image of Eg mode (at ~640 cm
-1

) represents (Fig. 3.11 and 3.12 (a), (e)) 

where TiO2 regions exist in the dye adsorbed TiO2. The distribution of anatase is partially 

uneven in both the small and large area, but the anatase covers whole surface. Previous 

studies [8,54] have reported that the COO
-
sym Raman band can be used as evidence of the 

chemisorption of N719 on TiO2; thus, mapping in ~1376 cm
-1

 (COO
-
sym) should indicate 
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where the N719 bonding units exist. As shown in Figure 3.11 and 3.12 (b),(f), this 

covalent bonding is present in both samples. In the small area (Fig. 3.12(b), (f)), however, 

the occurrence of the covalent bonding sites is more distinctively distributed.  

 

 

Figure 3.12 Confocal Raman images showing the N719 distribution on TiO2 film (Dyesol 

and Aqueous), 10 x 10 μm wide, 2 μm step size, monitoring the intensity at (a),(e) 640 

cm
-1

, (b),(f) 1376 cm
-1

 (c),(g) 1542 cm
-1

 and (d),(h) 1725 cm
-1

 

The overall distribution of the N719 dye was observed via the strongest bipyridine ring-

stretching mode at ~1545 cm
-1 

(Fig. 3.11 and 3.12 (c),(g)). In the case of the N719-

Dyesol sample (Fig. 3.11(c)), the N719 molecules are distributed fairly well throughout 

the sample, indicating that essentially all the area of the Dyesol TiO2 has been occupied 

by the N719 molecules. For the N719-Aqueous TiO2 (Fig. 3.11(g)), however, we observe 

uneven distribution of the dye, which may be attributed to different surface characteristic 

and favourable surface complex energetics. A closer look (small area images in Fig. 3.12 

(c), (g)) reveals that the distribution of bipyridine for both samples is not level; thus, 

mapping the small area with a small step size may show detailed surface characteristic 

not observed at the large scale. 
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The Raman images (obtained at 1725 cm
-1

) (Fig. 3.11 and 3.12 (d),(h)) provide the 

distribution of free C=O groups associated with one or more unbound carbonyl groups 

from the N719 dye molecules on the TiO2 film surface. The dark regions (Fig. 3.12 

(d),(h)) are assumed to represent chemisorbed sites from which free C=O groups have 

been covalently displaced. On the other hand, the bright regions are considered to 

indicate high concentration of unbound C=O groups thought involved in electrostatic 

bonding with the TiO2 surface.  

 

3.4.2.4 N719-TiO2 high wave-number region @ 514 nm 

Surface Ti-OH/Ti-OH2 groups on TiO2: Figure 3.8(b and c) and Table 3.3 present the 

Raman spectra of the high wavenumber region for the pure TiO2 films (Dyesol and 

Aqueous), N719 dye and the N719-TiO2 samples. Unlike the observations from IR 

measurements made by Finnie et al.[6] in which three sharp stretching bands (~3600 cm
-

1
 ) were observed in the non-sensitized TiO2 sample, we observe only bands at lower 

wavenumber in the range 2884-3100 cm
-1

 in the Raman spectra. We attribute these bands 

to surface hydroxyl groups of the Ti-OH/Ti-OH2 form [38,39]
,
, in agreement with those 

observed in the ATR-FTIR spectra [22]. The observation of these surface groups and 

their consideration in the N719-TiO2 binding mechanism is especially important as in 

previous theoretical computations [10-12], no TiO2 surface OH/H2O groups prior to 

adsorption had been considered and only transfer of protons from dye molecules to 

unsaturated oxygen of TiO2 surface had been invoked to create Ti-OH surface groups. As 

we have shown via IR and now Raman spectroscopy, these Ti-OH/Ti-OH2 groups are 

clearly on the surface before adsorption; moreover, as shown with the IR measurements, 

the C=O modes from COOH appear before and after adsorption which suggests that the 

invoked previously mechanism of proton transfer from the dye to TiO2 is unlikely [11,12]. 

 

OH in dye-TiO2 adsorbed films: In the case of the high wavenumber Raman spectra of 

pure N719, unlike the ATR-FTIR spectra, we saw that it is dominated by large 

fluorescence using the 514 nm wavelength. Measurements using the 488 and 632 nm 

wavelength were also conducted but similar results were obtained. However, from a close 

up, we were able to observe very weak vibrations at ~ 3006 and 3080 cm
-1

 (Fig. 3.8(c)), 
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which we tentatively assign to the ν(CH) from bpy stretches and possibly mixed ν(OH) 

from COOH group vibration in agreement with what was observed in the ATR-FTIR 

spectra of 2,2’-bipyridine and 2,2’-bipyridine-4,4’-dicarboxylic acid. In the case of the 

adsorbed samples, weak vibrations at ~ 3015 and 3085 cm
-1

 for Dyesol and Aqueous 

were observed as well similar to those in the neat N719 but slightly shifted to higher 

energies. Again we tentatively assign these features to CH bpy stretches and possibly 

ν(OH) from COOH group vibrations as observed in the ATR-FTIR measurements (Fig. 

3.4(b)). It appears in other words that some of the COOH groups remain (as seen by the 

C=O) intact after adsorption which indicates that they are not all involved in covalent 

bonding via H transfer/exchange as proposed previously [11,12]. Finally it must be 

clarified that in the present system, the strong surface Ti-OH/Ti-OH2 group vibrations 

observed at ~3300 cm
-1

 in the ATR-FTIR were not visible in the Raman spectra, not 

because they were not present but because most likely these features were masked by the 

large fluorescence at higher energies or were Raman inactive. 

 

3.4.2.5 Stearic acid-TiO2 high wave-number region @ 514 nm 

The stearic acid Raman spectra (Fig. 3.10 (b), Table 4.4) consist of the alkyl chain 

symmetric and asymmetric stretches occurring between 2848-2967 cm
-1

 in agreement 

with previous works [51,52], but in addition, well defined strong vibrations at 3079 and 

3593 cm
-1

 which we attribute to come from the OH units of the COOH groups.  

From Figure 3.10, it can be observed that upon adsorption of stearic acid onto the TiO2, 

there is a significant loss in Raman intensity (but not vibrational structure) of the v(C-H) 

modes, most likely due to lack of order among the alkyl chains in the adsorbed state in 

comparison to the crystalline stearic acid [52]. More importantly, we observe here that 

the intensity of the ν(OH) carboxylic band at 3080 cm
-1

 is reduced to negligible level 

while the band at 3589 cm
-1

 is removed upon adsorption of the stearic acid. This spectral 

observation is in agreement with the covalent bonding nature of the binding mechanism 

(bidentate) by which stearic acid adsorbs on the TiO2 surface via its COOH groups 

(hence the loss of the hydroxyl vibrations from the acid groups) as already discussed in 

reference to all the other collected data via IR and Raman measurements, such as loss of 

C=O and appearance COO
-
 modes. In comparison, as already described above, the 
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ν(C=O) of the COOH groups in N719 are still present after adsorption onto TiO2 which 

implies that at least one of the two COOH groups does not form covalent bonding. Hence 

the previously proposed binding mechanism involving covalent bonding through both 

COOH groups via proton transfer (Fig. 3.3 (F)) is unlikely [11,12].
 

 

3.4.3 Proposed binding Scheme  

On the basis of all spectroscopic and Raman imaging data collected, we propose a 

modified structure for the binding of N719 dye on TiO2 (Dyesol and Aqueous) films as 

shown in Scheme 3.1. In our scheme, the binding of the N719 dye to TiO2, in departure 

with previous configurations (Fig. 3.3) is proposed to occur via two neighboring 

carboxylic acid/carboxylate groups linked on the same bipyridine ligand via a 

combination of bidentate-bridging and H-bonding. The proposed involvement of only 

one carboxylic group in the adsorption of N719 via covalent bidentate bridging (or 

bidentate chelating) has not been considered previously other than by Hirose et al.[16]. 

However, very recent work by Srinivas et al.[27] involving the adsorption of sensitizers 

on TiO2 carrying malonic and cyanoacrylic acid groups found, in contrast to previous 

works [55] that the mono carboxylic acid group shows stronger binding affinity and 

slightly higher IPCE and efficiency than dicarboxylic acid groups [56]. In our proposed 

binding mechanism the formed surface complex is stabilized via the development of H-

bonding with Ti-OH/Ti-OH2 (Ti-O) and COO-(COOH) groups; however since adsorbed 

molecular water deteriorates the power generation performance in DSSCs, we propose 

that it is the surface hydroxyl groups that maybe involved to aid in the higher efficiencies, 

higher dye adsorption and short circuit current observed in recent reports [16,18,22]. 

 

  



Chapter 3. Adsorption Mechanism of N719 Sensitizer on Anatase TiO2 Films for DSSC 
Applications Using Vibrational Spectroscopy and Confocal Raman Imaging 

81 

 

 

 

Scheme 3.1 Schematic depicting the adsorption of two N719 carboxylic groups onto TiO2 

via bidentate bridging and H-bonding involving Ti-OH surface groups. The left side 

(right side) shows the schematic where the carboxylic acid (carboxylate) groups form a 

bidentate bond while the carboxylate (carboxylic acid) units form H-bonds via the surface 

Ti-OH (Ti-O) groups respectively. 

 

3.5 Conclusions 

In this work, the binding mechanism of N719 dye in sensitized TiO2 films has been 

investigated with Micro-Raman, ATR-FTIR spectroscopy and Confocal Raman imaging. 

A particular focus of the present spectroscopic study is the elucidation of the role surface 

Ti-OH/Ti-OH2 groups play in the binding mechanism.  

In the dye region of the vibrational spectra, we considered structural changes caused by 

symmetry changes due to binding, as well as we evaluated carboxylate (∆νsalt and ∆νAds ) 

splitting. The dye region of the IR and Raman spectra of N719 adsorbed-TiO2 was not 

much different in comparison to that of the neat N719. A small band at 1372 cm
-1

 was 

observed in the Raman spectra of N719 adsorbed-TiO2, which was taken as proof of 

chemisorption (via bidentate bridging) as in previous works. In the IR spectra, both C=O 

and COO- groups were observed before and after adsorption and our ∆ν values were 

indicative of bidentate bridging coordination. In the Raman imaging, the distribution of 

COO
-
sym on TiO2 gave us an idea of where the covalent bonding exists. For the 

distribution of carbonyl mode, two regions exist: the dark regions are assumed to be from 

covalently displaced C=O groups; while, the bright regions are considered to indicate 
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where the unbound C=O groups exist ATR-FTIR spectroscopy of the high wave number 

region displayed Ti-OH/Ti-OH2 bands before and after adsorption indicating the N719 

molecules interact via a dual character: electrostatic (H-bonding) and covalently 

(bidentate-bridging mode). The presence of carbonyl groups was attributed to COOH 

groups not participating in covalent bonding but more likely involved in H-bonding. 

Overall, we propose that one carboxylic group (COO
- 
or COOH) binds to TiO2 using a 

bidentate bridging for chemisorption rather than two and the other is electrostatically (H-

bond attached) via surface Ti-OH/Ti-OH2 groups.  
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Chapter 4. Vibrational Spectroscopic Imaging of N719-

TiO2 Films in the High Wavenumber Region Coupled to 

EIS Analysis 

 

In Chapter 3, we reported on Raman mapping of bipyridine, COO
-
sym and C=O bands by 

focusing on the low wavenumber region where the distribution of dye molecules on TiO2 

surface can be characterized. The same study provided IR evidence of the involvement of 

hydroxyl groups in the binding mechanism via H-bond bridging. In order to further probe 

the involvement of TiO2 surface groups (Ti-OH/Ti-OH2) in the dye-TiO2 adsorption 

process further spectroscopic work was undertaken reported in this chapter. In particular, 

naked and dye-adsorbed TiO2 films were investigated in the high wavenumber region 

(3000 ~ 4000 cm
-1

) via the use of Raman and IR imaging techniques to investigate the 

effect of surface TiO2 groups upon binding mechanism. Again, we used two types of 

TiO2 (commercial and aqueous-synthesized varieties) in this regard and we focused on 

the TiO2 substrate upon dye adsorption in order to study the reason for the completely 

distinct distribution of vibrational groups of interest (Bpy, COO
-
sym and C=O) between 

the two types of TiO2 observed in Chapter 3. In addition to the spectroscopic work 

photoanodes built from the commercial and aqueous-synthetic TiO2 were used to 

fabricate DSSCs and the cells were evaluated by I-V (photocurrent-voltage) measurement 

and electrochemical impedance spectroscopy (EIS). 
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4.1 Abstract 

In this study, vibrational (IR and Raman) imaging of two naked and dye-coated TiO2 

films (one built from a commercial paste “Dyesol” and one built from an in-house 

aqueous synthesized anatase variety “Aqueous”) is investigated in the high wavenumber 

region (3000 ~ 4000 cm
-1

). Raman and IR imaging showed the distribution of surface Ti-

OH/Ti-OH2 groups in Aqueous TiO2 to be qualitatively richer than in Dyesol TiO2. After 

dye adsorption, the Ti-OH/Ti-OH2 surface group intensity was observed to decrease but 

still to remain, which provides further supporting evidence that not all surface groups are 

consumed upon the binding of the dye on the TiO2 surface. The reduced surface group 

intensity upon adsorption is attributed to regions where bidentate bridging bonding occurs 

while the remaining Ti-OH/Ti-OH2 groups are proposed to be involved in electrostatic/H-

bonding interaction with neighboring carboxylic groups as reported in our previous 

studies.
 
However, photocurrent-voltage measurements of DSSCs prepared with the two 

different TiO2 varieties did not produce improved conversion efficiency (η) for Aqueous 

(4.00 vs. 5.33%). Based on electrochemical impedance spectroscopy analysis of the two 

different DSSCs, the lack of improvement for the Aqueous TiO2 was traced to extra 

charge transfer resistance in the photoanode film probably arising from particle 

aggregation and inefficient electrolyte diffusion (small pore size).  

 

4.2 Introduction 

The dye-sensitized solar cell based on anatase TiO2, which was invented by Gratzël’s 

group [1],
 
has become a highly active field of research [2-5]. Electron injection from the 

dye to the semiconductor is affected by the governing dye binding modes on TiO2 [6] 

thus, the TiO2 semiconductor/Ru complex interface has been studied to understand the 

binding mechanism using vibrational spectroscopy [7-10], XPS [11] and computational 

modeling [12,13]. Vibrational spectroscopy has been widely used to investigate the 

interaction of N719 molecules with the TiO2 surface in terms of the characteristic 

vibrational signals of the dye molecules (1000-2200 cm
-1

). However, most studies have 

only focused in the low wavenumber region (1000-2200 cm
-1

). Hirose et al.[14] were the 

first to correlate the surface hydroxyl groups on TiO2 to the binding mechanism between 

N719 and TiO2 by showing the IR spectrum in the range of 1000-4000 cm
-1

. In their 
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study, they radiated the TiO2 films with UV and this produced an increased efficiency in 

terms of cell current density. They suggested that after UV radiation, more surface 

hydroxyl sites are generated which allowed easier binding of the dye molecule [14].
 

Interestingly, the TiO2 surface has been well known to be composed of surface hydroxyl 

groups and adsorbed molecular water due to dissociative adsorption of waters on its 

defect sites [15]. For this reason, we recently reported new data about the binding 

mechanism (Scheme 3.1) of N719 onto TiO2 using ATR-FTIR and Raman spectroscopy 

by looking at Ti-OH/Ti-OH2 groups in the high wavenumber region [16]. In our study, 

Confocal Raman imaging was also performed but in the low wavenumber region in order 

to show how the bonding and nonbonding groups of the dye molecules are distributed on 

the dye coated TiO2 sample. A schematic showing Raman configuration used in this 

study is shown in Figure 4.1. 

 

Figure 4.1 Schematic of Raman instrumentation 

 

Raman imaging provides detailed information on the spatial distribution of individual 

chemical species of interest in the samples. We used the single point method for mapping 

of the pure TiO2 films and N719 adsorbed TiO2 as it offers advantages such as high 

sensitivity, high spectral resolution and true confocality [17]. A particular focus of our 

previous spectroscopic study was the elucidation of the role surface Ti-OH/Ti-OH2 groups 

play in the binding mechanism. Based on our investigation from Micro-Raman, ATR-FTIR 

spectroscopy and Confocal Raman imaging in the low wavenumber region, we proposed that 

one carboxylic group (COO
-
 or COOH) in N719 molecules binds to TiO2 by a dual 
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bonding mechanism involving bidentate bridging (chemisorptions) plus electrostatic 

coupling (H-bonding) via the surface Ti-OH/Ti-OH2 groups (Scheme 3.1) [16].
 

In DSSC, several charge-transfer processes are involved in energy conversion- electron 

injection (from dyes to TiO2), recombination (from TiO2 to dyes), re-reduction (from 

electrolyte to dyes) and dark current (recombination between injected electrons and tri-

iodide ions) [18]
 
and they interact with each other in a complicated manner. To improve 

the conversion efficiency, it is important to comprehend these charge transfer processes 

and the internal resistances of the cells [19]. Recently, electrochemical impedance 

spectroscopy (EIS) has become a major tool for investigating the properties and quality 

of dye sensitized solar cell (DSSC) devices [20]. It has been used to analyze internal 

resistance and wide range of electrochemical processes in DSSC[21]. EIS is a steady state 

method measuring the current response to the application of an ac voltage as a function of 

the frequency [22].
 
 

In this paper, we focus on the hydroxyl vibrations (high wavenumber region) of TiO2 

surface groups (before and after sensitization), and their relation to the type of bonding 

mechanism [16] that occurs upon adsorption using Confocal Raman imaging and micro 

ATR-IR imaging. 
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Figure 4.2 Schematic of micro-ATR-FTIR instrumentation
*
 and geometries of IR beam 

 

This is done to reveal the role of surface groups before and after adsorption of two 

different TiO2 films; one is a commercial product (“Dyesol”) and one made from a 

hydroxyl-rich anatase variety (“Aqueous”) synthesized in our laboratory [23,24]. Figure 

4.3 shows the optical images of Aquoeus and Dyesol TiO2 films.  

 

Aqueous TiO2   Dyesol TiO2 

Figure 4.3 Real microscope images of Aqueous (left) and Dyesol (right) TiO2 films 
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The influence of these surface binding features on the photovoltaic performance of 

DSSC devices prepared with the two different TiO2 electrodes is also discussed on the 

basis of electrochemical impedance spectroscopic analysis and I-V curve measurements. 

 

4.3 Experimental  

4.3.1 TiO2 film preparation and cell fabrication 

The Ru complex (N719: (bis(tetrabutylammonium)[cis-di(thiocyanato)-bis(2,2'-

bipyridyl-4-carboxylate-4'-carboxylic acid)-ruthenium(II)]) was obtained from Dyesol. 

The TiO2 pastes were prepared using two kinds of TiO2 (both anatase; one commercial-

Dyesol (DSL 18NR-T) and our aqueous produced variety-Aqueous[23,24]). TiO2 

electrodes were prepared by screen printing on FTO conductive glass substrates (Nippon 

Sheet Glass with a sheet resistance of 10 Ω per square). The TiO2 paste was spread out 

onto a FTO glass and sintered at 450°C in air for 30 min yielding a 9~10 µm thick film 

for Dyesol and a 8~9 µm thick film for Aqeuous, measured by a Dektak 3 surface profile 

measuring system. The dye coated TiO2 films were prepared by immersion into the dye 

solution for 24 h at room temperature [25]. The coated TiO2 was rinsed several times 

with ethanol to remove excess physisorbed N719 dye molecules and was left to dry in air. 

A sandwitch-type cell was assembled to measure the I-V curves and impedance 

spectroscopy. As a counter electrode, a Pt layer was prepared by spreading one drop of 5 

mM H2PtCl6 solution (iso-propanol), air dry, and then heat at 380°C for 30 min. A 30 µm 

thick thermoplastic film (Surlyn®-30, Dyesol) was employed to seal the two electrodes 

and a commercial electrolyte solution (EL-HPE, Dyesol) was filled through the hole on 

the Pt electrode.  

 

4.3.2 Raman imaging 

Confocal Raman images were collected with a polarized ion Ar laser operating at 514 nm 

by moving the sample with a piezo-motorized stage at a step size of 10 µm using a 100x 

short distance objective. The beam size from the x100 objective is about 1 μm and its 

penetration depth is 2 μm. The area of the mapping images collected was 70 µm x 70 µm. 

A schematic showing Raman configuration used in this study is shown in Figure 4.1. The 
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laser radiation at the microscope exit was 3 mW. The data processing procedure is 

mentioned in detail elsewhere [16].
 
 

 

4.3.3 ATR-FTIR imaging 

Micro-ATR-FTIR imaging was performed using a Varian FTIR microscope consisting of 

a FTS 7000e FTIR spectrometer coupled to a Varian model 600 UMA microscope.  A 

schematic of the IR beam and sample configuration can be found in Figure 4.2 [26]. The 

FTIR images were acquired using a liquid nitrogen-cooled FPA detector. The FPA 

detector consisted of 1024 pixels (size 5.5 µm x 5.5 µm each), arranged in a 32 x 32 array 

format, giving an IR image over a 176 µm x 176 µm area of the specimen and a typical 

spatial resolution of 5.5 µm.  The area of the IR mapping images collected is 35 µm x 35 

µm. In the micro-ATR configuration, a Varian slide-on ATR accessory with germanium 

crystal (Refractive Index = 4; Numerical Aperture = 2.4) was attached to a 15ⅹ 

Cassegrainian objective mounted on the IR microscope. The penetration depth is 

expected to be 0.65 µm at 2000 cm
-1

.  

4.3.3.1. Data preprocessing and map generation on IR imaging 

The use of a germanium crystal allows a better spatial resolution of about 1.1 µm to be 

achieved in the fingerprint region of the mid-infrared spectrum, hence giving an IR image 

over a 35 µm x 35 µm area of the sample. Accurate positioning and focus adjustment of 

the ATR accessory were performed before each series of measurements. An FTIR image 

was obtained by simultaneous acquisition of 1024 spectra from the pixels of the FPA 

detector. Each pixel measures an IR absorption spectrum at a specific location of 1.1 µm 

x 1.1 µm within the sample. The spectra were acquired in continuous scan mode over the 

range 4000–900 cm
-1

 at 4 cm
-1

 resolution by co-addition of 256 interferograms. A 

background FTIR image was collected prior to each measurement in the absence of the 

sample using a clean micro-ATR crystal. Varian Resolution Pro 4.1 software was used 

for the acquisition and processing of spectral datasets. No ATR correction was applied to 

the measured FTIR spectra before analysis. Each generated FTIR image is a hyper 

spectral data cube comprising two spatial dimensions and one spectral dimension given 

by the absorbance scale. The chemical images were created by attributing a color to each 
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pixel according to the absorbance intensity of a spectral feature characteristic of a 

specific chemical compound or functional group vibration.  

 

4.3.4 Photo-electrochemical measurements 

 The current-voltage curves were measured using a small area solar simulator (PV 

measurements Inc., Model SASS). A tungsten lamp was used to provide uniform light 

approximating the AM 1.5 Global reference spectrum to a 1 cm diameter test region. The 

light intensity was adjusted with a Si reference cell. Duplicate measurements with each 

type of DSSC (Dyesol and Aqueous) were made to ensure reproducible results. The 

electrochemical impedance spectra were measured by using a VSP instrument (BioLogic) 

and analyzed with the EC-lab software. The impedance measurements were carried out 

under 100 mW/cm
2
 illumination and applied open circuit voltage (OCV) and were 

recorded over a frequency range of 0.01 to 100 kHz with ac amplitude of 10 mV.  

 

4.4 Results and Discussion 

4.4.1 Confocal Raman imaging  

In our previous work [16], 4 groups of interest in the N719 dye adsorbed TiO2 films were 

selected for observation (Figure 4.4(a)): the anatase band at ~640 cm
-1

 (Eg mode), the 

COO
-
 sym band at ~1376 cm

-1
, the bipyridine band at 1542 cm

-1
 and the C=O band at 

~1725 cm
-1

.  

 

(a)                                               (b)                                            (c) 

Figure 4.4 Raman spectra of (a) TiO2, N719 and N719 –TiO2 in low wave number region, 

(b) TiO2 film in high wave number region and (c) N719 and N719-TiO2 in high wave 

number region (adopted from Figure 3.8) 
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The Raman image of Eg mode (at ~640 cm
-1

) was used to represent where TiO2 regions 

exist in the dye adsorbed TiO2. For the COO
-
sym band at 1376 cm

-1
, previous studies [16] 

have reported that the COO
-
sym Raman band can be used as evidence of the chemisorption 

of N719 on TiO2; thus, mapping in ~1376 cm
-1

 (COO
-
sym) energy should then indicate 

where the N719 bonding units reside. The overall distribution of the N719 dye was 

observed via the strongest bipyridine ring-stretching mode at ~1545 cm
-1

. The Raman 

images obtained at 1725 cm
-1

 provided us with the distribution of free C=O groups 

associated with one or more unbound carbonyl groups from the N719 dye molecules on 

the TiO2 film surface.  

For Raman imaging, the sample is mounted on the stage which moves to x and y 

direction (no z direction in our case), and the spectra are collected from different spots 

(10 µm step size) controlled by the stage. The beam size from the x100 objective is about 

1 μm and its penetration depth is 2 μm. Both Aqueous and Dyesol TiO2 show nano meter 

scale roughness (Figure 4.5), and both are in the range of the depth of resolution.  

 

(a)                                                              (b) 

Figure 4.5 AFM images of Dyesol (a) and Aqueous TiO2 (b) 

 

For Dyesol, the roughness factor (Rq) is 13 nm and Rq of Aqueous sample is from 50 nm 

to 250 nm. Consequently, there is no relation in our case between surface roughness and 

Raman imaging because the Raman scattering is not originated nor affected by the 

topographic character as mentioned above, but rather from groups of interest. Therefore 

the images in our studies come from the entire surface throughout the TiO2 film and the 

intensities observed are not affected by surface topography (roughness).  

Anatase has six Raman active modes (A1g + 2B1g + 3Eg), which appear, according to our 

previous study (Figure 4.4(a)), at 145(146), 197(198), 398(397), 515(516) and 639(642) 

and which can be assigned as the Eg (1), Eg (2), B1g, A1g or B1g, and Eg (3) modes, for the 
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Dyesol and in house-made Aqueous phase, respectively [16]. The band position and line-

broadening of the Eg (144 and 639 cm
-1

) Raman active modes show a distinctive peak 

and this peak can be used to estimate the relative crystallite size [28]. Figure 4.3 shows 

optical images of TiO2 films which were used for the imaging. The distribution of anatase 

throughout the films was observed by curve fitting the Eg (640 and 641 cm
-1

) modes for 

the naked TiO2 (Dyesol and Aqueous).  

 

(a)                                (b) 

Figure 4.6 Confocal Raman images of the naked TiO2 film at 640 cm
-1

 (a) Dyesol TiO2 

(b) Aqueous TiO2 

 

As shown in Figure 4.6, we selected use of the Eg mode at 640 cm
-1

 rather than the Eg 

mode at 144 cm
-1

 despite the fact that the Eg mode at 144 cm
-1

 is the most distinctive 

band among Raman active modes. This was done because the Eg mode at 144 cm
-1

 is 

located near the cut off filter (~100 cm
-1

) of our Raman system; thus, the signal could be 

dropped significantly if the cut off filter hits the 144 cm
-1 

band. In the case of the 

commercial (Dyesol) TiO2, it is observed (Figure 4.6 (a)) that the distribution is very 

homogeneous throughout the sample. For our in-house made Aqueous TiO2 (Figure 4.6 

(b)), we observe that although the Eg (640 cm
-1

) mode is active and distributed throughout 

the sample, some variation in intensity of this mode is present. This may be due to 

different surface characteristics and favourable surface complex energetic [16]. 

The Raman spectroscopic characterization of TiO2 in high wavenumber region has not 

been well known or reported unlike its IR counterpart [8-10]. In our studies, the 

assignment of the higher wave number modes in Raman IR spectra was based on our 

previous work [16] and that of Minella et al. [27]. Between 2500-3500 cm
-1

 νOH vibration 
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of linear and/or bridged H-bonded hydroxyl groups exist; also adsorbed molecular water 

hydroxyl vibrations occur in this same energy region. Therefore, it is nearly impossible to 

assign which type of OH (linear or bridge) or H2O molecule occurs in our Raman (and 

IR) measurements. All we can say is that the bonds we observe at 3000-3200 cm
-1

 are 

due to surface Ti-OH (linear and/or bridged) and Ti-OH2 groups. The water groups can 

be seen in our IR spectra for both TiO2 films in the range of ~1600 cm
-1

 (Figure 4.7). 

 

Figure 4.7 IR spectra of the naked TiO2 films showing the water groups ~1600 cm
-1

 

(adopted from Figure 3.6)  

 

In our previous study [16], we observed a sharp peak at 3080 cm
-1

 interpreted as Ti-

OH/Ti-OH2 groups in our Raman spectrum (Figure 4.4(b)). Figure 4.8 shows the 

contrasting Raman images of the naked TiO2 (Dyesol and Aqueous) obtained by curve 

fitting the 3076 cm
-1

 bands to show the distribution of the Ti-OH/Ti-OH2 surface groups 

in our samples. 
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(a)                               (b) 

Figure 4.8 Confocal Raman images for the naked TiO2 films showing surface OH/OH2 

groups at 3076 cm
-1

 (a) Dyesol and (b) Aqueous 

 

In the case of the Dyesol TiO2 sample, the hydroxyl density/intensity seems to be 

distributed throughout the sample more or less homogeneously; but some localization 

(hot spots) of Ti-OH/Ti-OH2 sites is evident. For our Aqueous TiO2, we observe that the 

occurrence of hydroxyl bonding hot spots is localized. Another thing that should be noted 

from these images is that when we compare the hydroxyl Raman spectra of our in-house 

made Aqueous TiO2 material with the commercial Dyesol product, both exhibit similar 

hydroxyl stretching modes [16]. However, we can observe the Ti-OH/Ti-OH2 groups and 

in particular, the distribution of hot spots to be qualitatively richer and localized in our in-

house versus the commercial TiO2 products. This qualitatively higher surface (OH/H2O) 

group content in our Aqueous TiO2 may be attributed to the method of synthesis 

(Aqueous solution) and the large surface area our product exhibits [23] which may adsorb 

more surface groups (OH/H2O). Higher content of surface groups (OH/H2O) may 

translate to better dye binding and hence sensitization, if the results from Hirose et al. are 

considered [14].
 

To further explore how the hydroxyl surface groups detected in the non-adsorbed TiO2 

samples (Dyesol and Aqueous) changed after adsorption of the N719 dye onto TiO2 

(Dyesol and Aqueous), Raman and ATR-IR contrasting images were collected by curve 

fitting the features occurring at 3086 cm
-1

 (Figure 4.9).  
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(a)                                  (b) 

Figure 4.9 Confocal Raman images for the N719 adsorbed TiO2 showing surface 

OH/OH2 groups at 3086 cm
-1

 (a) Dyesol and (b) Aqueous 

 

In the case of our in-house made Aqueous TiO2 film, it was mentioned that Ti-OH/Ti-

OH2 groups were distributed throughout the sample and fairly evenly distributed (but at 

lower density/intensity) at 3076 cm
-1

 mode (Figure 4.8). It should be noted that there are 

areas where the hydroxyl “density” is low for the 3076 cm
-1

 mode, likely indicating that 

not all these groups will participate in the binding of the N719 molecules. For the mode 

at 3085 cm
-1

, the N719-Aqueous TiO2 sample is not much changed after adsorption; 

however, it is observed that the local hot spots observed in the non-adsorbed sample 

(Figure 4.8) are removed upon adsorption (Figure 4.9). For the N719-Dyesol sample, a 

somewhat similar situation is observed as in our Aqueous TiO2. However, for the 3085 

cm
-1

 mode we observe that almost all hydroxyl groups have been removed upon 

adsorption (Figure 4.9(a) vs, Figure 4.9(b)), which is in contrast to what we observed for 

the N719-Aqueous TiO2 sample. This difference between the two TiO2 samples may 

reflect the different amount of surface groups (OH/H2O) available before and after 

sensitization.  

 

4.4.2 Micro ATR-IR imaging 

IR imaging was combined with Confocal Raman imaging to spatially resolve Ti-OH/Ti-

OH2 groups on the TiO2 surface and investigate their role at the micron level. Typical 

spectra of the neat TiO2 and N719-TiO2 are shown in Figure 8 and detailed assignment 

maybe found in our previous work [16]. 
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(a)                                          (b) 

Figure 4.10 ATR-FTIR spectra of naked TiO2 and N719 adsorbed TiO2 in the range of 

2600-4000 cm
-1

 (adopted from Figure 3.6(b) and Figure 3.4(b), respectively) 

 

Again, it should be noted that the IR image produced of Ti-OH/Ti-OH2 groups comes 

from the entire TiO2 surface and the intensity of signal observed is not related to surface 

topography in the IR imaging. The IR images of the naked TiO2 (Dyesol and Aqueous) 

obtained by curve fitting the broad 3220 cm
-1

 bands is represented in Figure 4.11 to show 

the distribution of the Ti-OH/Ti-OH2 surface groups in our samples. 

 

                                                  (a)                                    (b) 

Figure 4.11 ATR-IR images for the naked TiO2 showing surface OH/H2O groups at 

~3200 cm
-1 

(a) Dyesol and (b) Aqueous  

 

For the Dyesol TiO2 sample (Figure 4.11(a)), the hydroxyl density seems to be 

distributed throughout the sample less homogeneously; but some bright part shows Ti-

OH/Ti-OH2 sites evidently. In the case of our Aqueous TiO2 (Figure 4.11(b)), we observe 

the hydroxyl bonding sites (the bright contrast) more clearly than Dyesol TiO2. IR 
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imaging shows similar trends with Confocal Raman imaging after dye adsorption on TiO2 

surface as evident in Figure 4.12.  

 

                                                   (a)                                 (b) 

Figure 4.12 ATR-IR images for the N719 adsorbed TiO2 showing surface OH/H2O 

groups at ~3100 cm
-1

 (a) Dyesol and (b) Aqueous 

 

The local hot spots observed in the non-adsorbed sample (Figure 4.11) are somewhat 

removed upon adsorption (Figure 4.12). However, as mentioned in the Raman imaging 

section, not all Ti-OH/Ti-OH2 groups are removed upon dye adsorption. For the dye 

coated Dyesol TiO2, we can barely observe the local hot spots, while, in case of the dye 

coated Aqueous TiO2, the distribution of bright spots is reduced but the local hot spots 

still remain. This difference between the two TiO2 samples possibly reflects the different 

amount of surface groups (OH/H2O) that exists in the two substrates (before and after 

sensitization) but also shows how different surface characteristics (Dyesol vs. Aqueous) 

of anatase substrates affect the distribution of these groups.  

 

4.4.3. Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy was conducted to analyze the cell performance 

of the DSSCs fabricated with the two different TiO2 electrodes. Impedance spectroscopy 

is an effective method to investigate physical properties of multi-component 

electrochemical systems so that individual resistances can be extracted from different 

sections of the spectra, which are frequency dependent [21]. Key resistances relevant to 

the DSSC performance are the iodide species diffusion in the electrolyte, the 

FTO/electrolyte interface, the recombination of electrons in the TiO2/dye/electrolyte 
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interface, and the charge transfer at the working (FTO/TiO2) or Pt counter electrodes[20-

22]. The obtained EIS spectra usually consist of Bode phase plots and Nyquist plots. The 

typical impedance spectra of DSSC exhibit three semicircles, which have been assigned 

to (a) the electrochemical reaction at the Pt counter electrode and/or electrical contact 

between conductive substrate/TiO2 or TiO2 particles (R1) in the high-frequency region 

(1~100 kHz) [29-31]; (b) to electron recombination at the TiO2/dye/electrode interface 

(R2) in the middle-frequency region (1~1000 Hz); and (c) to the Nernst diffusion process 

of I
-
/I3

-
 in the electrolyte (R3) in the low-frequency region (0.01~1 Hz) [20-22,32]. The 

overall series resistance of the cell (RS) is the resistance measured when electrons are 

transported through the device in the high-frequency range exceeding 100 kHz [33]. In 

addition, the recombination phenomenon (charge transfer resistance, R2) can be 

characterized by the electron life time (τR) obtained from the EIS plot [34].
 

The EIS spectra under illumination and open-circuit condition are illustrated in Figure 

4.13. Also, the I-V characteristics and impedance data of the DSSCs fabricated with the 

two different TiO2 electrodes are listed in Table 4.1. 
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Figure 4.13 Electrochemical impedance spectra of the DSSCs based on two different 

TiO2 films (Dyesol and Aqueous) measured at open circuit voltage under 100 mW/cm
2
 

(top) Nyquist plot (bottom) Bode phase plot 

 

Table 4.1 Photovoltaic performance and impedance data of the DSSCs fabricated with 

two different TiO2 electrodes 

Device Rs (Ω) R2 (Ω)
a 

PF
b
 (Hz) Jsc (mA/cm

2
) Voc (V) FF η (%) 

Dyesol 34.0 32 31.0 14.6 0.58 0.64 5.33 

Aqueous 29.2 37 7.22 9.31 0.63 0.68 4.00 
a
 The values R2 are obtained from the diameter of the center arc in the Nyquist plot. 

b
 PF: the peak frequency in the middle range of the Nyquist plot 

 

In our Nyquist plot (Figure 4.13 (top)), the overall series resistance (RS) for Dyesol and 

Aqueous made electrodes are 34.0 Ω and 29.2 Ω, respectively. This indicates that the 

Aqueous TiO2 made electrode film shows slightly higher conductivity than the Dyesol 

counterpart resulting in smaller RS value. However, in terms of the size of R1 in the 

Nyquist plot, the Aqueous sample shows a bigger semicircle than the Dyesol sample, 

implying that there is more charge transfer resistance at the counter electrode and/or 
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electrical contact between conductive substrate/TiO2 or TiO2 particles in the Aqueous 

DSSC. The higher resistance at the Pt electrode in Aqueous DSSC can be excluded in this 

case, since we made the counter electrodes in the same way for both DSSCs. Thus, R1 is 

most likely the resistance derived from electrical contact between FTO/TiO2 or TiO2 

particles. The bigger size of R1 in the Aqueous sample is probably due to the aggregation 

of the Aqueous TiO2 particles in the photo-anode. This can be seen from the roughness 

factor of AFM analysis (50~250 nm for Aqueous TiO2 and 13.5 nm for Dyesol TiO2, 

Figure 4.5). Similarly, Sawatsuk et al. observed the effect of aggregation on the electrical 

impedance of dye-sensitized solar cells based on TiO2–MWCNTs (multi wall carbon 

nanotubes) composite electrodes [35]. In their study, they found a degradation of the 

DSSC performance with increasing concentration of MWCTs incorporated into TiO2 film. 

They concluded that this result is from aggregation of MWCNT in the composite 

electrode. 

Meanwhile, the values of the recombination resistance at the TiO2/dye/electrolyte 

interface (R2) of both samples are similar, but the Aqueous sample has a bit bigger R2. 

However, it should be noted that we estimated the diameter of center arc (R2) from the 

Nyquist plot because the border line between R1 and R2 semicircles in the case of Dyesol 

DSSC was not clear. 
 

According to the EIS theory, the characteristic frequency in the middle range of the 

Bode phase plots (Figure 4.13(bottom)) can be related to the inverse of recombination life 

time (τr) in TiO2 films (ωR=1/τR) [32,36]. In the Bode phase plot of Figure 4.13(bottom), 

the characteristic middle frequency peak moves from 20.5 Hz for the Dyesol sample to 

11.5 Hz for the Aqueous sample. This indicates that the electron recombination times are 

0.048 s and 0.087 s in the Dyesol and Aqueous sample, respectively. The higher value of 

R2 and increased recombination lifetime may indicate that the Aqueous DSSC is better to 

block the electron recombination at the TiO2/electrolyte interface than the Dyesol DSSC. 

The third semicircle (R3) apparently is overlapped with the second semicircle (R2), 

which is different from typical impedance spectra [32]. Wang et al. also observed this 

overlapping phenomenon in their EIS spectra of  DSSC made with the black dye [37]. In 

terms of size of the third semicircle, it is observed that the Aqueous sample has bigger 

resistance than the Dyesol sample. This can be due to the smaller pore size of the 
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Aqueous TiO2 made film owing to its smaller nanocrystallite size (5~10 nm) in 

comparison to the Dyesol TiO2 made film (20 nm). The small pore size obviously affects 

the flow of electrolyte into the pores as well ion diffusion hence producing extra 

resistance.  

Although the Aqueous TiO2 film may accommodate more dye adsorbed molecules due 

to its higher BET surface area [23,24] and surface hydroxylation, it showed lower 

conversion efficiency (4 %) in comparison to the Dyesol TiO2 made film (5.35 %). This 

can be explained by our EIS results on the basis of increased resistance at the TiO2 

particles (R1) and pore electrolyte diffusion (R3), the former derived from particle 

aggregation and the latter from small pore size. The advantage of higher value of R2 and 

increased recombination lifetime for the Aqueous sample may have not be adequate 

enough to compensate for the resistances due to small pore size and particle aggregation 

of Aqueous TiO2 hence the net drop in conversion efficiency. Therefore, based on this 

analysis, further optimization work is planned to improve the properties of the Aqueous 

TiO2-made mesoporous film by modifying the particle dispersion and increasing the pore 

size hence allowing for the benefits of improved dye binding via surface hydroxylation to 

be materialized. 

 

4.5 Conclusions 

Contrasting Raman images and micro IR imaging of the naked anatase TiO2 (Dyesol and 

Aqueous) films obtained showed the distribution of surface Ti-OH/Ti-OH2 groups to be 

distinct qualitatively richer in our in-house versus the commercial TiO2 products. Upon 

dye adsorption the Ti-OH/Ti-OH2 surface group intensity was observed to decrease but 

still to be present. These findings provide further supporting evidence that not all surface 

OH/H2O groups are consumed upon the binding of the dye on the TiO2 surface. The 

reduced hydroxyl group intensity upon adsorption is attributed to bidentate bridging 

binding of one of the carboxylic groups while the remaining Ti-OH/Ti-OH2 groups are 

proposed to be involved in electrostatic/H-bonding interaction with a neighboring 

carboxylic group as reported in our previous study.
16

 However, photo-electrical 

performance measurements of DSSC devices built with the two different TiO2 varieties 

did not yield improved conversion efficiency (η) in the case of our material (4.00 vs. 
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5.33%). Based on electrochemical impedance spectroscopy analysis of the two different 

devices, the lack of improvement for the Aqueous TiO2 was traced to extra charge 

transfer resistance in the photoanode film most probably arising from particle aggregation 

and inadequate electrolyte diffusion (small pore size). Higher efficiencies are expected to 

be achieved with the hydroxyl-rich Aqueous TiO2 material upon altering its particle 

properties to allow for optimization of its pore size distribution and film thickness. 
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Chapter 5. Electronic Interactions between N719 

Sensitizer and Anatase TiO2 Films: A Combined XAS 

and XPS study 

 

 

Having shed light in Chapters 3 and 4 on the manner by which dye molecular groups 

bind on the nanocrystalline TiO2 surface next the electronic structure and interactions at 

the dye-TiO2 interface were investigated and the results are reported in this Chapter. 

Towards this end XAS (X-ray absorption spectroscopy) and XPS (X-ray photoelectron 

spectroscopy) techniques were employed to study two nanocrystalline TiO2 (commercial 

and our aqueous synthetic) and their dye-coated counter parts. The electronic structure 

and interaction of dye-TiO2 gave complementary information to our previous vibrational 

spectroscopic studies in chapter 3 and 4. The experimental Ti L,K-edge and O K-edge 

were employed to monitor the coordination effect and verify the previously reported 

study. The C K-edge and N K-edge XANES spectra were employed to observe 

interactions on the electronic structure of N719 on two different TiO2 with regard to the 

aspect of dye molecule upon adsorption, which was firstly focused in this field. XPS was 

further employed for better surface sensitivity to monitor the surface interactions between 

the two different anatase substrates and their sensitized counter parts. Finally, DSSCs 

fabricated with two TiO2 photoanodes were evaluated by I-V (photocurrent-voltage) 

measurement. 
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5.1 Abstract 

In this study, the electronic properties of N719 adsorbed onto anatase were comparably 

investigated by using XAS and XPS techniques. Sensitized TiO2 films made from two 

different nanocrystalline anatase powders were investigated: a commercial one 

(Solaronix) and our synthetic variety produced through aqueous synthesis. This was done 

to investigate how our aqueous produced nanocrystalline anatase substrates compared 

with commercial products and to observe if both nanocrystalline anatase anodes behaved 

in a similar manner in terms of their bonding and electronic interactions. Surface 

coordination changes to Ti-O groups previously reported using Ti K-edge EXAFS data 

(using transmission or FY) between the pure TiO2 and the adsorbed state were not 

observed in our measurements via the Ti L or K XANES (nor EXAFS) data for both 

substrates using a surface sensitive detection technique (TEY). This is likely due to the 

probing depth of TEY mode (5~10 nm), in which the coordination changes that occur to 

the surface groups which should in turn affect the XANES spectrum are not observed at 

Ti K or L edge XANES spectrum. The C and N K-edge XANES spectra of the N719 

adsorbed onto two TiO2 films were for the first time evaluated in this work. From the C 

K-edge XANES data, the spectral changes revealed that additional electronic states occur 

between dye molecules and TiO2 surface. The C K-edge XANES spectra allowed us to 

propose that electronic interactions do not only occur through the covalent bonding of the 

anchoring groups but also through the aromatic electron density of the bipyridine groups 

and the d states found in TiO2. This was further confirmed via the XPS analysis by 

monitoring the N bipyridine groups before and after sensitization. XPS used in 

combination with XAS (in TEY mode) provided complementary information owing to its 

higher surface sensitivity. The Ti 2p and O 1s XPS spectra showed that the adsorption of 

the dye on TiO2 leads to a change of the surface dipole and/or a change in the Fermi level 

position in the band gap, which shifts all the core levels of TiO2. These are not equal for 

both TiO2 substrates in spite of them being nanocrystallnine anatase. This effect was 

found to be greater for the N719-Aqueous TiO2 system than the respective Solaronix one. 

For the N 1s and S 2p XPS, the shift toward higher energy indicated that there exists 
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additional H-bonding interaction of the NCS ligand of the dye molecule with the TiO2 

surface groups (OH/H2O). 

 

5.2 Introduction 

Dye sensitized solar cell (DSSC) has become an active field of research since it holds a 

lot of promise because of the use of an abundant and benign semiconductor material TiO2 

[1]. Binding of the dye to the TiO2 substrate plays a key role in the efficiency of DSSC 

because electron transfer depends on the binding mode [2]. A question that also remains 

of interest is if all nanocrystalline anatase substrates behave in the same manner 

chemically and electronically. For example, polycrystaline titania nanotubes were 

thought to offer advantages of directed electron transport and higher electron mobility 

[3,4] compared to sintered TiO2 nanoparticle films, yet macroscopic measurements have 

shown their electron mobility to be as low as that of nanoparticle thin films. Recent 

studies by Richter and Schmuttenmaer [5] have proposed this lack of electron mobility to 

exciton-like trap states. Thus, our aqueous produced TiO2 material has motivated us to 

investigate how the bonding, electronic interactions and electrical performances may vary 

in nanocrystalline anatase films. Our previous study using vibrational spectroscopy and 

Confocal Raman imaging, demonstrated that indeed different surface bonding properties 

(covalent and H-bonding) and distributions for two differently synthesized 

nanocrystalline anatase substrates were observed [6,7]. As a result a subsequent study to 

investigate how the electronic interaction in our aqueous and commercial products 

compared is presented in this manuscript via the use of core level surface sensitive 

spectroscopies (XAS and XPS).  

X-ray Absorption Spectroscopy (XAS) is a perfect probe to investigate coordination 

changes that occur around an element of interest in both the X-ray Absorption Near Edge 

Structure (XANES) and the Extended X-ray Absorption Fine Structure (EXAFS) region. 

XANES in particular can be used to investigate the local coordination chemistry 

(octahedral, tetrahedral), molecular orbitals interactions (p-d hybridization,), band 

structure (the density of unoccupied electronic states) and spin state (high or low spin) of 

materials at the bulk and interfaces [8-10]. More specifically, XANES at the L2,3-edge of 
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transition metal cations (such as 3d
0
 ions as Ti

4+ 
or Ca

2+
) are dominated by exchange 

interactions, spin-orbit splitting and crystal field effects which makes it a perfect probing 

tool to study coordination states [11-14]. Therefore, the L2,3-edge XANES probes the 

electronic structure and crystal field details within the first coordination sphere (e.g. 

surface) and bulk depending upon which decay channel is used for detection (TEY- 

surface (5~10 nm), FY- bulk (≥ 50 nm)). In addition to the L-edge XANES, the K-edge 

XANES spectra of transition metals also offer the advantages of sensitivity to 

coordination states as shown extensively in the literature [15-19]. 

Several groups have studied the interface properties of dye/TiO2 using X-ray 

absorption spectroscopy to elucidate electron transfer mechanism. Ju et al. reported an 

XAS study on the Ti K-edge of TiO2 nanoparticles of 10-20 nm with and without an 

assembly of N3 dye [20]. They suggested that the coordination numbers for the TiO2/N3 

interface was 2.7 (NTi-O) and 2.2 (NTi-Ti) in comparison to the coordination number of the 

isolated TiO2 nanoparticles (4.0 for NTi-O and 1.6 for NTi-Ti) as derived from their fitted 

EXAFS data, which was measured in transmission mode. These findings were interpreted 

as a result of the reconstruction of Ti local structure upon adsorption of the N3 dye on the 

TiO2 surface. However, it should be noted that their XAS spectra at the Ti K-edge were 

measured in transmission mode, which is not surface sensitive. Similarly, Zubavichus et 

al.[21] characterized Ru complexes (N719 and black dye) adsorbed anatase TiO2 using Ti 

K-edge XAS (XANES and EXAFS) in combination with out-of-plane XRD and XPS 

analysis. In their Ti K-edge XANES spectrum, the uniform enhancement of the pre-edge 

peaks was suggested to correspond to higher distortions of a local Ti coordination in the 

coated samples as this is forbidden in the centrosymmetric octahedral environment. The 

EXAFS data measured via fluorescence yield supported their interpretation of the 

XANES spectrum. The coordination numbers NTi-O and NTi-Ti were drastically diminished 

(2.8 and 1.4) in comparison with those for the uncoated sample (4.6 and 2.7), because 

coating with the dyes lead to a stronger distortion of the local environment of Ti atoms in 

anatase nanoparticles[21]. Their calculated coordination numbers are different than those 

suggested by Ju et al.[20]. Furthermore, it may be noted that FLY at Ti K-edge detects 

mostly the bulk, unless the dye coating is very thick, i.e. this approach is not interface 

sensitive. 
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In terms of XPS studies, the adsorption orientation and electronic coupling of N3 onto 

TiO2 have been studied in a number of publications [22-24]. Rensmo et al. conducted 

XPS studies of Ru-polypyridine complexes for solar cell application, in which they 

reported the C 1s, O 1s, N 1s and S 2p spectra to support the general picture of bonding 

via the carboxyl groups of a single bi-isonicotic acid ligand of the complex. For the 

measurement of N3 with TiO2, they concluded that the –NCS ligand to TiO2 interaction 

was small [22]. Later on, Johansson et al. compared the electronic and molecular 

structure of the dyes (black dye, N3 and N719) adsorbed onto nanostructured TiO2 using 

PES (photo electron spectroscopy). In their study, they proposed that a fraction of the -

NCS groups interacts with the TiO2 surface through the sulfur atoms based on their S 2p 

spectra. From the O 1s spectrum of N719 on TiO2, they deduced the –OH units in 

carboxylic acid groups to be at a larger distance from the TiO2 surface than carboxylated 

oxygen, indicating that N719 is anchored to the TiO2 surface through carboxylated 

groups, partly having TBA
+ 

(tetrabutyl ammonium ion) as counter ions. Moreover, from 

the N 1s spectrum, the TBA
+
 counter ions were found to be at the surface, although the 

amounts were clearly smaller than expected from the molecular formula [23]. Similary, 

Mayor et al. reported an experimental study of the bonding geometry and electronic 

coupling of the N3 dye adsorbed on rutile TiO2, via the (110) plane along with supporting 

theoretical calculations. In their study, the carboxylic groups of one bi-isonicotic acid 

ligand de-protonated so that its O atoms bonded to the Ti atoms of the substrate and one 

of the thiocyanate groups bonds via a S atom to an O atom of the Ti substrate. Their DFT 

calculations supported that this geometry was energetically more favorable than the 

bonding of one carboxylic group from each bi-isonicotic acid ligand [24].  

In this paper, two nanocrystalline TiO2 (commercial and our aqueous synthetic - Figure 

5.1) and their dye-coated counter parts have been studied via XAS (X-ray absorption 

spectroscopy) and XPS (X-ray photoelectron spectroscopy) techniques.  
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                                                 (a) Solaronix            (b) Aqueous 

Figure 5.1 TEM image of TiO2 particulate 

 

The experimental Ti L,K-edge, O K-edge, C K-edge and N K-edge XANES spectra 

were employed to monitor the bonding (coordination) effects and interactions on the 

electronic structure of N719 ((bis(tetrabutylammonium)[cis-di(thiocyanato)-bis(2,2'-

bipyridyl-4-carboxylate-4'-carboxylic acid)-ruthenium(II)]) on two distinct anatase TiO2 

films. All XAS measurements were conducted in TEY mode for improved 

surface/interface sensitivity.  

XPS was further employed for better surface sensitivity to monitor the surface 

interactions between the two different anatase substrates and their sensitized counter parts. 

The O 1s XPS data was used to estimate the amount of OH groups on the surface of pure 

TiO2 (Solaronix and Aqueous) substrate. The N 1s and S 2p XPS data was used to 

monitor the chemical interactions occurring between these groups and the TiO2 surfaces. 

Finally, the C1s data is used to observe surface contamination before dye adsorption. 

 

5.3 Experimental Section 

5.3.1 Sample preparation 

The N719 (bis(tetrabutylammonium)[cis-di(thiocyanato)-bis(2,2'-bipyridyl-4-

carboxylate-4'-carboxylic acid)-ruthenium(II)]) used in this work was obtained from 

Dyesol. The electronic study of the N719 involved two nanostructured TiO2 (both anatase; 

one commercial-Solaronix (Ti-Nanoxide T20) and one synthesized in our laboratory-

Aqueous [25]) films prepared by paste deposition, annealing and sensitization. The 

commercially available Solaronix TiO2 (15~20 nm) was produced by hydrothermal 
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reaction and our synthetic variety (5~10 nm) was produced through aqueous synthesis 

(TEM image in Figure 5.1). The preparation of the Aqueous TiO2 paste followed Ito et 

al.’s procedure [26]. TiO2 electrodes were prepared by screen printing on FTO glass 

substrates (Nippon Sheet Glass with a sheet resistance of 10 Ω per square). The TiO2 

paste was spread out onto a FTO glass and sintered at 450°C in air for 30 min yielding a 

5~8 µm thick nanostructured anatase film, measured by a Dektak 3 surface profile 

measuring system. The dye adsorption was performed by immersing the TiO2 electrodes 

for 24 h in a 0.3 mM solution of N719 at room temperature. The coated TiO2 was rinsed 

thoroughly with ethanol to remove physisorbed dye molecules. 

In the case of sample preparation of neat dye for XANES measurement, 5 mg of dye 

was dissolved in 0.25 ml of ethanol, stirred and put in ultrasonic bath for 30s. 

Approximately 0.01 ml was dropped onto a 5x5 mm gold coated Si wafer (unpolished). 

The ethanol was allowed to evaporate, leaving a layer of sample that was estimated to be 

100 µm thick or more. For XPS measurement, the neat dye was prepared similarly to one 

in XANES measurement.  

 

5.3.2 XANES 

XANES spectra were obtained at the Canadian Light Source (CLS) on the spherical 

grating monochromator (SGM) beamline (ΔE/E: ~10
-4

) for the Ti L-edge, O K-edge, N 

K-edge and C K-edge. XANES spectra were recorded in the surface sensitive total 

electron yield (TEY) using specimen current and bulk sensitive fluorescence yield (FY) 

using a multi-channel plate detector under high vacuum (5 e
-8

 Torr). For the C K edge 

measurements a 100 nm Ti filter was placed in the beamline to reduce the contribution of 

the O K edge excited by second order light [27]. C K edge spectra were normalized to the 

incident photon flux as recorded by a photodiode (AXUV100).  All other spectra were 

normalized to the incident flux recorded using a Au mesh (85% transmission). The 

energy calibration at the Ti L3,2-edge and the O K-edge were conducted based on the  

TiO2 anatase powder and literature values [28,29]. Carbon K-edge and nitrogen K-edge 

were calibrated using CO and N2 gas, respectively. Ti K-edge was conducted at the 

SXRMB beam line using a step size of 0.3 eV and in TEY mode.  

 



Chapter 5. Electronic Interactions between N719 Sensitizer and Anatase TiO2 Films: A Combined 
XAS and XPS Study 

117 

 

5.3.3 XPS 

X-ray photoelectron spectroscopy (XPS) measurements were conducted in a Thermo 

Scientific K-Alpha, using a Al Kα X-ray source at 1486.6 eV. The base pressure was ~10
-

10
 Torr. High-resolution spectra were obtained at a perpendicular takeoff angle, using a 

pass energy of 20 eV and steps of 0.05 eV. Spectral peaks were separated using the VG 

Avantage program, and the Shirley background was subtracted. The scale of the binding 

energy was calibrated against Au (4f7/2). No effects due to charging or X-ray damage 

were observed during the experiment. 

 

5.3.4 Cell fabrication and photovoltaic measurements 

 A sandwitch-type cell was assembled to measure the IV curves. As a counter electrode, 

a Pt layer was prepared by spreading one drop of 5 mM H2PtCl6 solution (i-propanol), air 

dry, and then heat at 380° for 30 min. For the photoanode, the TiCl4 pre-treatment was 

applied before screen printing TiO2 paste on the FTO glass[26]. The thickness of photo-

anodes is ~10-12 µm for both TiO2 without using scattering layer. A 60 µm thick 

thermoplastic film (Meltonix 1170-60 Series, Solaronix) was employed to seal the two 

electrodes and a commercial electrolyte solution (EL-HPE, Dyesol) filled through the 

hole on the Pt electrode. The current-voltage curves were measured using a small area 

solar simulator (PV measurements Inc., Model SASS). The replicate tests of IV 

measurements were performed for better accuracy. A tungsten lamp was used to provide 

uniform light approximating the AM 1.5 Global reference spectrum to a 1 cm diameter 

test region. The light intensity was adjusted with a Si reference cell.  

 

5.4 Results and Discussion 

5.4.1 XANES 

5.4.1.1 Ti L-edge 

Previous EXAFS studies via the Ti K edge [20,21] have indicated that the coordination 

of Ti-O is changed when the COOH group of the dye molecules is adsorbed onto TiO2, as 

described in the introduction. This in turn should modify significantly the crystal field of 

the surface interacting TiO2 nanoparticles as a result of the coordination change that 

occurs from the pure state to the adsorbed state in which bidentate bonding occurs 

http://www.solaronix.com/products/sealingmaterials/meltonix117060/
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between the dye molecule and TiO2. Such coordination changes should then be clearly 

observed at the Ti L or K-edge XANES spectra [11,15,16,30]. Thus, the motivation of 

our XAS study using the surface sensitive TEY mode at the Ti L,K-edge and O K-edge 

XANES is to observe and verify these coordination changes for the dye-coated TiO2 in 

comparison to the pure TiO2, and to observe if any differences occur between the two 

distinct anatase nanocrystalline substrates (our aqueous and commercial). 

 

Figure 5.2 Titanium L-edge XANES spectra of the TiO2 and N719-adsorbed TiO2 film 

Figure 5.2 shows the Ti L-edge XANES spectra of the pure TiO2 and N719 dye-coated 

TiO2 for the commercial Solaronix and our lab-based Aqueous anatase. In the pure TiO2, 

the XANES spectra contain weak pre-edge peaks, denoted S1 and S2 [27]. The spectra 

also consist of the usual sets of peaks, denoted L3 and L2 in the higher photon energy. The 

L3 features (a1 and a2) results from the dipole allowed transition of the 2p3/2 to the final 

state of Ti 3d5/2 and the L2 peaks (b1 and b2) are derived from 2p1/2 to the final state of Ti 

3d3/2 ((Δl= ±1, Δj = 0, ±1); the character of these states is modified by the combined spin–

orbit and crystal field interactions [27-29]. According to the work of de Groot, the peaks 

of L2 are broader due to the shorter lifetime of its excited state, since L2 has extra decay 

channels, compared to L3 [30]. As the crystal field splits the 3d state of Ti into two levels, 

t2g and eg, each L peak represents two contributions a’1 (b1) and a'2 (b2), respectively. 

Furthermore, the eg peak of the L3 edge has an asymmetry or an additional splitting (a"2) 

that is the XANES finger print for the crystallographic phases of anatase. The reason for 

different relative intensities between a2 (a"2) and b1 (b2) peaks has been discussed by a 

number of publications [30-33]. It has been known that the additional splitting is due to 

distortions from octahedral symmetry [30,31]. However, current work by Kruger has 
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mentioned that the distortion of the TiO6 octahedra is not a sufficient condition to 

describe the L3(eg) peak splitting since there is not splitting for an isolated (distorted) 

TiO6 octahedron. Also, his analysis showed that the distortion is not even a necessary 

condition since ideal rutile made from undistorted octahedral also shows a L3(eg) peak 

splitting of about the same width as real rutile. Kruger’s analysis using the first-principles 

multichannel multiple-scattering method with a particle-hole wave function, clearly 

shows that the L3(eg) peak splitting is not a local effect. Therefore it can neither be 

explained with atomic crystal field theory nor TiO6 charge transfer models. Instead it is a 

non-local effect that requires a quite precise description of the Ti-3d band structure which 

is possible only using k-space band structure or large cluster calculations [32,33]. 

 Now as can be seen from Figure 5.2, the dye-coated TiO2 Ti 2p XANES spectrum is 

virtually identical to that of anatase without dye in terms of splitting and symmetry of 

peaks, but their intensity differs. At this point, it is worth to remind the reader that in 

XAS, the core electron is excited to a bound state, i.e. we probe the empty density of 

states (empty orbitals in chemical terms) and as such transitions (“peaks”) are only 

observed if these states are unoccupied. Moreover, the intensity of the XAS peaks can 

also be qualitatively used to estimate the density of unoccupied states for the particular 

transitions as observed in literature work [34,35]. In spite of the fact that both Solaronix 

and our synthetic substrate are nanocrystalline anatase films, the density of states (as 

indicated from the intensity of the XANES spectra) for the L3 (t2g and eg) orbital varies 

significantly once the dye molecule is adsorbed in both anatase substrates. For example, 

in the case of the dye-adsorbed Solaronix TiO2, the intensity of the L3 (t2g) orbital is 

much higher than the pure TiO2, indicating that once the N719 bonds to the surface, the 

density of states of these lower energy electronic states in TiO2 become free (unoccupied) 

and as such may be the ones that are filled later once the injection process occurs. For our 

Aqueous TiO2 substrate, we observe a completely different behavior than that observed 

in the Solaronix, namely, the density of states for the L3 (t2g and eg) remains the same 

before and after dye adsorption. In the case of Aqueous TiO2, the splitting of L3 

(eg)/L3’(eg) peak in the dyed TiO2 is less sharp than the one in the pure TiO2 or the 

Solaronix case. The peaks in the range of 465 eV are also broadened, which is likely 

attributed to some degree of local structure change in TiO2 nanoparticles. However, most 
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of the spectral structural change that is observed for the TiO2 XANES before and after 

dye adsorption is little to none in both anatase substrates. This was rather unexpected 

since the XANES spectrum at the L -edge is a very sensitive probe to coordination of 

transition metals such as Ti
4+

 systems [11,13] and as that reported in previous studies for 

the K-edge [20,21]. The simplest interpretation for that is that most of the XANES TEY 

signal comes from the Ti atoms far from the dye - TiO2 interface; in other words even the 

use of the TEY mode (which can probe 5-10 nm [36]) is not sufficiently surface sensitive 

to monitor the interface coordination changes in two distinct nanocrystalline anatase 

substrates. This then raises questions about the EXAFS data reported by Ju et al.[20] and 

Zubavichus et al.[21] in which they reported to have detected surface coordination 

changes to the Ti-O bonds of the pure and adsorbed state using less sensitive detection 

techniques (transmission and FY). However, as shown by our XANES Ti L-edge (and 

later K-edge) data in TEY detection mode, the pure and adsorbed states gave rise to the 

same XANES spectrum indicating that no changes to their crystal field (and therefore 

their coordination of the surface groups) could be observed upon dye adsorption, in spite 

of the fact we used even more surface sensitive techniques than Ju et al.[20] and 

Zubavichus et al.[21]. If this is not the case (i.e. surface sensitivity), then it would mean 

that the Ti L-edge spectrum of the interface Ti atoms is not influenced by the dye 

adsorption. However, the latter case is unlikely, and it is the lack of sensitivity of the 

TEY mode of the Ti L-edge which does not allow us to see the coordination changes to 

the surface TiO2 group upon dye adsorption. Auger Electron Yield (AEY) or Partial 

Electron Yield (PEY) maybe sensitive enough to detect these changes in coordination 

states but this is out of the scope of the present study. 

Another reason that we may not see a difference in the Ti L-edge XANES signals from 

the coated versus that of the uncoated samples, is that a very small amount of the Ti 

signal actually comes from the TiO2 that is interacting with the dye. Even though the 

surface area in our nanocrystalline anatase is high, the TiO2 that is interacting with the 

dye only makes up a small fraction of the total TiO2 that is giving us the signal. Thus one 

is looking for a very small effect on top of a large background in the present study and 

those of previous works [20,21]. 
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With reference to the point of sensitivity, it is well known that total electron yield (TEY) 

is more surface sensitive than fluorescence yield (FY) because the sampling depth of the 

TEY is ~5-10 nanometers [8,34], while that of FY is obtained from deep inside the bulk 

(≥ 50nm) [8,34] of the TiO2. Thus, the intensity of FY is always higher than TEY’s 

because the signal collected for titanium atoms from the FY is always expected to be 

much stronger than the one from TEY.  

 

Figure 5.3 Ti L-edge of TEY and FY for the pure TiO2 (a) (c) and N719-TiO2 (b) (d) 

 

Figure 5.3 shows the Ti 2p XANES of TEY in comparison to FY. It is observed that 

FY shows a higher background and signal as expected, since more TiO6 atoms contribute 

to the Ti L-edge XANES spectra as a result of the greater probing depth. Upon 

comparison of the TEY with the FY mode for the pure and sensitized TiO2 samples, it 

can be observed that the L2,3 and pre-edge features are much more well defined; this is 

especially observed for the characteristic L3(eg)/L3’(eg) features. The other peaks are 

suppressed due to self-absorption.  
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At this point, it is worth noting that all the XANES measurements conducted on our 

TiO2 films were dipped in the dye solution for 24 hrs, similar to the procedure used by Ju 

et al.[20] and for longer times than that of Zubavichus et al.[21] who only used 12-15 hrs 

retention time. Thus, the amount of dye loading (i.e. thickness of dye coverage on TiO2) 

in our experiment and that of Ju et al.[20] and Zubavichus et al.[21] should ideally be the 

same or very similar and so we can rule out major experimental differences between the 

works. So it may be inferred that the results reported by Ju et al.[20] using Ti K-edge 

EXAFS measurements which report change in coordination of the surface TiO2 groups 

are not possible, since the transmission mode cannot give the surface sensitivity required 

to observe these coordination changes that occur at the surface of the TiO2 nanoparticles. 

Similarly, the work by Zubavichus et al.[21] showed a significant coordination (Ti-O) 

change using the FY mode at the Ti K-edge but as previously discussed, these two types 

of detection modes are more bulk than using electron yield. In our studies, via the Ti L-

edge XANES in surface sensitive TEY mode, coordination changes to the TiO2 surface 

groups of both substartes could not be observed in spite of the fact that the L-edge 

XANES is a perfect probe to measure these coordination changes around Ti atoms 

[9,11,13].  

Therefore, to clarify the above point, we decided to further conduct Ti K-edge 

measurements using the electron yield mode, which should in theory be more surface 

sensitive than the FY and transmission measurement to further verify our L-edge findings. 

XPS measurements were also applied to investigate these interactions of dye-TiO2 in both 

substrates with the advantage of giving even greater surface sensitivity than TEY mode; 

this is later discussed in the manuscript.  

 

5.4.1.2 Ti K-edge  

As mentioned previously, to clarify and verify if the coordination changes previously 

reported by Ju et al.[20] Zubavichus et al.[21] could be observed for both systems, we 

decided to conduct Ti K-edge analysis using the surface sensitive TEY mode. 
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Figure 5.4 Ti K-edge XANES of TiO2 and N719-TiO2 (a) Solaronix and (b) Aqueous 

Figure 5.4 presents the Ti K-edge of the pure anatase (Solaronix and Aqueous) films as 

well as that of the sensitized substrates. The spectra of our unsensitized TiO2 (Solaronix 

and Aqueous) show the typical near-edge feature (A1, A2 and A3) as well as the middle 

edge feature (B) and the white line feature (C) of anatase [15,37-39]. Previous works 

have interpreted these pre-edge features to arise from mixing of the p orbital of absorbing 

Ti atom with the d orbital of the neighboring Ti atoms. Wu et al. suggested that the first 

and second features (A1and A2) arise from dipolar transitions from the Ti 1s to the t2g and 

eg levels, while the third feature (A3) represents a transition from the 1s  4p states of 

the absorbing atoms [40]. Others [41-44] have suggested A1 to arise from quad polar 

transition to the t2g states of TiO6; A2, A3 are largely to 1s  3d dipolar transition to the 

t2g and eg orbital of neighboring octahedral. Zubavichus et al. based on previous works 

[45,46] attributed these pre-edge triplets to quadrupole (A1) and dipole (A2, A3) 1s  3d 

transitions due to distortions of the centrosymetric Oh environment with participation of 

the valence p states of the titanium and oxygen atoms; while feature B and C were 

attributed to a 1s  4p transition and promotion of a photo electron to higher vacant np 

states of Ti and Ti-O anti-bonding states in the coordination environment of Ti [45-49]. 

Furthermore, in this study [21] a weak but clear splitting of the A2 feature was observed 

by looking at the derivative (dµ/dE) of XANES spectra, this was attributed to penta 

coordinated surface Ti atoms as it corresponded to their fitted EXAFS coordination 

numbers.  

In our case, if we consider the Ti K-edge XANES spectrum (Figure 5.4), then we 

observe substantial damping of the white line and post edge features in the sensitized 
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sample in comparison to the pure TiO2 substrates, as that observed by Zubavichus et 

al.[21] but we do not observe the enhancement of the pre-edge features in the sensitized 

samples (rather the opposite occurs). Similar observations with ours (damping of white 

line and post edge features) have also been observed by Chen et al.[38] for ascorbic acid 

onto TiO2 nanocrystalline; these enhancement of pre-edge features were correlated to the 

higher distortions of the local Ti coordination in the sensitized samples.  

The derivative of our Ti K-edge XANES data (Figure 5.5) shows no splitting of the A2 

feature as that in the work of Zubavichus et al.21
 
for either of our anatase substrate.  

 

Figure 5.5 Derivatives of Ti K-edge XANES for TiO2 and N719-TiO2 

 

With this in mind, we decided to further investigate the EXAFS region of our Ti K-

edge data for our coated and uncoated TiO2 substrates as shown in Figure 5.7. As it can 

be observed from the k space data (which was collected up to k~15), when one compares 

the sensitized versus the unsensitized EXAFS data for both anatase substrates, we can 

safely say that they are exactly identical (Figure 5.6).  
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Figure 5.6 EXAFS spectra of TiO2 and N719-TiO2 

 

 

Figure 5.7 EXAFS spectra of TiO2 and N719-TiO2 (a) Solaronix and (b) Aqueous 

 

Moreover, it is worth to point out that at the Ti K-edge, when coordination changes 

occur, these are clearly observed not only in the XANES region but also in the EXAFS 

region (in k space) as demonstrated very nicely in TiO2 colloids where the Ti-O 

coordination changes [50].
 
All of this suggests that no coordination change has been 

detected to the surface TiO2 groups upon dye adsorption to either anatase nanocrystalline 

substrates (using TEY) in our measurements as that reported in previous studies [20,21]. 

Previous investigators have reported the coordination of the Ti-O shell to change up to 2 

units from the pure to adsorbed states. Now such a huge coordination change (~ 2 unit) if 
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indeed occurs should be clearly observed in the Ti K-edge EXAFS or in the XANES data, 

as many studies have demonstrated [15,47,50] or at least be observed at the Ti L-edge 

[11,13] which is more sensitive to crystal field (coordination) changes.  

Finally, it is interesting to note that the spectral structures of the pure and adsorbed 

state of the Ti K and L-edge XANES data are similar. In spite of this, there are small 

differences between the anatase substrates that are observed as evident from the EXAFS 

features occurring at 5.8 Å
-1

 and 7.8 Å
-1

 (indicated by the arrows in Figure 5.7) and from 

the intensity of the t2g and eg states of the Ti L-edge XANES spectra. Therefore, the Ti K-

edge showed little difference in the spectrum between the pure and adsorbed state (Figure 

5.4) at Ti K-edge in the XANES or EXAFS region as in previous reports [20,21]. 

However, it should be pointed out that these coordination changes may not be observable 

at the Ti K-edge even with a more surface sensitive technique than FY as TEY. Since the 

probing depth is usually hundreds of nanometers at the K-edge and in our case (in 

addition to Zubavichus et al.[21] and certainly not Ju et al.[20]), we may not be sensitive 

enough to detect these changes in coordination state (and therefore crystal field changes) 

which only occur to the surface groups of the anatase nanoparticles [37]. 

 

5.4.1.3 O K-edge 

The oxygen 1s XANES spectra of TiO2 reflect the density of unoccupied electronic states 

of the 2p type. Because the O 2p orbitals are hybridized with the Ti 3d and 4sp orbitals, 

they also account for these metal states [27]. In Figure 5.8, we can distinguish two energy 

regions; one is the region from 530 to 535 eV and another is the region from 537 to 550 

eV.  
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Figure 5.8 Oxygen K-edge XANES spectra of the TiO2, neat N719 and N719-adsorbed 

TiO2 films (a) Solaronix (b) Aqueous 

The features in the range of 530-535 eV are associated with transitions to the O (2p)-Ti 

(3d) band. As the crystal field splits the 3d levels into t2g and eg orbitals this gives rise to 

two contributions labeled A and B, respectively. The higher energy region in the 537 to 

555 eV includes transitions to the O 2p antibonding state (peak C) and O (2p)-Ti (4sp) 

band (peak D) [29]. For the TiO2 it can be observed from the O K-edge that the samples 

are indeed composed of only anatase as only two higher energy features are observed 

[30], in agreement with our XRD and Raman data [25]. In the case of the N719 pure dye, 

the O K-edge has never been reported and as such the features can be described only in 

terms of the functional groups that contain oxygen atoms, namely the carboxylic acid and 

carboxylate groups. In general, the O K-edge XANES of carboxylic acid has three 

components, all due to the carboxylic acid groups. These are attributed to the π*C=O at 

531.7eV, the σ*C-O resonance at 540.3 eV and the σ*C=O resonance at 542.9 eV. The latter 

two features are generally not well resolved in carboxylic acids such as formic acid [42], 

but in the case of N719 as can be observed in Figure 5.8 these are indeed well resolved, 

this is likely due to the high resolution power at the SGM. The feature at 533.9 eV is well 

pronounced and resolved but does not generally appear in the XANES spectra of 

carboxylic acid, so we can only qualitatively attribute this to a π*COO- type of feature 

from the carboxyl groups that form part of the N719 molecule. In the case of dye-

adsorbed TiO2 samples, the O K-edge is almost identical with the pure TiO2; moreover 

the N719 character of the COOH and COO
-
 groups has completely disappeared. Thus, it 
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may be inferred that the O K-edge is insensitive to show any structural change before and 

after dye adsorption. As result of this, further investigation on the oxygen edge via XPS 

was conducted and will be discussed in the later sections.  

Since the O K-edge was found to be dominated by TiO2 contributions, we decided to 

investigate the changes occurring to the dye molecules after adsorption by looking at 

carbon and nitrogen K-edge XAS spectra. 

 

5.4.1.4 C K-edge 

As can be seen in Figure 5.9, the carbon K-edge XANES spectra for the neat dye and 

dye-coated TiO2 (Solaronix and Aqueous) are completely different in structures. 

Although some uncertainty may be introduced by the normalization [51], it cannot 

account for these significant spectral changes.  

 

Figure 5.9 Carbon K-edge XANES spectra of (a) neat N719 and N719-Solaronix TiO2 (b) 

comparison of N719-adsorbed Solaronix and Aqueous; and naked TiO2 film (c) 

Solaronix (d) Aqueous 
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The C K-edge spectra from the neat TiO2 films are shown in Figure 5.9 (c) and (d). As 

expected a small amount of organic contamination are present in the bare films (as 

evident from the C K-edge XANES and later quantified in the C 1s in the XPS section (~ 

6 %). However, when the TiO2 films are dipped into the dye solution during cell 

fabrication, most of the organic contaminant molecules should displaced by the dye 

molecules (otherwise no adsorption of dye would occur) and therefore contributions from 

organic contaminant to the C K-edge XANES spectra of the sensitized TiO2 films is not 

expected to significantly contribute to the C K-edge XANES spectra of the sensitized 

samples. The C K-edge XANES in Solaronix and Aqueous TiO2 shows the organic 

contamination from the air. 

 As can be seen, the C K-edge XANES spectra for the pure TiO2 (Solaronix and Aqueous) 

shows the carbon contamination on our neat TiO2 films (Figure 5.9 (c) (d)). Interestingly, 

the C K-edge spectra are different for Solaronix and Aqueous TiO2 implying that each 

samples may contain different types of carbon contamination. The peak around 285 eV 

may indicate to π-π* transition of C=C in aromatic ring and/or amorphous carbon. The 

sharp peak at 288 eV corresponds to σ*-resonances of the C=O in CO2. Interestingly, is 

worthy to note that these features from the organic contaminants are in slightly different 

energy region in comparison to the C K-edge spectrum of dye coated TiO2. All C K-edge 

data presented in this paper were energy calibrated using CO. For clear comparison, we 

overlaid the C K-edge spectra of the pure TiO2 and dye coated TiO2 sample (Figure 5.10).  
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Figure 5.10 C K-edge XANES of the bare aqueous TiO2 (organic contaminant) and the 

dyed adsorbed TiO2  

 

As can be seen, the carbon contamination from the neat TiO2 does not appear to be give 

a significant contribution to the C K-edge XANES spectrum in the dye coated TiO2 

surface. 

In this work, the C K-edge assignment of dye and dye-coated TiO2 is based on previous 

XANES studies for bi-isonicotic acid which is the binding ligand of N719 [51,52]. For 

the neat N719 dye, the strong narrow peak at ~285 eV arises from transitions to the ring 

π* state, the peak at 288 eV is from C 1sπ* resonance of C=O the group and the broad 

peak above 295 eV corresponds to C 1sσ* transitions. Generally, peaks AC and BC can 

be assigned to signals arising from the inequivalent C atoms in the pyridyl rings and/or 

the carboxyl side groups. However, these two peak transitions are assumed to occur 

solely from ring C 1s  π* resonances as determined by computation conducted by 

Thomas et al.[52]. A small peak at 287 eV (CC) observed in the adsorbed sample is a new 

feature, which is not observed in the neat N719 and may be assigned to C 1s π* 

transition in the range of pyridine rings, indicating that there are additional electronic 

states between dye molecules and TiO2 surface in comparison to the neat dye. The clear 

feature at 288.5 eV (peak DC) arises from C 1s π* resonance in pyridine and the peak 

at 289.7 eV, peak EC is believed to be a C 1s  π* transition arising from the carbon in 
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COOH/COO
-
 groups. We also observe the typical broad peaks from C 1s to σ* 

transitions above 295 eV (FC) which are analogous to the peaks seen in pyridine [51-53]. 

In addition to the π* changes, there are other differences in the σ* region in the spectra, 

that again indicate slight modification of the electronic structure around the pyridine 

structures once the dye molecules are adsorbed onto TiO2. From these spectral changes to 

the XANES spectrum, it seems reasonable to propose that the aromatic electronic density 

from pyridine should interact with TiO2 electron density once the N719 molecule is 

adsorbed, a feature that has not been considered by any previous electronic studies on this 

system [54]. Interestingly, according to the study by Kaneko et al., on ruthenium 

complexes without binding groups (COOH or COO
-
) such as tris(2,2’-bipyridine) 

ruthenium dichloride (Ru(bpy)3) and tris(bipyrimidine) ruthenium(II), there were found 

to also generate photocurrent; which indicates that electrostatic interactions of adsorption 

onto the TiO2 also contribute to producing current. These electronic interactions may be 

generated between π-π orbital interaction in pyridines and the d states found in TiO2 [55]. 

Thus, we can assume that in the N719-TiO2 system, electronic interactions occur not only 

through the covalent bonding of the anchoring groups but also through the aromatic 

electron density of the bipyridine groups.  

Furthermore, it is interesting to compare the electronic interactions that occur between 

the N719 molecule and two anatase substrates, namely Solaronix and our aqueous 

product. From Figure 5.9(b), it can be observed that when the dye is adsorbed onto 

Solaronix and Aqueous TiO2, the C K-edge spectra show no real substantial spectral 

differences. Both of the dyed samples show exhibit sp
2
 and sp

3
 character with similar 

peak features but with some shift, in energies to the EC and the broad σ* features. 

To gain more information on the adsorption geometry of N719 molecules on the 

Solaronix TiO2 surface, XANES spectroscopy at normal and grazing incidence (30°) was 

carried out (Figure 5.11).  
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Figure 5.11 C K-edge spectra recorded at normal (90°) and grazing photon incidence 

angle (30°) for neat N719 and N719-Solaronix samples  

 

It can be observed that when the polarization of the synchrotron beam is perpendicular 

to the sample (90 degrees) and at grazing incidence (30 degrees), there is no significant 

change in intensity for any particular π* and σ* feature for the adsorbed sample as it is 

often observed for other organic adsorbed molecules [56]. Rather we observe that at 

grazing incidence all the π* and σ* features increase in intensity versus those of 90 

degrees. This phenomenon was rather unexpected but it may be attributed to the fact that 

since many carbon atoms exist in the dye molecule, each carbon in the dye molecule is 

oriented in different angle, thus, changes in the σ* and π* features due to orientation 

effects are not detected. 

 

5.4.1.5 N K-edge 

Figure 5.12(a) shows the N K-edge XANES spectra of the neat N719 and the adsorbed 

samples, while Figure 5.12(b) displays the nitrogen K-edge XANES spectra for N719 and 

dye-coated TiO2 (Solaronix and Aqueous) with the surface normal and at grazing 

incidence. The N K-edge XANES spectra of N719 [57] and similar molecules [58] have 

been previously reported and our spectral assignments have been based on these works. 

However, the N K-edge XANES of the adsorbed state are for the first time evaluated here 

for two distinct nanocrystalline anatase substrates (Figure 5.12). 
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Figure 5.12 Nitrogen K-edge XANES spectra of (a) the neat N719 and N719-adsorbed 

TiO2 films (Solaronix and Aqueous) at normal incidence and (b) the neat N719 and 

N719-TiO2 (Solaronix) at normal (90°) incidence and 30 degree  

 

 In the case of the neat dye, four main features are observed: the N 1s  π* resonance 

peak (A) at photon energy of 400.8 eV, weak shoulders N 1s  π* peak at 403.4 eV and 

404.85 eV (C and D, respectively) and broad σ* resonances at 409.3(D). It has been 

reported in previous studies [59] that the N K-edge of materials and films which show 

transitions centered at 402 and 404 eV can be attributed to sp
2
 and sp

3
 types of 

environment. In the case of the N719 neat, it can be observed that the N K-edge spectrum 

of the N719 is largely dominated by the single transition at 402 eV attributed to a sp
2
 

conjugated π bond type of environment. The dye-adsorbed TiO2 spectra for both TiO2 

(Solaronix and Aqueous) show exactly the same N environment with the dye molecule, 

indicating that the bipyridine groups retain their sp
2
 conjugated π bond character after 

adsorption onto both distinct TiO2 surfaces. This is unlike the carbon environment 

observed via the C K-edge in which we observed the Solaronix and Aqueous TiO2 give 

rise to different sp hybridizations [60]. Looking at the orientation measurements in Figure 

5.12(b), it is observed that when the dye-coated TiO2 is measured with grazing incidence 

(incident light angle of 30° from the surface), the intensity for the N 1s  π* resonance 

peak is increased. This may indicate that the sp
2
 conjugated π bond in the bipyridine 
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groups are more aligned with the TiO2 substrate at grazing incidence than normal to the 

surface. If this is indeed the case then the geometry would favor the electronic aromatic 

interaction between the TiO2 surface and the N719 molecule as stated in the C K-edge 

section and in accordance with the work by Kaneko et al. which showed that 

photocurrent could be generated via π-π orbital interaction of pyridines and TiO2 [55]. 

The broad σ* resonances at 409 eV also have some slight differences but nothing 

substantial. XPS analysis via N 1s edge later presented further supports this analysis. 

 

5.4.2 XPS 

An XPS spectrum displays the number of collected electrons as a function of binding 

energy. The electron binding energies are element-specific and also specific for each 

particular level inside an atom and as such they can be used to distinguish between 

different chemically inequivalent states of the same atom. Although core electrons do not 

participate in chemical bonds, any change in the electron charge distribution of the 

valence levels in either the ground or excited state will affect the core level binding 

energies giving rise to the so-called chemical shifts in the photoemission spectra [61]. 

Furthermore, XPS is a very surface sensitive technique. This is due to the short mean free 

path of the electrons in the material. The radiation penetrates several hundreds of 

Ångström into the material, but the electron elastic escape depth is very small [62]. 

Another characteristic for XPS, is that Ti 2p shows no further splitting (as in the XAS 

spectra) since we do not probe the empty density of states which are the ones that 

sensitive to coordination states via the crystal field. Therefore, the XPS spectrum is 

simpler than XAS spectrum and only atomic like states are observed [9]. For these 

reasons, XPS analysis of Ti 2p edge and O 1s edge are used to provide complementary 

data to our synchrotron XAS analysis to monitor the electronic changes and interactions 

of our two TiO2 substrates before and after dye adsorption; something that our TEY 

XANES analysis could not clearly capture as a result of surface sensitivity. 
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5.4.2.1 Ti 2p 

Figure 5.13 shows the Ti 2p XPS high resolution spectra for the pure TiO2 films and 

dye-coated TiO2. For the uncoated TiO2 films, the usual splitting due to spin-orbit 

coupling is observed; the peak at 459.4 eV for Solaronix TiO2 (459.5 eV for Aqueous 

TiO2) is attributed to the Ti
4+

2p3/2 state while the peak at 465.1 eV for Solaronix TiO2 

(465.2 eV for Aqueous TiO2) corresponds to Ti
4 + 

2pl/2.  

 

Figure 5.13 Ti 2p XPS spectra of TiO2 and dye-adsorbed TiO2; (a) Solaronix (b) Aqueous 

TiO2 

 

The Ti 2p peaks of the TiO2 films show that the surface oxide consists mainly of 

titanium (IV) dioxide, indicating that suboxides such as TiO, Ti2O3 and Ti3O5 are not 

present on the oxide surface [63-65]. For the dye-coated TiO2, the Ti 2p spectrum is 

slightly shifted to lower binding energy compared to the uncoated TiO2; moreover, there 

is a decrease in intensity with the coverage of the dye for both samples. The intensity 

decrease is likely attributed to the absorbed dye layer that scatters the emitted electrons. 

The shift to lower energy upon dye adsorption can be due to a change of the dipole of the 

surface or a change in the Fermi level position in the band gap, which shifts all the core 

states of TiO2 to lower energy in our case.  

Interestingly, the dye-adsorbed Aqueous TiO2 is shifted -0.4 eV for Ti 2p3/2 and -0.35 

eV for Ti 2p1/2 while dye-coated Solaronix TiO2 is shifted -0.25 eV for Ti 2p3/2 and -0.2 

eV for Ti 2p1/2 in comparison to the peaks in the pure TiO2 substrates. These types of 

shifts to the Ti 2p XPS spectra (and changes to the work function) have also been 

observed for other studies [66,68-71] where the TiO2 interactions were also monitored in 
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addition to the adsorbate molecule interaction. Thus, we may infer that the change in the 

surface dipole and/or shift to the Fermi level between our Aqueous TiO2 substrate and the 

N719 molecule are qualitatively greater than those found in the dye-Solaronix TiO2 

system. This larger shift for the aqueous substrate (vs. Solaronix) may be attributed to the 

greater occurrence of excess surface groups (OH/H2O) which may further contribute to 

the change in the surface dipole (and/or Ef) that occurs to the TiO2 upon the adsorption of 

the N719 molecule. Certainly several studies have indeed shown that adsorption of water 

to the TiO2 surface induces the formation of a dipole layer which locally changes the 

work function [69,71], which in our case we were able to qualitatively observe via the 

XPS measurements. 

 

5.4.2.2 O 1s 

Figure 5.14 shows the O 1s XPS spectra for the TiO2 film and dye-coated TiO2. 

Similarly to the Ti 2p spectra, these results show that the dye-coated O 1s entire spectrum 

is shifted to lower energy in comparison to the pure TiO2 film accompanied by a decrease 

in intensity. These results indicate that there is contribution to the O 1s spectra from the 

dye molecules and that a change in surface dipole or shift of the Ef (Fermi level energy) 

occurs in both TiO2 substrates once the N719 is adsorbed. The dye-adsorbed Aqueous 

TiO2 is shifted by -0.4 eV, while that of the dye-adsorbed Solaronix TiO2 shifted by -0.3 

eV. This difference is in agreement with our Ti 2p XPS findings where a greater change 

was observed in the aqueous sample than those in the Solaronix sample.  
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Figure 5.14 O 1s XPS spectra of TiO2 and dye-adsorbed TiO2; (a) Solaronix (b) Aqueous 

TiO2 

 

 As it can be further observed, the O 1s XPS spectra for the dye-coated TiO2 show an 

asymmetrical broadening toward the higher binding energy side of the major peak, which 

indicates the presence of other molecular species on the surface, namely Ti-OH/OH2 and 

adsorbed organic components as observed in the C 1s XPS. The role of these molecular 

surface species on TiO2 upon the binding mechanism between the N719 and TiO2 

interface has been the topic of our previous work and others [6, 72]. The spectra shown in 

Figure 5.14 include O 1s contributions from both the dye and the TiO2 substrate surface 

groups as well as small amounts of organic contamination, with the dominant feature 

arising from the substrate signal. The tailing of the emission line toward higher binding 

energies contains also the signals due to carboxylic and carboxylic oxygens of the dye. 

Johansson et al. reported that the tailing peak could be attributed to three molecular 

contributions, namely the -COO
-
TBA

+
, O=C and COO-Ti groups [23]. 

This asymmetrical feature can be better analyzed with the Peak fitting data presented in 

Figure 5.15. It has been known that Ti-OH/Ti-OH2 groups exist on the TiO2 surface due 

to dissociative adsorption of water [6,73]. In several publications, Gaussian model peaks 

for the TiO2 were fitted to the spectra in order to identify the asymmetrical broadening 

toward the higher binding energy. Furthermore, it has been proposed that the presence 

and concentration of surface hydroxyls on oxidized metal surfaces can be determined 

directly via X-ray photoelectron spectroscopy.  
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Figure 5.15 Peak fitting of the O 1s XPS spectra for pure (a) Solaronix and (b) Aqueous 

TiO2; and dye-coated (c) Solaronix and (d) Aqueous N719-TiO2 systems 

 

Simmons and Beard [74] reported via curve fitting that their O 1s XPS spectrum of 

TiO2 shows at least three resolved peaks at 529.9, 531.5, and 532.8 eV. In their study, the 

most intense peak at 529.9 eV was attributed to the oxygen in the TiO2 bulk, the lower 

intensity peak at 531.5 eV was believed to be the oxygen in surface hydroxyl groups, and 

the relatively small peak at 532.8 eV could be attributed to adsorbed molecular water 

and/or to the oxygen present due to organic contamination. On the other hand, Erdem et 

al.[75] only observed two peaks at 530.64 and 531.86 eV in TiO2 and these were 

assigned to bulk oxide (O
2-

) and hydroxyl (OH) species, respectively. In our studies, we 

were able to de-convolute the O 1s spectrum into three components as in the work of 

Simmons and Beardt [74]. Therefore for our bare TiO2 substrates, the bulk oxygen was 

observed at 530.7 eV for Solaronix TiO2 (530.65 eV for Aqueous TiO2), the surface Ti-

OH groups at 532.2 eV for Solaronix TiO2 (532.5 eV for Aqueous TiO2), adsorbed water 

and/or organic contaminants at 532.9 eV for Solaronix TiO2 (533.45 eV for Aqueous 

TiO2) [76,77]. As each peak area is proportional to the quantity of each component, we 
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can estimate the quantity of surface groups (OH/H2O) on the commercial and synthesized 

TiO2 surface (Figure 5.15). Our synthesized Aqueous TiO2 showed a more asymmetric 

feature, which was attributed to having more surface hydroxyl (6.91 %) and 

water/organic (2.79 %) contents than those found in the commercial TiO2 (Ti-OH 1.95 % 

and Ti-OH2/organic 2.24 %). These occurrences of the differences of the surface 

hydroxyl/water groups on our aqueous synthesized TiO2 compared to commercial TiO2 

similar to the Solaronix product were qualitatively observed via vibrational spectroscopy 

in our previous work [6].  

For the dye-adsorbed TiO2, our deconvolution analysis showed that the asymmetric 

broadening is increased qualitatively after dye adsorption for the pure TiO2 substrate. 

This is due to the contribution of COOH groups present in the dye molecules and likely a 

small contribution due to some remaining organic contaminant. Considering the surface 

groups on TiO2, the O 1s XPS features for the dye-coated TiO2 can be assigned as 

followed: the peak at 530 eV for N719-Solaronix TiO2 (529.7 eV for N719-Aqueous 

TiO2) is attributed to O
-
 from TiO2 surface and the peak at 531.45 eV for N719-Solaronix 

TiO2 (531.2 eV for N719-Aqueous TiO2) is attributed to C=O from the dye and OH from 

the TiO2 surface. Finally, the peak at 532.15 eV for N719-Solaronix TiO2 (532.2 eV for 

N719-Aqueous TiO2) can be attributed to several contributions, from the OH groups of 

the dye’s COOH groups, H2O from the TiO2 surface and/or from the small amount of 

organic contamination. At this point, it is worth to note that although small amounts of 

organic contamination to the bare TiO2 is natural under ambient conditions (which are the 

fabrication and working conditions of DSSC’s) when these are placed into the dye 

solution most of the organic contaminant found in the bare TiO2 are expected to be 

largely displaced by the adsorption of the dye molecules. Therefore in the sensitized 

samples, contributions from these organic contaminants to the XPS spectra (O 1s and C 

1s) are not assumed to be significant as in other XPS studies on this or similar systems 

[58].  

 

5.4.2.3 N 1s 

The N 1s spectra of the N719 and dye-coated TiO2 are shown in Figure 5.16. The 

spectrum of N719 is composed of three peaks; the peak at lowest binding energy (398.13 
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eV) corresponds to the nitrogen in the NCS groups, the middle peak at 399.95 eV is 

attributed to the nitrogen in the bipyridine ligands, and the peak at the highest binding 

energy (402.23 eV) corresponds to the nitrogen in TBA
+ 

(tetra butyl ammonium) cations.  

 

Figure 5.16 N 1s XPS spectra of N719 and N719-adsorbed TiO2; (a) Solaronix and (b) 

Aqueous TiO2 

 

The assignment of these peaks and their contribution in the N 1s XPS spectra are based 

on the work of Johansson et al.[23] and Rensmo et al.[22] In their work, a series of 

selectively substituted Ru-complexes were evaluated to separate all group (NCS, TBA
+
, 

bipy) contributions to the N1s XPS spectra. In our N1s spectra, the intensity of TBA
+
 is 

distinctively reduced after dye adsorption, but as can be observed from our de-

convolution analysis (Figure 5.17) not all the TBA
+
 is completely consumed. This 

implies that not all of the TBA
+
 counter ions are exchanged upon adsorption of the dye 

molecule on the TiO2 surface, an observation that is consistent with previous results 

obtained for the N719-TiO2 system using vibrational spectroscopy [6,23]. 
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Figure 5.17 Peak fitting of N 1s XPS spectra for (a) N719 and dye-adsorbed TiO2; (b) 

Solaronix and (c) Aqueous TiO2 

 

More strikingly, the NCS peak of dye-coated TiO2 shows a shift (0.25 eV) toward 

higher energy and an increase in FWHM compared to neat N719, indicating that there is 

some kind of interaction (H-bonding) for the NCS ligand with the TiO2 surface, 

something that we have postulated in our previous work involving vibrational 

spectroscopy [6]. Similar effects (increase of FWHM and shifts to higher binding energy) 

have been reported by O’shea et al.[78,79] for H-bonding systems. Furthermore, the bi-

pyridine peak is also found to be shifted by 0.45 eV for dye-Solaronix TiO2 and 0.5 eV 

for dye-Aqueous TiO2 to a higher energy relative to the neat N719, which further 

supports our C and N K-edge XANES results that the aromatic π electron density in the 

pyridine rings should interact with the TiO2 surfaces. This interaction between the 

bipyridine groups and the TiO2 surface is something, which has not been previously 

reported and which may be important in the electron transfer from the dye to TiO2 in 

addition to the ones occurring via the covalent bonds. 

The intensities of the N 1s peaks relative to each other are shown in Table 5.1 for the 

dye and dye-coated TiO2 films sensitized at different absorption times (8 hrs and 1 week). 

These experiments were conducted to determine if there are significant spectral changes 

for samples with different adsorption time due to production of multi layers as reported in 

the XPS work of Mayor et al.[24]. It is noted first that the intensity ratio (intensity ratio = 

intensity of NCS or TBA
+
 peaks compared to the intensity of the bipyridine peak) of 

NCS and TBA
+
 for 1 week sample is almost the same as the 8 hrs sample.  

  



Chapter 5. Electronic Interactions between N719 Sensitizer and Anatase TiO2 Films: A Combined 
XAS and XPS Study 

142 

 

Table 5.1 N 1s Intensity Ratios  

 

 

 

 

 

 

 

 

 

 

This can be explained by Langmuir adsorption/desorption equilibrium for dye 

molecules deposited on TiO2 surface [80], thus the 1week dye coated sample does not 

suggest multilayer dye adsorption on TiO2 as found in the spectra of dye-coated TiO2 

using an electrospray method in previous studies [24]. Interestingly, our results in Figure 

5.18 show that the spectra between 8 hrs and 1 week do not present any significant 

spectral difference or increase of intensity.  

Sample 

N 1s peaks 

TBA
+
 Bipyridine NCS 

N719 0.88 1 0.71 

N719- Solaronix TiO2 (8 hrs) 0.11 1 0.57 

N719- Solaronix TiO2 (1 week) 0.10 1 0.53 

N719-Aqueous TiO2 (8 hrs) 0.11 1 0.49 

N719-Aqueous TiO2 (1 week) 0.13 1 0.48 
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Figure 5.18 XPS spectra for comparison of 8hrs and 1week sample for N719-TiO2 

 

This indicates that at least in our case there is equilibrium for the dye loading onto the 

TiO2 surfaces; thus, the spectrum is expected to be similar even if the deposition time is 

longer. Interestingly, we can observe oxidized sulfur (SO2 or SO3) in the S 1s XPS for the 

1 week sample, implying that the NCS ligands are oxidized due to longer time duration. 

Several publications have mentioned that there is spectral difference between monolayer 

and multilayer coverage of the dye on TiO2 surface (i.e. the multilayer spectrum shows 

totally different features with the monolayer spectrum) [24]. However, in their case, the 

dye molecule was deposited by in situ UHV electrospray deposition under an applied 

pressure, while in our case the dye coated TiO2 film were made by dip coating method, 

which is used most commonly in this system. 

 

5.4.2.4 S 2p  

The S 2p spectra of neat N719 and dye-coated TiO2 for both Solaronix and Aqueous 

anatase films are shown in Figure 5.19.  
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Figure 5.19 S 2p XPS spectra of N719 and N719-adsorbed TiO2; (a) Solaronix and (b) 

Aqueous TiO2 

 

 

Figure 5.20 Peak fitting of S 1s XPS spectra for (a) N719 and dye-adsorbed TiO2; (b) 

Solaronix and (c) Aqueous TiO2 

 

The S 2p spectra of the neat dye were de-convoluted (Figure 5.20) with the spin-orbit 

split doublet originating from the sulfur in the NCS ligands, which means that the 

chemical states of the NCS groups within neat dye are very similar [23]. The de-

convoluted peaks for both samples are shifted by 0.58 eV and 0.8 eV toward higher 

binding energies for the Solaronix and Aqueous adsorbed samples, relative to the neat 

N719. The intensity relation between S2p3/2 and S2p1/2 is close to 1:2 and the energy 

difference between them is about 1.2 eV. It is noted at this point that in our S 2p spectra 

there is an additional component that could not be confidently added as in the work of 

Johansson et al.[23]. This is because in our case, the probing energy was fixed (lab 
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source) and therefore, the lower photon energies needed to observe this extra contribution 

could not be confidently attained to fit into our deconvolution analysis. This additional 

contribution to the S 2p spectra of the adsorbed state in Johansson et al.’s work [23] was 

attributed to surface interactions of the NCS groups with the TiO2 surface, further 

supporting our findings for our two anatase substrates. Therefore, it may be concluded 

that a fraction of the molecules adsorbed onto TiO2 interact (likely through H-bonding) 

with the substrate through at least one of the NCS groups, in agreement with our N 1s 

XPS results above and those from our previous vibrational work.
6 

and that of Johansson 

et al.’s work [23]. 

 

5.4.2.5 C1s/Ru 3d 

Figure 5.21 shows the C 1s spectrum of the pure TiO2 substrates. As can be observed 

from the XPS analysis, there exist organic contaminants (air) in the surface of our bare 

TiO2 films in both cases.  

 

Figure 5.21 C 1s XPS of the bare TiO2 (organic contaminant) for Solaronix and Aqueous 

TiO2 

 

The quantity was calculated from XPS analysis. Each uncoated TiO2 substrate was 

found to contain ~6 % C, which is similar value with the previous work of Johansson et 

al.’s where ~5% C was reported [58]. The major peaks around 286 eV and 289 eV in the 

pure TiO2 substrates indicate the presence of C-O and C=O species respectively. Figure 
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5.22 shows the C 1s/Ru 3d spectrum of the N719 and the adsorbed samples which are 

dominated by four peaks. The two main peaks at the lower binding energy originate from 

C 1s and Ru 3d5/2. However, it should be noted that the peak for the Ru 3d3/2 is hidden 

under the major C1s peak (~285 eV) [68] and this Ru 3d3/2 is shifted 4.3 eV from the Ru 

3d5/2 [22]. The XPS studies of pyridine [81] and pyridine-carboxylic acid monomers 

(isonicotinic acid, nicotinic acid, and picolinic acid) on rutile TiO2 [82] show that the 

peak position of the C 1s pyridine ring peaks at around 284 eV and the carboxylic C 1s 

occurs around 289 eV [83].  

 

Figure 5.22 C 1s XPS spectra of N719 and N719-adsorbed TiO2; (a) Solaronix and (b) 

Aqueous TiO2 

 

For our C 1s XPS spectra, the spectral features are similar with the pyridine-carboxylic 

acid monomers. However, in our case, the main peak at ~285 eV in N719 and N719-TiO2 

spectra (for both TiO2 samples) contain not only pyridine contributions but also NCS and 

TBA
+
 ions group contributions. Thus, the broad peak around 285 eV is contributed by 

C=C, C-C, C=N, C-O and Ru3/2. Furthermore, as some TBA
+
 ions still remain on the dye 

coated TiO2 after dye adsorption [6] they also contribute to the C 1s spectral features. 

Therefore, the deconvolution process for the C 1s XPS was not performed due to the fact 

that large contributions from many groups under in one broad peak bring uncertainty to 

the C 1s curve fitting. The peak at 288 eV are also attributed to O-C=O and C=O from 

COOH/COO
-
 groups [82]. While the peak at around 292 eV is derived from CO2 

adsorption [84]. 
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It is worthy to note that in spite of the complexity of all the components which make up 

the C 1s spectrum, there is noticeable shift to the higher energy from the neat N719 to the 

adsorbed N719-TiO2 (for both samples). This shift is also observed for the Ru 3d5/2, and 

the peak due to COO-/COOH located at 288 eV are shifted to higher energy (0.4 eV for 

Solaronix and 0.6 eV for Aqueous), indicating that their chemical environment has 

changed from their pure N719 state upon adsorption to the TiO2 surfaces as expected but 

in a distinct manner depending upon the anatase substrate used.    

 

5.4.3 Photovoltaic characteristics 

To further evaluate how these electronic interactions may vary in the two distinct 

anatase nanocrystalline substrates, photovoltaic IV curves were measured as shown in 

Figure 5.23. The short circuit photocurrent densities (Jsc) obtained with Solaronix and 

Aqueousn [25] DSSC were 16.2 and 13.1 mA/cm
2
, respectively. For Solaronix DSSC, 

the photovoltaic performance of 7.30 % (open circuit voltage Voc = 0.718 V and fill 

factor FF = 62.8 %) was achieved for the sample of 0.168 cm
2
 cell area.  

 

Figure 5.23 I-V curves of DSSCs fabricated with two different TiO2 electrodes 

 

In the case of Aqueous DSSC, the efficiency was 5.02 % with Voc = 0.63 V and FF = 

64.1 % for the sample of 0.175 cm
2
 cell area. These IV measurement show that indeed 

the electrical performances vary in these two nanocrystalline anatase films produced from 

different synthetic methods. There are many factors that influence the electronic 

performance of the DSSC [85]; in our studies we observed a difference in surface charge 
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interactions that may also contribute to their different electrical performances. Although 

H-bonding may aid in stabilizing the dye molecules as reported in our previous work [6], 

the creation of excess H-bonding sites or excess surface Ti-OH2 sites (as in our aqueous 

product) may result in excess positive charge sites that contribute to the lower mobility of 

electrons [86]. 

 

5.4.4 Proposed binding scheme 

On the basis of all previous vibrational spectroscopic results, imaging data and electron 

spectroscopy, we proposed a modified structure for the binding of N719 dye on TiO2 

films as shown in Scheme 5.1. In our scheme, it was proposed that electronic interactions 

of the N719 dye to TiO2 occur not only through the covalent bonding of the anchoring 

groups (as previously reported, Chapter 3) but also through the aromatic electron density 

of the bipyridine groups and the d states found in TiO2. 

 

 

Scheme 5.1, Schematic describing the adsorption and electronic interactions of the 

N719 onto TiO2 surface.  

 

5.5 Conclusion 

The electronic properties of N719 adsorbed-anatase films (one commercial-Solaronix 

and our aqueous-synthesized variety) were comparably investigated by using XAS and 

XPS techniques. Here are the major findings: 

(1) Our Ti L-edge and O K-edge XANES data, in contrast to previous reports by Ju et al. and 

Zubavichus et al., did not show any structural changes in terms of crystal field (i.e. 

coordination) modification after dye adsorption to the surface TiO2 groups of either 
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substrate. This was attributed to the fact that most of the XANES signal comes from Ti 

atoms and O atoms far from the dye–TiO2 interface and as such detecting such 

coordination changes to surface groups was not feasible even with this surface sensitive 

TEY mode. Ti K-edge XANES and EXAFS data support our Ti L-edge data that the 

coordination changes from the pure to the adsorbed state cannot be observed because of 

the probing depth of Ti K-edge in TEY mode and as such observing these changes in 

transmission or FY yield are not possible.   

 

(2) The C K-edge XANES spectral changes revealed that there are additional electronic 

states (not observed in the neat N719) that occur between dye molecules and TiO2 surface 

once adsorption occurs. Furthermore, the π* and σ* regions in the spectra indicate slight 

modification of the electronic structure around the pyridine structures after dye 

adsorption. These spectral changes to the XANES spectrum allow us to propose that the 

aromatic electronic density from pyridine interacts with TiO2 electron density. Thus, we 

can postulate that in the N719-TiO2 system, electronic interactions occur not only 

through the covalent bonding of the anchoring groups but also through the aromatic 

electron density of the bipyridine groups and the d states found in TiO2. The orientation 

experiment conducted showed that the adsorbed sample at normal incidence (90°) and at 

grazing incidence (30°) exhibits no intensity change for the π* or σ* states; this was 

rationalized as result of each carbon in the dye molecule being oriented differently in 

space and as such no angle dependency was observed. The N K-edge in contrast to the C 

K-edge showed no additional electronic states; once adsorption occurred most of the neat 

N719 character remained intact. On the other hand, the orientation measurements in the 

N K-edge showed that the intensity for the N 1s  π* resonance peak increased at 30°, 

indicating that the sp
2
 conjugated π bond in the bipyridine groups is more aligned with 

the TiO2 substrate at 30° than 90° to the surface. Further suggesting that this type of 

geometry favors electronic aromatic interaction between the TiO2 surface and the N719 

molecules.  

 

(3) Ti 2p and O 1s XPS showed a shift to lower energy in the dye-coated TiO2 compared to 

the pure TiO2 for both substrates. The shift in energy may be due to a change of the 
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dipole of the surface or a change in the Fermi level position was distinct for each nano-

crystalline anatase substrate. Interestingly, the N719-Aqueous TiO2 sample was 

consistently shifted to lower energies in comparison to the N719-Solaronix sample for 

both the Ti 2p and O 1s XPS results. Thus, we may conclude that the changes to the 

surface dipole and/or Ef between our Aqueous TiO2 substrate and the N719 molecule are 

greater than those found for the Solaronix TiO2. This is likely due to higher occurrence of 

surface OH/H2O groups in our aqueous product which may further contribute to the 

change in the surface dipole (and/or Ef) that occurs upon dye adsorption to the TiO2 

substrate. 

 

(4) In the N 1s XPS spectrum, the NCS peak of dye-coated TiO2 shows a shift toward higher 

energy and an increase in FWHM compared to neat N719, indicating that there are 

interactions (likely H-bonding) between the NCS ligand and the TiO2 surfaces. 

Furthermore, the bi-pyridine peak was also found to shift to higher energy for the dye-

coated TiO2 relative to the neat N719, which further supports our C and N K-edge 

XANES result that the aromatic π electron density in the pyridine rings interacts with the 

electronic TiO2 surface density. In the case of S 2p XPS, the de-convoluted peaks for 

both samples are shifted to higher binding energies for the adsorbed samples compared to 

the neat N719. Therefore, it may be concluded that a fraction of the molecules adsorbed 

onto TiO2 interacts (likely through H-bonding) with the substrate through at least one of 

the NCS groups, in agreement with our N 1s XPS results.  

 

(5) Although the two nanocrystalline anatase (our aqueous and commercial) substrates 

showed a similar type of bonding environment around the TiO2 (in pure and adsorbed 

states) as observed via our XAS data, the TiO2 surface interactions upon dye adsorption 

(monitored via binding energy shifts in XPS) were found to be distinct in the two 

substrates, indicating that not all anatase nanocrystalline substrates behave in the same 

way once the N719 is adsorbed in terms of electronic interactions (surface dipole or shift 

to the Fermi level) and as a result may contribute to the distinct manner they perform in 

the DSSC.  
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Chapter 6. Enhanced surface hydroxylation of 

nanocrystalline anatase films improves photocurrent 

output and electron lifetime in DSSC photoanodes 

 

As clearly revealed in the previous chapters, TiO2 surface groups are involved in the 

mechanism by which the N719 dye molecules adsorb on the semiconductor surface. In 

the meantime, I-V measurements done by others in literature had shown that DSSC 

devices whose photoanodes were made with OH-rich TiO2 exhibited improved 

performance. In this last Chapter the author sets as goal to link these two separate 

observations by undertaking a systematic comparison of three equivalents in thickness 

and interfacial area photoanode films that differ only in the amount of surface 

hydroxylation. The study described here incorporates comprehensive characterization of 

the physical properties of the three mesoporous thin TiO2 films as well as cell I-V 

performance and electrochemical analysis via impedance spectroscopy and open circuit 

voltage decay techniques.  The films were built by screen printing pastes made with three 

type of anatase nanocrystallites (single layer deposition), namely two commercial ones 

(“Alfa Aesar 5 nm” and “Alfa Aesar 10 nm”) and our aqueous synthetic one (“Aqueous 

TiO2”). 
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6. 1 Abstract 

Anatase TiO2 nanocrystalline films were prepared from commercial (Alfa Aesar 5 nm 

and 10 nm) and aqueous-solution synthesized precursors (Aqueous TiO2) by screen 

printing with the purpose of elucidating the influence of surface hydroxylation on DSSC 

performance. These two commercial TiO2 sources were selected as they possessed 

similar nanocrystallite size and mesoporous film interfacial surface area with our in-

house variety. In this way it was possible to distinguish the effect of surface 

hydroxylation on DSSC photocurrent output and electron life time from other film 

surface properties. Their morphological features were characterized in terms of particle 

size, shape, BET surface area, topography and their surface hydroxyl groups quantified 

using TGA and XPS analysis. The electrochemical properties of the DSSCs composed of 

the Aqueous TiO2, Alfa Aesar 5 nm and 10 nm photoelectrodes were probed via 

impedance spectroscopy (EIS) and open circuit voltage decay (OCVD). The combined 

EIS and OCVD results showed that photoelectrodes composed of surface hydroxyl-rich 

TiO2 nanocrystalline material exhibits longer electron lifetime attributed to enhanced 

surface-dye binding that suppresses interfacial recombination. As a result of the stabilized 

surface hydroxyl-dye (N719) binding, the photocurrent output from the OH-rich anatase 

photoanodes (Aqueous and Alfa Aesar 5 nm TiO2,) was a remarkable 85-108% higher 

than that of the OH-poor film (Alfa Aesar 10 nm) despite their equivalent surface area 

and porosity.  

 

6.2 Introduction 

The dye sensitized solar cell (DSSC) is currently a very active research area with the 

imminent promise of commercial breakthrough [[1]. Key components of the DSSC are 

the TiO2 photoanode, the sensitizer, and the electrolyte. Development of anatase TiO2 

mesoporous photoelectrodes with enhanced light harvesting, electron generation and 

transport properties attracts a lot of attention as this can lead to DSSCs with enhanced 

solar energy conversion efficiency [2-4]. Many studies have focused on the relation 

between nanocrystalline TiO2 (nc-TiO2) structure and power conversion efficiency [5-7]. 

It is known that a large surface area, high crystallinity, and good connectivity improve Jsc 

values [8]. The overall performance of DSSC strongly depends on the surface area of the 
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TiO2 photoelectrode, as it is directly correlated to the amount of dye loading[9]. But in 

addition to increasing dye loading, and hence cell performance by increasing the nc-TiO2 

surface area, other surface properties such as an increase in the surface roughness factor 

[9] or the surface hydroxyl groups are known to also boost cell performance. Recognition 

that dye loading can be enhanced via TiO2 surface alteration has led to several surface 

treatments to be developed such as acid pretreatment of TiO2 films prior to dye 

sensitization [10], and UV radiation or plasma treatments [11,12]. Although the 

formation of surface hydroxyl groups was invoked in some of these previous works to 

explain the positive effect the surface treatment had on dye loading and photocurrent 

output, no direct evidence to this effect was presented nor definitive electrochemical 

interpretation was presented. The only exception was the work of Hirose et al., who 

correlated the surface hydroxyl groups on TiO2 to the binding mechanism between N719 

and TiO2 by showing the IR spectrum in the range of 1000-4000 cm
-1 

[13].   

 

We recently reported a new type of binding mechanism of N719 onto TiO2 using ATR-

FTIR and Raman spectroscopy by investigating the Ti-OH/Ti-OH2 groups in the high 

wavenumber region [14]. A particular focus of our previous spectroscopic study was the 

elucidation of the role that surface Ti-OH/Ti-OH2 groups play in the binding mechanism. 

Based on our investigation from Micro-Raman, ATR-FTIR spectroscopy and Confocal 

Raman imaging in the low wavenumber region, we proposed that one carboxylic group 

(COO
-
 or COOH) in N719 molecules binds to TiO2 by a dual bonding mechanism 

involving bidentate bridging (chemisorptions) plus electrostatic coupling (H-bonding) via 

the surface Ti-OH/Ti-OH2 groups [14].
 
This H-bonding feature, not identified previously 

was proposed to help stabilize the N719 dye molecule on the substrate surface while at 

the same time have an effect of the surface charges as observed via our core level 

electron spectroscopic (XANES and XPS) studie [15].
 
Later on, we further focused on the 

hydroxyl vibrations (high wavenumber region) of TiO2 surface groups (before and after 

sensitization), and their relation to the type of bonding mechanism [14] that occurs upon 

adsorption using confocal Raman imaging and micro ATR-FTIR imaging [16]. This was 

done to reveal the role of surface groups (Ti-OH/Ti-OH2) before and after adsorption of 

two different TiO2 films; one was a commercial product (“Dyesol”) and one made from 
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our anatase variety (“Aqueous”) synthesized in our laboratory [16,17]. However, in our 

previous works the average nanocrystallite size of the commercial TiO2 anatase films 

(Dyesol or Solaronix TiO2) was 20 nm, hence complicating direct comparison with 

Aqueous TiO2 (5~10 nm) as far it concerns the contribution of the surface hydroxyl 

groups.  

In order to unequivocally clarify the role of surface hydroxylation on DSC performance 

we chose in the present work to compare “head-to-head” our synthesized Aqueous TiO2 

with two commercial TiO2 products (Alfa Aesar 5 nm and Alfa Aesar 10 nm) that have 

equivalent BET surface area as well as crystallite size but varying in the level of surface 

hydroxylation.  

 

The characterization of photoanodes made from the three different nanocrystalline 

anatase TiO2 varieties was evaluated by transmission electron microscopy (TEM), atomic 

force microscopy (AFM), Brunauer–Emmett–Teller analysis (BET), thermogravimetric 

analysis (TGA) and X-ray photoelectron spectroscopy (XPS). But in addition, we 

employed electrochemical impedance spectroscopy (EIS) [16] and open circuit voltage 

decay (OCVD) analysis in order to probe the interface electron process and electron life 

time (denoted as τ), respectively [18-19]; and as such shed light on the manner by which 

surface hydroxylation leads to improved photocurrent output. As pointed out recently by 

Bisquert et al.[20], the electrochemical understanding of the kinetic barriers that impede 

interfacial recombination is one of the keys for improving the performance of DSSC. EIS 

is a powerful method of investigating internal resistances and charge transfer processes in 

electrochemical systems. Wide range of electrochemical processes and internal 

resistances that govern the performance of DSSC can be analyzed by this method. The 

open-circuit voltage decay (OCVD) technique on the other hand allows for 

straightforward carrier lifetime determination and very good correlation with real 

electrical device parameters [21]. The current–voltage characteristics (I–V 

characterization) was also investigated in relation to the TiO2 film physical properties. It 

is the primary purpose of this report to demonstrate the connection between surface 

hydroxylation and enhanced cell performance as a result of suppression of interfacial 

recombination arising from the fully stabilized dye layer on the TiO2 surface. As 

http://en.wikipedia.org/wiki/Thermogravimetric_analysis
http://en.wikipedia.org/wiki/Thermogravimetric_analysis
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secondary objective, the inherent advantage of aqueous synthesis as a facile and low cost 

route towards production of hydroxyl-rich anatase nanocrystallites is pursued and further 

optimization opportunities in terms of mesoporous film structure development are 

identified. 

 

6.3 Experimental 

6.3.1 TiO2 film preparation and cell fabrication 

The Ru complex (N719: (bis(tetrabutylammonium)[cis-di(thiocyanato)-bis(2,2'-

bipyridyl-4-carboxylate-4'-carboxylic acid)-ruthenium(II)]) was obtained from Dyesol. 

The TiO2 pastes were prepared using three kinds of TiO2 (anatase; two commercial-Alfa 

Aesar 5 nm and Alfa Aesar 10 nm (CAS #: 1317-70-0 for both) and our aqueous 

produced variety through “A synthesis route” -Aqueous [17,22]). TiO2 electrodes were 

prepared by screen printing on FTO conductive glass substrates (Nippon Sheet Glass with 

a sheet resistance of 10 Ω per square). The TiO2 paste was spread out onto a FTO glass 

and sintered at 450°C in air for 30 min yielding a 12~14 µm thick films, measured by a 

Dektak 3 surface profile measuring system. Dye coated TiO2 films were prepared by 

immersion into the dye solution for 24 h at room temperature [23]. The coated TiO2 was 

rinsed several times with ethanol to remove excess physisorbed N719 dye molecules and 

was left to dry in air. Photoelectrodes were achieved without the use of any anti-

reflection coating, back-scattering layer, or TiCl4 post treatment. As our focus was the 

clarification of the effect of surface hydroxylation on photoelectrode performance we 

opted for single and equivalent in thickness and surface area films without employing 

TiCl4 post treatment [24] or back-scattering layer [25]. A sandwitch-type cell was 

assembled to measure the I-V curves, impedance spectroscopy and open-circuit voltage 

decay (OCVD). As a counter electrode, a Pt layer was prepared by spreading one drop of 

5 mM H2PtCl6 solution (iso-propanol), air dry, and then heating at 380°C for 30 min. A 

30 µm thick thermoplastic film (Surlyn®-30, Dyesol) was employed to assemble and seal 

the two electrodes and a commercial electrolyte solution (composition: I3
-
/I

-
, organic 

iodide salt, pyridine derivative, acetonitrile & valeronitrile; EL-HPE; Dyesol) was filled 

through the hole on the Pt electrode. 
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6.3.2 TiO2 films characterization  

 The surface area and film porosity data were obtained with Brunauer Emmett–Teller 

(BET) surface area analysis performed on a Micromeritics TriStar 3000 nitrogen 

adsorption–desorption apparatus. A multiple point specific surface area type of analysis 

was carried out. Each sample weighed approximately 200 mg and had been degassed for 

4 h at 80°C prior to nitrogen physisorption. The thickness and surface roughness of the 

films were studied using a Dektak 3 surface profiler (1 cm scan length, 30 mg load). 

AFM images were acquired from these samples using a Digital Instruments 3000, 

Nanoscope III, AFM to investigate the surface morphology. 

 

The chemical properties of the films, namely the amounts of surface adsorbed and 

structural hydroxyl/water molecules were investigated by combining TGA 

(thermogravimetric analysis) and XPS (X-ray photoelectron spectroscopy). TGA 

analyses were performed on the films with a TA Instruments Q500 TGA, starting at 

ambient temperature up to 600°C with a heating rate of 10°C/min under N2 atmosphere. 

X-ray photoelectron spectroscopy (XPS) measurements were conducted in a Thermo 

Scientific K-Alpha, using a Al Kα X-ray source at 1486.6 eV. High-resolution spectra 

were obtained at a perpendicular takeoff angle, using a pass energy of 20 eV and steps of 

0.1 eV. Spectral peaks were separated using the VG Avantage program, and the Shirley 

background was subtracted. The scale of the binding energy was calibrated against Au 

(4f7/2) located at 84 eV. 

 

In order to determine the dye loading on the sensitized TiO2 films the latter were 

immersed in 4 mL of NaOH solution (0.1 M) for 1 min [26]. This caused desorption of 

the dye from TiO2 into the solution while keeping the TiO2 layer intact. The supernatant 

solution was introduced into a cuvette, and the spectrum of dye in the basic solution was 

measured by Varian Cary 300 UV-Vis spectrometer. 

 

6.3.3 Photo-electrochemical measurements 

The current-voltage curves were measured using a small area solar simulator (PV 

measurements Inc., Model SASS). A tungsten lamp was used to provide uniform light 
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approximating the AM 1.5 Global reference spectrum to a 1 cm diameter test region. The 

light intensity was adjusted with a Si reference cell. Duplicate measurements with each 

type of DSSC (Alfa Aesar 5 nm, 10 nm and Aqueous) were made to ensure reproducible 

results. The impedance measurements were carried out under 100 mW/cm
2
 illumination 

and applied open circuit voltage (OCV) and were recorded over a frequency range of 

0.01 to 100 kHz with ac amplitude of 10 mV. For the photoinduced open circuit voltage 

decay (OCVD) measurements, the illumination was turned off using a shutter after the 

cell was first illuminated to a steady voltage, and then the OCVD curve was recorded. 

The above two measurements were carried out on a VSP instrument (BioLogic) and 

analyzed with the EC-lab software.  

 

6.4 Results and discussion 

6.4.1 TiO2 films properties 

TEM images in Figure 6.1 show the crystallite size and morphology of three TiO2 

(Aqueous TiO2, Alfa Aesar 5nm and 10 nm substrates). In the TEM images, the average 

crystallite size of Aqueous TiO2 ranged in 5~10 nm and the two commercial TiO2 

particles represent ~5 nm and ~10 nm, respectively.  

 

Figure 6.1 TEM images of TiO2 anatase nanocrystallites (a) Aqueous (b) Alfa Aesar 5 

nm (c) Alfa Aesar 10 nm 

 

The structural phases of all three films are anatase as confirmed by Raman spectroscopy 

(Figure 6.2). The Raman lines at 144, 197, 399, 515 and 639 can be assigned as the Eg (1), 

Eg (2), B1g, A1g or B1g, and Eg (3) modes of the anatase phase, respectively [27]. The inset 

shows the Raman spectrum at 144 cm
-1

. We chose to further look at the peak position and 
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line-broadening of the Eg (144 cm
-1

) Raman band in order to estimate the relative 

crystallite size[28]. As the crystallite size decreases, the frequency and line-width of the 

Eg Raman peak blue-shifts and increases, respectively as a result of the phonon 

confinement effect. The Raman spectrum at 144 cm
-1

 shows that Alfa Aesar 5 nm and 

Aqueous shifted further to higher energy than Alfa Aesar 10 nm, indicating the size of 

Aqueous TiO2 is similar with Alfa Aesar 5 nm and rather smaller than Alfa Aesar 10 nm, 

although Aqueous TiO2 is composed of 5~10 nm particulates.  

 

Figure 6.2 Raman spectra of TiO2 films 

 

The topography and roughness factor of each film were analyzed by AFM as shown in 

Figure 6.3. The roughness of Aqueous TiO2 was slightly higher than that of two 

commercial TiO2 films.  
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Figure 6.3 Tapping mode AFM three-dimensional height images of TiO2 films 

 

In our Raman characterization, we could estimate that the Aqueous TiO2 crystallites were 

of similar size as the Alfa Aesar 5 nm and as such exhibited a similar phonon 

confinement effect. However, we can observe in Figure 6.3 that the roughness factor for 
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Aqueous TiO2 films was higher than that of Alfa Aesar 5 nm, indicating that Aqueous 

TiO2 particles in the film are more aggregated than in the case of Alfa Aesar 5 nm. This 

is further confirmed by our surface profiling results. The surface profiling technique has 

been widely used not only to measure the thickness of films without damages but also to 

observe the degree of surface roughness[23]. 



Chapter 6. Enhanced surface hydroxylation of nanocrystalline anatase films improves 
photocurrent output and electron lifetime in DSSC photoanodes 

169 

 

 

Figure 6.4 Surface profiles of TiO2 films 
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As can be seen in Figure 6.4, the profile of Aqueous TiO2 surface was significantly 

noisier in comparison to two commercial films indicating a greater roughness in the 

former. Otherwise all films were prepared with similar thickness (12~14 μm). Next the 

films were dye loaded to establish how much dye molecules were adsorbed. After dye 

adsorption, the dye coated films were bleached using 0.1 M NaOH solutions and the 

concentration of dye per the film area was calculated using Beer-Lambert law (A = εbc) 

by measuring the extracted solution using UV-Vis spectroscopy, where, ε (extinction 

coefficient) of N719 dye is 13,500 M
-1

cm
-1

 at 535 nm [29] As it can be observed from 

Table 6.1, the Aqueous TiO2 films absorbed the largest amount of dye molecules in 

comparison to the commercial substrates as a consequence of the greater surface 

roughness observed in the former, the latter fact  could be advantageous for the cell 

efficiency. 

 

Table 6.1 Dye adsorption on TiO2 films 

 Alfa Aesar 5 nm Alfa Aesar 10 nm Aqueous TiO2 

Adsorbed dye on films 

(µmol/cm
2
) 

0.0745 0.0517 0.0967 

 

In order to assess possible differences of interparticle network construction among the 

three films, we decided to look at the pore size distribution and surface area of each film 

using BET. The pore size distribution of the three nanostructured films is depicted in 

Figure 6.5. High TiO2 film porosity is a crucial characteristic for good photovoltaic 

performance by the DSSC device since the pores allow for the electrolyte to penetrate 

and diffuse without hindrance. It becomes evident that if the pore size in the film is small, 

then we can anticipate that the flow of electrolyte and dye regeneration would be 

adversely affected. For this reason, smaller nanoparticles are not always beneficial in 

spite of their large surface area to accomodate more dye molecules [30]. As can be seen 

in Table 6.2, the surface areas of the three films do not significantly vary: 69.3, 77.4 and 

72.2 m
2
/g for Alfa Aesar 10 nm, Alfa Aesar 5 nm and Aqueous TiO2, respectively. 

However, the pore size distribution of these similar size and surface area films varies 

from 146 Å and 119 Å for Alfa Aesar 10 nm, and Alfa Aesar 5 nm to only 72 Å for the 
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Aqueous TiO2 (Table 6.2). These differences arise from the packing behavior of the 

different nanoparticles. The relatively low pore size of the Aqueous TiO2 material in 

comparison to its isometric counterpart Alfa Aesar 5 nm may be indicative of aggregation 

by the former, which needs to be optimized in the future.   

 

 

Figure 6.5 Pore size distribution of TiO2 films 

 

Table 6.2 Properties of TiO2 films determined from adsorption-desorption curves 

TiO2 film Crystallite size (nm) BET surface area (m
2
/g) Pore size (Å) 

Alfa Aesar 10 nm 10 69.3 146 

Alfa Aesar 5 nm 5 77.4 119 

Aqueous TiO2 5~10 72.2 72 

 

In our previous publications, we have shown that the surface TiO2 groups play an 

important role in the binding of dye molecules via the dual covalent and electrostatic 

mechanism [13-16]. In this study, we estimated the amount of surface TiO2 groups (Ti-

OH/Ti-OH2) using TGA and XPS analysis in order to correlate it to photocurrent output 

measured by J-V characterization of assembled cells.   

 

X-ray photoelectron spectroscopy has been used to probe the presence and concentration 

of surface hydroxyls on oxidized metal surfaces because of its surface sensitivity. In our 
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studies, we were able to de-convolute the O 1s spectrum into three components as in the 

work of Simmons and Beardt [31]. Therefore for our TiO2 substrates, the bulk oxygen 

was observed at ~530.7 eV, the surface Ti-OH groups at ~532.2 eV, adsorbed water 

and/or organic contaminants at ~532.9 eV [32,33]. As each peak area is proportional to 

the quantity of each component, we can estimate the quantity of surface groups (OH/H2O) 

on the commercial and our synthetic TiO2 surface (Figure 6.6).  
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Figure 6.6 O 1s XPS spectra of TiO2 films 

535 534 533 532 531 530 529 528

In
tn

e
s
it
y

Phton energy (eV)

 

 

 Aqueous TiO
2

 Ti-O (91.24 %)

 Ti-OH (5.28 %)

 Ti-OH
2
/C-O (3.48 %)

534 533 532 531 530 529 528

 

 

In
tn

e
s
it
y

Phton energy (eV)

 Alfa Aesar 5nm 

 Ti-O (91.4 %)

 Ti-OH (5.91 %)

 Ti-OH
2
 / C-O (2.69 %)

535 534 533 532 531 530 529 528

In
tn

e
s
it
y

Phton energy (eV)

 

 

 Alfa Aesar 10 nm

 Ti-O (94.78 %)

 Ti-OH (2.88 %)

 Ti-OH
2
/C-O (2.34 %)



Chapter 6. Enhanced surface hydroxylation of nanocrystalline anatase films improves 
photocurrent output and electron lifetime in DSSC photoanodes 

174 

 

 

The XPS analysis of our Aqueous TiO2 film showed more water/organic groups (3.48 %) 

than the two commercial TiO2 films (2.69 % and 2. 34 % for Alfa Aesar 5 nm and 10 nm, 

respectively) in agreement with our previous results [16]. As water is known to be 

undesirable from a cell stability point of view due to risk of degradation of the liquid 

iodide/triodide electrolyte [34] long-term accelerated ageing data will need to be 

collected to verify if this type of surface water imposes such risk. Meanwhile, the amount 

of Ti-OH surface groups in the Aqueous TiO2 and Alfa Aesar 5 nm films is twice as 

much (5.3-5.9 %) to that for Alfa Aesar 10 nm material (2.9 %). As mentioned previously, 

the importance of surface hydroxyl groups is that they enhance and stabilize the 

anchoring of the N719 dye molecules on the TiO2 surface via the H-bond bridges [13-16].
 

The TGA analysis provided further validation of the presence of these surface groups. As 

it can be seen in Figure 6.7 all three TiO2 films show two temperature regions as follows: 

below and above 100-120 °C. In the first region (< 100-120 °C), the weight loss is a 

result of weakly adsorbed water removal from the surface of TiO2 film, while higher 

temperatures (100-600 °C) correspond to the weight loss from removal of covalent 

bonded surface hydroxyl groups mainly and to lesser degree chemically bound water. 

The amount of surface groups (Ti-OH/Ti-OH2) of Aqueous TiO2 and Alfa Aesar 5 nm 

was similar, but in the case of Alfa Aesar 10nm, it was almost half of the corresponding 

content of the other two films (Aqueous and Alfa Aesar 5 nm) in agreement with our O 

1s XPS data. 
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Figure 6.7 TGA results of TiO2 films 
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I-V measurements made on cells built from the three films (as a reminder of similar 

surface area all) showed the higher hydroxyl-content films (Aqueous and Alfa Aesar 5nm) 

to produce almost double short circuit current density and conversion efficiency (an 

increase between 85 and 110 % was realized; see data in Table 6.3) in direct 

correspondence to their Ti-OH content.  This is a remarkable improvement much higher 

than previously reported results as are those for example of Park and Dhayal [12] who 

reported 40 % improvement following plasma treatment of the TiO2 film. At the same 

time the open circuit voltages were found to be almost the same for all films, confirmed 

by several I-V measurements. We anticipated some Voc changes for each DSSC electrode 

because of the different amount of surface groups (Ti-OH/Ti-OH2). In our previous 

electron spectroscopic study, we observed a greater shift for the Aqueous TiO2 after 

sensitization in comparison to Solaronix TiO2 at the Ti 2p and O 1s XPS spectra due to 

its excess surface groups [15]. In order to understand the observed I-V performance data 

the built devices were subjected to EIS and OCVD analysis.  

 

6.4.2 EIS and OCVD 

Electrochemical impedance spectroscopy (EIS) was used to analyze the internal 

resistance and a wide range of electrochemical processes that operate in the various 

DSSC devices fabricated with the three different TiO2 electrodes. We further probed our 

systems via the use of open circuit voltage decay (OCVD) in order to comprehend the 

nature of recombination within our cells. Figure 6.8 shows EIS spectra composed of the 

Nyquist plot and Bode phase plots. 



Chapter 6. Enhanced surface hydroxylation of nanocrystalline anatase films improves 
photocurrent output and electron lifetime in DSSC photoanodes 

177 

 

0.01 0.1 1 10 100 1000 10000 100000

0

5

10

15

20

25

30 40 50 60 70 80 90 100 110

0

4

8

12

16

20

24

28

 

 

In
te

n
s
it
y
 

Frequency (Hz)

 Aqueous

 Alfa Aesar 5 nm

 Alfa Aesar 10 nm

 

 

-Z
" 

(o
h

m
)

Z' (ohm)

 Aqueous

 Alfa Aesar 5 nm

 Alfa Aesar 10 nm

 

Figure 6.8 Nyquist plot (above) and Bode phase plot (below) 

 

Table 6.3 I-V characteristics of DSSCs fabricated with Aqueous, Alfa Aesar 5 nm and 10 

nm TiO2 films 

 Voc (V) Jsc (mA/cm
2
) 

∆Jsc 

(%  Jsc increase) 
FF η (%) 

Alfa Aesar 10 nm 0.72 4.42 - 0.63 2.00 

Alfa Aesar 5 nm 0.75 9.19 107.9% 0.73 5.03 

Aqueous TiO2 0.72 8.21 85.7% 0.71 4.20 

 

The three semicircles in Nyquist plot represent key resistances relevant to the DSSC 

performance: the charge transfer at the working (FTO/TiO2) and/or Pt counter electrodes 
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(R1), the recombination of electrons in the TiO2/dye/electrolyte interface (R2) and the 

iodide species diffusion in the electrolyte (R3) [20, 35-37].  

 

In terms of the size of R1 in the Nyquist plot, the Aqueous TiO2 film shows a bigger 

semicircle than the two commercial material-made films, implying that there is more 

charge transfer resistance at the Pt counter electrode and/or electrical contact between 

conductive substrate/TiO2 or TiO2 particles in the Aqueous DSSC. The likelihood of 

higher resistance at the Pt electrode of the Aqueous DSSC was rejected because the 

counter electrodes for all three devices were prepared in the same way. Thus, R1 is most 

likely the resistance derived from electrical contact between FTO/TiO2 or TiO2 particles. 

For the Aqueous TiO2 photoanode, the bigger size of R1 can be rationalized to stem from 

aggregation of the Aqueous TiO2 nanocrystallites as evident from the small pore size and 

large surface roughness results described in the previous section. 

 

On the other hand, the size (diameter) of the second semicircle (R2) of the Aqueous and 

Alfa Aesar 5nm TiO2-based devices is considerably smaller (with the Aqueous device 

exhibiting the smallest R2) than that of the Alfa Aesar 10 nm device.  The diameter of the 

semicircle in the middle frequency (R2) is known [36,38] to relate to the charge 

recombination of I3
−
 with the electrons on the photoelectrode. Hence it is deduced that 

the OH-rich TiO2 made photoelectrodes are associated with lower recombination thus 

explaining their higher photocurrent generation (see data in Table 6.3).  

 

In the Bode phase plot of Figure 6.8 (bottom), the characteristic middle frequency peak is 

located at 26.1 Hz for the Aqueous TiO2 electrode and this peak moves to higher 

frequency for both Alfa Aesar 5 nm and 10 nm electrodes. Since the characteristic 

frequency in the middle range of the Bode phase plots (Figure 6.8 (bottom)) can be 

related to the inverse of recombination life time (τR) in TiO2 films (ωR=1/τR) [39], these 

results indicate that the electron recombination time (“lifetime”) of Aqueous TiO2 built 

DSSC is longer than the other two commercial material made devices. This interpretation 

is further supported by the OCVD results discussed below.  
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Referring now to the size of the third semicircle of the Nyquist plots in Figure 6.8, it is 

observed that the Aqueous TiO2 film has bigger resistance than that of the Alfa Aesar 5 

nm film, an observation that can be attributed to its smaller pore size (see data in Table 

6.2). The small pore size can obviously affect the flow of electrolyte into the pores as 

well as affect ion diffusion, hence producing extra resistance. Although our Aqueous 

TiO2 film showed a relatively big size third semicircle in comparison to the 5 nm and 10 

nm Alfa Aesar films, it was nevertheless significantly improved vis-à-vis our previous 

EIS results [16] probably due to repeated particle dispersion conducted during the TiO2 

pastes preparation stage. 

 

Figure 6.9 Open circuit voltage decay (a) and life time (b) 
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The OCVD technique has been employed as a powerful tool to study the electron lifetime 

in DSSC devices as a measure of recombination kinetics[20]. In order to conduct the 

OCVD measurement, simulated solar light is illuminated at DSSC and a steady-state 

voltage is obtained. Then, the potentiostat monitors the decay of photovoltage (Voc) after 

interrupting illumination. The decay of the photovoltage reflects the decrease of the 

electron concentration at the FTO surface, which is mainly caused by charge 

recombination. In other words, the recombination rate is proportional to the response of 

the OCVD[40].
 
Figure 6.9 (a) shows the open-circuit voltage-decay curves for the 

commercial (Alfa aesar 5 nm and 10 nm) and our in-house Aqueous TiO2 DSSCs after 

the light was turned off. The response time τ (Figure 6.9(b)) can be deduced from the 

derivative of the Voc decay curve using the equation[39]:  

    
   

 
 
    

  
                                              eq. 6.1 

where kB is the Boltzmann’s constant, e is the elementary charge and T is the temperature. 

The calculated response times τ as a function of Voc for the three types of DSSCs are 

displayed in Figure 6.9(b). From the above measurements, it is obvious that the decay 

rates of Alfa Aesar 5nm and 10 nm substrates are faster than that of the Aqueous TiO2 

system in agreement with the EIS results [41].  

 

The question that arises is via which mechanism the surface hydroxyl groups help extend 

electron lifetime. As mentioned, based on presented data here and elsewhere [13-16]
 
the 

surface hydroxyl groups help stabilize the N719 molecules on the surface of TiO2. As 

such a higher dye loading per unit area can be accommodated (see data of Table 6.1) 

effectively providing complete dye coverage/coating of the TiO2 surface. Such effective 

dye coating by extension can be thought to act as an organic passivating layer that 

impedes recombination of triodide species in the electrolyte and the photogenerated 

electrons collected by the TiO2 semiconductor [20]: 

I3
-
 + 2e

-
 (TiO2)  3I

-
 

 The passivating role of the well anchored on the TiO2 surface dye molecules can be 

paralleled to that of co-adsorbing non-dye molecules as is a phosphinate amphiphile 

described by Gratzël and co-workers [42] or the commonly used 4-tert-butyl pyridine 

(TBP) electrolyte additive [18]. In the present case though it is the active dye molecules 
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themselves that provide protection against recombination as was also noted recently by 

Bazzan et al.[4]. While in the latter case the researchers had to resort to a 

desorption/adsorption cycling process repeated multiple times until saturation was 

reached or by others to co-adsorbing ions that essentially compete with the dye lowering 

its loading the aqueous synthesized anatase nanocrystallites are endowed with rich 

surface hydroxyl groups achieving equivalent if not better results in a more straight 

forward manner.  

 

While the Aqueous TiO2 built electrode showed a higher recombination resistance than 

the DSSCs made from the two commercial TiO2 substrates, its conversion efficiency was 

slightly lower than that of the Alfa Aesar 5nm built device despite otherwise similar if 

not better surface dye loading features. This loss in efficiency is thought to relate to the 

smaller pore distribution in the Aqueous TiO2 film that likely generates increased 

resistance at the TiO2 particles (R1) and pore electrolyte diffusion (R3), respectively. Thus, 

based on this analysis, further optimization work is planned to improve the properties of 

the Aqueous TiO2 mesoporous film structure via the employment of blends of aqueous-

synthesized TiO2 particles of different sizes.  

 

6.5 Conclusion 

A “head-to-head” analytical comparison and performance evaluation of three anatase 

TiO2 nanocrystalline building materials for DSSC mesoporous electrode construction 

revealed that surface hydroxylation is a critical surface property greatly influencing the 

type of dye binding regime and cell performance. The three materials tested (two 

commercial ones. “Alfa Aesar 5 nm and 10 nm” and one home-made variety, “Aqueous 

TiO2”) were selected to have similar crystallite size (5-10nm) and film BET surface area 

(~73 m
2
/g) but differ in their surface hydroxyl content. Thus enhanced surface 

hydroxylation that can easily be endowed to the anatase material via our aqueous-solution 

synthesis protocol (“Aqueous TiO2”) is shown to lead to well anchored stabilized dye 

molecular coverage of the semiconductor surface providing a kinetic barrier (“passivating 

organic layer”) against recombination at the TiO2/dye/electrolyte interface.  
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The surface profile and AFM analysis showed that our Aqueous TiO2 exhibited a rougher 

surface, which allowed it to adsorb more dye molecules. UV spectroscopic results of 

bleached films further confirmed that the dye loading onto Aqueous TiO2 surface was the 

highest among the three films made with a similar thickness. For the pore size 

distribution, Aqueous TiO2 showed the smallest pore probably due to particle aggregation, 

a characteristic that needs to be further optimized.  XPS and TGA results showed that the 

Aqueous TiO2 and Alfa Aesar 5 nm made films contain a similar amount of surface 

hydroxyl groups, double of that contained in Alfa Aesar 10 nm film. There was a striking 

correlation between surface hydroxyl group content and current density, Jsc, generated by 

the devices with the OH-rich photoelectrodes delivering 85-110 % higher output than the 

low OH content photoelectrode. EIS and OCVD measurements on the three devices 

showed the enhanced photocurrent output to correlate nicely with slower recombination 

rate at the TiO2/dye/electrolyte interface as evident by a longer electron lifetime.  

 

Referring specifically to the performance of our Aqueous TiO2-built photoanode, we 

observe that although it possessed similar content of surface hydroxyl groups as did the 

Alfa Aesar 5 nm built photoanode, its power conversion efficiency was slightly lower 

(4.20 %) than its counterpart (5.03 %). This lower efficiency and particular EIS behavior 

observed maybe rationalized on the basis of its smaller pore size and higher aggregation 

already mentioned earlier. Nevertheless, our OCVD results showed that such a 

photoelectrode with the surface characteristics of the Aqueous TiO2 possess longer 

lifetime for efficient electron transport. Therefore, higher efficiencies are expected to be 

achieved with our Aqueous TiO2 material upon altering its particle properties to allow for 

optimization of its pore size distribution, which will be a topic of future work. 
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Chapter 7. Global conclusions and claims to originality 

 

In this work, we studied the binding mechanism at the surface of dye-sensitized 

semiconductor films. The obtained results provide several new findings that allow for a 

better understanding of the parameters governing the nature of Dye (N719) -TiO2 

(anatase) bonding which is important for electron transfer. These results are particularly 

relevant for the development of new dyes and surface engineering of dye sensitized solar 

cell (DSSC). Chapter 7 outlines general conclusions based on the whole body of the 

results presented and discussed through Chapters 3 to 6, as well as the contributions to 

original knowledge.  

 

7.1 Global conclusions 

In the vibrational spectra of the dye region (1000~2500 cm
-1

), we considered structural 

changes caused by symmetry changes due to binding, as well as we evaluated carboxylate 

vibrations (∆νsalt and ∆νAds ) via the splitting method; this was followed by contrasting 

Raman imaging and micro IR imaging to show the distribution of surface Ti-OH/Ti-OH2 

groups before and after sensitization (for commercial and aqueous-synthesized anatse) as 

well as the dye distribution on the substrates; as a result of these combined studies we 

arrived to the following findings: 

 The dye region of the IR and Raman spectra of N719 adsorbed-TiO2 was not much 

different in comparison to that of the neat N719. A small band at 1372 cm
-1

 was observed 

in the Raman spectra of N719 adsorbed-TiO2, which was taken as proof of chemisorption 

(via bidentate bridging) as in previous works. In the IR spectra, both C=O and COO
-
 

groups were observed before and after adsorption and our ∆ν values were indicative of 

bidentate bridging coordination. ATR-FTIR spectroscopy of the high wave number 

region displayed Ti-OH/Ti-OH2 bands before and after adsorption indicating that not all 

surface groups had been displaced upon the dye binding. This fact along with the 

presence of leftover binding ligands (C=O and COO
-
) indicated that the N719 molecules 

interact via a dual character: electrostatically (H-bonding) and covalently (bidentate-
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bridging mode) with the TiO2 substrates regardless of their method of production 

(commercial vs. synthetic). Based on this spectroscopic data (and other relevant literature 

works), we proposed one carboxylic group (COO
- 

or COOH) binds to TiO2 using a 

bidentate bridging for chemisorption rather than two and the other is electrostatically (H-

bond attached) bound via surface Ti-OH/Ti-OH2 groups.  

 

The electron spectroscopic study gave complimentary information to our vibrational 

spectroscopic results but also provided us new sights into the electronic interactions of 

the substrates and dye molecules:   

 The C K-edge XANES spectral changes revealed that there are additional electronic 

states (not observed in the neat N719) that occur between dye molecules and TiO2 surface 

once adsorption occurs. Furthermore, the π* and σ* regions in the spectra indicate 

modification and extra states that occur in the electronic structure around the pyridine 

structure after dye adsorption. These spectral changes to the XANES spectrum allowed 

us to propose that the aromatic electronic density from pyridine interacts with TiO2 

electron density. Thus, we can postulate that in the N719-TiO2 system, electronic 

interactions occur not only through the covalent bonding of the anchoring groups but also 

through the aromatic electron density of the bipyridine groups and the d states found in 

TiO2. This effect remarkably was later proved by computation by De Angelis and 

collaborators via DFT [1].  

 

 Orientation experiments that were conducted showed the adsorbed sample at normal 

incidence (90°) and at grazing incidence (30°) to exhibit no intensity change for the π* or 

σ* states of the C K-edge; this was rationalized as a result of each carbon in the dye 

molecule being oriented differently in space and as such no angle dependency was 

observed. The N K-edge in contrast to the C K-edge showed no additional electronic 

states; once adsorption occurred and most of the neat N719 character remained intact. 

Interestingly, the orientation measurements in the N K-edge showed that the intensity for 

the N 1s  π* resonance peak increased at 30°, indicating that the sp
2
 conjugated π bond 

in the bipyridine groups is more aligned with the TiO2 substrate at 30° than 90° to the 
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surface. This further suggests that this type of geometry favors electronic aromatic 

interaction between the TiO2 surface and the N719 molecules.  

 

 Although the two nanocrystalline anatase (our aqueous-synthesized and commercial) 

substrates showed a similar type of bonding environment around the TiO2 (in pure and 

adsorbed states) as observed via our XAS data, the TiO2 surface interactions upon dye 

adsorption monitored via binding energy shifts in XPS were found to be distinct in the 

two substrates indicating that not all anatase nanocrystalline substrates behave in the 

same way once the N719 is adsorbed in terms of electronic interactions (surface dipole or 

shift to the Fermi level). As a result, this may contribute to the distinct manner which 

they perform electronically in the DSSC.  

 

From the vibrational and electronic spectroscopic results, a new binding mechanism, 

pictorially shown below, was developed to outline the electronic and bonding 

components never before reported. 

 

 

After studying the dye-TiO2 binding mechanism, we prepared different photoanodes with 

commercial and aqueous-synthecised anatase nanocrystallites and assembled complete 

solar cells in order to investigate and characterize their electrochemical properties and 

performance. The TiO2 materials tested were selected to have similar surface area but 

differ in their surface hydroxylation content in order to shed light on the effect of the 
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latter. All films tested were furthermore built to have the same thickness and they were 

not subjected to TiCl4 post-treatment. Here are the major findings: 

 In our work, we observed a relationship between surface hydroxyl groups and current 

density exhibited in the I-V curves. The OH-poor material (“Alfa Aesar 10 nm”) showed 

almost half of Jsc (mA/cm
2
, current density) value in comparison to the “Alfa Aesar 5 nm” 

and “Aqueous TiO2” materials that contained twice as much surface OH content. This 

beneficial effect of surface hydroxyl groups on DSSC performance was shown to arise 

from higher dye loading on TiO2 surface facilitated by the dual electrostatic/bidentate 

bridging binding mechanism elaborated above. Combined EIS and OCVD measurements 

revealed further that the photoelectrodes composed of surface hydroxyl-rich TiO2 

nanocrystalline material exhibit longer electron lifetime attributed to enhanced surface-

dye binding that suppresses interfacial recombination. Therefore, higher performance is 

expected to be achieved with aqueous-synthesized TiO2 material due to its inherent 

higher surface hydroxyl content. For this to materialize, however, the aqueous-

synthesized material needs first to be optimized in terms of particle properties and pore 

size distribution since EIS showed otherwise relatively elevated electrolyte diffusion 

resistance.  

 

7.2 Claims to originality 

Most parts of this thesis can be considered as contributions to original knowledge and 

understanding of the system as can be observed from the quality of journals where this 

material was published. Here below, we outline the most important: 

A. Chemical bonding:  

 The Δν method that has been used in the past to infer coordination bonding information 

was found not to be reliable in the present system questioning the findings of several 

previous dye-TiO2 investigations.  

 

 We showed spectroscopically and visually (via ATR-FTIR and Raman imaging) for the 

first time, the distribution of the surface Ti-OH/Ti-OH2 substrate groups and how these 

are affected after N719 dye adsorption. Most importantly, it was shown for the first time 

that the distribution of these groups was not equal in otherwise similar nanocrystalline 
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anatase substrates with nanometer scale roughness and that not all these surface groups 

were consumed upon binding of the N719 in contrast to previous models. 

 

 Also the presence of free ligand groups (C=O and COO
-
) after adsorption on both anatase 

substrates is a new discovery.  

 

 A new binding mechanism involving covalent and H-bonding components was 

introduced based on the spectroscopic, imaging data, and combination of theories taking 

into account previous research work. This new mechanism has now been accepted as one 

of the main modes of binding by all the leading experts in the DSSC field around the 

world as maybe seen from the citations of our work. 

 

B. Electronic interactions 

 Despite what was claimed in previous literature works, we showed that the use of Ti K-

edge EXAFS data (with fluorescence yield or transmission yield) cannot detect 

coordination changes involving Ti-O surface groups reacting with N719 dye molecules.  

 

 The use of electronic spectroscopy (XAS and XPS) showed for the first time that: (1) the 

electronic interactions between the N719 and TiO2 substrate not only occur via covalent 

bonding of the ligand groups (COOH and COO
-
) but also through the non-bonded 

aromatic electron density and d-states of TiO2. This is important as it provides further 

explanation for the ultrafast electron injection mechanism/pathways that occur after light 

absorption in the N719-TiO2 system. This type of concept was confirmed independently 

via Density Function Theory computations (published around the same time with us).  

 

 The adsorption of dye on the TiO2 substrate leads to a change into surface dipole and/or 

Ef position of TiO2. This effect is not equal for all nanocrystalline anatase substrates and 

was found to be greater for substrates with higher surface OH/H2O groups; the latter fact 

was likely a result of change to work function of the substrate that is observed when a 

different distribution (e.g. localization of hot spots) of surface dipoles occurs in the 

surface. 
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 It was demonstrated that although two nanocrystalline anatase substrates (aqueous-

synthesized and commercial) showed a similar type of molecular bonding (XAS and 

vibrational), the surface change interactions (XPS) were not equivalent in all substrates. 

This indicates that electron transport and mobility at the surface of nanocrystalline 

anatase substrates may not be only a function of their physical properties but also their 

surface group (Ti-OH) content and method of production. 

 

C. Electrochemical properties 

 Combined EIS and OCVD analysis of photoelectrode films built with similar physical 

properties but differing only in their Ti-OH content demonstrated for the first time that 

those rich in surface hydroxylation exhibit longer electron lifetime, i.e. less interfacial 

charge recombination. This was attributed to enhanced surface-dye binding that 

apparently leads to formation of a protective passivating organic film. This opens the 

avenue for further optimization of the dye-TiO2 interface and construction of devices 

with higher conversion efficiencies.   

 

7.3 Suggestions to future work 

 Chapter 6 reports the physical properties of TiO2 photoanodes (commercial and 

synthetic-Aqueous TiO2) and the electrochemical properties of complete solar cells using 

TiO2 photoanodes very well characterized. We have used Aqueous TiO2 as 100 % 

anatase form for DSSC and observed disadvantages such as small pore size and particle 

aggregation. Thus, further development of Aqueous TiO2 pastes mixed with anatase and 

rutile is suggested that may greatly contribute to increased pore size distribution (i.e. 

minimized electrolyte diffusion resistance) while at the same time taking advantage of 

rutile’s scattering effect.  

 

7.4 References 
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Appendix - Experimental details 

 
A.1 Materials and Reagents  

A.1.1 Conductive glass 

Coated glass with highly F-doped transparent conducting oxide (TCO) usually serves as a 

support for the dye-sensitized oxide. It allows light transmission while providing good 

conductivity for current collection. TCO should establish a good mechanical and 

electrical contact with the dye-sensitized oxide in order to increase electron injection 

from the latter to the outer circuit. In this work, FTO was purchased from Nippon Sheet 

Glass with a sheet resistance of 10 Ω per square. 

 

A.1.2 Preparation of mesoporous TiO2 pastes 

In this work two types of pastes were used: those obtained ready from commercial 

suppliers, namely Dyesol and Solaronix and those prepared in the laboratory. Of the latter 

the one used in all parts of the work was prepared from anataseTiO2 nanopowder 

obtained from the Aqueous synthesis method introduced in Charbonneau el al.’s 

publications [1,2]. Also, pastes were prepared with commercial anatase nanopowders, 

namely: Alfa Aesar 5nm and Alfa Aesar 10 nm TiO2. 

  

The fabrication scheme for TiO2 pastes is described in Figure A.1 First the nano titania 

particles are manually ground after mixing them with acetic acid, water and ethanol. 

After grinding the TiO2 slurry is transferred with excess of ethanol to a beaker where is 

magnetically stirred initially and then homogenized using a Ti-horn-equipped sonicator. 

This is filled with the addition of a mixture of anhydrous terpineol and a mixture of ethyl 

cellulose and ethanol by stirring and sonication again. Finally the contents are 

concentrated by evaporation [3].  
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Figure A.1 Preparation protocol for TiO2 paste (adapted from [3]) 

 

At each step, liquids were added drop by drop into a mortar. The diameter of the mortar 

was ca. 20 cm. The condition was in the ambient air at room temperature. The TiO2 

powders stuck on the inside of the mortar was removed by a plastic spatula in order to 

grind large aggregates. The TiO2 dispersions in the mortar were transferred with excess 

of ethanol (100 ml) to a tall beaker and stirred with a 4 cm long magnet tip at 300 rpm. 

The ultrasonic homogenization was performed with using a Ti-horn-equipped sonicator 

(Ultrasonic processor, Cole Palmer). Anhydrous terpineol (Aldrich) and ethyl cellulose 

(Aldrich) in ethanol were added, followed by stirring and sonication. The contents in 

dispersion were concentrated by evaporator at 50°C using an evaporator.  

 

A.1.3 Preparation of mesoscopic TiO2 electrodes 

To prepare the DSC working electrodes, the FTO glass was first cleaned in a detergent 

solution using an ultrasonic bath for 15 min, and then rinsed with water and ethanol. 

After treatment in a UV-O3 system (PSD Series Digital UV-Ozone system, Novascan) for 

15 min, the FTO glass plates were pre-treated by being immersed into a 50 mM aqueous 

TiCl4 solution at 70°C for 30 min and washed with water and ethanol. A layer of paste 

was coated on the FTO glass plates by screen-printing and then dried for 6 min at 125°C.  
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The temperature profile used in the sintering process has a great impact on the quality of 

the film. Figure A.2 is a typical TiO2 sintering profile reported by Lewis et al[4]. 

 

Figure A.2 Typical sintering profile of TiO2 film (adapted from Lewis et al.[4]) 

 

 The maximum temperature should not exceed 550 °C, because the phase transition from 

anatase to rutile starts in this temperature region, along with grain coarsening resulting in 

loss of nano structure [5]. The heating rate should be very slow. In the temperature 

interval 200 °C < T < 350 °C, organic materials such as dispersants and organic solvents 

used during the TiO2 film deposition stage decompose. The decomposition process 

induces mechanical stress into the TiO2-layer. If the heating is done too fast, the adhesion 

to the FTO-substrate is not firm. Consequently, cracks form within the layer, and the film 

becomes brittle. The cooling rate of the sintered TiO2-electrode also needs to be slow in 

order to minimize the stress within the TiO2-layer [6]. In general, except in Chapter 6, 

following annealing the films after cooling were post-treated [7] by immersion into a 0.2 

M TiCl4 solution at 60 °C for 30 min and then annealed once more before they were 

sensitized. 

 

A.1.4 Sensitizers 

N719 dye adsorption on nanocrystalline TiO2 films was obtained by immersion of 

electrodes, heated beforehand under air at 450 °C for 30 min and let cooled to 80 °C, in 
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pure ethanolic (0.5 mM) sensitizer solutions. The TiO2 films were dipped in the dye 

solution for about 24 hours in the dark at ambient temperature. 

 

A.1.5 Counter electrode 

To prepare the counter electrode, a hole was drilled in the FTO glass by sand blasting. 

The perforated sheet was washed with detergent solution in ultrasound for 20 min and 

rinsed by distilled water and ethanol. After drying, the Pt catalyst was deposited on the 

FTO glass by coating with a drop of H2PtCl6 solution (5 mM) and repeating the heat 

treatment at 380°C for 20 min. 

 

A.1.6 Device assembly 

All cells were carefully sealed before photoelectrochemical measurement. The sensitized 

photoanodes and the counter electrode were separated by a 25-μm-thick Surlyn® and 

sealed by heating. The internal space was filled with electrolyte through a hole made by a 

sandblasting drill on the counter electrode glass substrate. The electrolyte introduction 

hole was subsequently sealed with a Bynel sheet (obtained from Dyesol) under a thin 

glass cover by heating. The whole fabrication process is illustrated in Figure 3.3. 

 

Figure A.3 Schematic of DSSC device assembly procedure  

 

A.2 Current-Voltage curves  

A current-voltage (I-V) curve shows the possible combinations of current and voltage 

output of a photovoltaic (PV) device. A PV device, such as a solar module, produces its 

maximum current when there is no resistance in the circuit, i.e., when there is a short 

circuit between its positive and negative terminals. This maximum current is known as 

the short circuit current and is abbreviated Isc. When the module is shorted, the voltage in 

the circuit is zero. Conversely, the maximum voltage occurs when there is a break in the 

http://www.daviddarling.info/encyclopedia/S/AE_solar_module.html
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circuit. This is called the open circuit voltage (Voc). Under this condition the resistance is 

infinitely high and there is no current, since the circuit is open. 

  

Figure A.4 I-V curve of photovoltaic cells [8] 

 

These two extremes in load resistance, and the whole range of conditions in between 

them, are depicted on the I-V curve (see Figure A.4). Current, expressed in Amps, is on 

the (vertical) y-axis. Voltage, in Volts, is on the (horizontal) x-axis. The power available 

from a photovoltaic device at any point along the curve is just the product of current and 

voltage at that point and is expressed in Watts. At the short circuit current point, the 

power output is zero, since the voltage is zero. At the open circuit voltage point, the 

power output is also zero, but this time it is because the current is zero.  

  

There is a point on the knee of the curve where the maximum power output is located. 

This maximum power point on our example curve is where the voltage is 17 volts, and 

the current is 2.5 amps. Therefore the maximum power in Watts is 17 Volts times 2.5 

Amps, or 42.5 Watts. 

  

The I-V of a PV device curve is based on the device being under standard conditions of 

sunlight and device temperature. It assumes there is no shading on the device. Standard 

sunlight conditions on a clear day are assumed to be 1,000 Watts of solar energy per 

square meter (1000 W/m
2
 or 1 kW/m

2
). This is sometimes called one sun, or a peak sun. 

Less than one sun will reduce the current output of the PV device by a proportional 

http://www.daviddarling.info/encyclopedia/M/AE_maximum_power_point.html
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amount. For example, if only one-half sun (500 W/m
2
) is available, the amount of output 

current is roughly cut in half. 
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