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Chapter 1 

General Introduction 

1.1 Introduction 

Dye sensitized solar cells (DSSCs) have extensively been studied as potential alternatives to 

conventional solar cells using inorganic materials since Grätzel et al. reported them in 1991.
1 

DSSCs are different from conventional solar cells, and generally contain wide-bandgap 

nanocrystalline titania sensitized with ruthenium polypyridine complexes
2–6

 or metal-free 

organic dyes
7–11

 as photoanodes. Such DSSCs have many benefits; i.e., their material abundance, 

compatibility with flexible application, design variety, such as transparency and multicolor 

options.
12–15

  

 

Figure 1–1 Structure and operating principle of dye-sensitized solar cell 

 The general operating mechanism of the DSSC is shown in Figure 1–1. During irradiation with 

sunlight, the dye molecule is photo-excited and the excited electron is injected into the 

conduction band of titania, then the resulting oxidized the dye is subsequently reduced by 
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electron donation from the electrolyte; usually the solution of an organic solvent or ionic liquid 

containing the I3
−
/I
−
 redox couple. The iodide is regenerated, in turn, by reduction of triiodide at 

the counter electrode. The circuit is completed through the external load.
16–20

 The voltage 

generated during the light irradiation corresponds to the difference between the Fermi level of 

the semiconductor in the anode and the redox potential of the electrolyte.
21–23

 Ideally, electric 

power is permanently generated without any chemical transformation. Along with these 

processes, the electrons injected into the conduction band of the semiconductor may be 

recombined with the oxidized dye sensitizers or electron acceptor species in the electrolyte 

solution. 

At present, various studies have been done in order to optimize the photoelectric conversion 

properties of DSSCs. Numerous dyes have been investigated, as well as electrolytes and types 

of mesoporous films with different morphologies and compositions. Many parameters affect the 

photoelectric conversion properties, which are mainly determined by short-circuit current 

density (Jsc), open-circuit voltage (Voc), and fill factor. The Jsc depends on the incident photon to 

current conversion efficiency (IPCE). IPCE is the most important factor, which is determined by 

(1) light harvesting efficiency of sensitizer dye molecules, (2) charge injection efficiency, and 

(3) charge transport efficiency in titania conduction band, with respect to the photoanode 

performance.
24

 As described above, the Voc is derived from the difference between the Fermi 

level of the titania and redox potential of the electrolyte. The shift in the conduction band edge 

and charge recombination at the device interfaces significantly affect the Voc. The fill factor is 

almost determined by shunt resistance of the conduction substrate and series resistance at the 

device interfaces.
24

 

 Many sensitizer dyes are adsorbed on TiO2 surface through the carboxylate group.
23,25

 The 

enhancement of interaction between the dye and titania contributes to the improvement of IPCE 
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due to enhancing the light absorption and electron injection. Therefore, basic knowledge for 

enhancing the electronic interaction between the titania and dye is very important for 

development of the dye-sensitized titania electrodes.  

In order to improve the absorption efficiency of the organic dyes and the interaction between 

dye and titania, Nishikiori et al. systematically investigated a new preparation method of the 

working electrodes containing the dye-dispersing titania by a sol–gel process.
26–30

 The sol–gel 

method is a simple technology and is widely used to synthesis a novel glass or ceramics. The 

reaction starts from a solution of organic or inorganic compounds of metals. The sol–gel 

transition of the system occurs due to hydrolysis and polycondensation reaction of such 

compounds. The object materials can be obtained by heating the gels. One of the advantages of 

the sol–gel method is, in general, high homogeneity of the prepared materials. The dye 

molecules are expected to be homogenously dispersed in the gel matrix by mixing the dye and 

titania precursor in advance. 

In a conventional method for preparing the working electrodes of the DSSCs, the dyes are 

adsorbed onto the titania thin films. This method allows the dye to be adsorbed onto only the 

surface of the relatively large aggregates of the titania particles. Unlike the conventional method, 

the dye-dispersing titania prepared by the sol–gel method is expected to allow the dye 

molecules to be dispersed onto the surface of the individual nanosized titania particles at a 

molecular level. This is important for improving the light absorption efficiency. The 

concentration of the dye incorporated in the dye-dispersing titania film was about five times 

higher than that of the dye adsorbed on the conventional film. The other advantage is the high 

contact area between the dye and titania. This can improve the dye–titania interaction and 

electron injection from the individual dye molecules into the titania.  

The gel of the dye-dispersing titania was presumed to consist of amorphous, nanosized, and 
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particle-like units, which have a semiconductor-like quasiconduction band structure with a low 

density of states. The dye molecules exist in the nanopores of the gel. Furthermore, the effect of 

the hydrothermal treatment on their photoelectric conversion properties has also been 

investigated because it is an effective method to crystallize the amorphous phase and improve 

the photoelectric conversion performance.
26–29

 It was reported that the crystallization of 

amorphous titania to anatase was achieved by a hydrothermal treatment at a low temperature 

because water molecules catalyzed the hydrolysis and sequential polymerization of the titanium 

compounds, and they led to the rearrangement of the TiO6 octahedra.
31 

 Nishikiori et al. reported that the dye molecules probably formed complex with titanium 

species on the titania particle surface in dye-dispersing titania systems.
28

 Such complex species 

played a significant role on the electron transfer process that affected photoelectric conversion 

properties in such systems. The steam treatment was conducted in order to promote the crystal 

growth of the titania particles and enhance their photoelectric conversion efficiency. Water was 

heated at 100℃ and the dye-dispersing titania gel samples were exposed to its steam. The 

pressure of the steam was about 100 kPa. Based on the spectroscopic and photoelectric 

measurements of the dye–titania systems, the influence of the steam treatment on the dye–titania 

chemical interaction and complex formation is discussed in detailed in this dissertation. 

Furthermore, the influence of the dye–titania complex formation on the conduction band edge of 

the titania is also discussed based on the potential photocurrent onset measurement. At the end, 

the photoelectric conversion properties of compositionally-graded dye–titania electrodes, which 

are prepared with two types of the dye-dispersing titania layers with different concentration of 

the dye, will be also shown in order to confirm the function of the conduction band-controlled 

electrodes.  
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1.2 Scope of Chapter 

 In this study, xanthenes dyes were used as sensitizers. Xanthene dye molecules are known to 

form a chelate complex with the titanium species on the titania surface.
25

 The influence of steam 

treatment on the dye–titania complex formation, their influence on the electron transfer process 

and photoelectric conversion properties in dye-dispersing titania electrodes were discussed in 

chapter 2, 3, and 4. 

 In chapter 2, simple spectroscopic and photocurrent measurements of the xanthene 

dye-dispersing titania gels prepared by the sol–gel method were conducted in order to clarify the 

influence of a steam treatment on the dye–titania interaction and electron transfer. The simple 

spectroscopic measurements such as UV–vis and FTIR spectra of the fluorescein- and eosin 

Y-dispersing titania were mainly observed as a function of the steam treatment time in order to 

discuss the mechanism of the complex formation between each dye and titania. Based on the 

I-V curves and IPCE spectra, the influence of the dye–titania complexes containing various 

xanthenes dyes on the electron transport and photoelectric conversion efficiency was also 

discussed. 

 In chapter 3, the influence of the dye–titania complex on the photoinduced electron transfer 

process in the dye-dispersing titania gel films was discussed based on steady state and 

time-resolved fluorescence spectroscopy. Transient absorption spectroscopy is generally used to 

study the photoinduced electron transfer process in the dye–titania systems. Time-resolved 

fluorescence spectroscopy is more sensitive than transient absorption spectroscopy.
32

 The 

influence of the dye–titania interaction on the very fast fluorescence quenching process was 

discussed in connection with the photoinduced electron injection process from the dye to the 

titania. 

 In chapter 4, the subject is the influence of dye–titania complex formation on the shift in the 
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conduction band edge of titania. The shift in the conduction band edge of titania was observed 

by the measurement of the potential dependence of the photocurrent called the “photocurrent 

onset measurement”.
33,34

 This was determined by cyclic voltammetry (CV) during light 

irradiation for the band-gap excitation of the titania (Photo-CV) in order to estimate the shift in 

the conduction band edge of the titania in each electrode. The correlation between the shifts in 

conduction band edge and the change in the Voc value was also discussed in this chapter.  

 In chapter 5, the electrodes using a new material “compositionally-graded dye–titania”, were 

investigated. The compositionally-graded dye–titania electrode was prepared by combining the 

dye-dispersing titania thin films having different compositions of dye and titania through a 

sol–gel process. Based on measurements of the spectroscopic and photoelectric properties of 

such electrode, the electron transfer efficiency in the compositionally-graded dye–titania 

working electrode was discussed compared to that of the conventional electrode in this chapter. 

 Finally, in chapter 6, all the investigations in this dissertation were summarized. 
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Chapter 2 

Influence of steam treatment on dye–titania complex 

formation and photoelectric conversion property of 

dye-dispersing titania gel 

 

2.1 Introduction 

 Electron transfer is an important process to understand the mechanism of the fundamental 

reaction in electronic devices and further develop their functions and performances. Solar cells 

have attracted considerable attention as a sustainable device to solve the energy and 

environmental problems. In the photochemistry field, the electron transfer in photo-functional 

materials consisting of an organic-inorganic composite, such as the working electrodes of 

dye-sensitized solar cells, have been studied all over the world.
13

 Many scientists have 

investigated the electron donor–acceptor interaction between the dye molecules and the titania 

in the dye–titania systems used for the dye-sensitized solar cells.
415

 It was reported that 

xanthene dye molecules formed a chelate complex with the titanium species on the titania 

surface in the dye-titania systems. The complex formation induces an interaction between their 

orbitals and the red-shift in their absorption spectrum. This interaction caused the ligand to 

metal charge transfer (LMCT) interaction and a fast electron injection into the titania 

conduction band.
8,9,14

 

Nishikiori et al. showed that the hydrothermal treatment of a dye-dispersing amorphous titania 

film remarkably improved the photoelectric conversion efficiency due to not only its 

crystallization, but also the dye–titanium complex formation.
16

 The electron injection process 

from the dye excitation states to the titania conduction band is important for the photoelectric 
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conversion. This process depends on the reduction potential of the excited dye and the 

conduction band potential of the titania, which are changed by the complex formation. In this 

chapter, the spectroscopic and photoelectric measurements of the dye–titania system were 

conducted in order to clarify the influence of the steam treatment on the dye–titania complex 

formation and the electron injection mechanism. Especially, the potentials of the complex and 

the conduction band of the titania are discussed. 

 

2. 2. Experimental section 

2.2.1. Materials 

Titanium tetraisopropoxide, ethanol, fluorescein, sodium fluorescein, eosin Y, rose bengal, 

hydrochloric acid, nitric acid, diethylene glycol, iodine, lithium iodide, and sodium hydroxide 

(Wako Pure Chemicals, S or reagent grade), 4-aminofluorescein (Tokyo Kasei, reagent grade), 

and 5(6)-carboxyfluorescein (LAMBDA, reagent grade) were used without further purification.   

Water was ion-exchanged and distilled. Glass plates coated with the ITO transparent electrode 

(AGC Fabritech) were soaked in hydrochloric acid (1.0 mol dm
3

) for 2 h and then rinsed with 

water. The electrolyte used for the electrical measurements consisted of an diethylene glycol 

solution of iodine (5.0  10
2

 mol dm
3

) and lithium iodide (0.50 mol dm
3

). 

 

2.2.2 Preparation of electrodes 

The solgel reaction system was prepared by mixing 5.0 cm
3
 of titanium tetraisopropoxide, 

25.0 cm
3
 of ethanol, 0.21 cm

3
 of water, and 0.21 cm

3
 of concentrated nitric acid as the catalyst 

of the solgel reaction and labeled SG-0. Fluorescein (F), sodium fluorescein (SF), 

4-aminofluorescein (AF), 5(6)-carboxyfluorescein (CF), eosin Y (EY), and rose bengal (RB), 

were individually dissolved into SG-0 in which their concentrations were 1.0  10
2

 mol dm
3
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and these systems were labeled SG-F, SG-SF, SG-AF, SG-CF, SG-EY, and SG-RB, respectively.   

The dip-coated thin films were prepared from the systems in which the solgel reaction 

proceeded for 1 day to prepare the electrodes. 

In order to prepare the electrode samples coated with the crystalline titania, the glass plates 

with the ITO transparent electrode were dip-coated in the dye-free system (SG-0) and then 

heated at 500 ºC for 30 min. These electrodes were labeled E-0. Furthermore, the working 

electrodes were prepared in the way in which the E-0 was dip-coated with SG-F, SG-SF, SG-AF, 

SG-CF, SG-EY, and SG-RB. These working electrodes were labeled WE-F, WE-SF, WE-AF, 

WE-CF, WE-EY, and WE-RB, respectively. The glass plates without ITO were also coated with 

SG-F and SG-EY in order to measure their XRD patterns. 

The steam-treatment effects on the UV-vis absorption and photocurrent spectra of the electrode 

samples and on the XRD patterns of the samples were investigated. Water was heated at 110 ºC 

and the electrode and XRD samples were exposed to its steam for 0–120 min. The pressure of 

the steam was about 140 kPa. 

The conventional dye-sensitized electrodes were also prepared in order to compare them with 

our original samples. The SG-0 was spread on the glass plates with the ITO transparent 

electrode and heated at 500 ºC for 30 min. These electrodes were immersed in 1.0  10
2

 mol 

dm
3

 fluorescein and eosin Y ethanol solutions for 24 h, and labeled WE-F-c and WE-EY-c, 

respectively. 

 

2.2.3. Measurements 

The crystalline phase of the film samples was determined using an X-ray diffractometer 

(Rigaku RINT-2200V). The layer thickness of the electrode samples was estimated from their 

cross section using a field emission scanning electron microscope (Hitachi S-4100). The 
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UV-visible absorption spectra of the prepared electrode samples were observed using a 

spectrophotometer (Shimadzu UV-2500). The amounts of the dyes existing in the electrode 

samples were estimated from the absorption spectra of the dyes eluted by the 0.1 mol dm
−3

 

sodium hydroxide aqueous solution. 

The iodine-based electrolyte was allowed to soak into the space between the electrode sample 

and the counter Pt electrode. Monochromatic lights obtained from a fluorescence 

spectrophotometer (Shimazdu RF-5300) with a 150 W Xe short arc lamp (Ushio UXL-155) 

were irradiated on the electrodes for the spectroscopic measurements. Under light irradiation, 

the short circuit currents of the electrodes were measured by an electrometer (Keithley model 

617). The I−V curves of the electrodes were measured by a potentiostat (Hokuto Denko 

HSV-100) during irradiation by visible light with a wavelength longer than 400 nm emitted by 

the 150 W Xe short arc lamp using a sharp cut filter. The intensity at each wavelength of the 

light source was obtained using a power meter (Molectron PM500A) in order to estimate the 

incident photon to current conversion efficiency (IPCE) and quantum efficiency for the 

photocurrent from the excited dye in the electrode samples. The light intensity was confirmed to 

correlate with the results of the potassium ferrioxalate actinometry. The visible absorbance of 

the present electrode samples was lower than 1.0 which was sufficient to measure the number of 

absorbed photons in order to calculate the quantum efficiency. 

The dye powders and the flakes of the dye-dispersing film samples were pressed in the KBr 

pellets and their IR spectra were taken using an FTIR spectrophotometer (Shimadzu 

FTIR-8300). 
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2.3. Results and discussion 

2.3.1. Crystallinity of titania 

The XRD patterns of the fluorescein- and eosin Y-dispersing titania gels were obtained as a 

function of the treatment time as shown in Figure 2–1. No peak is found in the XRD pattern of 

both of the untreated amorphous gel films. The peak at around 25 was observed and an anatase 

type crystal was produced in the film steam-treated for 20 min. The peak looks sharper after the 

longer steam-treatment time. There was a slight difference between the fluorescein- and eosin 

Y-dispersing samples. The size of the crystallites of these electrodes was estimated from their 

full-width at half-maximum of the 25 peak using Sherrer’s equation, D=0.9/･cos. They 

were 4–6 nm for the fluorescein-dispersing samples and 3–5 nm for the eosin Y-dispersing 

samples after the steam treatment for 20–120 min. Compared to the heated titania sample, the 

crystallite size of the film was small and not significantly changed by the steam treatment for 

more than 20 min based on the XRD analysis.  
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Figure 2–1 XRD patterns of the (a) fluorescein- and (b) eosin Y-dispersing titania gels 

steam-treated for (1) 0, (2) 20, (3) 40, (4) 60, and (5) 120 min and (6) heated at 500 °C for 30 min. 

 

It is suggested that the untreated dye-dispersing titania gel film consists of the amorphous, 

nanosized, and particle-like units having a semiconductor-like quasi-conduction band structure with 

low density of states. The steam treatment promoted the hydrolysis and sequential polycondensation 

of the titania gel, and the resulting reorientation led to the formation of anatase-type titania 

nanocrystals.  

 

2.3.2. UV–vis absorption and photocurrent properties of WE-F and WE-EY 

Figure 2–2 shows the UV–vis absorption spectra of WE-F and WE-EY observed as a function 

of the steam treatment time compared to those of WE-F-c and WE-EY-c. The thickness of the 

dye-containing layer of WE-F and WE-EY was ca. 350 nm and that slightly changed by the 

steam treatment. The thickness of the titania layer of WE-F-c and WE-EY-c was ca. 2.1 μm.   
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The absorbance in the UV range due to titania increased during the 20-min steam treatment of 

WE-F and WE-EY, and then decreased after further steam treatment. The accurate band gaps 

cannot be estimated due to the gradual absorption rises around the band edges. This is caused by 

the low crystallinity of the titania layer compared to normal heated titania. The spectra could not 

be obtained in the wavelength region shorter than 350 nm due to their excessively high 

absorption. The band gap of the conventional titania electrode, having high crystallinity, was 

estimated to be around 3.3 eV from the UV absorption spectra of WE-EY-c. 
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Figure 2–2 UV–vis absorption spectra of (a,b) WE-F and (c,d) WE-EY observed (1) before and 

after (2) 20-, (3) 40-, (4) 60-, and (5) 120-min steam treatments. These spectra are compared to those 

of (b-6) WE-F-c and (c,d-6) WE-EY-c, respectively. 

0

0.5

1

1.5

320 330 340 350 360 370 380 390 400

A
b
so

rb
a
n

c
e

Wavelength / nm

1

2

3

4

5

6 (x0.5)

0

0.1

0.2

0.3

400 450 500 550 600

A
b
so

rb
a
n

c
e

Wavelength / nm

1

2

3
4

5

6 (x0.5)d 

c 



18 

 

In the visible range, the spectrum of the untreated WE-F is located around 470 nm, ranging 

over a wavelength wider than that observed in solvents. This result indicates that the main 

fluorescein species were the neutral or anion form (at 450–480 nm) and some fluorescein 

molecules existed as the dianion form (at around 490 nm).
17

 In addition, the longer wavelength 

band indicates that a small number of fluorescein molecules formed the dianion-like species 

resulting from the strong interaction and a chelating linkage between the carboxyl group of the 

dye and the titanium species.
4,5,810,14,18

 The absorbance decreased to one-third because some 

amount of water vapor was condensed into liquid on the titania film during the steam treatment, 

and then some of the fluorescein molecules adsorbed on the titania pore surface were desorbed 

into the liquid water phase. In addition, the spectral peak of the film was red-shifted from 

around 470 to 480 nm by the steam treatment.
14, 16,19−21

    

The spectral shape became broader to the longer wavelength side. These results indicate that 

the neutral and anion species were preferentially desorbed from the inside of the titania gel film 

into the water phase because the species was weakly trapped in the pores of the gel. The stream 

treatment probably increased the number of fluorescein molecules interacting with the titanium 

species. The spectrum of WE-F-c is similar to the untreated WE-F, indicating that the 

fluorescein molecules are weakly adsorbed on the crystalline titania particle surface. 

The absorbance of WE-EY decreased with the steam treatment time and its peak at 530 nm did 

not significantly change. The peak was located at the wavelength longer than that of the dianion 

species in water 
22

 due to the ionic interaction with the titania surface. The absorbance was less 

than one-tenth of the initial value after the 120-min treatment    due to the dye desorption. It 

is expected that the interaction of eosin Y with titania is weaker than that of fluorescein. The 

spectrum of WE-EY-c is sharper than that of the untreated WE-EY, indicating that the eosin Y 

molecules weakly interact with the crystalline titania particle surface. The decreases in the 
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absorbance values of fluorescein and eosin Y in the steam-treated samples correspond to the 

values obtained from their elution as shown in Figure 2–3. This result indicates that the dye 

molecules did not change into the colorless form in the titania after the steam treatment. 

  

Figure 2–3. Dye content in WE-F (square) and WE-EY (circle) steam-treated for 0–120 min 

estimated by the UV–vis absorption spectra (solid) of the electrodes and their elusion (open). The 

values are normalized at 0 min. 

 

 The changes in the IPCE spectra of WE-F and WE-EY with the stream treatment are shown in 

Figure 2–4 compared to those of WE-F-c and WE-EY-c. The IPCE values in the UV range increased 

during the 20-min treatment similar to the UV absorption of WE-F and WE-EY. The values 

decreased after the 20-min treatment with their UV absorption even though the crystal growth 

proceeded during the 60 or 120-min treatment based on the XRD analysis. The decrease in the 

photocurrent is suggested to be caused by decreasing the electron transport efficiency in the titania 

because the bonds between the titania particles are weakened by hydrolysis. On the other hand, in 
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spite of the visible absorbance decrease, the photocurrent of WE-F in the visible range increased 

during the 120-min treatment, while the peak at 490 nm was shifted to 500 nm. These results suggest 

that the increase in the IPCE values is due to improvement of the chelate complex formation 

between the fluorescein and the titanium species (the around 500 nm species) rather than the electric 

conductivity of the titania gel. The growth and crystallization of the particles and the decrease in the 

defect density by the 20-min steam treatment improved the electric conductivity.
16−18

 The steam 

treatment enhanced not only the electric conductivity of the titania, but also the dye–titania 

interaction that plays an important role in generating the photocurrent in this system. 
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Figure 2–4 IPCE spectra of (a,b) WE-F and (c,d) WE-EY observed (1) before and after (2) 20-, (3) 

40-, (4) 60-, and (5) 120-min steam treatments. These spectra are compared to those of (b-6) WE-F-c 

and (d-6) WE-EY-c, respectively. 
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On the other hand, the photocurrent of WE-EY in the visible range increased during the 20-min 

treatment and then decreased with the treatment time. This decrease is mainly due to the 

desorption of a large number of dye molecules. The spectral peak position was not significantly 

changed during the treatment. This is because the interaction of eosin Y with titania is weaker 

than that of fluorescein, and its complex formation is harder. The LUMO level of the dye is an 

important factor for the rate of injection into the titania conduction band. The IPCE values of 

the fluorescein-dispersing electrode was improved by the steam treatment better than that of the 

eosin Y-dispersing electrode although the LUMO level of eosin Y is more negative than that of 

fluorescein.
15

 The complex formation is expected to be more effective for the electron injection. 

WE-F-c and WE-EY-c exhibited similar spectral shapes to those of the untreated WE-F and 

WE-EY, respectively. The IPCE values of the conventional electrodes were much higher than 

those of the dye-dispersing electrodes due to the higher crystallinity and electric conductivity of 

the titania, and the higher dye content and absorbance. 

 

2.3.3. FTIR analysis of fluorescein- and eosin Y-dispersing titania 

Figure 2–5 shows the FTIR spectra of fluorescein and eosin Y, and the fluorescein- and eosin 

Y-dispersing titania gels before and after the steam treatment compared to those of the 

fluorescein- and eosin Y-adsorbed titania samples. The peaks of the carboxyl C=O stretching 

and the carboxylate COO
−
 antisymmetric and symmetric stretching vibrations were observed at 

1710, 1597, and 1391 cm
−1

 in fluorescein, respectively. In addition, the band at around 1490 

cm
−1

 is assigned to the quinone-like C=O stretching vibration.
23

 The untreated 

fluorescein-dispersing sample exhibited the carboxyl band at around 1710 cm
−1

, the carboxylate 

bands at 1580 and 1398 cm
−1

, the quinone-like band at 1450 cm
−1

. In addition, the phenoxide 

ion stretching vibration conjugated with the xanthenes ring vibration was also observed at 

d 
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around 1300 cm
-1 

in the untreated dye-dispersing titania sample.
 23

 The significant shifts of the 

carboxylate and quinone-like bands are due to the interaction between the functional groups and 

the titanium species of titania. The intensity of the carboxyl band decreased and that of the 

interacting carboxylate and quinone-like bands increased with the steam treatment. 

On the other hand, the carboxyl C=O band was not observed in eosin Y or the eosin 

Y-dispersing sample before or after the treatment. The FTIR spectrum of eosin Y has the 

carboxylate bands at 1557 and 1352 cm
−1

, and the quinone-like band at 1458 cm
−1

. These bands 

were somewhat shifted to 1558, 1341, and 1441 cm
−1

, respectively, in the untreated eosin 

Y-dispersing sample due to the dye-titania interaction. The 60-min treatment relatively 

decreased the quinone-like band and increased the carboxylate band. The decrease in the 

quinone-like band intensity was different from the result observed in the fluorescein-dispersing 

sample. The spectrum of eosin Y was not obtained after the 120-min treatment due to the dye 

desorption. 

The carboxyl group of fluorescein was transformed into the carboxylate and formed a chelate 

complex with the titanium species during the steam treatment while eosin Y was only the 

carboxylate form. The proton dissociation constants, pKa values, of the carboxyl groups of 

fluorescein and eosin Y are 4.45 and 3.75, respectively.
22

 The carboxylate oxygen of fluorescein 

is more nucleophilic than that of eosin Y and easier to form the coordination complex with 

metal species. Additionally, the quinone-like carbonyl group of the xanthene ring also interacted 

with the titanium species. This type of complex formation strongly depends on pKa values of the 

hydroxyl group of the xanthene ring, which are 6.80 for fluorescein and 2.81 for eosin Y.
22

 

The FTIR spectra of the fluorescein- and eosin Y-adsorbed titania samples are quite similar to 

those of the only dyes. It is found that the dye molecules only slightly interacted with the titania 

in the conventional electrodes because the titania particles have high crystallinity and their 
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surface is low hydrophilic due to a small amount of hydroxyl groups. 

 

  

Figure 2–5   FTIR spectra of (a) (1) fluorescein, (2-4) the fluorescein-dispersing titania gel, and 

(5) the fluorescein-adsorbed titania, and (b) (1) eosin Y, (2,3) the eosin Y-dispersing titania gel, and 

(4) the eosin Y-adsorbed titania. The spectra of the fluorescein-dispersing titania samples were 

observed (2) before and after (3) 60- and (4) 120-min steam treatments. The spectra of the eosin 

Y-dispersing titania samples were observed (2) before and (3) after 60-min steam treatments. 

 

10001200140016001800
Wavenumber / cm

-1

A
b

so
rb

an
ce

 (
a.

u
.)

1

2

3

4

5

10001200140016001800
Wavenumber / cm

-1

A
b

so
rb

an
ce

 (
a.

u
.) 1

2

3

4

a 

b 



25 

 

2.3.4. Photocurrent properties of the electrodes containing various xanthene dyes 

Figure 2–6 shows the IPCE spectra of the electrode samples containing the other xanthene 

dyes (SF, AF, CF, RB) before and after the steam treatment. As shown in the fluorescein 

(F)-dispersing sample, the spectral red-shift due to the treatment was observed in the system 

containing the dyes, SF of a sodium salt, CF having two carboxyl groups, that promote the 

interaction with the titanium species, and AF having an electron accepting amino group. On the 

other hand, for eosin Y (EY), the shift was not observed in the electrode containing RB having 

electron-accepting groups. The pKa values for the carboxyl groups of AF and CF are 4.56 

(5-aminofluorescein) 
24

 and 4.3 
14

, respectively, and they are close to that of F, i.e., 4.45. The 

pKa values for the carboxyl group of RB of 3.51 
25

 is close to that of EY, i.e., 3.75. These results 

support the fact that the nucleophilicity of the carboxylate oxygen in the xanthene dye 

influences the dye–titania complex formation. 
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Figure 2–6 Normalized IPCE spectra of (a) WE-SF, (b) WE-AF, (c) WE-CF, and (d) WE-RB 

observed (1) before and (2) after steam treatments. 

2.3.5. Photoelectric conversion properties of the electrodes 
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Figure 2–7 I-V curves of (a) WE-F and (b) WE-EY observed (1) before and after (2) 20-, (3) 40-, (4) 

60-, and (5) 120-min steam treatments. These curves are compared to those of (a-6) WE-F-c and 

(b-6) WE-EY-c, respectively. 
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Table 2–2 Photoelectric conversion properties of WE-EY and WE-EY-c 

Key: ISC, short circuit photocurrent density; VOC, open circuit voltage; FF, fill factor; Pmax, 

maximum power; QE, quantum efficiency at (a) 500 nm, (b) 540 nm. 

 

Figure 2–7 shows the I-V curves of WE-F and WE-EY observed as a function of the treatment 

time compared to those of WE-F-c and WE-EY-c. Their photoelectric conversion properties of 

WE-F and WE-F-c, and WE-EY and WE-EY-c are summarized in Tables 1 and 2, respectively.   

The properties of WE-F indicate an increase in the values of the short circuit current (ISC), open 

circuit voltage (VOC), fill factor (FF), and consequently, the maximum power (PMAX) with the 

treatment time. The quantum efficiency (QE) of the photoelectric conversion of WE-F at 500 

nm also gradually increased as expected. On the other hand, these values of WE-EY, except QE 

values, increased during the 20-min treatment, and then decreased due to the titania conductivity.   

The increase in the QE values of WE-EY at 540 nm reflected the improvement in the total 

electrode performance during the 40-min treatment. The QE values can be regarded as being 

unchanged after the 60-min treatment even though they are not accurate because the absorbance 
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is too low. The increase in these values is due to the increase in the titania conductivity based on 

the results of the XRD analysis. The decrease is mainly due to the dye desorption.   

Additionally, another reason is also suggested in that the bonds between the crystalline particles 

were weakened by hydrolysis based on the results of the XRD analysis and UV photocurrent 

spectroscopy. 

The maximum QE values of the stream-treated WE-F and WE-EY are higher than those of the 

conventional electrodes, WE-F-c and WE-EY-c. The ISC values of WE-F-c and WE-EY-c are 

significantly higher than those of WE-F and WE-EY because their electric conductivity and dye 

content are higher. However, the VOC values of the conventional electrodes are close to those of 

the untreated dye-dispersing electrodes. The QE values are suggested to depend on not only the 

electric conductivity of the titania, but also the dye–titania interaction and complex formation. 

Figure 2–8 shows the changes in the ISC and VOC values with the treatment time for the 

electrode samples containing each dye. The increase in the ISC and VOC values during the 

treatment was observed in the electrodes containing the dyes, F, AF, and CF, along with the 

spectral red-shift.   The increase and decrease in these values were observed in the electrodes 

containing the dyes, EY and RB, without the spectral shift. The ISC and VOC values of the 

dye-doped electrodes are closely related to the complex formation abilities of the dyes with 

titanium species. 

 

0

0.05

0.1

0.15

0.2

0 30 60 90 120

Treatment time / min

C
ur

re
nt

 d
en

si
ty

 / 
m

A
 c

m
-2

F

CF

AF

a 



31 

 

 

Figure 2–8 Changes in (a,b) ISC and (c,d) VOC values with an increase in the steam treatment time for 

the electrode samples containing each dye. 
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2.3.6. Relationship between titania structure and dye–titania complex formation  

The photoelectric conversion properties and FTIR spectra of the dye-dispersing titania samples 

indicate that the chelate complex formation increased the short circuit current and open circuit 

voltage values. The carboxylate and quinone-like carbonyl of the dyes tend to interact with the 

titanium species. Fluorescein formed a greater amount of the chelate complex than eosin Y due 

to its higher reactivity with the titanium species depending on the nucleophilicity of its oxygen 

atoms of the carboxylate and carbonyl. Active gaseous water promoted the hydrolysis of the 

titanium species and enhanced their reactivity. Based on the XPS and FTIR analyses, Nishikiori 

et al. showed that the charge density of the typical Ti
4+ 

increased by the formation of 

anatase-type titania during the steam treatment, which led to the formation of the conduction 

band with higher density of acceptor states.
 26

 An increase in the overall crystallinity of titania 

nanoparticles results in an increase in the surface quality of the nanoparticle, which enhances 

the dye–titania complex formation.
21

 The titanium chelation of the fluorescein species was 

promoted in the narrow spaces between the titania nanoparticles. This factor appears to play an 

important role in electron injection from the dye to the titania. The scheme of the changes in the 

titania structure and the dye–titania interaction by the steam treatment is shown in Figure 2–9.  

The VOC is determined from the potential difference between the conduction band edge of the 

titania and the redox potential of the electrolyte. The change in this value indicates a shift in the 

conduction band edge. The chelate complex formation on the surface of the titania nanoparticle 

causes such a potential shift. The dye molecules having a high oxygen nucleophilicity formed a 

chelate complex with the titanium species on the titania surface to induce an interaction between 

their orbitals in the steam-treated electrodes based on the spectral red-shift. This interaction 

caused the ligand to metal charge transfer (LMCT) interaction and the fast electron injection 

into the titania conduction band.
8,9,14,21

 It is suggested that the electrons in the LUMO of the 
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π–π＊state (S1) of the xanthene ring are directly injected into the titania conduction band due to 

the strong interaction between the dye chromophore and titania surface. The VOC values were 

increased by the steam treatment because the chelate complex formation caused the negative 

shift in the conduction band potential due to an increase in the negative charge density on the 

titania surface.
14

 

 

Figure 2–9 Scheme of the changes in the morphological and band structure of the titania and the 

dye–titania interaction by steam treatment.
21

  

 

2.4. Conclusions 

The photocurrent quantum efficiency of the dye-dispersing titania electrode remarkably 

increased by the steam treatment. The growth and crystallization of the titania particles and the 

decrease in the defect density by the treatment improved the electric conductivity. In addition to 
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this, the dye–titania complex formation appears to play an important role in transport of the 

electron through the electrode. The steam treatment enhanced the dye–titania interaction and 

promoted the dye–titania chelate complex formation on the titania surface. This is because 

active gaseous water promoted the hydrolysis of the titanium species and enhanced their 

reactivity. The titanium chelation of the carboxylate and carbonyl of the dye was promoted in 

the narrow spaces of the titania networks. The complex formation enhanced the photocurrent 

due to improvement in the efficiency of the electron injection into the titania conduction. The 

VOC values were increased by the steam treatment because the chelate complex formation 

caused the negative shift in the conduction band potential. The dye formed a greater number of 

chelate complexes with titanium species due to higher nucleophilicity of its oxygen atoms. 
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Chapter 3 

Electron transfer in dye-dispersing titania gel films observed 

by time-resolved fluorescence spectroscopy 

 

3.1 Introduction 

Many scientists have investigated the electron donor–acceptor interaction between dye 

molecules and the titania in the dye–titania systems used for the dye-sensitized solar cells 

(DSSCs).
1−12

 Organic laser dyes are useful materials for utilizing photoenergy due to their high 

absorption efficiency.
13

 It was reported that xanthene dyes, one of the laser dyes, formed a 

chelate complex with the titanium species on the titania surface in the dye–titania systems. The 

complex formation induces an interaction between their orbitals and the red-shift in their 

absorption spectrum. This interaction caused the ligand-to-metal charge transfer (LMCT) 

interaction and a fast electron injection into the titania conduction band.
5,6,11

 

In chapter 2, influence of steam treatment on dye–titania complex formation was discussed. 

The steam treatment enhanced the photoelectric conversion efficiency of the 

fluorescein-dispersing titania gel due to not only crystallization of the titania gel, but also the 

dye–titania surface complex formation.
14−18

 The transient absorption spectroscopy indicated that 

the steam treatment increased the rate of the photoinduced electron transfer from the dispersed 

fluorescein molecules to the titania.
14

 The electron injection process from the dye-excited states 

to the titania conduction band is important for the photoelectric conversion. Time-resolved 

fluorescence spectroscopy is more sensitive than transient absorption spectroscopy, and 

therefore, more suitable to obtain systematic experimental data.
17,19

 This is because stronger 

signal can be obtained in the former than in the latter. In the fluorescence spectroscopy, 
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fluorescence signal is acquired from the part irradiated by the laser light in the sample, whereas 

the absorption spectroscopy analyzes the change in the signal at the cross section between pump 

light and probe light in the sample. In this chapter, fluorescein-dispersing titania gel films were 

prepared by the nitric acid-catalyzed sol–gel method and steam treatment using a titanium 

alkoxide solution containing fluorescein. For comparison, fluorescein-dispersing silica–titania 

binary gel films were also prepared in the same way using silicon and titanium alkoxides.   

The steady state and time-resolved fluorescence of the fluorescein-dispersing titania gel films 

were obtained in order to clarify the influence of the dye–titania interaction on the electron 

transfer from the dye to the titania. 

 

3.2. Experimental section 

3.2.1 Sample preparation 

Tetraethyl orthosilicate (TEOS), titanium tetraisopropoxide (TTIP), ethanol, fluorescein, 

hydrochloric acid, nitric acid, and sodium hydroxide (Wako, S or reagent grade) were used 

without further purification. Water was ion-exchanged and distilled. The glass plates 

(Matsunami S-1126) were soaked in hydrochloric acid (1.0 mol dm
3

) for 2 h and then rinsed 

with water. 

1) The sol–gel reaction system of TEOS was prepared by mixing 3.7 cm
3
 of TEOS (= 1.7  

10
2

 mol), 26.0 cm
3
of ethanol, 0.21 cm

3
 of water, and 0.21 cm

3
 of nitric acid as the catalyst of 

the solgel reaction.  2) The solgel reaction system of TTIP was prepared by mixing 5.0 cm
3
 

of TTIP (= 1.7  10
2

 mol), 25.0 cm
3
 of ethanol, 0.21 cm

3
 of water, and 0.21 cm

3
 of nitric acid.   

3) The solgel reaction systems of the TEOSTTIP binary were prepared by mixing by 

alkoxides (TEOS/TTIP = 50/50, 25/75, and 10/90, TEOS + TTIP = 1.7  10
2

 mol), 25.0 cm
3
 of 

ethanol, 0.21 cm
3
 of water, and 0.21 cm

3
 of nitric acid. The materials, except for TTIP, stirred 
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during the addition and then thoroughly for an additional 10 min, were mixed with TTIP under a 

dry N2 atmosphere, and stirred for 10 min more. 

The concentration of nitric acid was 7.5  10
2

 mol dm
3

 in all the solgel reaction systems.   

Fluorescein was dissolved in all the systems at the final concentration of 1.0  10
2

 mol dm
3

.   

The dip-coated thin films were prepared on the glass plates from these dye-containing systems 

in which the solgel reaction proceeded at 35ºC for 1 day. The steam-treatment effects on the 

spectroscopic properties of the thin film samples were investigated. Water was heated to 110ºC 

and the thin film samples were exposed to its steam for 20−120 min. The pressure of the steam 

was about 140 kPa. 

 

3.2.2. Measurements 

The UV-vis absorption and fluorescence spectra of the prepared samples were obtained using a 

spectrophotometer (Shimadzu UV-3510) and a fluorescence spectrophotometer (Shimadzu 

RF-5300), respectively. The relative fluorescence quantum yield was obtained by dividing the 

fluorescence maximum intensity by the absorbance at the excitation wavelength. The flakes of 

the dye-dispersing film samples were pressed in KBr pellets and their IR spectra were obtained 

using an FTIR spectrophotometer (Shimadzu FTIR-8300). 

A Ti:Sapphire femtosecond pulse laser and streak scope spectroscopic system were used for 

the time-resolved fluorescence measurements in order to obtain information about the 

fluorescence quenching due to the electron injection from the dye to the titania.
19,25

 The laser 

system (Clark MXR CPA 2001) generates laser pulses of 150 fs duration (FWHM) with an 

energy of 750 μJ at 750 nm and a repetition rate of 1 kHz. The second harmonics of the laser 

pulses (375 nm) was used for the excitation. The fluorescence signal was monitored using a 

streak scope system (Hamamatsu Photonics C4780). The fluorescence decay curves were 
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obtained by integrating the fluorescence signals in the 500–550 nm region. The film samples for 

this measurement were washed with a 0.1 mol dm
3

 sodium hydroxide aqueous solution and 

water in order to adjust to the same amount of the dye. The amount of the dye was confirmed by 

a UV-vis absorption measurement. 

 

3.3. Results and discussion 

3.3.1. Steady state spectroscopy 

Figure 3–1 shows the visible absorption spectra of the fluorescein-dispersing silica and titania 

gel films observed as a function of the steam treatment time. The thickness of the dye-dispersing 

layer of this sample was ca. 350 nm and that slightly changed by the steam treatment.
15−18

   

For the silica gel film, the absorption peaks were observed at 460 and 485 nm (double maxima), 

indicating that the main fluorescein species were the anion form.
20

 The absorbance decreased by 

75%, and the spectral peak and shape of the film were slightly changed during the 120-min 

steam treatment. The fluorescein molecules were desorbed from the inside of the silica gel film 

into the water phase because the species was weakly trapped in the pores of the gel by 

hydrogen-bonding. Steam treatment at 80–100°C was previously found to promote the 

polymerization of the alkoxide species and the particle growth in the sol–gel systems.
15−18

   

Hot water promotes the hydrolysis and sequential polymerization of the silicon alkoxide species, 

resulting in the reorientation of the silica networks. It is suggested that the dye molecules were 

reoriented by the hot water and the change in the silica networks. During the reorientation, some 

dye molecules were desorbed into the water phase. 
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Figure 3–1 UV−vis absorption spectra of the fluorescein-dispersing (a) silica and (b) titania gel 

films (1) untreated and steam-treated for (2) 20, (3) 40, (4) 60, and (5) 120 min. 
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wavelength wider than that observed in solvents. This result indicated that the main fluorescein 

species were the neutral or anion form (at 450485 nm) and some fluorescein molecules existed 

as the dianion form (at around 490 nm).
20

 The difference in composition of the species between 

the silica and titania systems was due to that in their acidity. Acidity of the hydroxyl group is 

expected to be higher in the silica gels than in the titania gels because electronegativity of 

silicon is higher than that of titanium. In addition, the longer wavelength band indicated that a 

small number of fluorescein molecules formed a complex resulting from the strong interaction 

and chelating linkage between the carboxyl group of the dye and the titanium species.
1,2,5−7,11,21

   

The absorbance decreased by 40%, and the spectral peak of the film was red-shifted from 

around 470 to 485 nm by the 120-min steam treatment.
11, 14−16,22,23

 The spectral shape became 

broader on the longer wavelength side. These results indicated that the neutral and anion species 

were preferentially desorbed from the inside of the titania gel film into the water phase because 

the species was weakly trapped in the pores of the gel. The increase in the absorbance and the 

red shift observed during the steam treatment from 20 to 40 min indicated that the anion was 

transformed into the dianion, having higher molar extinction coefficient, due to desorption of 

nitric acid added as a catalyst. The sequential decrease in the absorbance was due to the dianion 

desorption. The stream treatment probably increased the number of fluorescein molecules 

interacting with the titanium species. This indicated the dye–titania complex formation. 

In the other study, the untreated amorphous titania gel was crystallized by the steam 

treatment.
16

 The crystallite size was estimated to be 4–6 nm nm after the steam treatment for 

20–120 min by XRD analysis. Compared to the heated titania sample, the crystallite size of the 

film was small and not significantly changed by the steam treatment for more than 20 min.   

However, the diffraction peak was sharper after the longer steam-treatment time due to 

increasing the number of the crystalline particles, which led to increasing the film density.   
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The fluorescein molecules readily formed the complex with the titania surface because they 

were encapsulated in the small pores and strongly interacted with the surrounding titania 

nanoparticles. 

Figure 3–2 shows the UV–vis absorption spectra of the fluorescein-dispersing silica–titania gel 

films steam-treated for 120 min in the different molar ratios of Si/Ti. In the silica gel film (Si/Ti 

= 100/0), the absorption peaks were observed at 460 and 485 nm, indicating that the main 

fluorescein species were the anion form. Apparently, the 460-nm band intensity relatively 

decreased and the 485-nm band broadened with an increase in the titanium content. The longer 

wavelength band observed in the silica–titania and titania gel films originated from the dianion 

species and fluorescein–titania complex. 

 

Figure 3–2 UV–vis absorption spectra of the fluorescein-dispersing silica, titania, and silica–titania 

gel films steam-treated for 120 min. 
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Figure 3–3 shows the FTIR spectra of fluorescein and the fluorescein-dispersing titania gels 

before and after the steam treatment. The peaks of the carboxyl C=O stretching and the 

carboxylate COO
−
 antisymmetric and symmetric stretching vibrations were observed at 1710, 

1597, and 1391 cm
−1

 in fluorescein, respectively. In addition, the band at around 1490 cm
−1

 was 

assigned to the quinone-like C=O stretching vibration.
24

 The untreated fluorescein-dispersing 

sample exhibited a carboxyl band at around 1710 cm
−1

, carboxylate bands at 1580 and 1398 

cm
−1

, and a quinone-like band at 1450 cm
−1

. The significant shifts in the carboxylate and 

quinone-like bands are due to the interaction between the functional groups and the titanium 

species of titania.   The intensity of the carboxyl band decreased and that of the interacting 

carboxylate and quinone-like bands relatively increased due to the steam treatment. The peaks 

of the carboxylate and quinone-like bands were further shifted to a low wavenumber by the 

steam treatment due to the enhancement of the interaction between the functional groups and the 

titanium species of titania. 

 

Figure 3–3 FTIR spectra of (1) fluorescein and the fluorescein-dispersing titania gel (2) untreated 

and steam-treated for (3) 60 and (4) 120 min. 
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The fluorescence spectra of the silica and titania samples are shown in Figure 3–4. The 

untreated silica sample exhibited a peak at around 510 nm, which was mainly assigned to the 

anion of fluorescein.
20,23

 The fluorescence intensity remarkably decreased with an increase in 

the steam treatment time although the spectral peak and shape only slightly changed. This 

corresponded to the change in the absorption spectrum. The untreated titania sample exhibited a 

peak at around 535 nm, which was mainly assigned to the dianion species 
20,25,26

 and its complex 

with the titania. The fluorescence of the anion species should be much weaker than that of the 

dianion species based on the peak shape and position, and its lower fluorescence quantum 

yield.
25

   The fluorescence intensities of the titania samples were much lower than those of the 

silica samples. This value remarkably decreased with the steam treatment time. The spectral 

peak and shape were only slightly changed, indicating that the relative amounts of the 

fluorescent species were almost constant. 
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Figure 3–4 Fluorescence spectra of the fluorescein-dispersing (a) silica and (b) titania gel films (1) 

untreated and steam-treated for (2) 20, (3) 40, (4) 60, and (5) 120 min. These spectra were observed 

upon excitation at (a) 470 and (b) 500 nm. 

 

The relative fluorescence quantum yields of the silica and titania samples are shown in Figure 

3–5. The values were normalized to the fluorescence quantum yield of the untreated silica 

sample. The value of the silica sample was almost constant, indicating that the species or the 

environment around the dye molecules was not significantly changed during the steam 

treatment. The quantum yield of the untreated titania sample was about half that of the silica 

samples. For the titania samples, the fluorescence quantum yield as well as the intensity 

decreased with the steam treatment time. This can be due to the dye–titania complex formation.   

The HOMO and LUMO levels of fluorescein were reported to be 1.65 and −0.58 V vs. SHE, 

respectively.
27

 The LUMO level is more negative than the level of the titania conduction band 

edge (ca. −0.5 vs. SHE).
28

 The fluorescence quenching can be caused by the electron injection 

from the dye into the titania.
5,6
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Figure 3–5. Relative fluorescence quantum yield (QE) of the fluorescein-dispersing (1) silica and 

(2) titania gel films untreated and steam-treated for 20–120 min. 

 

3.3.2. Time-resolved spectroscopy 

The fluorescence decay curves were obtained by the time-resolved fluorescence measurement 

as shown in Figure 3–6. The 375 nm light used for the excitation corresponds to 3.31 eV. In this 

condition, fluorescein was excited to a highly vibrationally excited state of the S1.
29

 The decay 

profiles of the dye-dispersing titania gel films were compared to that of the dye-dispersing silica 

gel film steam-treated for 120 min. All the curves of the titania samples were fitted to a double 

exponential decay, whereas that of the silica sample was fitted to a single exponential decay 

with the lifetime of 3.7 ns. The fluorescence intensities just after excitation, i.e., the maximum 

intensities, and fitting parameters are shown in Table 3–1. The lifetime of the fluorescein anion 

was reported to be 3.0 and 3.8 ns in water and ethanol,
25,30

 respectively, and 4.2 ns in silica.
30

 

The lifetime observed in the present wet silica gels indicated that the dye molecules were 
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affected by both the water and dry silica matrix. 

 

Figure 3–6 Fluorescence decay profiles of the fluorescein-dispersing titania gel films (1) untreated 

and steam-treated for (2) 20, (3) 40, (4) 60, and (5) 120 min. These profiles are compared to that of 

(6) the fluorescein-dispersing silica gel films steam-treated for 120 min. 
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Table 3–1 Emission intensity and fitting parameters of the time-resolved fluorescence of the 

fluorescein-dispersing titania gel films untreated and steam-treated for 20, 40, 60, and 120 min. 

These properties are compared to those of the fluorescein-dispersing silica gel films steam-treated 

for 120 min. 

The decay curves of the titania samples consist of two components with the lifetimes of 

0.22–0.41 and 3.3–3.6 ns. These values are close to those reported for the dye-adsorbing titania 

systems.
6
 The longer lifetime component is assigned to the original dianion. The fluorescence 

lifetime of the dianion was reported to be ca. 3−4 ns.
25,26

 The shorter lifetime component can be 

assigned to the fluorescence of the dye interacting with the titania, which is caused by the 

recombination between the injected electron and the dye.
6
 In previous study indicated that the 

electron injection occurred within a few picoseconds and the recombination between the 

injected electron and the dye occurred within 20 ps.
14

 It is reasonable that the reproduced 

excited-states of the dye exhibited the fluorescence with the lifetimes of 0.22–0.41 ns in the 

present systems. In all the films, the exponential function factor for the shorter lifetime 

Treatment 

time / min 

Maximum 

intensity 

τ1 / ns τ2 / ns A1 A2 

Titania 

0 

20 

40 

60 

120 

Silica 

120 

 

2230±60 

1800±50 

1680±40 

1410±30 

1340±30 

 

4980±90 

 

0.41±0.01 

0.39±0.01 

0.34±0.01 

0.23±0.01 

0.22±0.01 

 

- 

 

3.6±0.1 

3.3±0.1 

3.3±0.1 

3.3±0.1 

3.4±0.1 

 

3.7±0.1 

 

0.96±0.01 

0.97±0.01 

0.97±0.01 

0.98±0.01 

0.98±0.01 

 

- 

 

0.04±0.01 

0.03±0.01 

0.03±0.01 

0.02±0.01 

0.02±0.01 

 

1.00 



50 

 

component, A1, was much higher than that for the longer lifetime one, A2. The dye somewhat 

interacted with the titania and exhibited a photoinduced electron transfer to the titania even in 

the untreated film. The A1 value slightly increased with the treatment time. On the other hand, a 

weaker maximum fluorescence intensity was clearly observed in the titania treated for a longer 

time. The maximum fluorescence intensities of the titania samples were significantly lower than 

that of the silica sample. The yield of the electron injection from the dye to the titania can have 

an inverse relation to the fluorescence maximum intensity because the electron injection is 

reported to occur within 100 ps.
19,31,32

 Therefore, the relative electron injection yield in the 

dye-dispersing titania increased with the steam treatment time as revealed by the transient 

absorption spectroscopy.
14

 This is due to formation of the conduction band with a higher density 

of acceptor states and the favorable anchoring geometry of the dye after structure transformation 

from amorphous to crystalline. In this study, the enhancement of the interaction between the dye 

and titania, which increased the electron injection yield, indicated the dye–titania complex 

formation.  

The steam treatment enhanced not only the electron injection, but also the recombination as 

previously shown.
14

 However, the recombination process was not significant for charge 

separation in the present systems because it was much slower process than the electron injection.   

Parts of the injected electrons were trapped by the surface states, and then recombined with the 

dye. The lifetime of electrons in the conduction band of anatase-type titania was reported to be 

more than 1 μs due to multiple-trapping electron transport process involving shallow trapping 

states.
33

 The electrons can be transported on the titania particle surface rather than in the bulk in 

a low crystalline titania such as the present systems.
34

 It was also reported that the electrons 

were transported on the titania nanoparticle surface by such a multiple-electron-trapping process 

although the rapid free carrier recombination occurred in the bulk crystal.
35
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In previous study concluded that the photocurrent quantum efficiency of the dye-dispersing 

titania electrode remarkably increased by the steam treatment.
 15−18,22,23

 The growth and 

crystallization of the titania particles and the decrease in the defect density by the treatment 

improved the electric conductivity. In addition to this, the dye–titania complex formation 

appears to play an important role in transport of the electron through the electrode. The steam 

treatment promoted the dye–titania chelate complex formation on the titania surface. This is 

because the active steam promoted the hydrolysis of the titanium species and enhanced their 

reactivity.
36

 The titanium chelation of the carboxylate and carbonyl of the dye was promoted in 

the narrow spaces of the titania networks. The complex formation enhanced the photocurrent 

due to the improved efficiency of the electron injection into the titania conduction band. In this 

study, the absorption and fluorescence properties in the dye-dispersing titania gel samples were 

continuously changed during the steam treatment for 120 min. The efficiency of the 

photoelectric conversion due to fluorescein excitation also increased during the steam treatment 

for 120 min as previously shown.
16

 However, the crystal growth proceeded and the efficiency of 

the photoelectric conversion due to titania excitation increased during the steam treatment for 20 

min in the study.
16,18

 The steam treatment significantly enhanced the dye–titania interaction that 

plays an important role in generating the photocurrent in such systems rather than the electric 

conductivity of the titania. 

 

3.4. Conclusions 

Fluorescein-dispersing titania gel films were prepared by the nitric acid-catalyzed sol–gel 

method and steam treatment using a titanium alkoxide solution containing fluorescein. The 

steady state and time-resolved fluorescence of the fluorescein-dispersing titania gel films were 

obtained in order to clarify the influence of the dye–titania interaction on the electron transfer.   
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A greater degree of fluorescence quenching was observed in the titania steam-treated for a 

longer time due to the electron injection from the dye into the titania. The fluorescence intensity 

just after excitation clearly decreased with the treatment time, i.e., the relative electron injection 

yield increased. Based on FTIR spectroscopy, the titanium species were coordinated to the 

carboxylate of the fluorescein species, which was enhanced by the steam treatment. The 

dye–titania complex formation played an important role in the electron injection from the dye to 

the titania conduction band. 
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Chapter 4 

Influence of dye content on the conduction band edge of 

titania in the dye-dispersing titania electrodes 

 

4.1 Introduction 

 In recent decades, dye-sensitized solar cells (DSSCs) based on titania have attracted 

considerable interest as a new potential electric generator due to their low-cost production and 

simple fabrication process compared to conventional silicon-type solar cells.
1–3

 Many efforts 

have been made in order to achieve a high photoelectric conversion efficiency. In a study, more 

than an 11% conversion efficiency has been achieved using ruthenium dye complexes as 

sensitizers.
4
 Ruthenium dye complexes are known as superior light harvesting and durable 

materials, but they are very expensive. Therefore, ruthenium dye complexes are not suitable for 

the large scale production of such solar cells.  

Many studies have been performed for developing new dyes to replace the ruthenium dye 

complexes, for example, merocyanine dyes,
5
 xanthene dyes,

6–10
 coumarin dyes,

11,12
 etc. 

Compared to the ruthenium dye complexes, such organic dyes have two advantages for use in 

DSSCs. One is the high molar extinction coefficient of the organic dyes due to their oscillator 

being stronger than those of the metal complexes. The other is that no noble metal such as Ru is 

contained in the dye molecules. This reduces the overall cost of the cell production.
13 

However, 

the narrower optical absorption region and higher volatility of such organic dyes than those of 

the ruthenium dye complexes are the major problems limiting the efficiency of the DSSCs. A 

combination of some dyes is able to widen the absorption region and a strong bonding of the 

dyes to the titania surface inhibits their volatilization. Such techniques require a new technology 
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to improve the light-harvesting efficiency from the organic dye molecule. The dye-dispersing 

titania is one of the potential technologies to enhance the light-harvesting from not only the 

organic dyes
6–10

, but also metal-organic dyes such ruthenium complexes dyes.
14

 

 In chapter 2, it was concluded that the steam treatment of the dye-dispersing titania films 

remarkably improved the photoelectric conversion efficiency due not only to the crystallization 

of the titania, but also to the formation of the dye-titanium LMCT complex on the titania 

surface.
6,9,10

 The FTIR spectra of the dye-dispersing titania samples indicated that the chelate 

complex formation increased the short circuit current and open circuit voltage (Voc).
6,9

 Based on 

the relationship between the increase in the amount of the dye-titania complex and the Voc value, 

it was concluded that the dye–titania complex formation significantly affected the change in the 

conduction band edge of the titania.
6,9

 

However, the mechanism for the fact that the dye–titania complex formation changes the 

conduction band edge of the titania and the Voc value of the titania electrode, is still unclear. 

There are many methods used for the determination of the position of the conduction band edge. 

The most common method is the Mott-Schottky plot resulting from the measurement of 

impedance.
 15

 Cyclic voltammetry (CV) is also one of methods which can determine the band 

levels of a semiconductor.
16–18

 Another common method for the determination of the position of 

the conduction band edge is the measurement of the potential dependence of the photocurrent 

called the “photocurrent onset measurement”.
 19,20

  

In this chapter, the measurement of the photocurrent onset determined by CV during light 

irradiation for the band-gap excitation of the titania (Photo-CV) was conducted in order to 

estimate the shift in the conduction band edge of the titania in each electrode. The dye–titania 

complex formation was controlled by changing the dye content in the dye-dispersing titania 

electrodes in order to discuss influence of such complex species on conduction band edge of the 
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titania. The photoelectric measurements for the dye–dispersing titania electrodes were also 

conducted in order to clarify the relationship between the conduction band edge of the titania 

and the Voc value.  

 

4.2 Experimental 

4.2.1 Materials 

 Titanium tetraisopropoxide, ethanol, fluorescein, hydrochloric acid, nitric acid, diethylene 

glycol, acetonitrile, tetrabutylammonium perchlorate, iodine, and lithium iodide (Wako, S or 

reagent grade) were used without further purification. Water was ion-exchanged and distilled. 

Glass plates coated with the transparent ITO electrode (AGC Fabritech) were soaked in 

hydrochloric acid (0.10 mol dm
−3

) for 2h and then rinsed with water. The electrolyte for the 

Photo-CV consisted of an acetonitrile solution of 0.10 mol dm-3
 tetrabutylammonium 

perchlorate. The electrolyte for the photoelectric measurement consisted of a diethylene glycol 

solution of iodine (5.0×10
−2 

mol dm
−3

) and lithium iodide (0.50 mol dm
−3

).  

 

4.2.2 Preparation of Electrodes 

The titania sols containing titanium alkoxide, nitric acid, pure water, ethanol, and fluorescein, 

in which the fluorescein concentrations were 0, 1.0×10-3
, 3.0×10-3

, and 1.0×10-2
 mol dm-3

, were 

labeled S0, S1, S2, and S3, respectively. The working electrodes for Photo-CV were prepared by 

the following steps:(1) The glass plate with the ITO electrode was dip-coated once with S0 and 

then heated at 500°C for 30 min in order to form the crystalline titania as a substrate layer. This 

electrodes was dip-coated 10 times with S0, S1, S2, or S3 and then steam-treated for 120 min 

and labeled WE-S0, WE-S1, WE-S2, and WE-S3, respectively. In addition, the electrode was 

also dip-coated with S0 and the heat at 500 ℃ for 30 min and labeled WE-HT. In order to 
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clarify the relationship between the amount of the nitrate ions adsorbed on the titania surface 

and the shift in the conduction band edge of the titania, the WE-S0 electrodes were treated with 

sodium hydroxide for 20 and 40 min. These were used as the working electrodes for the 

Photo-CV. The glass plates without ITO were also coated with the dye-dispersing titania sols in 

order to obtain the XRD patterns of the titania. 

The working electrodes for the photoelectric measurements were prepared by the following 

steps: (1) The ITO electrode was dip-coated 3 times with S0 and then heated at 500°C for 30 

min in order to form the crystalline titania. This layer plays the role as a blocking layer in order 

to suppress the charge recombination at the interface between the dye-dispersing titania layer 

and the ITO layer.
21–23

 (2) This electrode was dip-coated 5 times with S0, S1, S2, or S3 and then 

steam-treated for 120 min and labeled PE-S0, PE-S1, PE-S2, and PE-S3, respectively.  

 

4.2.3. Measurements. 

The crystalline phase of the film samples was determined using an X-ray diffractometer 

(Rigaku SmartLab). The UV–vis absorption spectra of the prepared electrode samples were 

observed using a UV–vis–near IR spectrophotometer (Shimadzu UV-3150). A 340 nm light (4.7 

mW cm-2
) was obtained from a fluorescence spectrophotometer (Shimadzu RF-5300) with a 

150 W Xe short arc lamp (Ushio UXL-155). During the light irradiation, the cyclic 

voltammogram of each electrode was measured by a potentiostat (Hokuto Denko HSV-100) in a 

three-electrode cell, assembled with a platinum counter electrode, an Ag/AgCl in saturated KCl 

(3.4 mol dm-3
) electrolyte as the reference electrode, and the working electrode. The applied 

voltage was swept from -1.5 to 0 V at 10 mV s-
1
 in order to estimate the oxidation potential of 

the titania conduction band with the excited electrons. The electrolyte was treated with bubbling 

nitrogen gas for about 30 min before the measurements. 
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 The iodine-based electrolyte was allowed to soak into the space between the electrode sample 

and the counter Pt electrode. The I-V curves of the electrodes were measured by the potentiostat 

during visible light (0.40 W cm-2
) irradiation at a wavelength longer than 400 nm emitted by the 

150 W Xe short arc lamp using a sharp cutoff filter. For the I-V measurements of WE-S0, no 

cutoff filter was used due to the absence of dye in the electrode.  

The DC electrical resistance of the ITO electrode was measured using a digital multimeter 

(ADCMT 7461A). The resistivity values for the ITO electrodes unheated and heated at 500ºC 

for 30 min were 2.0 × 10-4
 and 4.9 × 10-4

 Ω cm, respectively. The resistivity of the heated ITO 

was low enough to determine the electric properties of the electrode samples. 

The dye powder and the flakes of the dye-dispersing titania film samples were pressed in KBr 

pellets and their IR spectra were obtained using an FT-IR spectrophotometer (Shimadzu IR 

Prestige-21). The amounts of the dye and nitrate ions adsorbed on the titania surface were 

estimated from the UV–vis absorption and IR spectra, respectively. 

 

4.3 Results and Discussion 

4.3.1 Influence of the dye content on conduction band edge of titania  

The Photo-CV was conducted in order to determine the shift in the conduction band edge of 

the titania in each electrode. The Photo-CV curves for the dye-dispersing titania electrodes were 

obtained as a function of the dye content and their oxidation currents are shown in Figure 4–1. 

The three cycles of the Photo-CV curves of WE-S0 are inserted in Figure 4–1. A shoulder from 

-0.9 to 1.0 V was observed in the first cycle of the Photo-CV of WE-S0, but the shoulder 

disappeared after the first cycle. This phenomenon was observed in all the electrode samples. 

The shoulder can be assigned to the reduction of oxygen adsorbed on the titania surface as 

shown by Reinhardt et al.
 24
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Figure 4–1 Oxidation current of the Photo-CV of the steam treated (WE-S0) and heated (WE-HT) 

titania electrodes, and the dye-dispersing titania electrodes (WE-S1, WE-S2, and WE-S3). 

 

The conduction band edge of titania was estimated from the onset potential of the oxidation 

current of the third-cyclic Photo-CV curve of each electrode. As known, the conduction band 

edge level of anatase-type titania is about -0.50 V (vs SHE),
25

 which corresponds to -0.70 V (vs 

Ag/AgCl).  The conduction band edge level of the heated titania electrode (WE-HT) was 

estimated from its photo-CV onset to be about -0.77 V (vs Ag/AgCl). These values are very 

close. The conduction band edge of the steam-treated titania electrode (WE-S0) was about -0.81 

V (vs Ag/AgCl) and more negative by about 40 mV than that of WE-HT. The factor causing this 

difference will be discussed later. The difference in the conduction band edge of the electrodes 

is due to the difference in their band gaps estimated by UV-Vis measurement as shown in Figure 

4-2. The band gaps of WE-HT and WE-S0 were about 3.20 and 3.25 eV, respectively. The band 
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gap of WE-S0 was larger by about 50 meV than that of WE-HT. This value is very close to the 

difference in their conduction band edge levels. 

 

Figure 4–2 UV-vis absorption spectra and band gaps of the steam-treated (WE-S0) and heated 

(WE-HT) titania electrodes. 

 

The onset potential values for the electrode with different dye contents are summarized in 

Table 4–1. The onset potential of the oxidation photocurrent was more negative in the electrode 

containing a greater amount of the dye, indicating that the conduction band edge of the titania 

shifted to a negative value with the dye content. The conduction band edge of WE-S3 was more 

negative by about 110 mV than that of WE-S0. 

This result agreed with the prediction. It was reported that xanthene dye molecules formed a 

chelated complex with the titanium species on the titania surface in the dye-titania systems.
26–28 

It was predicted that the negative surface electronic density of the titania would increase with an 
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increase in the amount of the dye–titania complex depending on the dye content in the electrode, 

which would result in a shift in the conduction band into a more negative direction. The 

previous study indicated that the steam treatment, which promoted the dye–titania complex 

formation, caused a negative shift in the conduction band edge of the titania.
6  

 

Table 4–1 The onset potential of the oxidation current of the titania electrode (WE-S0) and the 

dye-dispersing titania electrodes with different dye contents (WE-S1, WE-S2, and WE-S3). 

Electrode 

Onset  Potential/ V 

vs Ag/AgCl 

WE-S0 -0.811±0.013 

WE-S1 -0.823±0.026 

WE-S2 -0.880±0.033 

WE-S3 -0.921±0.007 

WE-HT -0.771±0.022 

 

A question is whether there is another factor shifting the conduction band edge of the titania 

other than the dye–titania complex formation. Actually, there can be many factors changing the 

conduction band edge of the titania. An adsorbent on the titania surface significantly changed 

the conduction band edge.
29,30

 The particle size,
31

 the surface protonation due to acid treatment,
 

32–34
 and the dipole moment of the dye adsorbed on the titania

35,36
 are also the factors which shift 

the conduction band edge of the titania. Therefore, further investigation is required in order to 

clarify this problem. 

The XRD analysis and SEM observations of the electrodes were conducted in order to 

examine the influence of the dye content on the particle size. Figure 4–3 shows the XRD 
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patterns of the electrodes containing the different amounts of the dye. The average crystallite 

size of the crystalline particles of each electrode was estimated from their full width at 

half-maximum of the 25.3° peak using Sherrer’s equation, D=0.9/･cos. The average 

crystallite size of the titania was about 5 nm for each electrode and was not significantly 

different between the electrodes.  

 

Figure 4–3 XRD patterns of the titania electrode (WE-S0) and the dye-dispersing titania electrodes 

(WE-S1, WE-S2, and WE-S3). 

 

Figure 4–4 shows an SEM image of each electrode. The particle size in the electrode was 

about 10–20 nm and not significantly changed by the dye content. Based on this result, it was 

suggested that the possibility of the influence by a quantum size effect in this case is very low. 

Another factor, such as the surface protonation, cannot be the reason for such a change because 

no significant change in pH was observed even in the titania sol containing a higher amount of 

the dye. 

Pandey et al. reported that the difference in the dipole moments between the dye and the titania 

induces a negative or positive shift in the surface potential. The positive dipoles, i.e., dipole 
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moments pointed toward the outer surface of the dyes adsorbed on the titania surface, were 

formed by most of the organic dyes at the titania/dye interface and shifted the titania conduction 

band edge in a positive direction.
3
 The present result is opposite to that of Pandey et al., 

indicating that the hypothesis of Pandey et al. cannot explain the shift in the conduction band 

edge of the dye-dispersing titania. It presumed that the dipole moment factor of the dye in the 

dye-dispersing titania systems has a small effect. The dye molecules did not clearly exhibit an 

anisotropic property because the dye molecules were tightly encapsulated in the narrow spaces 

surrounded by the titania particles. However, further investigation is needed in order to discuss 

this problem in another study. 

 

 

Figure 4–4 SEM images of the titania electrode (WE-S0) and the dye-dispersing titania 

electrodes (WE-S1, WE-S2, and WE-S3). 

 

The most likely reason for the change in the conduction band edge vs. the dye content except 
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for the dye–titania complex formation is an adsorbent on the titania surface. The FTIR 

measurement was conducted in order to identify the species adsorbed on the titania surface of 

the electrodes. Figure 4–5 shows the FTIR spectrum of the dye-dispersing titania electrode as a 

function of the dye content. For comparison, the FTIR spectrum of fluorescein powder is also 

inserted in Figure 4–5.  

Figure 4–5 FTIR spectra of the titania electrode (WE-S0), the dye-dispersing titania electrodes 

(WE-S1 and WE-S3), and fluorescein powder. 

 

The peaks of the carboxyl C=O stretching vibration and the carboxylate COO- antisymmetric 

and symmetric stetching vibrations were observed at 1710, 1597, and 1391 cm-1
 for the 

fluorescein powder, respectively. In addition, the band at 1490 cm-1
 was assigned to the 

quinone-like C=O stretching vibration. In WE-S3, the peaks at 1620, 1585, 1470, and 1385 cm-1
 

were assigned to the absorbed water on the titania surface, the carboxylate COO-antisymmetric 

stretching and the quinone-like C=O stretching vibrations of fluorescein,
 6

 and the adsorbed 
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NO3
-37

, respectively. The carboxylate COO-antisymmetric and quinone-like C=O stretching 

vibration peaks were shifted to a low wavenumber compared to those observed in the 

fluorescein powder due to the interaction between the functional groups and the titanium species 

of the titania. The carboxyl group of fluorescein was transformed to the carboxylate and formed 

a chelated complex with the titanium species.
6
 The peaks at 1620 and 1385 cm-1 

were also 

observed in WE-S0. The nitrate ion still remained on the electrodes even after the steam 

treatment.  

 

Figure 4–6 FTIR spectra of WE-S0 (1) before and after sodium hydroxide treatment for (2) 20 and 

(3) 40 min, and (4) WE-HT. 

 

In order to clarify relationship between the amount of the adsorbed nitrate ions and the shift in 

the conduction band edge of the titania, the Photo-CV of the titania electrode was conducted 

before and after the sodium hydroxide solution treatment. Figure 4–6 shows the FT-IR spectra 

of each electrode measured before and after the sodium hydroxide treatment in order to confirm 

the nitrate ion remaining on the titania surface. In addition, the spectrum of WE-HT is also 
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shown in Figure 4-6. The intensity of the peak at 1385 cm-1
, assigned to nitrate ion, decreased 

with the sodium hydroxide treatment, and then the peak completely disappeared in the titania 

electrode after the 40-min steam treatment and after heating. 

Figure 4–7 shows the Photo-CV curves of the titania electrodes before and after the sodium 

hydroxide treatment. The onset potentials of the oxidation photocurrents of each electrode are 

summarized in Table 4–2. The onset potential of the oxidation photocurrent of the electrode was 

shifted in a positive direction by about 20 and 60 mV after the 20- and 40-min sodium 

hydroxide treatments, respectively. This result indicated that the conduction band edge of the 

titania was shifted in a positive direction due to the decreasing amounts of nitrate ions adsorbed 

on the electrode. Based on these result, it is suggested that the main reason for the more positive 

level of the conduction band edge of WE-HT than that of WE-S0 as shown in Figure 4-1 was a 

smaller amount of nitrate ion in the WE-HT as shown in Figure 4-6.  

 

Figure 4–7 Oxidation current of the Photo-CV of the titania electrode before and after sodium 

hydroxide treatment for 20 and 40 min. 
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Table 4–2 The onset potential of the oxidation current of the titania electrode before and after the 

sodium hydroxide treatment for 20 and 40 min 

Electrode Onset Potential/ V vs. Ag/AgCl 

Untreated -0.81±0.013 

20-min treated -0.79±0.010 

40-min treated -0.75±0.003 

 

It has not been concluded which factor, the dye–titania complex formation or nitrate ion 

adsorption, has a greater effect on the changes in the conduction band edge of the titania. The 

initial amount of nitrate ions in the dye-containing titania sol was 10-fold greater than that of the 

dye. The relative amounts of the dye molecules and nitrate ions adsorbed on the dye–titania gel 

electrode just after the preparation before steam treatment are assumed to be the same as those 

in the dye-containing titania sol. Based on this assumption, the approximate amounts of the dye 

molecules and nitrate ions in the dye-dispersing titania electrode WE-S3 were calculated before 

and after the steam treatment. The UV–vis and FTIR spectra were obtained in order to estimate 

the amounts of the dye molecules and nitrate ions, respectively.  

 Figure 4–8 shows the UV–vis and FTIR spectra of WE-S3 before and after the 120-min steam 

treatment. In the UV–vis spectra, the absorbance of the band at 470–480 nm assigned to the dye 

absorption decreased by 50% after the steam treatment. The absorbance at the peak assigned to 

the nitrate ion decreased by two-thirds as shown in the FTIR spectra. As the amounts of the dye 

molecules and nitrate ions were assumed to be 1 and 10, respectively, in the electrode before the 

steam treatment, they should be 0.5 and 3.3, respectively, after the steam treatment. Based on 

this approximate calculation, it was concluded that the amount of nitrate ions remaining on the 

electrode was 6.6 times greater than that of the dye although the negative shift in the conduction 
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band edge was 110 mV and 60 mV by the amount of the dye and nitrate ion, respectively. This 

result indicated that the effect of the dye–titania complex formation on the shift of the titania 

conduction band edge was greater than that of the nitrate ion adsorption due to strong 

interaction between the dye and titania through the carboxylate group of the dye. 

(a) 

 

(b) 

 

Figure 4–8 (a) UV–vis and (b) FTIR spectra of the dye-dispersing titania electrodes (WE-S3) before 

and after the 120-min steam treatment  
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4.3.2 Relationship between the dye and nitrate ions on the titania surface 

In previous section, it was concluded that the dye–titania complex formation and nitrate ion 

adsorption shifted the conduction band edge of the titania in a negative direction. A schematic 

diagram of the relationship between the dye–titania complex formation and nitrate ion 

adsorption on the titania surface will be discussed in this section. An attention focused on the 

change in the dye–titania interaction found in the COO- peak wavenumber and the change in the 

amount of the nitrate ion adsorbed on the titania surface vs. the dye content as shown in figure 

4–5. The relative intensity of the peak at 1385 cm-1
 assigned to NO3

- decreased with an increase 

in the dye amount. On the other hand, the amount of the complex should increase with the dye 

content. Based on these results, it was suggested that the substitution of the dye molecules for 

the nitrate ions caused by the dye–titania complex formation as shown in Figure 4–9, which 

resulted in the greater negative shift in the titania conduction band edge with the higher dye 

content. 

 

Figure 4–9 Schematic diagram of the substitution of the dye molecules for the nitrate ions on the 

titania surface. 
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4.3.3 Influence of the dye content on photoelectric conversion properties of the 

dye-dispersing titania electrode 

The relationship between the shift in the conduction band edge and the change in Voc with the 

dye content will now be described. Before this, the influence of the dye content on the 

absorption spectrum of each electrode was investigated. Figure 4–10 shows the absorption 

spectra of the dye-dispersing titania electrodes observed as a function of the dye content. All the 

electrodes exhibited broad absorption spectra ranging from 420 nm to 550 nm, and the 

absorption peaks are located around 480–490 nm, indicating that the dye–titania complex was 

formed on each electrode. The absorbance of the electrode increased with an increase in the dye 

content, and there is a slight difference in the absorption peaks of each electrode. This result 

indicated that the dye species in the dye–titania complex was not changed by the dye content. 

Based on the FTIR and UV–vis absorption spectra, the dye–titania complex species consisted of 

the anion (at around 470 nm) or the dianion species (at around 490 nm).
38,39

 

 

Figure 4–10 Absorption spectra of the dye-dispersing titania electrodes (PE-S1, PE-S2, and PE-S3). 
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The I-V curves of each electrode are shown in Figure 4–11, and their properties are 

summarized in Table 4–3. The Voc of the dye-dispersing titania electrode increased with the dye 

content. The Voc value of the PE-S3 electrode was higher by about 70 mV than that of the PE-S0 

electrode. However, this value was lower by about 40 mV than that expected from the 

difference between their conduction band edges.  

 

Figure 4–10 I-V curves of the titania electrode (PE-S0) and the dye-dispersing titania electrodes 

(PE-S1, PE-S2, and PE-S3). 

 

Voc is defined as the voltage difference between the electrolyte redox potential (Eredox/q) and 

the quasi-Fermi potential of electrons (EF,n/q) in the titania. EF,n is determined by the potential of 

the conduction band edge and the electron density in the titania. Voc is described as  

           Voc= 
   

q
+ 

  

 
   

 

   
  

      

 
                           (1)

40,41 

where ECB is the energy level of the conduction band edge, NCB is the total number of 

conduction band states in the semiconductor, n is the number of electrons in titania and q is the 
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elementary charge of the electron. β is the defect condition in the porous titania. For the ideal 

case, i.e., a defect-free semiconductor material, β=1. From equation (1), the level of the 

conduction band edge of the titania and the concentration of electrons in the titania are two 

important factors determining Voc because Eredox is assumed to be constant. The electron density 

in the titania films is determined by the balance between the electron injection and back electron 

transport.
41,42

 

 

Table 4–3 Photoelectric conversion properties of the titania electrode (PE-S0) and the 

dye-dispersing titania electrodes (PE-S1, PE-S2, and PE-S3) 

Electrode Isc / μA cm
-2

 Voc / V Pmax / μW cm
-2

 FF 

PE-S0 34.6±0.99 0.40±0.01 6.4±1.71 0.46±0.11 

PE-S1 5.56±0.73 0.41±0.01 1.2±0.03 0.53±0.05 

PE-S2 7.00±3.38 0.45±0.03 1.9±0.87 0.61±0.08 

PE-S3 38.07±9.41 0.47±0.01 7.6±0.92 0.41±0.15 

 

Based on these results, the Voc value mainly depends on the conduction band edge and electron 

density in the conduction band. It was suggested that the small change in the Voc value for the 

dye-dispersing titania is due to a decrease in the electron density at the conduction band edge. 

As already described, the factors affecting the electron density are the electron injection and 

back electron transport. In a previous study, it was concluded that the dye–titania complex 

formation resulted in the fast electron transfer into the titania conduction band by transient 

absorption and time-resolved fluorescence spectroscopy.
7,9

 The increase in the dye content in the 

electrode promoted the dye–titania complex formation, but the complex formation can also 

produce surface defects on the titania particle. Therefore, it is suggested that the decrease in the 
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electron density on the electrode with an increase in the dye content was mainly caused by the 

back electron transfer through the surface defects on the titania particle. 

 

4.4 Conclusions 

The titania and dye-dispersing titania electrodes were prepared by a nitric acid-catalyzed 

sol-gel process. The influence of the amounts of the dye and remaining nitrate ions in the 

dye-dispersing titania electrode on the change in the conduction band edge of the titania and the 

Voc of the electrode was investigated.  

The Photo-CV curves of the electrodes indicated that the conduction band edge of the titania 

was more negative in the electrode containing a higher amount of the dye. Compared to the 

dye-free electrode WE-S0, the conduction band edge of the dye-dispersing electrode WE-S3 

was shifted by about 110 mV in the negative direction. The FTIR spectra of the steam-treated 

dye-dispersing titania electrode showed that the dye–titania complex was formed and nitrate 

ions remained on the electrode. The Photo-CV curves of the titania electrode before and after 

the sodium hydroxide treatment showed that the conduction band edge of the titania was shifted 

by about 60 mV in the positive direction due to desorption of the nitrate ions. This result 

indicated that the nitrate ions adsorbed on the titania electrode caused a negative shift in the 

conduction band edge due to their negative charge. The substitution of the dye molecules for the 

nitrate ions on the titania surface was caused by the dye–titania complex formation. 

Consequently, the conduction band edge was more negative in the electrode containing a higher 

amount of the dye. As predicted, the dye–titania complex formation also significantly affected 

the conduction band edge of the titania. This investigation also showed that the effect of the 

dye–titania complex formation on the shift in the titania conduction band edge (110 mV) was 

greater than that of the nitrate ion adsorption (60 mV) due to a strong interaction between the 
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dye and titania through the carboxylate group of the dye. 

 The shift in the titania conduction band edge corresponded to the change in the Voc value (70 

mV), but the change was lower than that expected from the shift in its conduction band edges. It 

was suggested that the small change in the Voc value in the dye-dispersing titania was due to a 

decrease in the electron density at the conduction band caused by back electron transfer through 

the surface defect of the titania particle. 
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Chapter 5 

Photoelectric conversion properties of compositionally-graded 

dye–titania electrode 

 

5.1 Introduction 

 The dye-sensitized solar cells (DSSCs) based on titania have attracted considerable interest as 

a new potential electric generator due to their low-cost production and simple fabrication 

process compared to conventional silicon-type solar cells.
1–4

 The electron transfer dynamics in 

the titania electrode of DSSCs has been one of the subjects of active research for many years 

due to the importance of this factor regarding the improvement of the photoelectric conversion 

properties of such cells.  

 In a previous study, a new material called the dye-dispersing titania was introduced, which 

enhanced the efficiency of the light absorption and electron injection from the dye to the titania 

semiconductor.
5-10

  It was reported that the steam treatment of the dye-dispersing titania films 

remarkably improved the photoelectric conversion efficiency due not only to the crystallization 

of the titania but also to the formation of the dye-titanium LMCT complex in the narrow pores 

of the titania.
9
 In chapter 4, the dye–titania complex formation also significantly affected the 

change in the conduction band edge of the titania. The increase in the dye–titania complex 

formation resulted in a negative shift in the conduction band edge of the titania due to the strong 

interaction between the dye having the negative charge and titania.
5
  

 In this chapter, the conduction band potential of the titania was tried to be controlled by 

changing the amount of the dye–titania complex formed in the surface of the titania nanoparticle 

and prepare the multi-layered thin films of the compositionally-graded dye–titania. The 
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structure of the compositionally-graded dye–titania is schematically shown in Figure 5–1.  

 

 

Figure 5–1 Structure of the compositionally-graded dye–titania 

 

Three types of thin film layers were prepared on an ITO conducting glass. The nanocrystalline 

titania layer was prepared at the interface between the dye-dispersing titania layer and ITO 

conducting glass. This layer is also known as a blocking layer in DSSCs.
11–13

 On the 

nanocrystalline layer, two types of the dye-dispersing titania layers with different concentrations 

of the dye were prepared. It is suggested that the conduction band edge of the titania in the 

dye-dispersing titania layer having a higher concentration of the dye is higher due to a higher 

amount of the dye–titania complex. It is expected that the formation of the step-like structure 

between the conduction band edges of the neighboring titania films can inhibit the back electron 

transfer and accelerate the electron transfer in the titania network of the dye-dispersing titania 

electrode.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   

In this chapter, the electron transfer efficiency in the compositionally-graded dye–titania 

working electrode was investigated by measuring the spectroscopic and photoelectric properties 

of such electrodes. 
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5.2 Experimental section 

5.2.1 Materials 

Titanium tetraisopropoxide, ethanol, fluorescein, hydrochloric acid, nitric acid, diethylene 

glycol, acetonitrile, tetrabutylammonium perchlorate, iodine, and lithium iodide (Wako, S or 

reagent grade) were used without further purification. Water was ion-exchanged and distilled. 

Glass plates coated with the transparent ITO electrode (AGC Fabritech) were soaked in 

hydrochloric acid (0.10 mol dm-3
) for 2h and then rinsed with water. The electrolyte for the 

photoelectric measurement consisted of a diethylene glycol solution of iodine (5.0×10-2
 mol 

dm-3
) and lithium iodide (0.50 mol dm-3

).  

 

5.2.2 Preparation of electrodes 

The titania sols containing titanium alkoxide, nitric acid, pure water, ethanol, and fluorescein, 

in which the fluorescein concentrations were 0, 1.0×10-3
, and 1.0×10-2

 mol dm-3
, were labeled 

S0, S1, and S2, respectively. The working electrode consisting of the multi-layered  

compositionally-graded dye–titania (WE-C) was prepared by the following steps: (1) The ITO 

electrode was dip-coated 3 times in S0 and then heated at 500°C for 30 min in order to form the 

crystalline titania; (2) this was dip-coated in S1 and then steam-treated for 2 h; (3) the resulting 

sample was dip-coated in S2 and then steam-treated for 2 h. The working electrode in which the 

S1 and S2 layers were in reverse order (WE-C’) was also prepared. For comparison, the normal 

working electrode without the compositionally-graded dye–titania structure was also fabricated 

using S0 and S2 and labeled as WE-N. The film thickness of each working electrode is equal 

due to adjusting the number of layers of the thin films. The glass plates without the ITO were 

also coated with the dye-dispersing titania sols in order to obtain the XRD patterns of the titania. 
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5.2.3 Measurements 

The crystalline phase of the film samples was determined using an X-ray diffractometer 

(Rigaku SmartLab). The UV–vis absorption spectra of the prepared electrode samples were 

observed using a UV–vis–near IR spectrophotometer (Shimadzu UV-3150).  

 The iodine-based electrolyte was allowed to soak into the space between the electrode sample 

and the counter Pt electrode. For the spectroscopic measurements, the electrode samples were 

irradiated by monochromatic light obtained from a fluorescence spectrophotometer 

(Shimadzu-RF-5300) with a 150 W Xe short arc lamp (Ushio UXL-155). During light 

irradiation, the short-circuit currents of the electrodes were measured by a digital multimeter 

(ADCMT 7461A). The I-V curves of the electrodes were measured by a potentiostat (Hokuto 

Denko HSV-100) during visible light (0.4 W cm-2
) irradiation at a wavelength longer than 400 

nm emitted by the 150 W Xe short arc lamp using a sharp cutoff filter. The intensity at each 

wavelength of the light source was obtained using a power meter (Coherent Labmax top 

0436C08R) in order to estimate the incident photon-to-current conversion efficiency (IPCE) and 

quantum efficiency for the photocurrent from the excited dye in the electrode samples. The light 

intensity was confirmed to correlate with the results of the potassium ferrioxalate actinometry. 

The visible absorbance of the present electrode samples was lower than 1.0, which was 

sufficient to measure the number of absorbed photons in order to calculate the quantum 

efficiency. 

 

5.3 Results and Discussion 

5.3.1 Absorption and photocurrent spectra 

The absorption spectra of WE-C, WE-C’ and WE-N are shown in Figure 5–2. Each electrode 

exhibited a visible absorption ranging from 420 nm to 520 nm and the absorption peaks were 
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located around 480–490 nm. This result indicated that the main fluorescein species were the 

anion (at 450–480) and the dianion (at around 490 nm).
14,15

 In spite of the film thickness of each 

electrode being equal, the absorbance of WE-C and WE-C’ were lower than that of WE-N due 

to a lower amount of the dye incorporated in the titania films. As described in the section about 

the preparation procedure of the electrodes, WE-C and WE-C’ were prepared using S1 and S2, 

whereas, WE-N was prepared using only S2. The concentration of the dye in the S1 layer is 

10-fold lower than that of the S2 layer. Therefore, the amount of the dye contained in the WE-C 

and WE-C’ are lower than that in WE-N. 

 

Figure 5–2 Absorption spectra of the compositionally-graded dye-titania (WE-C), 

irregularly-layered (WE-C’), and normal (WE-N) dye–titania electrodes 

 

The IPCE spectra of each electrode are shown in Figure 5–3. The IPCE maximum of WE-C 

was greater than that of WE-C’. In spite of the lower absorbance, the IPCE maximum of WE-C 
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was also greater by 25 % than that of WE-N and was greater by more than 100% than that of 

WE-C’. The IPCE is determined by the important factors, i.e., (1) light harvesting efficiency, (2) 

electron injection efficiency at the dye-titania interfaces, and (3) electron transport efficiency in 

the titania.
16

 Factors (1) and (2) for WE-N should be greater than that for WE-C because the 

amounts of the dye molecules and dye–titania complex in WE-N were greater than those in 

WE-C as shown in Figure 5–2. These results indicated that the increase in the IPCE value was 

due to factor (3), i.e., enhancement of the electron transport in WE-C. The rate of the back 

electron transfer of the injected electrons to the electrolyte in WE-C’ and WE-N was faster than 

that in WE-C. 

 

Figure 5–3 IPCE spectra of the compositionally-graded dye–titania (WE-C), irregularly-layered 

(WE-C’) and normal (WE-N) dye–titania electrodes 

 

5.3.2 Electron transport properties 

The I-V curves of each electrode are shown in Figure 5–4 and their properties are summarized 

in Table 5–1. The open-circuit voltage (Voc), fill factor, and quantum efficiency (QE) of WE-C 
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are higher by 13 %, 50%, and 85 %, respectively, than those of WE-N. They are also higher than 

those of WE-C’. 

 

Figure 5–4 I-V curves of the compositionally-graded dye–titania (WE-C), irregularly-layered 

(WE-C’), and normal (WE-N) dye–titania electrodes 

 

Table 5–1 Photoelectric conversion properties of the compositionally-graded dye–titania (WE-C), 

irregularly-layered (WE-C’), and normal (WE-N) 

Electrode  Jsc  / μA cm
-2

  Voc / V  Pmax / μW cm
-2

  FF  QE / %  

WE-N  50.3 ±6.34 0.40±0.02  9.5 ±0.82 0.47 ±0.27 1.23± 0.31 

WE-C  65.6 ±2.44 0.45±0.01  21.7 ±0.94 0.74 ±0.01 2.43±0.15 

WE- ’  28.1 ±0.53 0.37±0.01  2.4 ±0.18 0.23 ±0.01 1.0±0.28 

 

Voc is defined as the voltage difference between the electrolyte redox potential (Eredox/q) and 

the quasi-Fermi potential of electrons (EF,n/q) in the titania. EF,n is determined by the potential of 

the conduction band edge and the electron density in the titania. 
17,18

 The electron density in the 
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titania films is determined by the balance between the electron injection and back electron 

transport.
18,19

 

It was suggested that suppressing the back electron transport was the main reason for the 

improvement in the Voc because the electron injection in WE-N should be higher than that in the 

WE-C electrode. The fill factor is also strongly affected by the back electron transport.
16

 The 

improvements in IPCE, Voc, and FF in WE-C strongly indicated that the back electron transport 

as observed in WE-C was more effectively suppressed than that in WE-C’ and WE-N .  

The crystallinity of the titania nanoparticles is known as one of the factors affecting the back 

electron transfer.
20

 The XRD pattern of each electrode is shown in Figure 5–5. The peaks at 

around 25.3°, 37.9°, 47.6° were observed indicating that anatase type crystals were produced in 

the film of each electrode. The crystallite size of each electrode was estimated from their full 

width at half-maximum of the 25.3°peak using Sherrer’s equation, D=0.9/･cos. They were 

about 5 nm for both WE-C and WE-N. Based on these results, it was concluded that the 

crystallinity of each electrode was not significantly different and this factor cannot be a reason 

for the higher efficiency of the photoelectric conversion in WE-C. 

 

Figure 5–5 XRD patterns of the compositionally-graded dye–titania (WE-C) and normal (WE-N) 

electrodes 
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In chapter 4, the photocurrent onset of the dye-dispersing titania electrodes was determined by 

cyclic voltammetry during light irradiation for the band-gap excitation of the titania (Photo-CV) 

in order to estimate the shift in the conduction band edge of the titania with the dye content. The 

photo-CV curves of the electrodes indicated that the conduction band edge of the titania was 

more negative in the electrode containing a higher amount of the dye. Compared to the S1 layer, 

the conduction band edge of the S2 layer was shifted by about 100 mV in the negative direction. 

Based on these results, it was suggested that a step-like band structure formed by the conduction 

bands of the S1 and S2 layers in WE-C was the main factor causing enhancement of their 

photoelectric conversion properties. Based on these results, it was presumed that the step-like 

band structure in the WE-C provided the driving force of the electron transport and inhibited the 

back electron transfer as shown in Figure 5–6. 

The effect of the step-like band structure on the photoelectric conversion properties of WE-C 

can be estimated from its electron injection efficiency. The efficiency values of the electron 

injection from the dye to the crystalline titania were estimated by dividing their QE values in 

visible range by those in UV range, which resulted from the dye and titania. The efficiency 

values for WE-C and WE-N were 33 % and 16 %, respectively. In the conventional DSSCs 

containing Ru complex dyes, the efficiency of the electron injection from the dye to titania is 

nearly equal to 100%. Based on a literature, the difference between the potentials of the LUMO 

of Ru complex dyes and the titania conduction band edge was about 0.20 eV.
21

 It is suggested 

that the driving force of more than 0.20 eV was required for a highly efficient electron injection. 

Koops et al. reported the correlation between the shift in the titania conduction band edge and 

the electron injection efficiency. It was concluded that an increase in the driving force by 0.30 

eV provided a 10-fold electron injection rate.
22

 In WE-C, the differences between the 

conduction band edge levels of the S2 and S1 layers and the S1 and S0 layers were about 100 
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and 50 mV, i.e., the driving forces were about 0.10 and 0.05 eV, respectively. The electron 

injection efficiency for WE-C is expected to increase by about 3-fold and be close to 100% 

when the driving forces for the electron injection at the interfaces are about 0.30 and 0.25 eV, 

respectively. 

The electron injection efficiency for WE-C with the double dye-dispersing titania layers was 

about 2-fold greater than that for WE-N with the single layer because the structure decreased the 

back electron transfer rate by 2-fold. The efficiency can be further improved by forming a 

greater number of the compositionally-graded dye-dispersing titania layers as well as increasing 

the driving force between the layers. The thickness of the dye-dispersing titania layer suppresses 

the back electron transfer although it causes the electron trapping due to a great amount of 

defects. The electron injection efficiency is expected to be close to 100% when 6 or 7 layers 

with the present driving force and thickness are formed on the crystalline titania layer. 

 

Figure 5–6 Electron transfer diagram in the compositionally-graded dye–titania (WE-C) 
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5.4 Conclusions 

In conclusion, the photoelectric conversion of the compositionally-graded dye–titania electrode 

was higher than that of the normal electrode. It is suggested that the step-like structure in the 

conduction bands was formed by the combination of the S1 and S2 layers having different 

concentrations of dye in WE-C. The step-like structure in the conduction bands of the WE-C 

electrode provided the driving force of the electron transport and inhibited the back electron 

transfer. 
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Chapter 6 

General Conclusions 

Influence of the dye–titania complex formation on the photoelectric conversion properties of 

the dye-dispersing titania was investigated in this dissertation. The UV–vis and FTIR spectra 

analyses were conducted in order to understand the mechanism of the complex formation in the 

dye-dispersing titania systems. Also, photocurrent onset and time-resolved fluorescence 

spectroscopy measurements were conducted in order to clarify the influence of the dye–titania 

complex formation on the shift in the conduction band edge and the electron transport efficiency 

from the sensitizer to titania, respectively. Furthermore, the photoelectric conversion properties 

of the electrodes using dye-dispersing titania was investigated by I-V curve and IPCE spectral 

measurements. 

In chapter 2, it was concluded that the steam treatment enhanced the dye–titania interaction 

and promoted the dye–titania chelate complex formation on the titania pore surface. This is 

because active gaseous water promoted the hydrolysis of the titanium species and enhanced 

their reactivity. The titanium chelation of the dye molecule through its carboxylate and carbonyl 

of groups were promoted in the narrow spaces of the titania networks. The dye–titania complex 

formation significantly improved the photoelectric conversion efficiency of the dye-dispersing 

titania electrodes. 

In chapter 3, based on the steady state and time-resolved fluorescence spectroscopy, a greater 

degree of fluorescence quenching was observed in the titania steam-treated for a longer time due 

to enhancement of the dye–titania interaction and the photoinduced electron injection from the 

dye into the titania. The fluorescence intensity just after excitation clearly decreased with the 

treatment time; i.e., the relative electron injection yield increased. Based on the results in 
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chapters 1 and 2, it was concluded that the dye–titania complex formation played an important 

role in the electron injection from the dye into the titania conduction band, which increased the 

photoelectric conversion efficiency of the electrode using dye-dispersing titania. 

 In chapter 4, it was shown that the dye–titania complex significantly affected the shift in the 

conduction band edge of titania. The photocurrent onset measurement indicated that the 

conduction band edge of the titania was more negative in the electrode containing a higher 

amount of the dye–titania complex. However, the FTIR spectra of the dye-dispersing titania 

electrodes showed that not only the dye–titania complex, but also the nitrate ions existed on the 

titania surface because they were prepared through a nitric acid-catalyzed sol–gel process. The 

nitrate ions adsorbed on the titania electrode also caused a negative shift in the conduction band 

edge due to their negative charge. Based on the degree of the shift, the effect of the dye–titania 

complex formation on the shift in the titania conduction band edge was greater than that of the 

nitrate ion adsorption due to the strong interaction between the dye and titania through the 

carboxylate group of the dye. 

 In chapter 5, the photoelectric conversion properties of compositionally-graded dye–titania 

electrode (WE-C) consisting of two types of the dye-dispersing titania layers with different 

concentration of the dye were investigated. The photoelectric conversion efficiency of WE-C 

was higher than the normal electrode (WE-N) because a step-like band structure was formed 

due to the difference in the conduction band level of WE-C. This structure is presumed to 

provide the driving force of the electron transport and inhibit the back electron transfer. The 

IPCE values, open-circuit voltage, fill factor, and quantum efficiency of WE-C were higher by 

25 %, 13 %, 50%, and 85% than those of WE-N, respectively. 

 Finally, it was concluded that the dye–titania complex in the dye-dispersing titania 

significantly affected not only electron transfer from the sensitizer into the titania, but also the 
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conduction band edge of the titania. It was also confirmed that the conduction band edge of the 

titania can be controlled by adjusting the dye and titania compositions in the dye-dispersing 

titania systems. Furthermore, the step-like band structure was successful formed in a new 

material containing the dye-dispersing titania, “compositionally-graded dye–titania”. This 

material can improve the electron transport and photoelectric conversion efficiency of DSSCs. 
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