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Abstract

The scope of this thesis is the development of one-dimensional
titania (TiIO 2) nanostructures (nanotubes NTs) and in parallel their
application -evaluation in Dye Sensitized Solar Cells (DSCs). The
motivation for this study was to understand the basic mechanism of
the TNTs growth and the influence of the materials  properties on the
operation and behavior of the DSCs and through them to contribute to
literature of photovoltaics. Nanotub ular structures have been
established in the literature as an advanced nano str ucture. They
belong to the same family of 1D materials (together with nanowires
and nanorods ), due to their lengthwise growth . Titania nanotubes
(TNTs) are ideal candidate s for the objectives of th e research in the
field of solar energy conversion to electricity as : a) can be easily
prepared by anodic oxidation on a titanium foil (flexible and
conductive substrate) , b) their morphology can be controlled through
electrochemical engineering at the nanoscale , c) they present unique
electronic properties, including vectorial electron transport.

In the first part of this thesis, some preliminary experiments
were realized in order to improve the morphology of the titanium (Ti)
substrate and the nanotubular TiO 2 film s. Specificall y, the TNTs were
prepar ed under mild oxidation conditions in NH 4F/ethylene glycol
electrolytes . The effects of polishing the Ti foils (before anodization)
and the removal of the nanograss (structural disorder created on the
NTs top surface due to the ir prolonged exposure to a F- rich
environment) on the nanotubular films properties were investigated.
After optimization of the anodization conditions, homogeneous anodic
films consisting of smooth and long NTs were obtained and
incorporated as photoelectr odes in high efficient dye-sensitized solar
cells (backside illuminat ed).

In the second part of th e thesis , the structural properties of the

self-assembled TNTs are examined , in order to provide pathways for



uninhibited electron transport. T he effect of an nealing post -treatment
on their structural properties was systematically explored with respect
to their electrical characteristics and photoelectrochemical
performance in DSCs. A variety of parameters was controlled and
optimized including the annealing te mperature, the heating rate and
duration of the thermal treatment. The obtained results confirmed the
existence of a correlation between the crystalline/structural properties
of the TiO 2 nanotubes and their electrical characteristics, thus
revealing the close interplay of crystal size, grain boundaries and
crystallite interconnectivity  with the electron dynamics
(transport/recombination) governing the DSC operation and efficiency.

In the third section, advanced tubular nano -architectures were
constructed by complex anodization modes . Slow and rapid

potentiostatic anodization processes were accordingly compared to the

galvanostatic one, while a two step potentiostatic - galvanostatic
techn ique was applied for the first time for the growth of TiO 2 NT
arrays, as a step forward in relation to the existing potentiostatic o}

potentiostatic (P -P) technique. T he novel approach of galvanostatic
tube growth on a potentiostatically patterned Ti foil p rovided the most
uniform TiO > nanotubular films with clean top surface exempt of
nanograss or cracks over extended areas. Evaluation of the TiO 2 NTs
performance as photoelectrodes in DSC devices showed distinct
differences of their electrical parameters th at reflected finely the
underlying structure/morphology variations of the different anodic
oxidation conditions.

The last part of this thesis exclusively coped with the
enhancement o f the DSCsd power conversion effi
use of new state of t he art redox couples and organic dyes. The cobalt
redox shuttle was employed in combination with titania nanotube
arrays as a highly porous photoelectrode to facilitate electrolyte
diffusion and a surface -blocking triphenylamine -based dye (D35) au
lieu of standard ruthenium complex such as the Z907 dye. Therefore,

exploiting the actual potential of the cobalt -based redox couple an



open-circuit p otential higher than 0.8 V was  attained us ing the D35
dye (while Z907 d&based solar cells delivered V  oc values of about 0.6 V ).
For this work advanced morphological and structural
characterization of the TNTs was performed using Atomic Force
Microscopy (AFM), Scanning Electron Microscopy (SEM), Transmission
Electron Microscopy (TEM), Ultraviolet  dVisible (U V-Vis) and Raman
spectroscopy. DSCs were developed and investigated with the use of
the TNTs as photo -anodes. The in -situ evaluation of the DSCs was
implemented taking advantage of state of the art methods such as
Electrochemical Impedance Spectroscopy (EI S), Intensity Modulated
Photovoltage/ Photocurrent Spectroscopy (IMVS/IMPS) and J -V

characteristics.
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Chapter 1. Introduction

1.1. Global energy issues

Energy demand is one of the most serious problems of the
societies in the world . The U.S. Energy Information Administration
(EIA) [1] in the recently released International Energy Outlook 2013
(IEO2013) projects refers that:

A With w orld gross domestic product (GDP) rising by 3.6 percent per
year, world energy use will grow by 56 percent between 2010 and
2040. Half of the increase is attributed to China and India.

ARenewable energy and nuclear power ar e t he wo r dgrowing
energy sources, each increasing by 2.5 percent per year; however,
fossil fuels continue to supply almost 80 percent of world energy use
through 2040.

A Given current policies and regulations, worldwide energy -related
carbon dioxide emissions are projected to increase 46 percent by
2040, reaching 45 billion metric tons in 2040.

fast est
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Figure 1 -1. World energy consumption data  [1]. Organization for Economic Co -
operation and Development (OECD) i.e. developed countries, non -OECD i.e.
emerging markets . 1 quadrillion Btu = 2.93x10 11 KWh.

Taking into consideration the EIAOs perspectives and t
which are presented into Figure 1 -1, the demand for renewable
energy sources is growing every day. The most accessible , clean and
abundant source is the sun.
According to one of the latest publications of International
Energy Agency (IEA, Greece joined the IEA in 1976) [2] t h eSolay
Energy Perspectives 6 the sun (Figure 1 -2, Solar radiation spectrum )
offers a considerable amount of power. about 885 million
terawatthours (TWh) reach the earthds surf
times the commercial primary energy consumed by humankind in
2008 9 and 4 200 times the energy that mankind would consume in
2035. In other words, it takes the sun one hour and 25 minutes to
send us the amount of energy we currently consume in a year. By

2035, this number would grow to a little more than two hours.
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Figure 1 -2. Solar radiation spectrum [2].

Regarding the above findings, it comes up as a natural sequence
that, the sun's exploitation with the photovoltaics (PV) devices is
maybe the most promising and green solution to the growing energy

demands .

1.2. General considerations about the photovoltaics

Some mileston es at the timeline of the photovoltaic evolution
(with respect to the Dye Solar Cells -DSCs) from their beginning till to
date are :
A1839 - A. E. Becquerel observes the photovoltaic effect.
A1954 - Bell Labs produce silicon solar cells.
A 198 8. Gerischer and sensitize zinc oxide crystals and  detect
photocurrent [3].
A1991 - M. Gratzel and B. O'Regan inventthe D SC, with an about 7 -8
% efficiency [4].
A 2 04a 8. J. Snaith reports 15 % efficiency in an improved DSC
form, the perovskite solar cell or solid state Dye Solar Cell (ssDSC) [5].

In the Figure 1 -3 [6] are displayed a road map for the best

research cell efficiencies.
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Figure 1 -3. Road map for the best research cell efficiencies (National Renewable
Energy Laboratory -NREL) [6].

From the Figure 1 -3 one can state that, the first generation silicon

PVs have reach 25 % in yield, the second generation thin film PV S are
at about 20 % and the third generation multi -junction PV s have
exceeded the astonishing 40 % in power conversion effi ciency.

Furthermore, it is noted the increased cou
something which is also affirmed and by the exponentially increased

number of related publications in this field, Figure 1 -4 [7].
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Since the breakthrough report  of M. Gratzel and B. O'Regan in
1991 [4] and the ir pioneer ing idea to sensitize a mesoporous
semiconductor electrode with a high internal surface area , a great
progress has been succeeded in both, Dye Solar Cells and Pervoskite
Solar Cells (inthistypeofsola r cel | t he DSCssgetamedc hi t ect u
but, instead of a dye an  organom etallic compound, the perovskite has
been used for light harvesting ). The most recent state of the art
efficiency values for these two types of PVs are summarized in Tables
1-1 and 1-2 [8].

Table 1 -1. Recent state of the art efficiencies values for Dye Solar Cells [8].

Published date Device descriptions n (%) Comments

23/06/2006 Black dye/l” /5~ electrolyte 111 Incident photon to current efficiency (IPCE) of DS5Cs
increases
with increase in the haze of the Ti0, electrodes,
especially in the near infrared wavelength region

04/11/2011 YD2-0-C8 dye/Co (II/III) tris 123 The cobalt complexes were used with custom made
(bipyridyl) electrolyte donor-s-acceptor zinc porphyrin molecules
Cosensitisation with Y123 resulted in a record efficiency
03/01/2012 Black dye+Y1 co-adsorbent/ 114 Donor-acceptor type coadsorbents were used to avoid
1715~ electrolyte the dye aggregation




Table 1 -2. Recent state of the art efficiencies values for

Perovskite Solar Cells [8].

Published date Device descriptions 1 (%) Comments

05/10/20M FTO|TiO/TiD2+ Y123 dye/spiro- 72 Y123 dye and FK102 for p-type doping in spiro-OMeTAD
OMeTAD+FK102/Ag

08/03/2012 FTO/TiO4/Sb,S;+ P3HT:PCBM | 6.3 Inorganic-organic heterojunction solar cell by 5b,S4
PEDOT:PSS/Au sensitising

24/05/2012 FTO|TiO4/TiD, +N719 dyef 8.5 CsSnly g5Fg05:5n0, as p-type perovskite material
CsSnls gsFyps:Sn04 /Pt

21/08/2012 FTO[/TiO2/TiO2+ CH3NHsPbls/ 9.7 CH3NH3Pbls perovskite as n-type material
spiro-OMeTAD/Au

02/11/2012 FTO|TiO5/ Al:03+ CH3NH3PbILClf 109 CH3NH3Pb,Cl perovskite as n-type material
spiro-MeOTAD/Ag

27/03/2013 FTO|TiO4f 123 Optimised structure by improving the crystallisation
Al;05+ CHsNHsPbls _ Cl,/spiro- with less than 150 °C fabrication process
OMeTAD /Ag

05/05/2013 FTO[TiO4/TiO;+ CH3NH5Pbl5/ 120 CH3NH3Pbl; perovskite as n-type material and PTAA as
PTAA[Au the HTM

18/07/2013 FTO|TiO,/TiO, + CH3;NH4Pbls/Co 150 CH3NH3Pbl; perovskite as n-type material and 10% Co(lll)

(1) doped spiro-MeOTAD/Au

complex doped spiro-MeOTAD as the HTM

The current top
the Perovski te Solar Cell 15

justify the increased interest

research activity.

values for the Dye Solar Cells are 12 % and for

for the DSCs and to intrigue for further

1.3. Objectives and motivations

A Firstly , the preparation of well controlled
anodic oxidation
A Secondly,

structural ) of TNTs (chapters 4 and 5).

The objectives of this study concern

the integrated

characterization (morphological

of titanium (chapters 3 and 5).

and

AThirdly , the application of the nanotubular photoelectrode in the Dye

Solar

Cell

(chapters 3 -6)

nanoparticulate one.

of learning -development -di ssemi nati on

as

an

alternative to

the

The elaboration of this thesis was based on the triple motivation

of

growth mechanisms and the operational principles of

knowl edge

the DS

Additionally the development of the existing DSCs, through the

manipulation of the titania architectures, the low cost production of

the nanotubular photoelectrodes and the flexibility

these provide, was a strong impulse for this

6

research.

[9,10].

%. These efficiencies are high enough to

titania nanotubes via

usual

Cs.

-usability which

The

abc



ultimate aim is the outcome of this research to have a significant

contribution to the literature of DSCs.

1.4. References

1. EIA. Available at:  www.eia.gov

2. IEA. Available at: www.iea.org

3. H. Gerischer, H. Tributsch Ber. OElectrochemical studies on the
spectral sensitization of zinc oxide single crystals 0 Bunsen -Ges. Phys.
Chem. 72 (1968) 437.

4. B . O6 Regan, O6Alow@osh high zedfiti ency solar cell based
on dye -sensitized colloidal TiO2 films 6 Nature 353 (1991) 737.

5. M. Liu, M. B. Johnston, H. J. Snaith CEfficient  planar
heterojunction perovskite solar cells by vapour deposition 0 Nature
doi:10.1038/nature12509

6. NREL. Available at: www.nrel.gov

7. 1SI Web of Knowledge. Available at:  www.isiknowledge.com

8. H. M.Upadhyaya, S. Senthilarasu, M -H. Hsu, D. K. Kumar  dRecent
progress and the sta tus of dye -sensitised solar cell (DSSC) technology
with state -of-the-art conver si omSoleBndrgc Vg Sal.ilks
(2013) 291.

9. C. A Grimes, G. K. Mor , 0TiO2 Nanotube Arrays Synthesis,
Properties, and Applications 6 Springer (2009 ).

10. H-P. Jen, M-H. Lin, L -L. Li, H -P. Wu, W -K. Huang, P -J. Cheng, E.
W-G Diau dHigh -Performance Large -Scale Flexible Dye -Sensitized
Solar Cells Based on Anodic TiO > Nanotube Arrays 0 ACS Appl. Mater.
Interfaces, 5 (2013) 10098 .


http://www.eia.gov/
http://www.iea.org/
http://www.nrel.gov/
http://www.isiknowledge.com/

Chapter 2. Literature Survey

2.1. Electrochemical synthesis of the TiO , hanotubes

2.1.1. Titanium dioxide (TiO 2)

Titania (TiO »2) is a mineral oxide which is mainly sourced from
the ore ilmenite (FeTiO 3). The most common use of titania is as a
white pigment, in cosmetics, toothpaste s, sunscreen s, self-cleaning
materials and food (E171) . The productionin TiO > pigment on the year
2012 touches the 7.000 tons worldwide, according to the U.S.
Geological Survey [1]. Titanium dioxide is chemically and biologically
stable, non -toxic and easily producible with low cost ( selling price for
the crude ore of $11.75 per kilogram [1]). TIO 2 is founded in several
crystal forms, but the best known are the anatase, rutile and brookite.
Rutile is thermodynamically the most stable form, a natase is however
preferred for energy applications , because it has better electrical
characteristics [2] . The crystal structure of the anatase belongs to the
tetragonal system and its basic building unit is the octahedral Figure
2-1 [3]. TiO 2 has reflective index n=2.5,b and gap E ¢=3.2 eV [4] and is
an n type semiconductor, due to crystal defects (oxygen vacancies, Ti 3+
ions) [5].



Figure 2 -1. Planar Ti 30 building -block representation (left) and TiO ¢ octahedral
(right) for the TiO , anatase phase (Ti-white , O-red) [3].

2.1.2 . Brief history on the electrochemical synthesis of the TiO 2

nanotubes

The discovery of the carbon nano tubes [6] stimulated intens ive
research activity in a wide range of materials round this special
morphology. Nanotubes have been established in the | iterature as an
advanced 1D stru ctur e. They belong in the same family of 1D
materials (together with nanowires and nano rods), due to their
lengthwise growth [7]. A lot of works in the literature have taken
advantage of their 1D charact er and their unique properties ( including
vectorial electron transport and discovery of an antenna Raman effect
[8]) to apply them in promising solar energy conversion to electricity
applications, exploiting the transport directionality that they offer to
the photogenerated charges [9,10].

There are literature references on the electrochemical

preparation of the titania na  noporous materials since 1987 [11 ], but a



real impulse was given in 1999 by Zwilling and co -workers [12,13 ] in
their original works  about the anodic oxidation of titanium and its
alloys in acidic electrolytes. Self-assembled titania nanotubes are
easily pre pared by anodic oxidation of a  titanium substrate , in fluoride
based electrolytes [14]. The potential applications of the TNTs cove ra
wide research range, photovoltaics [15], photocatalysis [16],
photoelectrolysis [17], gas sensing [18 ], biomedical implants [19] and
batteries [20 ].

Up to date the anodic oxidation of Ti in Fluoride (F) rich
environments has been passed though thre e phases. In the first
generation the synthesis was done in acidic ( HF) water based
electrolytes [21,22 ], but due to highly corrosive solutions the
nanotubes 6thickness were confined to some hundred of nanometers.
The second generation nanotubes were grown in buffered neutr al
electrolytes which contained  NaF, KF or NH 4F instead of HF [23 ], thus
the thickness of TNTs layers was increased and reached some
micrometers. It was although, the third growth generation of
nanotubes in organic polar electrolytes (mai nly ethylene glycol) almost
free of water [24 ], that enables the develo pment of thick
layers /membranes (1 mm) [25 ] and in a variety of morphologies (single
wall, double wall, multi ayer and branched nanotubes) [26 -29]. A
more detailed discussion about the sophisticated nanotubular
morphologies that were came across during this study is incorporated
in the thesis dappendix .

Even nowadays , the anodically prepared TNTs continue to be at
the forefront of the research activity [30]. The Figure 2 -2 displays a
representation of the self -organized and oriented nanotube arrays and

highlights their major assets.
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Figure 2 -2. Representation of the vectorial electron transport at the nanotubes.

The nanotubes are particularly f  avorable in energy applications
due to their unigue electric al and structural properties [31 ]. The
existence of a continuous wall eliminate s the grain boundaries,
minimize s the electron trapping/  detrapping and ensure s the vectorial
electron transport without significant losses [32]. On the other hand
the electrochemical preparation provides easily controllable 1 -D
morphology at the nanoscale; in fact , the nanotube can be modified in
order to be easily accessible for doping, infiltration and diffusion
concepts [ 33-34].

2.1.3 . Anodic oxidation of titanium

The Figure 2 -3 presents an electrochemical cell and the final

product of the titanium anodic oxidation, the TiO 2 nanotubes.

11



TiO, nanotubes

Pt ‘ Ti
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Figure 2 -3. Electrochemical cell (left) and shaped TiO 2 nanotubes (right).

The electrochemical configuration is constitute d by a temperature

controlled and inert to chemicals (made by Teflon -PTFE) cell, the
electrolyte, the two electrodes and an external source. The apparatus
is supplied either by constant potential (potentiostat ic oxidation) [3 6],

or by constant curre nt (galvanostatic oxidation) [37 ]. The working
electrode (anode) is a titanium foil and the counter electrode (cathode)

is usually a platinum foil or mesh. The electrolyte is consists of  the
main solvent ( a polar organic compound -ethylene glycol), the co -
solvent (H 20) and the supporting electrolyte (NH  4F). Each one of these
parameters plays a crucial role on the nanotubes growth. The
temperature  governs the growth and the dissolution rate and
subsequently the length of the nanotubular film [38]. The applied
bias/current i nduce s the Faradaic (ionic) current, controls the tube
diameter, the thickness of the nanotubes walls and the growth rate
[39]. The main solvent (ethylene glycol) is responsible for the
conductivity , the p H and the kinetics of the  ions within the electrolyte
[40,41]. The co-solvent (H20) determines the conductivity, controls the
thickness of the  nanotubes walls , offers t he oxygen for the oxidation of
titanium a nd manages the growth rate [42 ]. The supporting electrolyt e

NH4F causes the titanium etching (nanotubular morphology) and the

12



dissolution of TiO

duration of

nanotubular film [

the oxidation,

the

1, the most of the parameters are

time adjusts the

2 [43]. Additionally, of the same impor

44]. As it is con cluded and indicated in

interrelated ; therefore

length
the Table 2 -

in order to

tance is the

of the

achieve the desirable morphology a balance is need to set up among

them.

Table2 -1. Correl ation of the NTsd featur es.
NTs | Thickness | Diameter | Wall | Growth | Dissolution | Optimum
Cell Rate Rate NTs
v/ o1 i T i T T
Depending
h
NH4F T T — ! T T =i
in quest,
enerall
H,O0 T d T T 1 4 i |
all the
parameters
t T T — l l e should be
done
T T T — l T )

Once the two electrodes have

and the cell

has

pro cedure has three stages as shown in
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the Figure 2 -5.
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Figure 2 -5. The potentiostatc anodi zati onf6s evsabesandihee i n t hr ee
corresponding current  -time (j -t) graph.

In the initial stage (i), during the first 1 -2 minutes, an abrupt decay of

current happens, due to the formation of a compact TiO 2 layer (blue

color) at the Ti surface (gray color) [4 5]. Thereafter, owing to some

oweak 6 points on the compact TIO 2 | ayer , the electrolyted

ions /F - (and the oxygen ions too) start to penetrate through it; when

the ions reach the Ti/TiO  » interface, they start to create a new porous
tubular layer (yellow color), this transition lasts 10 -15 minutes (ii)
[45]. At the third stage (iii), a quasi steady state is established; the
anodic current remains almost constant and the tubes continue to
grow further [45].

During the anodization certain electrochemical reactions  occur
inside the cell. The Ti anode is oxidized -losing electrons (TiO »
formation) and on the Pt cathode the reduction of the hydrogen ions

occurs, gaining electrons (H 2 gas released); the sum of these two
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activities is  equation (1), the total redox reacti on that takes place in

the cell.

Ti +4H*B Ti* +2H, (1)

Ti + 2H,0 B TiO, + 2H, (2)

TiO, + 6F  + 4H* B TiF 2, + 2H,0 (3)

The reactions (2) and (3) describe the chemical way that the oxide is
composed and dissociate d respectively . Specifically, equation (2) is the
overall electric field driven oxidation of the metal at the oxide/metal
interface [42] and (3) is the field assisted oxide dissolution at the
electrolyte/oxide interface [4 6] . Nanotubesd generati on
when a balance betwee n these two competitive reactions is settl ed. If
the dissolution rate is too high, the Ti/TiO > are solvatized in the
electrolyte and only corrosion is observed; on the other hand when the
dissolution rate is  negligible , only a thick TiO 2 compact layer is
detected [4 5]. It is clear now that the chemical dissolution of TNTs
plays a key role in the formation of nanotubes.

Taking a closer look at the mechanistic model of nanotube S
array development in Figure 2 -6 [47,48], one could note a few crucial
points. In  Figure 2 -6 (a) the fluoride and the oxygen anions transport
through the oxide (due to small ionic radius) and cause the etching
and the oxidation (growth rate) of the Ti (2); simultaneously, at the
electrolyte/oxide interface the TiO2 is dissolved (dissolution rate)
according to (3). When the growth rate becomes equal to the
dissolution rate (after prolonged anodization) the development of the
tubes stops [4 9]. Figure 2 -6 (b) presents the flow mechanism, that the
oxi deds vexpandeddrom tee bottom where is composed to the
top of the tubes [4 7].
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Figure 2 -6. Mechanistic model for the nanotubes development (a), flow mechanism
for the upwards oxi d7gdds expansion (b) [ 4

The last remark concerns the formation of nanotubes in stead of a
nanoporous structure. The precise origin remains under delegation,
but it is believed that this separation is due to the weaker and more
soluble outer parts of nanotubes [50].

So far, TNTs have been displayed in many representations
schematically , but how do the nanotubes look like macroscopically
and microscopically?  Figure 2 -7 shows the photos of an anodized
titanium foil (a) and a nanotubular film (membrane) that has de tached
from the Ti substrate [51 ]. The circular anodized area ( yellow circuit)

isabout 1.32 cm 2.

Figure 2 -7. Photos of an anodize Ti foil (circular part) (a), detached TNT film
(membrane) (b).

The microscopically view of the Figure 2 -8 is more interesting; some

impressive oxide architectures are shown in different perspectives.
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Figure 2 -8. SEM (scanning electron microscopy) images of the TiO 2 nanotubes. Top
surface of NTs (a) -(c), cross section of the NTs  (d)-(f), bottom of the NTs  (g),(h),
patterned Ti foil after the detach of TiO 2 hanotubular film -membrane (i).

The Figures 2-8 (a)-(c) and (d) -(f) SEM (scanning electron microscopy)

demonstrate a few homogeneous top surfaces and cross sections

correspondingly, of some self assembl  ed titania nanotube samples, in

various magnifications and perspective s. Image (g) shows the bottom

of the NTs after the detachment of the TiO 2 film from the Ti foil (which

has a patterned area now -(i)) and last (h) is again a view of the
nanotubesd bottom with some caps to have b
the TNTs have been developed they are amorphous, but with the

optimum annealing they can obtai n the preferable crystallinity

[52,53 ].
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Finalizing this marathon chapter about the anodization
procedure, there is enough room for one last comment; it is almost
0seductived the way that the electrochemis

so effective and creative.

2.2. Dye solar cell (DSC)

2.2.1 Front side illuminated DSCs

Dyesol is one of the global leading companie s in the
construction of DSC s [64]. He ad researchers i n Dyeso
department H. Desilvestro and D. Milliken believe that by 2018, it is
possible DSCs and in particular solid state DSC s will reach
efficiencies of 20 % (30 % is the maximum theoretical attainable
efficien cy for single junction cell) [55 ] with a parallel cost reduction.
Characteristical ly, it is expected that the DSC  s6 manufacturing cost
will be much lower than that of the Si PV. Also, Dyesol has performed
and surpassed a lot of durability tests (5000 hours DSC stability at
elevated t emperature , according to its announcement in the EMRS
2013 Strasburg meeting) with a vi ew to certification of the
internationa | standards before the products commercialization. The
PV market is rapidly expanding and soon (the next 20 years) [56 ] the
solar generated electricity will be one of the most economical (  half that
of coal $99.60 per MWh) and at the same time a source of green
energy. DSC technology includes a series of advantages: low energy
and cost manufacturing process, wide use of abundant non toxic
materials in small quantities, increased ene  rgy collection in real world
solar conditions and incorporation in building materials (windows,
roofs) with high aes thetical and variable result s [54]. Today, cutting -

edge DSC technology still stays on track since its birth on 1991.
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The Dye Solar Cell has a multilayer  -sandwich structure,  Figure
2-9 [54]. In basic realization a DSC comprises a layer of nano -
particulate titania  [57] formed on a transparent electrically conducting
substrate (conductive glass -TCO) and photosensitized by a monolayer
of Ruthenium complex dye [58]. An e lectrolyt e, based on an lodide -
tri-iodide redox system [59] is placed between the layer of
photosensitized titania and a second electrically conducting catalytic
substrate [60].

DYE : Dye Sensitized Solar Cell wwwdyesol.com
1 2 3 4 5 6 1
1) Conductive Substrate 4) Electrolyte
2) Titanium Dioxide Nanoparticles 5) Sealing Gasket
3) Ruthenium Dye 6) Platinum Catalyst

Figure 2 -9. Schematic overview of t he DSC multilayer structure. [54 ].

The exciting trick of the sensitization of a transparent
semiconductor (TiO »2) with a visible light absorbing dye lies in the
hear't o f DSCb&6s oper &igureo B-10nf@ld. Mzendyesisn,
excited after a pho ton absorption, equation (4) [62 ] and inject s an
electron i nto the conduction band of the TiIO 2, equation (5) [62 ]. Then
the electron is transported from one TiO 2 hanoparticle to another [ 63]
till it arrive s at the conductive substrate, in which it is collected from
the external circuit. The oxidized state of the d ye is restored to its
ground state by an electron transfer from the electrolyte , equation (6)
[64]. The re generative cycle is completed at the cathode where the
electrolyte is reduce d by receiving electron from the ex ternal circuit,
equation (7) [64 ].
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Figure 2.10. Principle of operation and energy level scheme of the dye -sensit ized
nanocrystalline solar cell ~ [61].
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Besides this simple view , of a DSC it should be noted that the

current generation is a competitive (time

dependant ) process, among

the forward (4) -(7) reactions and some recombination reactions, which

Figure2 -11 [ 65] . The cel

compone nt (e.g. the solvent of the redox couple) and

are illustrated in

reactions. All these define the whole cell performance [66].
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Figure 2 -11. Kinetics of a Ru -based sensitized TiO » solar cell with | -/l -3 redox
mediator. Typical time constants for the forward reactions (green arrow) and the
loss-recombi nation reactions (red arrow) [65 ].

The TiO 2 film morphology is of vital importance and must fulfill
some crucial criteria in order to be an appropriate substrate. The total
film thickness usual ly is about 10 microns, with nanoparticles of 10 -
30 nm and optimum porosity round to 50 -60 % [67].
In order to evaluate PVs at any stage of the production,
| aboratori al or commer ci amustbeknewncas | 6s per
well as the rest of the electrical parameters that are simply estimated

from the | -V curve , Figure 2 -12.
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Figure 2 -12. Characteristic| -V curve of a PV and the corresponding electrical
parameters.

The overall solar to electrical energy conversion efficiency (E) for
a solar cell is given by equation (8 ) [68], by the photocurrent density
measured at short -circuit (Jsc), the  open-circuit photovoltage (Voc)
the fill factor of the cell (FF) and the intensity of the incident light

(Pin). The fill factor can  attain values between 0 and 1 and is defined
by the ratio of the maximum power point (Pmax) divided by the (Voc *
Jsc) product according to equation (9 ) [69]. The maximum power point
(Pmax) is obta ined as the product of the maximum density of current
and voltage (Vmp * Jmp). The Pin is the input solar irradiance (12000
W/m 2 - AM (air mass) 1.5 G ) [70,71], this value is equal to the solar

radiation on a shiny day when the sun is at zenith.

~

E = JVoFF/IP 4 (8)

FF - P max /J SCVOC (9)
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Concluding this  part, it would be fair to pay some attention on
the driving force behind the solar cells' energy generation. The origin

of the photovoltaic effe ct comes from the difference between the

semi conductords Fer mi l evel and the electri
electrolyte, designated as maximum voltage in Figure 2.10 . With
respect to the cell 06s oepisdeinedbgegquatoondi ti ons

(10) [72], which is one of the most importan t equations in the theory
of photovoltaic s. Where, Kgi s Bol tzmannds constant, T
temperature, e the electron charge, |  sc the s hort circuit currentand I o

the dark or saturation current.

v, =l g ﬂfk (10)
| |

2.2.2 Back side illuminated DSCs

The main difference between the front and the back side
illuminated DSCs is in the direction of the incident light, at the latter
the light harvesting is realized though the counter electrode (cathode),
Figure 2.13 (a) and (b). This special characterization -preparation
technique has led many groups to exploit the advantages of an
alternative to glass substrate [73]. Titanium is one of the mos t
preferable substrates, due to the low cost and the elevated
conductivity in contrast to the TCO [74]. Furthermore the use of a
flexible Ti foil permits its surface to be easily manipulate d (roughen),
in order to increase the light scattering. As a result, there are a lot of
works in w hich the use of a titanium substrate in combination with
composite TiO 2 layers [75,76 ] has driven to high ly efficient ( PCE
values up to 8.5 %) back illuminated DSCs [7 7].
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PET-ITO/Pt

> Electrolyte
> Dye
TiO, nanotubes

Figure 2.13. Scheme of a flexible back illuminated DSC, based on TiO 2 hantubes (a)
and the corresponding  functional cell with total thickness lower than 1 mm (b).

The back illuminated DSCs based on anodically oxidized Ti foils
is a distinct category of cells, that take advantage of the unique
nanotubular morphology, Figure 2.13 (a). The single nanotubular
cells have attained efficiencies of about 6 % [7 8,79] and when they
were subjected to a post treatment ( commonly , decoration with TiO
nanoparticles) [80 ], reached the considerable efficiency of 8 % [81 ,82].
The highest vyield in the classic front side illuminated nanoparticulate
DSCs (Table 1.1 ) is around 12 %, this means that, the back side
illuminated nanotubular DSCs r emaining with about 30 % lower
efficiencies . This decrease in efficiency is fully justified by light losses
on the back illumination mode due to the reflection from the Pt layer
at the counter electrode and the light absorption from the electrolyte
[83].

However, a direct comparison between the nanoparticulate and
the nanotubular DSCs will highlight the assets of the last Figure 2 -
14.
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Figure 2 -14. Electron transport in a nanoparticulate (a) and a nanotubular (d) TiO 2
layer. Images of a nanoparticulate front side illuminated photoelectrode (b) and the
corresponding sealed DSC (c ). Accordingly the nanotubular photoelectrode (e) and
the back illuminated DSC  (f).

The nanotubes offer a  straight path with reduced grain boundaries for
directed electron transport, in contradiction to the random walk on
the nanoparticles [84 ]. The open pores of the n anotubes facilitate the
electrolyte diffusion (even if it is sol ~ vent free with low viscosity), 0 n the
contrary the nanoparticulate photoelectrodes hinder t he electrolytebo
percolation [85 ]. Additionally, the coarse top surface of the tubes
scatters the lig ht better than the sm  ooth nanoparticulate surface [86 .
Nevertheless , the nanotubul ar DSCs havenodt S
date, to cope with the high prospects for really enhanced efficiencies.
The reasons for that, are ground ed in the fabrication procedure.

According to the exc eptional studies of Boschloo [87 ] and
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Schemuttenmaer [8 8], the state distribution within the band gap of

the nanotubes differs substantial ly from the nanoparticles. The
density of the s hallow traps -states (Ti3* defects due to oxygen
vacancies, interstitial Ti and F 9 ijons) is extended and forms impurity
bands 1 eV below the conduction band edge, which result in a vast
number of exciton -like traps [8 8]. Also, in NTs the Fermi level and the
deep traps (surface states) [89 ], are localized lower in the band gap
than in the NPs; possibly because of a p -type doping (N and C atoms
that come from the anodization electrolyte), that compensates the
TNTs n-type semiconductivity by the possession of acceptor states
above the valence band. Taking in to consideration these notes it is
understandable now why the NTs have comparable transport times to

the NPs, despite their higher degree of orientation that provides them

wit h higher electron life times ~ [85,90 ].

The importance of ordering [ 91] is unexceptionable, but some
critical factors [ 92] both, in the oxidation procedure and in the post
treatment should be taken into account. The geometry of the tubes
directly affects the DSCs performance.  The nanotube wall has to be
thick enough for a space ¢ harge layer to form for faster electron
transportation and reduced recombination [93 ]. An estimated critical
wall thickness is about 30  -40 nm. There is also an optim um nanotube
length for effective electron collection in consideration of dye loading
capacity and electron diffusion length [94]. In back -side illuminated
DSCs, the optimal length and pore diameter can be found as a
function of the total porosity. It is strongly believed that the porosit y of
the nanotubular photoelectrodes must be the same as those made
from nanoparticles , around 50 -60 %. After that the ranges of the
affordable values for the length is from 10 to 40 T m [95] and for the
pore diameter from 30 to 90 nm [9  6]. Another tricky p oint, which has
caused a lot of debates [97 ], is the remo ving of the structural disorder
(0nanograsso dissolved NTs due to ®®&tended
surface. Nanograss blocks entering of the dye and the electrolyte

inside the NTs and reduces the transport of the electrons due to the
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increased surface recombination. Last but not least, is the importance

of the post treatments and mainly the annealing. Only a few works

have been published which correlate the NTs annealing conditions
wi t h t he fiiDéeard features [98,99 ]|. Probably, annealing is
one of the best ways to control the trap distribution within the TiO 2

band gap and subsequently to raise

2.3. Experimental part

The electrochemical set -up which was used for the titanium
anodization is shown in Figure 2 -15. It consists of a conventional
two -electrode configuration with platihum mesh as a counter
electrode. The Ti working electrode  (foil) was pressed against an O -ring
(rubber) , of a Teflon (PTFE) electroche mical cell , with 1 .32 cm?2
exposed to the electrolyte. The Pt electrode was placed parallel to the
Ti electrode at the distance of 2 cm. The potential /current was applied
between the working and the counter electrode using a voltage or a
current supplier.  The electrolytes were prepared from reagent grade
chemicals and their volume was kept stable for all the experiments at
100 ml. In order to keep the temperature of the electrolyte constant at
the prolonged anodizations, a temperature control system was

adju sted to the electrochemical cell  [100-102].
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Figure 2 -15. Image of the electrochemical setup for Ti anodization.

The DSCs prepared and studied with the use of the TNTs as
photo -anodes. The morphological and structural characterization of
the TNTs was utilized with the techniques of Atomic Force Microscopy
(AFM), Scanning Electron Microscopy (SEM), Transmission Electron
Microscopy (TEM), Ultravio letdVisible (UV -Vis) and Raman
spectroscopy. Additionally, the in  -situ evaluation and characterization
of DSCs was done taking advantage of the methods of Electrochemical
Impedance Spectroscopy (EIS), Intensity Modulated Photovoltage/
Photocurrent Spectros copy (IMVS/IMPS) and lastly the power
conversion efficiency experiments were conducted by the Current -

Voltage (I -V) measurements Figure 2 -16.
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Figure 2 -16. Equi pment (solar simulators, potentiostats , etc) for the
characterization of the Dye Solar Cells
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Chapter 3. Sensitizer activated solar cells based

on self -organized TiO , nanotubes

This chapter reports the p reparation of NTs un der low applied
voltage (30 V ) in NH 4F/ethylene glycol electrolytes containing a slight
amount of water.  An investigation of t he effects of polishing the Ti foils
(before anodization) and the removal of the nanograss (structural
disorder created at the top surface of the NTs due to the prolonged
exposure of the tubes inside the F - rich environment) on the
nanotubular films properties . After optimization of the anodization
conditions, homogeneous anodic films consisting of smooth and long
NTs are prepared, which, when incorporated as phot oelectrodes in
dye-sensitized solar cells, present overall power conversion efficiencies

of about 3 % under backside illumination conditions.

3.1 . Introduction

Particular emphasis has recently been given on anodic TiO
nanotubes (NTs) [ 1,2]. Upon contr olling the conditions of
electrochemical oxidation, vertically oriented NT arrays with high
aspect ratios have been grown [3,4], attaining very promising
efficiencies up to 7 -7.3 %, when utilized as photoelectrode in DSCs
[5,6]. However, the above efficien cies were achieved for NTs prepared
at large potentials (50 -60 V), imposing an extremely high electric field
at the electrode/electrolyte interface, especially at the first stages of
the anodization. This causes serious problems that may affect the
morphol ogy and adherence of these films, especially after thermal
annealing at temperatures above 450 0C.

On the other hand, the growth of high aspect ratio TiO 2 NTs

under relatively low (< 40 V) anodization potentials has received less
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attention [7 -9]. In that case, use of anhydrous ethylene glycol (EG)
electrolyte was reported to result in the formation of 12 T mNTs at 30
V [7], while addition of small amounts of water yielded 5 Tm NTs
leading to an overall DSC efficiency of 2.8 % [8]. Moreover, 14 Tm NTs
were prepared by anodization at 35 V and the performance of the
DSCs was improved to  E=3.3 % after post treatment with TiCl 4 [9].

In this chapter , is communicated the growth of long,
homoge neous TiO > NTs arrays by applying a low anodization potential
of + 30 V (vs. Pt) in NH 4F/EG electrolytes containing a slight amount
of water. The (polishing) effects of pre  -treatment of the substrates for
anodization (Ti -foils) together with those of a pos  t-treatment procedure
of the anodic films in order to remove structural disorder (nanograss)
from the NTs surface are investigated. Finally, optimum pre and post -
treatment leads to nanotubular titania photoelectrodes, which attain a

relatively high overall  photovoltaic efficiency of about 3 %.

3.2. Experiment al

3.2.1 Pre -treatment of Ti foils

For some experiments, prior to the anodization process, Ti foils
(0.25 mm, 99.7 % purity, Sigma Aldrich) were polished with
sandpaper (No 1200) and then with
morphology was characterized using a PHILIPS Quanta Inspect
scanning e lectron microscope (SEM) and a Digital Instruments

Nanoscope Il atomic force microscope (AFM)

3.2.2. Anodization conditions and post -treatment for the anodic

films
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Anodization was carried out by applying +30 V (vs. a Pt mesh)
using an Autolab PGSTAT -30 potentiostat ( Ecochemie ) for a period of
16 h. The electrolyte solution consisted of 0.45 wt % of anhydrous
NH4F (95 %, Janssen Chimica) in ethylene glycol (99.5%, Panreac) and
a small amount of DI water (1 vol %). After anodization, the
Onanogr as ariag at taegpspréace of the tubes, was removed by
immersing the samples in EtOH for 24 h and then soaking them in
ultrasounds for 15 min. Furthermore, the anodic samples were
subsequently annealed at 450  9C for 60 minutes (heating rate of 5 oC
min -1) [10].

3.2.3. Cell assembly and measurements

After annealing, the TiO > NTs films were immersed in N719 dye
(Dyesol Ltd.) solution for 3 days. DSCs were constructed by placing a
drop of a liquid electrolyte onto the photoelectrode and sandwiching
against a Pt counter electrode (CE). I-V characteristics were obtained
through | inear sweep voltammetry by illuminating the DSCs from the
transparent CE side, using solar simulated light (1 sun, 1000 W m -2)
from a 300W -Xe source operating in combination with AM 1.5G and
UV cut -off optical filters (Oriel).

3.3 . Results and discussion

3.3 .1 Pre -treatment effects

In literature, there are no specific data concerning the effects of
polishing the metal foils on the anodization process. In order to
investigate such effects, the Ti foils were polished with standard
procedures. The SEM image Figure 3 -1 (a) shows the original rough

surface of the Ti metal endowed with deep cracks, while after
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polishing, it converts into a relatively smooth and flat surface, where
only some features rema in with negligible depth Figure 3 -1 (b).
Likewise, the top -view AFM 3D images obtained under similar
magnification  Figure 3 -1 (c) and (d) proved that the untreated
samples present a greater roughness (25 nm) in comparison with the

polished foils (5 nm), in perfect agreement with the SEM image S.

Figure 3 -1. SEM and AFM images of Ti foils before (a, c) and after polishing (b, d),
respectively.

3.3.2 Anodization

Regardless of the Ti foil pre -treatment, the anodized samples do
not present any significant variation on their final structure and
morphology. Thus, Figure 3 -2 (a) depicts a characteristic SEM image
for the top surface of the NTs after anodization of a po lished Ti foil,
showing that the top of the NTs is covered

to the prolonged anodization time, where tubes are collapsed or
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bundled as a consequence of the etching by the corrosive electrolyte
[11]. Additionally, looking at the c ross-section of the anodic films
Figure 3 -2 (b), we can determine the thickness of the NTs, being in
the order of 15 -18 T m. It is also important to notice that no ribs or
defects are evident at the surface of the NT walls, due to the low water

contentint he electrolyte [12].

Figure 3 -2. SEM top images of the grassy surface of the NTs (a) along with cross
section images of the tubes after anodization of polished samples (b). Note that
similar images were obtained for the unpolished samples.

3.3.3. Post -treatment effects

Owing to the oOnanograssdé covering most
were not able to clearly visualize the NTs. To this end, the next step
was to remove t he -18mhnimoesmngand sonichtibg3
the anodic films in ethanol. Figure 3 -3 (a) illustrates the top surface
of the tubes after extensive removal of the grass, where now, in
contradiction to  Figure 3 -2 (a), the tubes are clearly visible. The
morphological characteristics parameters of the NTs can then be
readily distinguish ed at higher magnification images, as shown in
Figure 3 -3 (b), where an internal NT pore diameter of 60 nm and a
wall thickness of 15 nm are determined. On the other hand,
inspection of at the lower part of the NTs Figure 3 -3 (c), reveals that a

smaller p ore diameter (30 nm) and a larger wall thickness (45 nm)
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exist at the bottom of the tubes. This implies that the tubes are self
assembled at the foil under an asymmetric morphology, most probably

due to the larger etching rate by the corrosive electrolyte at regions,
where the electrolyte is in close contact with the NTs. Additionally, by
mechanically bending the samples, separated nanotube arrays were

obtained and their closed bottoms are shown in Figure 3 -3 (d).

Figure 3 -3. SEM top images of NTs after removal of nanograss (a) and under higher
maghnification (b). Top images of the lower part of the tubes, revealing the greater NT
diameter present at the bottom of the NTs (c) and the presence of the barrier layer

(d).
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3.3 .4. Incorporation into solar ce lls

Post-thermal treatment was subsequently applied in order to
convert the as -grown NTs from the amorphous to the anatase phase
(confirmed by micro -Raman spectroscopy, not shown). To evaluate the
photovoltaic performance of the NTs sensitized by the N71 9 dye, DSCs
were constructed and the I -V curves of the cells were recorded  Figure
3-4. Deriving all the electrical parameters from the | -V analysis, it was
found that the raw NTs (without pre and post -treatment) present the
lowest efficiency, of the order  of 2.64 % (with J sc= 6.63 mA/cm 2, V.=
740 mV, FF= 0.53). When the foils were polished and then subjected
to anodization, the photocurrent (J sc) was slightly decreased (6.36
mA/cm 2) but the synergistic increase of photopotential (V oc=783 mV)
and filling factor (FF=0.54) kept the efficiency relatively constant
(h=2.70 %). On the contrary, combining the pre and post -treatments
(removal of onanograsso), we were able to
Jsc (7.87 mA/cm 2) and then boost the efficiency up to 2.94 % despite
the lower V o (763 mV) and FF (0.49). The above result seems very
reasonable, since it is anticipated that the presence of nanograss may
lead to carriers recombination at the interface between the grass and
the NTs thus, a clean top can fully tak e advantage from the vectorial

transport along the nanotube axis.
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Figure 3 -4. Current -voltage (I -V) characteristics of the DSCs based on NTs
electrodes (cell 1 -3), obtained under 1 sun (AM 1.5G) illumination; Cell 1 is
constructed with raw NTs, cell 2 ¢ ontains anodic films prepared on a polished
substrate and cell 3 refers to a DSC with NTs grown on a polished foil and after
removal of Onanograssao.

3.4 . Conclusions

TiO2 NTs of high quality have been prepared at a low
anodization voltage (+ 30 V vs. Pt)  in NH 4F/EG electrolytes containing
a slight amount of water . The Ti foils were subjected to polishing
before anodization. However, the slight differences observed on the
roughness of their surface do no t seem to affect the anodization
process and consequently the structure and morphology of the as -
prepared NTs. Thus, both (pre -treated or not) anodic films were as
thick as 15 -18 Om, with smooth walls and a | arge
covering the surface of the tubes. When these samples were sonicated
in ethanol, the grass was substantially removed and the underneath
NTs appeared having a pore diameter of 60 nm and a wall thickness of

15 nm, gradually changing to 30 and 45 nm, correspondingly towards
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the bott om of the NTs. The NTs were used as photoanodes in DSCs,
where the raw and pretreated materials have shown an efficiency of
about 2.7 %, although  the removal of nanograss boost ed the efficiency

up to about 3 %.
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Chapter 4 . Annealing effects on self -assembled
TiO, nanotubes and their Dbehaviour as

photoelectrodes in dye -sensitized solar cells

Self-assembled highly ordered TiO > nanotube arrays were grown
on Ti foils in a NH4F ethylene glycol electrolyte under mild anodic
oxidation conditions. The effect of annealing post -treatment on their
structural properties was systematically investigated with respect to
their electrical characteristics and photoelectrochemical performance
in back -side illuminated dye -sensitized solar cells (DS Cs). A variety of
parameter s were controlled and optimized including the annealing
temperature, the heating rate and duration of the thermal treatment.

The obtained results confirmed a correlation between the
crystalline/structural properties of the TiO > nhanotubes and their
electric al characteristics, thus revealing the close interplay of crystal

size, grain boundaries and crystallite interconnectivity with the
electron dynamics (transport/recombination) governing the DSC
operation and efficiency. The high importance of a barrier la yer at the

interface between the nanotubes and the Ti foil was also highlighted.

4.1 . Introduction

During the last years, self -assembled nanotubular TIO > arrays
grown by controlled electrochemical anodization have emerged as a
versatile , vertically orien ted architecture that is being actively
investigated for various applications [1 ] and especially in dye-
sensitized solar cells (DSCs) [2] . It is clear that the electrode surface
morphology, crystallinity and thickness are the critical parameters
that determine the efficiency and performance of the TiO 2 NT

photoelectrodes in DSCs.
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Proper control of the potentiostatic anodization parameters,
including solution chemistry, applied potential and anodization time,
can enable tailoring of the tube structure, diameter, length and wall
thickness [3 -10]. The most appropriate crystal phase of titania for
DSC applications is anatase, presenting better e lectrical properties in
comparison to the other TIO > polymorphic phas es of rutile and brukite
[11]. As-grown titania NTs prepared by anodic oxidation are
amorphous, thus their conversion into anatase, that is usually
achieved with thermal annealing in air, is necessary. Usually, NTs
fully crystallize into anatase at 400 °C, while rutile traces begin to
appear at 600 ©°C [12,13]; beyond 600 ©°C, the tubesd mor pho
collapses. Annealing effects on NTs for DSCs were studied in detail

only by the group of Frank et al. [14]; however these authors have

used very thin tubes (2 Om) as model NTs,
classified as optimum photoelectrodes for back -side illuminated liquid
DSCs [15,16].

In this chapter, it have been performed a systematic

investig ation of annealing effects on th e morphology, structure and
crystallinity of TiO > NTs and their correlation  with their performance
and electrical characteristics as photoelectrodes in back -side
illuminated DSCs including conversion efficiencies, electron transport
and recombination, and interfacial resistance. As a model substrate,
sufficienty | ong (16 Om), h o.nNI'g @rays opvepared at O
relatively low anodization potentials (+ 30 V vs. a Pt electrode) were
chosen, imposing a moderate electric fi eld at the working
electrode/electrolyte interface, during the first stages of the
anodization. This prevents typical breakdown problems that affect the
morphology and the adherence of the NTs on the Ti substrate,
especially after thermal annealing at temp eratures above 450 ©°C. The
effect of the annealing temperature, the heating rate and the total
duration of the annealing procedure on the structural properties of the

TiO2 NTs and the electron dynamics (transport/recombination)
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governing the corresponding DSC operation could be effectively

accessed.

4.2 . Experimental

4.2 .1. TNTs preparation

Ti foils (0.25 mm, 99.7 % purity, Sigma Aldrich), used as
substrates for the anodization experiments, were ultrasonicated in
acetone, isopropanol and methanol for 10 min and then dried in
nitrogen stream. Anodization was carried out in a Teflon
electrochemical cell by applying a voltage of +30 V between the anode
(Ti foil) and the cathode (Pt mesh) using an Autolab PGSTAT -30
potentiostat (Ecochemie) for 16 h. The elec  trolyte solution consisted of
0.45 wt % NH 4F (95 %, Janssen Chimica) in ethylene glycol (99.5%,
Panreac) and a small amount of de  -ionized (DI) water (1 vol %) [ 17].
The anodized samples were subsequently annealed in air at different
temperatures in the range from 400 to 600 0C (step 50 °C), by varying
systematically the heating rate from 1 up to 10 0C min -1 and the

duration of the annealing from 1 to 6 h.

4.2 .2. TNTs and DSCs characterization

The morphology of the crystalline samples was characterized
using a PHILIPS Quanta Inspect scanning electron microscope (SEM).
The structural properties of the TNTs were characterized by Raman
spectroscopy (InVia Renishaw Ra man spectrometer) using an Ar  *+ ion
laser (1 =514.5 nm) as excitation source.

After annealing, the TiO > NTs films were immersed in N719 dye
(Dyesol Ltd.) solution for 1 day. The dye loading was examined by dye
desorption experiments in a solution 1/ 1 EtOH/ H>0O with 0.2 M
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NaOH. DSCs were constructed by placing a drop of a standard liquid

electrolyte with a low iodine content (1 M propyl -methylimidazolium
iodide, 0.05 M Lil, 0,015 M | 2, 0.5 M tert -butylpyridine, 0.1 M
guanidinium thiocyanate in acetonitrile/v aleronitrile) onto the

photoelectrode and sandwiching against a highly transparent Pt
counter electrode (fabricated by sputtering). J -V characteristics were
obtained through linear sweep voltammetry by illuminating the DSCs
from the transparent cathode, us ing solar simulated light (1 sun,
AM1.5G, 1000 W m -2) from a 300W -Xe source (Oriel). Electrochemical
impedance spectra (EIS) were recorded on these cells using the same
potentiostat, equipped with a frequency response analyzer (FRA), at
Voc, under 1 sun il lumination over a frequency range of 100 kHz to 10
mHz. Transport time constants (  twans) Were determined by Intensity
Modulated Photocurrent Spectroscopy (IMPS), using the same system
(Autolab and FRA). A red light (max at 625 nm) emitting diode was
used as the light source for both AC and DC illumination controlled by

the FRA module .

4.3 . Results

4.3 .1. Morphology -structure of the as  -grown TiO 2 nanotubes

Three different sets of annealing treatments were conducted: in the
first one , hereafter referred as set 1, the annealing temperature was
increased, with a step of 50 oC, from 400 to 600 ©°C, while the
annealing time and the heating rate were kept constant at 1 h and 5
oC/min respectively . In the second set (set 2), we kept the anne aling
temperature (400 ©°C) and the duration of annealing (1 h) constant and
varied the heating rate at 1, 2, 5 and 10 oC/min . Finally (set 3), the
annealing temperature and the heating rate were fixed at 400 oC and
5 oC/min, respectively, and the duration of annealing was varied
between 1, 2, 3 and 6 h.
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Independently of the different annealing conditions, all sets of TiO 2
NT arrays exhibited a similar tubular morphology, in agreement with
previous reports [14]. Representative top SEM images of NTs from set
1 Figure 4 -1 (a), showed a clean surface consisting of well separated
and regularly arranged tubes (the internal NT diameter was about 60
nm and the wall thickness around 15 nm). Cross -sectional SEM
images Figure 4 -1 (b) demonstrated the high degree of ver tical
orientation of the TiO > NT arrays, permitting to estimate the tube
length to be ~15 1 m, after 16 h of anodization . Moreover, the NT walls
were rather smooth with no significant portion of ribs due to the
minimum amount of water content in the electro lyte bath (inset of
Figure 4 -1 (b)) [18]. At the bottom, the NTs are closed Figure 4 -1 (c),
while in the case when the tube caps were removed, the wall thickness
near the bottom was found to be three times greater (45 nm) than that
at the top, confirmingt he U-shape of the NTs (inset of Figure 4 -1 (c))
[19]. In Figure 4 -1 (d), a characteristic cross -section image of NTs
annealed at 600 O°C is presented, where a thick barrier layer of 200 nm
was clearly observed between the tubes and the substrate. This layer
assures the adherence of the NTs on the Ti foil [1]. The thickness of
this barrier layer depends on the annealing conditions [20] however;
the identification of this layer is not plausible in cases where it is quite

thin .
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Figure 4 -1. (a) clean top sur face area (nanotubes with wall thickness of 15 nm), (b)
cross section of the nanotubular film with thickness of about 15 T m and in the inset
a magnified area of the oriented nanotubes array , (c) the bottom of the nanotubes
and in the inset, an area wheret  he caps of the tubes have got off revealing that the

wall thickness at the bottom is three times greater (45 nm) than at the top. (d)
compact layer with 200 nm thickness, below the nanotubes after the annealing of
the as anodized sample at 600  °C.

4.3 .2. Structural properties

The phase composition and  crystallinity of the TiO > NTs were
investigated by Raman spectroscopy [21]. All the post -annealed TiO »
NTs were accordingly found to crystallize in the anatase TiO > phase,
Figure 4 -2 (a). The Raman active m odes of the anatase phase at 144
cm-1 (Eg1), 197 cm -1 (Eg2), 638 cm -1 (Egs), 395 cm -1 (Bigw), 518 cm -1
(B1g2) + Ag) [22] were invariably identified in the Raman spectra of all
TiO2 NTs, independently of the thermal treatment conditions [ 23].

Rutile traces of the TiO » phase were identified at the bottom of TiO 2
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NTs, following annealing temperature of 600 oC. This was confirmed
by Raman spectroscopy Figure 4 -3 and is in agreement with the
literature data reporting rutile formation at relatively high
temperatures [14, 24 -27].
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Figure 4 -2. (a) Raman spectra of TiO > nanotubes under different annealing
treatment; inset: variation of the shift ( w) and full width at half maximum (FWHM) of
the main anatase mode E ¢ as a function of the annealing temperature. (b) C rystal
size (estimated by micro -Raman spectroscopy) variation under different annealing
conditions (set 1: annealing temperature, set 2: heating rate at 400 0C, set 3:
annealing duration at 400  °C).

Furthermore, analysis of the TIO > NT Raman spectra revealed
small but distinct shifts and broadening of the anatase Raman modes
following post -thermal treatment, characteristic of size effects arising
from optical phonon confinement effect [21  ]. In order t o investigate the

size variation of the TiO > nanocrystallites as a function of the
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annealing conditions, we have employed the lowest frequency and
most intense E ¢ mode, commonly used to model phonon confinement
effects in anatase [28,29]. A  characteristic example is shown in the
inset of Figure 4 -2 (a), where bot h t he peak position (9)
width at half maximum (FWHM) of the E g anatase mode decrease
slightly, though systematically, as the temperature increases. This
variation can be explained by the partial release of the optical phonon
confinement effect that reflects the progressive growth of the anatase
crystallites in the Ti  O> NTs annealed at higher temperatures. Figure
4-2 (b) displays the relative crystallite size evolution derived from
theoretical correlation plots of the E g frequency vs. crystallite size
based on the phonon confinement model | 28,29 ] for the different
anne aling conditions. The most pronounced size variation was thus
obtained for SET 1, confirming that the annealing temperature is the

most critical factor for the growth of the anatase crystallites in TiO 2
NTs. At 400 ©OC (the minimum temperature required for the
crystallization of NTs) the anatase crystallites are ~14 nm, matching
closely the wall thickness of the tubes (15 nm). The lateral crystal size

is thus primarily limited by the NT wall thickness that determines the

growth of the crystals perpendicularl y to the tube axis, at least at the
stage when amorphous titania transforms to the fully crystalline state.

This is corroborated by the fact that, by changing the heating rate
and/or the annealing duration at 400 0C (SETs 2 and 3), the crystal
size remains relatively constant between 12 and 15 nm. As the
annealing temperature increases from 400 up to 600 °C, the
crystallites increase from 14 up to 25 nm, whereas much less sizable
variations (within 2 -3 nm) were derived when the heating rate (SET 2)

or the d uration of annealing (SET 3) were varied at constant

temperature of 400 °C.
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Figure 4 -3. Raman spectrum with the Rutile traces which presented at the bottom
of the NTs.

4.3 .3. Performance -characterization of dye -sensitized solar cells

using TiO 2 NT photoelectrodes

The TiO2 NTs were incorporated as photoelectrodes in DSCs
that were evaluated under back side illumination (through the
transparent cathode) at 1 sun (1000 W/m 2). The corresponding J -V
characteristics and the electrical parameters from all sets of cells are
summarized in Table 4-1 and Figure 4-4 (a)-(c). The obtained
efficiencies comply with those recently reported for DSCs employing

TiO2 NT photoelectrodes without TiCl 4 post-treatment [7, 30, 31].
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Figure 4 -4. Current density -voltage (J -V) characteristics obtained under 1 sun
illumination (AM 1.5G) and dark of DSCs using photoelectrodes annealed under @)
different temperatures 400 -600 °C, SET 1, (b) using photoelectrodes annealed under

heating rate 1 -10 °C/min, SET 2 and (c) using photoelectrodes annealed under

different durations 1 -6 h, SET 3.

Table 4 -1. Electrical parameters derived from J -V curves on DSCs based on  TiO»

nanotubes treated under different thermal conditions. It is noted that the samples

marked with * (400 °C, 5 °C/min, 1 h) represent the same cell, but they have been
added in the table for better comparison.

Thermal treatment

DSCs SET 1 SET 2 SET 3
characteristics
400 450 500 550 600 1 2 5 0 1 Z 3 &
‘c* °Cc  °Cc  °C  °C °C/min °C/min °C/min* °C/min h* h h b
J. (mA/cm’) 965 867 801 833 615 8.78 8.67 9.65 896  9.65 7.98 847 7.83
Vo (mV) 732 733 735 756 759 720 713 732 718 732 744 740 743
FF 0.41 0.43 0.47 0.44 0.30 0.42 0.44 0.41 0.40 041 046 044 043
1 (%) 2.94 277 2.79 2.84 141 2.70 2,75 2.94 2.62 294 277 278 2.53
To better understand the photovoltaic performance of the TiO »

NT photoelectrodes as a function of the annealing conditions and their
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structural properties, EIS and IMPS experiments were performed.
Specifically, EIS spectra were recorded under illumination at open -
circuit conditions, present tw 0 prominent semicircles Figure 4-5.
Fitting of the EIS spectra was performed using a simple equivalent
circuit consisted of two RC elements in series with a contact
resistance (R s). The first RC element comprised the charge transfer
resistance (R pt+co) and capacitance at the counter electrode/electrolyte
and/or the TiO »/Ti interfaces and the second one consisted of a
charge recombination resistance at the TiO 2lelectrolyte interface ( Rrec)
and the chemical capacitance ( Cg) that stands for the change of the
electron density as a function of the Fermi level of the TiO 2
semiconductor [32]. We should note here that the increase of the
Rpt+co Upon altering the annealing conditions (taking into account that

the electrolyte/Pt interface is not changed) is certainly related to a
modification of the TiO »/Ti interface (due to variation of the barrier
layer upon annealing). The fitted parameters are summarized in Table
4-2. Additionally, the recombination lifetimes were derived from the

EIS spectra as frec = (26fmin )1, where f min is the minimum  frequency at

the minus of the second semicircle.
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Table 4 -2. Electrical parameters derived from the fitting of the EIS spectra using an
equivalent circuit of the type: R s(Rpt+coC1)(RrecCo) Where constant phase elements
(characterized by th e parameters Y , and n) were routinely employed in the
equivalent circuit instead of the use of simple capacitances (C 1 or C¢) for more
accurate fitting.

Thermal R: Rpeico Yo Ryec Yo
treatment (ohm) (ohm) (x 107°'F s“'l) s (ohm) | (x 10°F s"'l) e
400 °C 17.1 492 0.15 0.76 834 0.23 0.82
450 °C 226 472 0.14 0.75 79.6 0,20 0.82
500 °C 316 28.6 0,18 0.76 77.1 0,15 0.88
550 °C 211 56.6 027 0.69 72,7 0.17 0.82
600 °C 212 203.0 0.17 0.82 38,0 0.30 0.41
1 °C/min 286 388 0.26 0.71 69.5 0.21 0.84
2 °C/min 18.4 431 0.20 0.73 732 023 0.86
5°C/min 17.1 492 0.15 0.76 83.4 0.23 0,82
10 °C/min 136 55.9 0.24 0.72 86.6 0.27 0.84
1h 17.1 492 0.15 0.76 834 0.23 0,82
2h 137 425 0.51 0.66 77.2 0.17 0.83
3h 228 408 0.48 0.67 70.1 0.20 0.36
6h 16.6 574 033 0.69 87.0 0.15 0,84

Likewise, transport time constants under illumination
(approximately 0.7 -0.8 sun, provided by a powerful red light emitting
diode) were derived from the IMPS experiments as ftrans = (20fmin)?
where f min is the minimum frequency of the observed semicircle Fig ure
4-6 [33]. The obtained dependence of frec, ftrans and Rpwco with the
annealing parameters for the three sets of thermal treatment is plotted

in Figure 4-7.
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Overall, no marked variations were observed for the 3 different
SETs of DSCs with the highest efficiency ob  tained at 400 °C (2.9 %),
apart from the annealed NTs at 600 0C where the efficiency collapsed
(1.4 %). A specific trend was observed only in the case of SET 1, where
the photocurrent (J

sc) generally decreased with the annealing

temperature (from 9.65 to 6 .15 mA/cm 2); surprisingly, Figure 4-7

shows that there is no clear correlation between electron transport
time (twans) variation and J

sc magnitude. In addition, dye adsorption &

desorption experiments permitted the investigation of possible

variations of the dye loading capacity for the NTs with increasing
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temperature and the concomitant anatase crystallite size growth; the
corresponding data summarized in Table 4 -3 show a clear decrease of
the dye loading evidenced only for the NTs annealed at 600 °C, where
the largest crystallite size has been identified, justifying the sharp
decrease of J sc at this temperature. As differences in charge injection

are excluded, the J sc decline from 400 to 550 °C can be attributed to
decrease of the electron lifetime at short  -circuit and thus to
corresponding decrease of the electron diffusion length (despite the

fact that transport time was not severely affected) upon th ermal

annealing.

Table 4 -3. Dye loading of the NTs percm  2was investigated using UV  -Vis
spectroscopy by the desorption of the nanotubular samples ina 1/1 H 20O/ EtOH
solution which contains 0.2 M NaOH.

Annealing
Temperature 400 450 500 550 600
CO)
Adsorbed dye
x 10 (mol /em?) 6.07 6.33 6.28 6.59 5.70

According to the above results, optim  al contact and electrical
connection between the anatase crystallites is inferred at 400 oC,
where their size matches closely the wall thickness of the NTs (15 nm).

This is in agreement with previous reports where annealing at slightly

higher temperatures (450 °C) resulted in severe cracking at NT walls,

while electron transport was faster in NTs annealed at even lower

temperatures (350 ©°C) [20, 34 ]. Likewise, Frank and co -workers [14]

reported that TIO 2 NTs anneal ed at 400 AC exhibit
photocur rent, in line with our observations, whereas annealing at

higher temperatures led to a loss of interconnectivity between

particles. We should note here that TiO 2 NTs annealed at the highest

temperature (600 ©°C) presented the lowest twans, probably due to the

very large crystal size [35]; however, fastest transport was

accompanied with a very large R ptco (Figure 4-7, SET 1) due to the
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presence of a very thick barrier layer ( Figure 4-1 (d)) impeding the
extraction of electrons through the interface (and thus diminishing
Jsc). These results demonstrate that besides the desirable single
crystalline structure for the NTs [31], good electrical contact among
the TiO 2> nanocrystallites, providing a safe path for electron transport
along the tube walls, is also a n important aspect for high efficiency
DSCs.

On the contrary, the V. o presented the opposite trend to that of
Jsc; it increased with the temperature increase from 732 up to 759
mV. This behavior was further confirmed by the J -V curves obtained
under dark ( Fig. 4 -4 (a)), where a significant shift of the dark current
towards negative potentials was observed upon increasing the
annealing temperature.  The Voc increase can not be associated with

the reduction of recombination since more rapid recombination

kinet ics were observed with the temperature increase (see trec Of SET
1, Figure 4-7), similarly to results of K. Zhu et al. [14]. Taking into
account the values of the chemical capacitance (see values of Y 02,

Table 4-2), we believe that the observed relative decrease from 400 to

500 9C can be attributed to the reduction of trap density (since the
material becomes more crystalline), thus augmenting the free
electrons density and then V. oc. On the other hand, the increase of the
chemical capacitance from 500 to 600 0C (meaning more traps)
accompanied with the V o increase, leads us to the conclusion that
these are shallow traps (e.g. oxygen vacancies, which have been
already shown to act as shallow traps in titanium dioxide [36]) and
thus they do not interfere with the recombination process but more

likely act as effective density of states to further increase the number

of free electrons in the TiIO » [37]. It appears that thermal treatment at

500 ©oC is capable of filling up  oxygen vacancies in TiO » [38], whereas
further annealing up to 600 oC does not influence this process. An
unusual behavior was again observed for the NTs annealed at 600 0C

(presenting the largest V  oc despite the highest recombination rate) that
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can be asc ribed to a Fermi level pinning upon illumination due to the
presence of extended surface states at the semiconductor [39].

Although no marked variations were observed on the other two
SETs, some specific trends could be clearly identified. In particular,
increase of the heating rate from 1 up to 10 oC/min at 400 °C (SET 2),
resulted in the decrease of the contact resistance (R s) (probably due to
the creation of a more thin thermal oxide on the contact), while at the
same time R pwco iNncreased significantly, leading to a rather low FF.
Accordingly, recombination was reduced, whereas the density of
states increased, resulting in moderate values of V oc. Similar effects
were observed in the case of set 3. However, overall we could conclude
that variation of the  heating rate and the duration of annealing at 400
0C, did not affect at a large extent the performance of the

corresponding DSCs.

4 4 . Conclusions

The influence of the annealing treatment conditions (annealing
temperature, heating rate and duration) on the structural properties
of self-assembled TiO > nanotubes grown under prolonged anodization
was systematically investigated with respect to their performance and
electrical characteristics as photoelectrodes in back -side illuminated
DSCs. The annealing te mperature was identified as the most critical
parameter for controlling and optimizing the structure -performance
relationship for TiO 2 NTs. The optimum annealing temperature was
400 °C, where TiO > NTs fully crystallize in the anatase phase, with
crystal lit es of the same mean size as the tube walls of the NTs. At this
temperature, good electrical connection s between the crystallites as
well as with the Ti substrate are inferred that promotes electron
transport and leads to a maximum J sc In the corresponding  DSCs.
Despite the enhanced crystallinity of TiO 2> NTs upon annealing at

higher temperatures, recombination is accelerated. On the other
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hand, a systematic reduction of the effective density of states upon
annealing results in an increased V o, which however can not
compensate for the concurrent losses of J sc. Variation of the heating
rate and duration of the annealing process at the optimum
temperature resulted in slight modifications of the photovoltaic
performance of t he corresponding DSCs. We can  accordin gly propose
that highly efficient TIO > NT photoelecrodes for DSCs can be prepared
by post -thermal treatment at 400 oC with a heating rate 5 °C/min for
a total time of only 1 h. Further optimization is currently pursued

toward the elimination of traps from the TiO > NTs that would
accelerate the trap -limited diffusion of electrons compared to the
standard nanoparticulate DSC photoelectrodes and pave the way for

high efficiency DSCs based on TiO > NT arrays.
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Chapter 5. Influence of controlled -charge
anodization processes on the morphology of TiO )
nanotubes and their efficiency in dye -sensitized

solar cells

The effect of the electrochemical anodization growth process on
the development of self -organized TiO > nanotube (NT) films and their
efficiency as photoelectrodes in dye sensitized solar cells (DSCs) has
been comparatively investigated, by keeping the total anodization
charge constant . Slow and rapid potenti ostatic anodization processes
were accordingly compared to the galvanostatic one, while a two step
potentiostatic - galvanostatic technique was applied for the first time
for the growth of TIO > NT arrays, as a step forward in relation to the
existing poten tiostatic 0 potentiostatic (P -P) technique. S canning
electron microscopy and Raman spectroscopy verified the wide
diversity in the morphological and structural characteristics of the
TiO2> NTs obtained by the different anodization modes. T he novel
approach  of galvanostatic tube growth on a potentiostatically
patterned Ti foil provided the most uniform TiO 2 nanotubular films
with clean top surface exempt of nanograss or cracks over extended
areas. Evaluation of the TiO 2 NTs performance as photoelectrodes in
D SC devices showed distinct differences of their electrical parameters
that finely reflected the underlying structure/morphology variations of
the different anodic oxidation conditions. Galvanostatic TiO 2 NT films
presented the most favorable (open -ordered) structure for DSC
photoelectrodes with superior electrical performance, essentially
impaired by a relatively low fill factor that requires improvement by
appropriate post -treatment. Furthermore, despite the marked
differences in morphology, the TiO 2 NT ph otoelectrodes exhibited
comparable overall performance (of the order of 4%), with only

exception the P -P samples which presented slightly lower (about 25 %)
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photovoltaic efficiency. These results indicate that the anodization
charge is a critical factor th at effectively controls the nanotubes

behavior when they are used as photoelectrodes in DSCs.

5.1 . Introduction

Controlled growth of self -organized TiO 2> nanotube (NT) arrays
by electrochemical anodization of titanium foils has been established
as a versatile synthetic means to a robust, nanotubular architecture
that attracts particular attention for various functional applications
[1-3]including dye sensitized solar cells (DSCs) [4-15].

Potentiostatic anodization is the most common electrochemical
technique for the preparation of self  -organized titania nanotube
arrays, w here control of the processing conditions i.e. duration of
anodization [5 ] and appli ed potential [16] together with the
composition and pH of the electrolyte allow fine tuning of the TiO 2 NTs
morphological characteristics (tube length, diameter, wall thickness
and roughness, pore size and tube -to-tube spacing) [7,17,18].
Galvanostatic ano dization is less common, though it has been
demonstrated as an efficient alternative mode for the fabrication of
TiO2 NT arrays [19 -22]. Recently, a new approach for the preparation
of TiO2 NTs on a patterned Ti foil has been developed by means of two
step anodization process [23]. In the first step, potentiostatic
anodization is applied and subsequently the developed TiO > NTs are
detached from the titanium foil leaving behind a pattern, where the
new tubes grow during the second anodization step [24]. Tita nia
nanotubes prepared by the two step potentiostatic 0 potentiostatic (V 0
V) method, are organized in a well ordered film, free of surface defects
[25,26]. The P-P preparation of TIO > NTs has been further exploited for
the guided anodization and fabricatio n of asymmetrical NTs onto

patterned Ti foils treated by focused ion beam lithography [27,28].
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The aim of the present chapter Is to systematically investigate
the physicochemical properties of TIO 2 NTs, prepared by different
anodization processes and to evaluate their efficiency as
photoelectrodes in DSCs. Potentiostatic anodization growth of TiO
NTs under slow and rapid rates was compared to the galvanostatic
process by keeping the total anodizati  on charge constant, while two
step potentiostatic & galvanostatic anodization technique applied for
the first time for the preparation of TiO 2 NT arrays, the common
method of potentiostatic & potentiostatic formation of NT samples was
used as reference. T he influence of the anodization mode as well as
the ensuing process efficiency on the TiO > NT morphological
characteristics was thereby analyzed providing a sensitive way for fine

tuning their performance as photoelectrodes in DSC devices.

5.2 . Experiment al

5.2.1. TiO 2 nanotubes preparation

Titanium foil (Sigma Aldrich 99.7 %, 0.25 mm) was used as
substrate for the anodization. Prior to the anodization, pieces (2 x 2
cm?2) of the Ti foil were ultrasonicated in acetone, isopropanol and
methanol for 10 min , then washed with water and dried under
nitrogen.  Anodization was performed in an  appropriate
electrochemical cell, made of Teflon, at ambient temperature. The
working area was 1.32 cm 2 and the distance between the anode (Ti
foil) and the cathode (Pt mesh ) was set at 2 cm. Slow potentiostatic
anodization was performed with constant voltage of 30 V for 16 h in
an organic, ethylene glycol electrolyte (Merck 99.5 %) containing 1 vol
% deionized water and 0.45 wt % of NH  4F (95 %, Janssen Chimica)
(samples desi gnated as P30). Rapid potentiostatic anodization (P60
samples, corresponding to an applied voltage of 60 V for 2 h) was

carried out in an aged electrolyte containing 2 vol % deionized water
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and 0.30 wt % NH 4F. The aged electrolyte was used in order to prov ide
TiO2 NTs with optimized adherence on the substrate and was
prepared by performing a blank anodization step according to [29].
Galvanostatically anodized TiO > nanotubes (G samples) , were
prepared by applying a constant current density of 3.15 mA cm -2 for 2
h using the same electrolyte as P60 (electrolyte ageing was found to
have no appreciable effect on the TIO 2 NT films in this case).
Potentiostatic -galvanostatic (P -G) samples were formed utilizing a
combination of the two anodization methods. A conc ave pattern was
initially prepared by long (16 h duration) potentiostatic anodization at
60 V using the same electrolyte as for the preparation of G samples.
Then, the samples were ultrasonicated in water for 10 min leading to
the detachment of the TiO > NTs from the Ti foil (a nanotubular TiO 2
membrane of about 50 1 m was thereby produced). The patterned Ti
foils were re -anodized in the same electrolyte for 2 h; with a constant
density current of 3.15 mA cm -2 for the P -G samples and with a
constant voltage o f 60 V for the P -P samples.
At the end of growth, all samples were washed with deionized
water (the P30 samples were additionally immersed in EtOH for 1 h
and then soaked in ultrasounds for 15 min), in order to remove the
surface debris and subsequently d  ried in nitrogen stream [30]. Finally,
all samples were thermally annealed at 450 0C for 60 minutes (heating

rate of 5 °C min -1) in order to induce crystallinity.

5.2 .2. Surface modification and cell assembly

After annealing, the TiO > NTs films were im mersed in 0.3 mM
N719 dye (Dyesol Ltd.) solution of EtOH for 3 days. DSCs were
constructed by placing a drop of a liquid electrolyte (consisted of 1 M
dimethylimidazolium iodide, 0.05 M Lil, 0.015 M | 2, 0.5 M tert -
butylpyridine and 0.1 M guanidine thiocyan ate in
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acetonitrile/valeronitrile 85/15, v/v) onto the photoelectrode and

sandwiching against a Pt transparent counter electrode Pt/FTO.

5.2 .3. Characterization

The morphology of the TiO 2 NTs was investigated using a
PHILIPS Quanta Inspect Scanning Electron Microscope (SEM). Raman
spectra were recorded in backscattering configuration on a Renishaw
in Via Reflex microscope using an Ar * ion laser (1=514.5 nm) as
excitation source. The laser  beam was focused onto the samples by
means of a 50 3 objective, while the laser power density was kept at
low levels (~0.1 mW/ mm2) to avoid local heating of the samples . I-V
characteristics were obtained through linear sweep voltammetry
under back -side illu mination of the DSCs from the transparent
counter electrode (CE) side, using solar simulated light (1 sun, 1000
W m-2) from a 300W -Xe source operating in combination with AM
1.5G and UV cut -off optical filters (Oriel). Electron lifetime constants
(t) were determined by Intensity Modulated Voltage Spectroscopy
(IMVS), using an Autolab potentiostat (Ecochemie) and FRA system. A
red diode emitting at 625 nm was used as the light source for both AC

and DC illumination, controlled by the FRA module .

5.3 . Results and Discussion

5.3.1. TiO » NT characteristics

Figure 5 -1 shows the anodization curves of the five different
samples. At the early stages of the anodization, an abrupt decrease of
the current in the potensiostatic mode and increase of the voltage
under galvanostatic conditions are commonly observed signaling the

formation (and controlling the thickness) of an initial compact TiO 2
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layer on the Ti foil [31,32]. As the process continued, this compact

layer was dissolved by the fluoride ions of the ele ctrolyte initializing
the tubes formation. This point can be hardly traced in the
anodization curves for fresh electrolytes, samples P30 and G, but can

be clearly identified by a small kink in the anodization curves for the

aged electrolytes, samples P60, PAG and P -P [33]. Furthermore, Figure
5-1 shows that the P60, P G and P -P samples reach a rather steady
state earlier than P30 and G, due to the aged electrolyte which is
enriched by plenty of titanium and fluoride ions during the previous
anodization [34] . According t o t he |l iterature [ 3
growth gradually decreases and finally balances between the oxidation

rate of the formed oxide (eq. 1) and the dissolution rate of the oxide
(eq. 2).

Ti+2H 20 B TiO2 +4H * + 4eT (1)

TiO2 +4H* +6FT B TiF 6]27+ 2H 20 )
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Figure 5 -1. Characteristic curves for the different anodization processes : P30, P60
and P -P samples ( constant voltage at 30 and 60 V in raw and 60 V in pattern Ti foil).
G and P oG samples (constant current at 3.15 mA cm-2 in raw and pattern Ti foil).
The first and second columns in Figure 5 -2 depict

characteristic SEM top images (low and high magnification) of the
different TIO 2 NT films, illustrating the pronounced variations on the
surface morphology and coherence of the nanotube arrays by the
anodization mode. The third column shows the corresponding SEM

cross section images. The surface of the P30 ( Figure 5 -3 TEM
analysis) sa mples is extensively covered by melt or broken tubes,
called nanorgrass [36]. Nanograss is a consequence of prolonged
anodization, which leads to the dissolution of the initial compact layer

and the tubes collapse. In addition, some cracks exist, probably
deriving from the post annealing treatment [14]. The surface of the

TiO2> NTs was markedly improved under rapid potensiostatic
anodization at higher voltage (P 60), where both, nanograss and film
crackin g, were significantly reduced. Galvanostatically prepa red TiO 2
NTs under the same anodization charge for 2 h exhibit an average

surface morphology comprising both grassy, porous and clean areas.
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This may be attributed to the formation of an initial oxide film with

variable thickness as a result of a non -unifo rm current distribution
[37], in combination with the high dissolution rate provided by the

fresh electrolyte. Combined p otenstiostatic -galvanostatic anodization,
where tubes grew galvanostatically onto a patterned Ti foil (P-G
samples), resulted in highly  ordered arrays that were essentially free
of grass and cracks over extended scales. A magnification of the P oG
TiO2 NTs top surface is also included, showing the highly uniform self -
ordering of the nanotubes in a hexagonal arrangement [23 ,38]. The
only de ficiency of these films s that the tubes are welded at the top. It
must be noticed that the P -P samples exhibit the most clean (free of

debris) surface, which is also constituted of well separated tubes.
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Figure 5 -2. SEM images of the various TiO > NTs samples: the first column
summarizes the characteristic top view SEM images of the different NTs films (P 30,
P 60, G, P -G, P-P), the second column shows the high magnification images taken
from 6cleard areas and the t hisedionSEMIMagdse correspon
For the P -G film, a zoomed area of interest is added (inset).
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Figure 5 -3. TEM images (I, I) of P30 sample before annealing (amorphous) and after
thermal treatment when the material is transformed into polycrystalline (111, IV, V
and VI). As shown in the (I) and  (ll) the amorphous NTs of the P 30 sample have a
thick barrier layer of about 45 nm; additionally the voids, which exist between the
tubes, are well defined. The (lll -1V) shows the polycrystalline structure of the
nanotubes, af ter annealing. More specifically, (I and V-dark field) points out a wide
distribution of t  he crystallites size. In  (IV) the lattice fringes of the TIO  » nanocrystals
allow the identification of lattice spacings of D3. 5 @éA, r ef Isppcng ofiild t he d
1) crystallographic plane in anatase , which corresponds to the most
thermodynamically s TABLE {101} facets. The existence of Debye dScherrer rings in
selected area electron diffraction pattern (SAED) further evidences the formation of
anatase crystallites ( VI).

Figure 5 -4 presents characteristic SEM images of the TiO > NT
membrane derived from the first step of the P -G and P -P anodizations
including the cross section, the bottom of the membrane (barrier
layer) and the resulting pattern on the Ti foil after peeling off. It is
worth noting that although the TiO > NT membra ne is a byproduct of
the procedure, it can be useful for other applications such as
photocatalysis [39].
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Figure 5 -4. Characteristic SEM images of the TIO >, NT membrane derived from the
first step of the P -G anodization including the cross section, the b ottom of the
membrane (barrier layer) and the resulting pattern on the Ti foil after peeling off.

This method of guided anodization has various advantages. At
first, it is an easy alternative way to of
Ti foil, without hard  trials [40] or mechanical polishing. Furthermore,
it provides a very efficient route for the fabrication of titania
nanotubes of different shapes [27] and high degree of ordering and
orientation.

Table 5 -1 summarizes the morphological characteristic
para meters of the TiO > NT arrays determined by the SEM analysis ,
namely, length (L), internal diameter (D), wall thickness (w) and
surface density ( r) of the tubes, corresponding to the number of tubes
per unit area. Accordingly, the P30 sample has the shortest length,
impeding significantly its surface area and capability for dye loading,

the thinnest wall thickness (10 nm) and the largest surface density
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(220 T m-2). Rapid potentiostatic anodization (P60) resulted in the
increase of both length and internal diameter as well as wall thickness

as a result of the high voltage [32,16]; these morphology variations
diminished the surface density downto 64 T m-2. The galvanostatic NT
arrays retained the structural advantages of the slow and rapid
potensiostatic TIO > NTSs films. Specifically, the G sample has increased

|l ength reaching 19.5 1T m, smal | I nternal d
average wall thickness (25 nm). On the other hand, P 0G anodization
was slowed down, resulting ind  ecreased tube length due to the use of
the aged electrolyte where the highly hygroscopic ethylene glycol
adsorbs a major quantity of water after 16 h of ageing [41] and the
directed growth on the patterned Ti foil [42]. It is important to notice
that the r eference P-P samples exhibited the largest diameter (90 nm)
and in combination with the voids between the tubes has had the

lowest surface density, just 50 Tm-2,

Table 5 -1. Morphological characteristics of the different TiO 2 NTs obtained by
analysis of th e SEM images.

Sample - Length Internal Wall Surface

Electrolyte L (pm) Diameter Thickness Density
D (nm) W (nm) p (pm?)

P30 - fresh 15:3 60 10 220

P60 - aged 19.5 90 42 64

G - fresh 19.5 65 29 144

P-G - aged 15.6 Vis 45 68

P-P- aged LS 95 20 50

Based on these para meters, the porosity (P) and roughness
factor (G) of the TiO > NT arrays were subsequently estimated using the

geometrical relations [42,43 .

P=16[26w (w + d) [/ 2a3 ((8a) + 2w)
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G=[46L(w + d ) [/ 2132 (d (3b) 2w)

The P30 and P -P samples presented the highest porosity of 60 and 54
%, which is similar to that found in nanoparticulate TiO 2> films based
on commersial Evonik P25 material [44]; such values are also typical
for dye -sensitized TiO » films. The othe r samples present approximately
half the porosity of P30 due to the increase of their internal diameter
and wall thickness. P30 and G samples also outperform in terms of
the roughness factor G; this phenomenon can be rationalized in terms
of the extended s urface film area available for dye sensitization.

Crystal structure and mean crystalline size were further studied
by performing Raman scattering analysis of all films prepared by
different anodization procedures. As evidenced in Figure 5 -5, all
samples, examined after annealing and sensitization with the N719
dye for further use as DSCs photoelectrodes, were found to be in the
crystalline anatase phase with corresponding main Raman peaks at
approximately 142, 394, 514 and 635 cm -1 (peaks marked on the
figure). The mean crystalline size was obtained by fitting the strongest
Eq anatase peak at 142 cm -1 with a Lorentzian line and determining
its frequency shift and full width at half -maximum (FWHM), in
accordance to the works of A. Pottier et. al and S. Kell y et. al.[45 ,46]
In comparison to the reference peak of nanocrystalline Degussa P25
TiO> film (~25 nm), the E 4 presents a weak blue shift and broadening.
These minor effects indicate rather weak phonon confinement effects
for the NT crystallites [47] with mean crystal size of 11.9 - 20.3 nm, as
shown in Table 5 -2. It is believed that the factors that affect the TiO 2
NTs crystallinity a re the electrolyte composition, the anodization
parameters, the thermal treatment and the final wall thickness [48].
Herein, it can be concluded that it is mainly the anodization
procedure and the resulting effects on the electrolyte conductivity
which det ermine the growth rate and finally the degree of crystallinity.
The samples can be sorted in two groups. The first one concerns the

samples which were prepared with fresh electrolyte in one step
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anodization, (P30 and G samples). Among them, the P30 materia Is
have the larger crystals (20.3 mn) probably due to very low growth
rate (16 h) and low water content. In the second group pertain the

P60, P-G, and P -P samples that were developed with aged electrolyte

(with increased conductivity) and contain crystals of the same size
(=12 nm).
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Figure 5 -5. Raman spectra of P30, P60, G, P -G and P -P samples after annealing and
N719 dye sensitization. TIO > modes are marked by stars in order to distinguish them
from the N719 dye Raman (vibration) modes.

Table 5 -2. Calculated morphological and structural characteristics of the TiO 2 NTs
together with experimental and theoretical anodization charge R and anodization
yield. 1 Calculated from eq. 3a and b. 2 Calculated from Raman peak at 142 cm 1,3
Calculated from eq. 4.

Sample Roughnessl Porosit_vl Crystal2 o G’ Anodization
Factor (G) (%) Size (nm) (C em™) (C cm’l) Yield (%)

P30 1216 60 20.3 21.5 17.3 80.4
P60 618 33 12.4 22.8 12.1 53.2
G 964 38 17.5 22.6 13.9 61.8
P-G 500 28 11.9 22.6 8.2 36.4
P-P 720 54 124 22.7 13.6 59.9
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The connecting feature in all those experiments is the same
guantity of charge that passed during anodization . This charge was

calculated from the corresponding anodization curves ( Figure 5 -1) to

be Rxp: 22 N 1-2)(IrCorderrto determine the anodization yield for

each process , we calculated the theoretical charge R required for the
formation of Ti 4* ions withinthe TIO >NT f i Il ms, based on the

law of electrolysis:
Rn,=mFz/M ()

where F= 96,485 C mol ' lis the Faraday constant , M is the atomic
mass of titanium, being 47.8671 g mol -1, and z=4 is the valence
number of Ti 4*. m is the mass (in grams per cm  2) of Ti inside the TiO »
NT films estimated as: m=(1-PRL3danat3[mn/M 10:] by taking into
account the porosity P of TiO 2 in the NT films and the tube length L
from Tables 5-1 and 5-2, the density of anatase, dana=3.84 gr cm -3
and the fractional mass of Tiin TIO 2, [M1i/M Ti02]~0.6 . We have further
assumed that all titanium is oxidized to the Ti 4+ state by the
anodization process and the content of other ions (F, C and H) is very

low. The low voltage anodization P30 was thus found to exhibit the
highest efficiency of 80 %, followed by the G, P -P and P60 processes.
The most inefficient process is the two step P -G procedure, where a 36
% yield was derived. The deduced values of the process efficiency are

in agreement with literature [37]. The main factor for the difference
between the charge measured for the oxidation of titanium and the
theoretical anodizing charge is possibly the potential drop in the

electrolyte [21] .

53. 2. DSCds performance

Sensitized films of the different types of TiO 2 NTs were used for

the construction of DSC devices as described in the experimental
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section. Efficient sensitization of the TiO 2 NTs with the N719 dye is
evidenced by resonance Raman scattering characterization of the
sensitized films (shown in  Figure 5 -5 and Figure 5 -6, 5 -7). Both the
Raman phono n modes of TiO > as well as the vibrations of the N719
ruthenium complex are observed. Specifically, distinct changes in the
intensity ( Figure 5 -5) of the 1022 cm -1 mode, which is characteristic of
the N719 dye [49], confirm differences in the amount of the adsorbed
dye onto the NT photoelectrodes. Further evidence of the efficient
sensitization is provided by the dye metal -to-ligand charge transfer
transition (MLCT) bands of the Ru(ll) polypyridyl complex in the
absorbance spectra of the sensitized films ( Figure 5 -7). For the
sensitized films, the main peak appears at 547 nm with a clear red

shift in comparison to the corresponding MCLT band of the N719 dye

in solution (535 nm) [50 -52].

100000

(II)//v

80000 —
60000

40000 ||

Raman intensive

20000

I . I v I L) I y I v I
500 1000 1500 2000 2500 3000
Raman shift/cm -1

Figure 5 -6. Raman spectra of P30 sample as anodized (1), after annea ling (ll) and
after sensitization  (ll1).
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Figure 5 -7. UV-Vis absorption spectra (in Kubelka Munk units) of the P30 sample:
as anodized (l), after annealing (II) and after sensitization (llI ).

Figure 5 -8 shows the J &V curves of the solar cells prepared
with each one of the five anodized TiO > NT films and Table 5 -3
summarizes the corresponding electrical characteristics, namely the
short circuit photocurrent ( Jsc), the open circuit voltage ( Vo), the fill
factor ( FF) and the overall power conversion efficiency ( E), which give
comparable values for all type of cells. Both Jsc and Vqc are close to
those obtained for DSCs based on nanoparticulate films and
illuminated via the photoelectrode side [53]. On the ¢ ontrary, the FF
values are rather low as a result of high series and charge transfer
resistances of the DCSs devises, due to the formation of a compact
layer between the NT films and the TiO . foil and probably the
decreased reduction rate of the redox elec trolyte on the counter
electrode (platinum) [54,55]. Close examination of the values in Table
5-3 shows small, though clear, differences in the electrical parameters
of the various cells that can be related to the morphological and
structural characteristi  cs of the NT photoelectrodes. In this respect,

we can agree that the P30 based cells present increased FF and V oc, IN
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agreement with Zhu et al. [56], probably due to the larger anatase
crystallite size, which is responsible for the decrease of the
recombin ation current. The J s values are relatively low despite the
high values of both roughness and porosity of these films. This can be
justified by the compact packing of the NTs (very high R) and the very
small pore size, especially in the intertubes voids, which do not leave
enough space for efficient electrolyte diffusion. The DSCs using the

P60 sensitized photoelectrodes present higher J sc compared to the
corresponding P30 ones due to their higher thickness and decreased
packing density. The cells prepared by the G films show the best J <
among the different DSCs, as a consequence of the increased
roughness factor and length, which enhance the dye loading. The P oG
based cells attain moderate values of J ¢ and Voc and the worst FF
probably due to the combina tion of low particle size, roughness and
porosity. Lastly, the P -P reference cells present the lowest efficiency.
This is due to the NTs large internal diameter and the existence of

inter -tubular voices leading to low surface density and increased
porosity , which in combination with poor sensitization (decreased
mode of 1022 cm -1 in Figure 5 -5) and the small crystals size can
justify the lower performance of the corresponding DSCc. Additionally,

this is further supported by the electron lifetimes measured f or each
cell via the IMVS technique [57] and presented in Figure 5 -9. In fact,
a clear correlation comes out highlight the significance of the choice of

the anodization process; the potentiostaticaly prepared samples at the

high voltage of 60 V (P 60 and P  -P), have the smallest electron lifetime
(or the highest electron recombination) and show similar behavior
likewise, the galvanostaticaly prepared samples (G, P -G) presenting
much more extended electron life times values than the potentiostatic
samples. On the contrary, the P30 based cells display a moderate

recombination time in relation with the P60, P -P and G, P -G cells.
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Figure 5 -8. JdV characteristic curves of back  -illuminated (1 sun, AM1.5G) DSCs,
using the prepared nanotubular samples as photoelectrodes.

Table 5 -3. Electrical parameters of the DSCs constructed with various anodized NT

films.

Sample J.. (mA cm'z) Voo (mV) FF 1N (%)
P30 8.92 774 0.55 3.79
P60 10.37 728 0.50 3.78

G 12.15 723 0.46 4.12
P-G 10.67 719 0.43 3.67
P-P 8.24 678 0.52 2.90
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Figure 5 -9. Electron lifetimes ( ) of the different DSCs plotted vs. the photovoltage
(V), for various light intensities (1 - 0.1 Suns).

Summarizing the performance of the different sensitized films as
photoelectrodes in DSCs, we can conclude that they present
comparable behavior with sm all deviations in the overall efficiency.
This suggests that the  consumed charge during anodization, which is
kept constant for all films, may play a decisive role in the efficiency of
the corresponding solar cell devices. Among the different films, the
galvanostatically prepared ones present the optimum morphology
(open structure, highest length) in regard to its function as an effective
DSC photoelectrode. Thus, the corresponding cells exhibit superior
electrical characteristics J s, Voc and E. However, the FF remains
rather low, a drawback that may be effectively alleviated by

appropriate TiCl 4 post treatment [58].

5.4 . Conclusion
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Anodic titania nanotube arrays were prepared with constant
charge consumed during anodization by applying five differen t
electrochemical approaches: potentiostatic anodization at 30 V and 60
V, galvanostatic anodization at 3.15 mA/cm 2, and combined two step
potentiostatic & galvanostatic and potentiostatic 0 potentiostatic
methods. The vertically oriented TiO > nanotubular films presented
distinct differences in their morphology and crystalline structure as a
result of the modifications in the applied anodization steps and the
control of the electrolyte  conductivity by the extensive ageing. Among
the different methods, our novel approach of combin ing galvanostatic
NTs growth on a patterned Ti foil, prepared following standar
potentiostatic conditions, ensured the best uniformity of the
nanotubular films and clean top surface without nanograss or cracks
over extended lateral scale. The diverse morphological and structural
characteristics of the different TIO > NTs were found to sensitively
influence their electrical characteristics when used as DSC
photoelectrodes; the galvanostatic NTs presenting the most favorable
and open st ructure. However, despite the underlying differences, the
TiO2 NT photoelectrodes exhibited comparable photovoltaic
efficiencies. This similarity in the DSCs electrical performance,
irrespectively of the TiO > NT films used as photoelectrodes, relates well

to the constant integrated charge during the anodization process.
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Chapter 6. TiO, nanotubes -based dye solar cells
employing a Co ?*/Co *" electrolyte: understanding

charge recombination and interfacial energetics

Alternative redox shuttles with more positive (than standard |
/I 3- couple) Nernst electrochemical potential such as Co 2+/Co 3* have
been recently applied in dye solar cells (DSCs) delivering significantly
enhanced open -circuit photovoltages (V oc), the main impediment for
these systems to achieve overall breakthrough conve rsion efficiencies
are mass transport limitations due to the large molecular size of
cobalt complexes. In this work, we employed the cobalt redox shuttle
in combination with titania nanotube arrays as a highly porous
photoelectrode to facilitate electrolyt e diffusion and a surface -blocking
triphenylamine -based dye D35 to replace standard ruthenium
complexes such as the Z907 dye. Therefore, while Z907 dobased solar
cells delivered V o values of about 0.6 V, an open -circuit photovoltage
higher than 0.8 V was at tained by the use of D35 dye, exploiting the
actual potential of the cobalt -based couple. Extensive comparative
investigations of the electrical characteristics of the DSCs, especially
by Electrochemical Impedance Spectroscopy (EIS), were realized in
order to understand the mechanism behind the different photovoltaic
behavior of the above cells; DSCs based on the | -/l 3- couple were also
investigated as a reference. An upward TiO > conduction band -edge
shift related to the D35 dipole moment orientation togeth er with
significantly reduced recombination were identified to underlie the V oc
increase, while non -linear recombination was found to be the most
dominant parameter affecting V. oc and fill factor of the solar cells based

on the TiO 2 nanotubes and the Co 2+/C 03+ redox mediator.
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6.1 . Introduction

Dye solar cells ( DSCs) [1] as third generation  photovoltaics (PVs)
represent a good alternative to the well -established crystalline silicon
devices or the highly efficient thin  -film solar cells (such as GaAs) [2] as
they are solution processable, and thus ideal to incorporate into roll -
to-roll production lines, promising low cost and relative ease of

fabrication [3].

From the first pioneering publication b
1991 [ 4] unt i | very recently, the highest
been achieved by using the | T/l 37 redox couple that permits fast
regeneration of the dye, good diffusivity in the TiO 2 mesopores and
most importantly low charge recombination [6]. Nevertheless , the dye

regeneration process consumes more than 0.5 V as a driving force,
something which restricts the photovoltage at an upper threshold of

about 0.75 -0.80 V [7]. Moreover, the i ncreased light absorption (yellow
colour) and corrosive nature of the iodide/triiodide (I T/l 37) redox
couple provide additional disadvantages for its efficient use in DSCs

[8]. In order to deal with these issues, new electron redox mediators

have been rece ntly developed [9 -12], the most prominent alternative
being the Co2*/Co 3* redox shuttle. This mediator presents reduced
absorbance in the visible light, non corrosive behavior towards the
metallic counter electrode and it also has a more po sitive standard
redox potential of about 200 mV than that of the 17/1 3 redox couple
[13], partially alleviating the potential mismatch between the dye and
the redox couple that limits the open circuit voltage of DSCs based on
iodide/triiodide mediators.

Very recently, a record efficiency of 12.3 % was reported on
mesoscopic solar cells using a donor  -6-bridge -acceptor zinc porphyrin
dye (designated YD2-0-C8) with another organic dye as sensitizers (co -
sensitization) that incorporate a Co  2*/Co 3+ tris(bipyridyl) obased redox

electrolyte [14]. Since then, great effort has been devoted by scientists
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involved in the field in order, first, to understand regeneration and
recombination kinetics [ 15,16 ] and then to ameliorate the current
state -of-the -art performance by controlling the molecular engineering

of dyes [17 -19], incorporating different co  -adsorbents or additives to
minimize recombination processes [ 20-23] or employing alternative
effective cathodes with minimum overpotential for Co 3+ reduction
[24, 25]. Quite lately, work on the stability of the above system has

also been carried out [26 -28].

Nevertheless, the cobalt -based electrolytes encounter serious
diffusivity problems, due to their large size and heavier mass [29]. In
order to overcome this drawback, some attempts have been recently
devoted to enhance and tune the mesoporous characteristics of the
TiO2 photoanode [30]. For instance, J. Y. Kim et al. [31] have tried to
improve the infiltration of the cobalt redox electrolyte into the
photoelectrode by replacing the TiO > nanoparticulate film with
nanotube arrays. Apart from the enlarged pore size and porosity, this
oopend mor p h efford gdirecnpatly for fast electron transport
[32], reduced charge recombination [33] and effectiv e light scattering
properties [34 -36]. The use of the Ru2*-based N719 dye in back -side
illuminated DSCs lead to relatively low photovoltage values (no more
than 0.6 V), despite the highly positive Nernst potential of the cobalt
redox couple. However, since  N719 dye is not compatible with cobalt -
based electrolytes like pure organic [37] or cyclometalated Ru 2+ dyes
[38], the obtained conclusions drawn from this work could not apply
for a system which works sufficiently well.

To this end, this chapter is focused on highly porous
photoelectrodes consisting of vertically aligned anodic titania
nanotubes permitting easier penetration of cobalt electrolyte [39], but
now in combination with a state -of-the -art triphenylamine -based
organic dye (namely D35, Figure 6 -1). This donor -p-acceptor dye,
besides high absorption coefficients (more than 30000 M -1 cm-1 at 445
nm) may produce very large open -circuit photopotentials (V  oc) due to

the insulating properties of the butoxy chains through steric
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hindrance [37], when  suitably combined with a cobalt mediator in
front -side illuminated DSCs [40]. However, D35 was never
investigated in conjunction with a substrate that could potentially
exclude mass transport limitations for the cobalt shuttle. In this work,

in order to pr ofoundly understand charge recombination and
interfacial energetics, the properties of D35 -based DSCs were directly
compared with those employing standard ruthenium complexes such

as the commercially available Z907 ( Figure 6 -1) as well as with
similar cell s using the reference | -/l 3~ shuttle. It was thus found that
while Z907 dyes dbased solar cells with liquid [  Co(bpy)s]2+3* electrolyte
(Figure 6 -1) delivered moderate V oc values (not higher than 0.6 V), an
open-circuit photovoltage higher than 0.8 V was at tained for D35,
taking real advantage of the highly positive redox potential of the
cobalt -based couple. In fact, despite its insulating properties, the D35

alone could not provide a high V. o when combined with the standard |

/l 3= shuttle. Detailed compara tive analysis of the DSC electrical
characteristics  investigated by  Electrochemical Impedance
Spectroscopy (EIS) revealed that positive TiO > conduction band -edge
shift and reduced recombination are at the origin of the higher
photovoltage gained by the D35 dye combined with the Co 2+|Co 3+
couple, confirming in parallel that non-linear recombination dynamics
are the most dominant parameter affec  ting V oc and FF of the solar

cells.
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Figure 6 -1. Molecular structures of the D35 and Z907 dyes as well as of the
cobalt (1 1) /-bigyridihe) conmpiex (tilzedRirbthe present study.

6.2 . Experimental

6.2 .1. Materials

Titanium foils were purchased from Sigma Aldrich (0.25 mm,
99.7 % purity). The D35 organic dye and the cobalt -based electrolyte
were purchased from Dyenamo AB (Sweden) while the Z907 and N719
dyes were obtained from Dyesol Ltd. The cobalt -based electrolyte
accordingly contains  0.22 M [Co(bpy) 3(PFs)2], 0.033 M [Co(bpy) 3(PFs)s]
where bpy st an d-kipyridioe), 0.1 M LiGI® 24 a2d0.2 M 4 -
tert -butylpyridine (TBP) dissolved in 3 -methoxypropionitrile (MPN). As
a reference, a highly efficient iodide/triio dide based electrolyte was
prepared containing 1 M dimethyl imidazolium iodide, 0.05 M Lil,
0.015 M I 2, 0.5 M TBP and 0.1 M guanidinium thiocyanate in

acetonitrile/valeronitrile 85:15 (v/v)

6.2 .2. TiO 2 nanotubes development

Titanium foils (2 cm x 2 cm in size) with a working area of 1.32
cm2 were used as substrates for the experiments. First, the Ti foils

were ultrasonicated in acetone, isopropanol and methanol for 10 min,
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then washed with deionized (D.l.) water and dried under nitrogen
stream. Anodizat ion was carried out in a Teflon electrochemical cell by
applying a constant density current of 3 mA cm -2 petween the anode
(Ti foil) and a Pt mesh cathode, the distance between the electrodes

set up at 2 cm. The duration of the galvanostatic oxidation was fixed
at 2 h and all the experiments took place at room temperature. The
electrolyte solution consisted of 0.3 wt % NH 4F (95 %, Janssen
Chimica) in ethylene glycol (99.5%, Merck) and a small amount (2 vol

%) of D.l. water. The anodized films were rinsed wi th D.l. water and
left to dry in air. After anodization, the samples were annealed at 450

0Cfor 1 h, with a heating rate of 5 0C min -1 in order to crystallize into

the anatase phase.

6.2.3. Solar sell assembly

The annealed TiO > NTs films were immersed in D35 (0.2 mM in
ethanolic solution) for 1 day. As a reference, TiO 2 nanotubes were also
sensitized by the Z907 or N719 dye (0.3 mM in acetonitrile/tert -
butanol 1/1 solution). DSCs were constructed by casting a drop of
cobalt or i odine-based electrolyte onto the photoelectrode and
sandwiching against a highly transparent Pt counter electrode
(fabricated by sputtering).  All DSCs had an active area of 0.25 cm 2.
Cells are denoted as D35/Co, Z907/Co, D35/l and Z907/1 with

respect to th e combination of the dye -electrolyte used.

6.2 .4. Instrumentation

The absorbance (UV -vis) spectra of the sensitized nanotubular
films were determined by recording the corresponding diffuse
reflectance spectra on a Hitachi 3010 spectrophotometer, equippe d

with a 60 mm integrating sphere. The morphology of the NT samples
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was characterized using a PHILIPS Quanta Inspect scanning electron
microscope (SEM), while their phase composition was investigated by
micro - Raman spectroscopy on a Renishaw in Via Reflex spectrometer
using an Ar * ion laser (| =514.5 nm) as excitation source. Current

density -voltage (J -V) measurements were recorded by illuminating the

DSCs under simulated solar light (1 sun, 2000 W m -2) from a 300 W
Xe source in combination with AM 1.5G opt ical filters (Oriel). The
illuminated area of the DSCs was set at 0.15 cm 2, using a large black

mask in front of the cells. The J -V characteristics (under dark and
light conditions) were recorded using linear sweep voltammetry on the
Autolab potentiostat w orking in a 2 -electrode mode at a scan rate of
50 mV s -1, Electrochemical impedance (EIS) measurements were
performed under dark in a potential window from -0.3to -0.8V, while
electron lifetimes at variable light intensities were determined by
Intensity -Modulated Photovoltage Spectroscopy (IMVS) using the same
system (Autolab). For this purpose a sinusoidally modulated light

beam of a red (625 nm) light emitting diode was used.

6.3 . Results and Discussion

6.3.1. Morphology -structure and sensitization of the TiO 2

nanotubes

Figure 6 -2 (a) shows characteristic SEM images of the as  -grown
NTs; some unintentionally formed debris, appeared at the surface,
and obviously remained after the anodization process [41]. The length
of the tubes was controlled by the anodization duration and was
selected to be closetothe opti mum t hickness (20
inset of Figure 6 -2 (a)) for nanotubular photoelectrodes of highly
efficient DSCs [ 42]. The growth rate under the ap  plied current density

of 3 mA cm -2 has been estimated at 10 T m per h. The second inset,
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depicting a magnification of the top area, clearly shows the presence

of tube arrays, interconnected with a distinct intertube spacing,

having a mean internal  pore diameter of 60 nm with a wall thickness

of 25 nm (estimating the NTO0s external
nm). The tubes are parallel to each other and vertically oriented to the

metal substrate, creating a potentially ideal pathway for electrolyte

diffusion Figure 6 -2 (b); on the contrary, we could hypothesize that

the structure of standard nanoparticulate films may hinder electrolyte

infiltration, especially when the contained redox couple consists of

massive species with large ionic radius like th e [Co(bpy)a]?+3+

complexes.
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Substrate

Figure 6 -2. (a) Characteristic SEM images of the nanotubular film top surface. In
the inset, a magnified top image and a cross section of the film are shown; (b)
Graphical representation of the probable unrestricted electrolyte diffusion through
the nanotubular film (left figure) and the problematic infiltration into the
nanoparticulate film (right).

Micro -Raman measurements showed that after annealing at 450
0C for 1 h the as -grown NTs crystallized into the anatase TiO > phase,
while some rutile traces were identified at the interface between the
met al substrate and t Figeure 6 u3h. eTheh, tHeot t om
electrodes were sensitized by the  organic D35 and the Ru 2*-based

Z907 dyes. The n ormalized absorption spectra of the sensitized
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nanotubes (Figure 6 -4) verified the different  optical density of the two
dyes. In particular, the Z907 sensitized TiO > NTs presented extended
absorbance in the NIR range compared with the D35 one, and thus a

higher photocurrent by the Z907 is anticipated.

T A
E)
S
= A A A n
7]
E \ l l TiO, nanotubes
,E | ./\ M_wm«_._r
c
@
E
X R R
N Y l Ti substrate
1 J I J I e I L I . I U I

— —T—
100 200 300 400 500 600 700 800 900 1000

Wavenumber (cm™)

Figure 6 -3. The Raman investigation reveals the anatase form of the NT films after
their crystallization and the rutile traces which exist at the interface between the

substrate and the tubesd bottom.
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Figure 6 -4. Absorbance spectra of the sensitized TNTs photoelec trodes with the
Z907 (dash line) and the D35 (solid line) dyes. Absorption coefficients at maximum
wavelength | nax of the dyes are also given.

6.3.2. J-V characterization of NT -based DSCs under 1 sun AM1.5G

illumination

Following solar cell fabrication, the J oV curves under 1 sun
illumination and dark conditions were recorded, as shown in Figure
6-5 (a) and (b), respectively. Illlumination took place from the back -
side (through the transparent Pt cathode) due to the use of Ti foil as
back -contact; Ti foil is a flexible, rugged (non -breakable) and light -
weight substrate [43,44] (also able to sustain the high temperatures
needed to crystallize the tubes)  with better mechanical properties than
conducting glass, planned to be u  sed in DSCs, which will serve for
specific applications such as charge portable batteries carried by the

army [45].
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Figure 6 -5. JAV characteristics of the various types of cells (a) under 1 sun
illumination, (b) under dark.

Both cells delivered similar values of photocurrent (J sc)s
approximately 6 mA cm -2, despite the higher light harvesting efficiency
of the 2907 -TiO> NTs in comparison with that of the D35 -TiO2 NTs,
indicating that serious issues limit J sc for 2907 dye; J sc limitations
were recently observed for DSCs combining Z907 and the Co(bpy) 2+3+
mediator [21]. However, the most prominent feature of the
photovoltaic behaviour, Figure 6 -5 (a), was the marked increase of the
photovoltage by more than 0.2 V (from about O. 6 V up to more than
0.8 V) when replacing Z907 with the D35 dye. This large V oc INCrease
could be attributed to both TiO > conduction band -edge shift and
reduction of the recombination rate due to the steric bulk properties
of D35 [3,46). These issues were subsequently explored using
Electrochemical Impedance Spectroscopy (EIS) and will be discussed
in the following paragraphs. Moreover, in excellent accordance with
the observed differences of the Vo values, the dark current (  Figure 6 -
5 (b)) shifted toward more negative potentials by about 0.2 V for the
D35/Co system in comparison with the Z907/Co cell.

Overall, the conversion efficiency of the D35/Co cell reached
2.3%, appreciably higher than that of the Z907/Co cell (1.8%). Quite
notably, much lower effic iencies (0.5%) were produced by the
N719/Co system, [31]) despite the improved regeneration kinetics in

comparison with Z907 dye ( Table 6-1) [47], implying that cobalt -based
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electrolytes are not compatible with the N719, in accordance with [21].

The effici ency of the D35/Co cell is relatively high, if we take into
account that the electrolyte is based on a solvent with relatively high
viscosity (MPN) when compared with acetonitrile, which is a typical
solvent for high efficiency DSCs [20]. Additionally, the relatively low
magnitude of J s is caused by the restricted absorption of D35 at high
wavelengths (above 650 nm, Figure 6 -3). Finally, the V o, even if it is
as high as 0.81 V, it is still lower than that attained by front -side
illuminated DSCs based on n  anoparticulate titania films (0.9 V) [ 40];
such a V o increase was also confirmed by us in D35/Co cells using

10 Om nanoparticulate titania films (dat a
main limitation of the DSCs is the rather low fill factor (FF), being

under 0.5 which can be attributed to the thick barrier layer b etween
the nanotubes and the Ti foil [ 48], impeding electron collection at the
back -contact.

Comparative measurements were also performed on the
corresponding DSCs employing the conventional | T/l 37 redox mediator
Table 6-1. Low FF was also observed in th e above DSCs Figure 6 -6,
indicating that this detrimental effect is directly related to the
interfacial properties of the nanotube/substrate contact, regardless of
the electrolyte used. The D35/l cell produced an identical efficiency to
that gained by D35/ Co. On the other hand, the Z907/I and N719/I
cells provided power conversion efficiencies of c.a. 3.6 %, which
compare well with those of front  -illuminated DSCs, if one takes into
account that illumination through the Pt cathode substantially

moderates lig ht absorption by the dye  [49].
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Table 6 -1. Electrical parameters of nanotubular photoelectrodes which are
sensitized by D35, 2907 and N719 dyes, comprising cobalt -based and iodine -based
electrolytes.

Illumination
Intensity DSCs J, (mA em’) Vo (V) FF n (%)
(Sun)

1 D 35/1 6.1=0.6 0.68 £0.04 0.55=0.01 23+0.3
0.5 D 35/1 3.1=04 0.64=0.04 0.54=0.05 2.1+04
0.23 D 35/1 1.5+0.2 0.60 =0.04 0.51=0.04 2.0+0.3
0.1 D35/1 0.7=0.1 0.52=0.05 047 =0.06 1.7+0.3

1 Z907/1 11.1=1.6 0.70=0.04 0.47=0.06 3,605
0.5 Z907/1 5.6=038 0.67 =0.02 0.50=0.02 3.9=+0.3
0.23 Z907/1 28=04 0.64=0.02 0.51=0.02 40+04
0.1 Z907/1 13=02 0.58=0.03 047=0.02 3.6=0.5

1 N719/1 11.1 0.69 0.49 357

1 N719/ Co 22 0.45 0.52 0.5
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Figure 6 -6. J-V characteristics (a) under 1 sun and
D35/ | and Z907/ | DSCs.

(b) dark, of the nanotubular

6.3.3. Photovoltaic performance of NT -based DSCs under different

levels of light illumination
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To better understand the photovoltaic behaviour of the D35/Co
and Z907/Co DSCs, J -V curves were also reco rded under different
levels of illumination and the results are summarized in Table 6-2;
accordingly, the J s was plotted against the incident light power
density (P in) in Figure 6 -7. Clearly, linearity was not preserved for
both cells, indicative of  photocurrent limitations under conditions of
strong light illumination. On the contrary, a perfect linearity was
observed for the D35/l and Z907/1 cells in Fig ure 6 -8, due to the high
diffusion coefficient of triiodide, which effectively diminishes charge
transfer limitations [50]. Comparison between the D35/Co and
Z907/Co cells show that charge transfer limitations were significantly
reduced for the former DSCs (the actual deviations of J sc VS. Pin from
linearity occur only  at maximum light power density o f 1 sun for the
D35/Co cells ), implying that the combination of D35 with the
nanotubular porous photoelectrodes provide a favorable substrate for
the efficient operation of the Co 2+ /Co 3* redox mediator [29]. On the
contrary the Z907/Co cells, despite thei r higher light harvesting
efficiency, could not produce high J sc probably due to considerably
higher impediments in charge transfer above 0.5 sun. In the linear
regime, under low light illumination conditions, the D35/Co cells
accordingly afforded a record  efficiency of 2.7%, while the Z907/Co
cells attained a maximum efficiency of 2.2% under the same

conditions.
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Table 6 -2. Electrical parameters derived from J -V curves on DSCs, under different
levels of light illumination.

Illumination
Intensity DSCs J.(mA/cm®) Vi (V) FF 1 (%)
(Sun)
1 D35/Co 61=02 081=002 045=003 23=0.1
0.5 D35/Co 35=01 074=002 048=001 25+0.1

0.23 D35/Co 1801 069=003 049=001 27=01

0.1 D35/ Co 08=01 062=003 049=002 26=0.1

1 Z97/Co 60=05 061=005 049=001 18=00
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0.5 Z907/Co 3503 053=002 O

0.23 Z9%7/Co 1703 049=007 038=0.02 22=01

0.1 Z907/Co 09=01 045=001 0358=001 23=02
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Figure 6 -7. Photocurrent as a function of the incident light power density, for the
different DSCs. The dotted lines, representing the ideal linear behaviour, only serve
as a guide to the eye.
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Figure 6 -8. Photocurrent as a function of the incident power, for the D35/l and
Z907/1 cells, a perfect linearity was observed.

Photocurrent limitations could be due to slow regeneration
kinetics, fast recombination kinetics and/or mass transport (diffusion)
problems [51,52]. Diffusion limitations cannot be a major factor, since
the D35/Co cells presented similar behavior under very strong light
illumination conditions. Regeneration problems could not also justify
the J sc decrease at 1 sun, as previous studies have shown that the dye
regeneration efficiency by 0.2 M [Co(bpy) 3]?* is very similar (95% at
short -circuit) for both D35 and Z907 [46]. Fast recombination could
be accordingly inferred as the main factor underlying the observed J sc
limitations, in agreement with very recently published studies where
distinct differences of the recombination mechanisms were identified
for Co-based solar cells between a pure organic dye (Y123, being a
triphenylamine dye with very similar structure to D35) and the Z907

ruthenium complex [53].

6.3.4. Non -linear recombination in NT -based DSCs

Different recombination dynamics may also (at least partially)
underlie the observed differences in V.  oc. To further explore this aspect,
we plotted V oc against the light power density for the D35/Co and
Z907/Co cells Figure 6 -9. A linear dependence of V o with the
logarithm of light intensity was observed [54]. According to theory
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[55], a slope equal to 2.303nKT/q, where kT/q is the thermal voltage

of~26 mV (g i1s the electric charge,
T is the absolute temperature) and n is the ideality diode factor, is
predicted with n values between 1 and 2 [56]. The ideality factors

derived in the present cells were unexpectedly high, reaching 3.27 and

2.71 for the D35/Co and Z907/Co cells, respectively (similar n values

were determined when plotting V' oc vs. the photocurrent). On the other
hand, the Z907/I cells gave an n value of 2 ( Figure 6 -10), in excellent
agreement with the values previously estimated for standard iodine -
based DSCs using the Z907 dye with TiO > NT photoelectrodes [57 |;
however D35/ cells presented values of n as high as 2.71. In fact, n

values in DSCs usually deviate from ideality and this was frequently
attributed to non -linear recombination through surface states [58,59].
These results indicate that different recom bination mechanisms
dictate the V o variation whenever a different (organic or ruthenium -

based) dye and/or different (cobalt or iodine -based) electrolyte is used.

Severe recombination through the exposed back -contact [ 60]
can be excluded, since the V o response was linear for both the
Z907/Co and D35/Co cells [61]. On the contrary, Z907/I and D35/
cells seem to suffer from recombination through uncovered Ti regions,
since the V o does not scale linearly with the log of P iy (Figure 6 -10).
This would furthe r indicate that the barrier layer formed between the
tubes and the back -contact is effective for recombination suppression
only in the case of the cobalt -based electrolytes (probably due to

diffusion restrictions of the cobalt electrolyte).
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Figure 6 -9. Log-log plot of photovoltage against the incident light power density, for
the D35/Co and Z907/Co solar cells.
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vs voltage,
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this effect, we re -plotted the dark current

the actual voltage drop at the photoelectrode
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(denoted as V ) after correcting the applied voltage for the series
resistance ( Figure 6 -11) determined by EIS measurements (see the
following parag raph). The resulting I -Vg curves could be well fitted to
the non -ideal diode equation: | gak =lo*exp[(QV r/nKT) -1], where | ¢ is the
dark saturation current, yielding identical (to previous ones) values of

n (3.3 and 2.7 for D35/Co and Z907/Co, respectively) using quite
similar values of I o (for both cells) [62] This further confirmed that
non -linear recombination is responsible for the observed non -ideality.
Since recombination seems to be the major parameter for this
behavior, the recombination order (b) [6 3] could be obtained as the
inverse of n. Thus, b values of 0.31 and 0.37 were estimated for the
D35/Co and Z907/Co solar cells, respectively, close to the b values
previously estimated by Liu et al. for the Y123/Co system | 53]. The
differences in the n v alues between the D35/Co and Z907/Co cells
can be explained by different recombination mechanisms, as proposed

in the following paragraph based on the EIS analysis. Furthermore,
significant deviations from linearity imply that our cells are not good
rectif ying devices, which is the reason why they suffer from such low
values of FF (FF describes the quality of the diode behaviour of the

solar cell) [ 58].
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Figure 6 -11. Plot of the dark current  with the actual voltage drop at the
photoelectrode (denoted as V) after the correction of the applied voltage for the
series resistance. The | -V curves were fitted to the non  -ideal diode equation,
resulting in fitting parameter values of n and | 0-

6.3.5. Electrical features of the solar cells

To further elucidate  and understand the observed V o differences
between the D35/Co and Z907/Co solar cells performance, EIS
experiments were conducted under dark at different potentials along
the |-V curve. The spectra (not shown) at potentials near V oc, Where
TiO» is suffic iently conductive and transport resistance is negligible
[64], typically exhibited three prominent semicircles, characteristic of
DSCs employing the | -/l 3~ redox couple [65]. The equivalent circuit
used to fit the spectra was a simplified form of the trans mission line
model introduced by the group of Juan Bisquer t [66] and previously
used by our group to fit the EIS spectra of D35/Co dbased cells [26].

Taking a first look at the Ohmic or pseudo -Ohmic resistances of
the cells, we derived similar values for b oth the series resistance and

the resistance at the Pt/electrolyte interface (17 -22 and 11 -16 Ohm,
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respectively) for both D35/Co and Z907/Co DSCs as expected by the

use of identical photoelectrodes, cathodes and electrolytes) [ 67]. This
is in qualitative  agreement with the similar FF values (0.45 -049 at 1
sun) further corroborating that the low FFs result from the presence of

severe non -linear recombination and not from electron transfer
limitations at the interfaces.

Then, we determined the values for th e charge recombination
resistance ( Rrec) as well as the respective capacitance at the
TiO2/electrolyte interface, which is primarily determined by the
chemical (or differential) capacitance (  Cg) standing for the variation of
the electron density as a funct ion of the Fermi level [ 68]. A
comparative plot of the measured capacitances against the actual
voltage drop at the photoelectrode (denoted as VE) is shown in  Fig ure
6-12 (a) for the D35/Co and Z907/Co cells. The chemical capacitance
followed an exponentia | behaviour (at least at the limited range of
potentials studied in this work), confirming the exponential trap

energy distribution below the TiO > conduction band edge according to

eqV,. @ :
C,=GC, expgi—_rpu, where To stands for a parameter with temperature

e™hu
units determining the depth of the trap distribution tail under the
conduction band. The parameter Co is given by

- 2 = -
Co — 1- pLq N, exp?Q(EFo Ec)?

, where and L are the porosity and
KT, € K, | P Porosty

thickness of the TiO 2 film, respectively, N stands for the total electron
trap density and Ero-Ec is the difference between the dark Fermi level
and the TiO 2 conduction band edge energy [69]. A clear shift could be
thus identified between the D35/Co and Z907/Co cells at the same
capacitance valu es, which can be attributed to a shift of the TiO 2
conduction band edge, considering that both cells have identical trap
density and distribution (since they use the same TiO 2 working
electrode -verified by the similar slopes of the exponential curves) [70].
An upward shift of 106 mV of Ec was thus determined for the D35/Co

cell when compared with the Z907/Co system, whose origin can be
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associated with the outward orientation of the D35 dipole moment

with respect to the TiO > surface [71]. We should note  here that this

upward shift does not reduce the effective driving force for electron

injection, since D35 has already a significantly high position of the

excited state (the energy of the D35 dyeds
1.4 V vs. NHE [ 37] while comm on ruthenium dyes have an equivalent

potential less than -1.0 V vs NHE [72]).
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Figure 6 -12. (a) Capacitance at the TiO /electrolyte interface plotted against the
actual potential of the photoelectrode V r (b) Recombination resistance (R ) plotted
against the voltage at the equivalent band position V ech. Results refer to D35/Co and
Z907/Co solar cells - see the text inside for details.

In order to further explore the non -linear dynamics of the Co -

based cells, R c was plotted against V ¢ (Figure 6-13) according to

ebq\V. @ . o :
R,eC:ROexpé%u, where b is the recombination order (previously
ekl 0
estimated as the inverse of the ideality factor) and R o Is the pre -

exponential factor [ 68]. The obtained curves could not be fitted with a

single exponential function , since regions with different recombination
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dynamics were identified. Nevertheless, both curves could be

adequately fitted to an exponential function near V oc, When constant
values of b were used (previously estimated by Figure 6 -9); this
provided further evidence that non -linearity is due to the non -linear

recombination process through extended surface states in the energy
distribution tail below the conduction band [68]. However, the
guestion why the two systems (D35/Co and Z907/Co) present
different val ues of b and R o remains. Taking into consideration the
model recently developed by the group of Qing Wang to account for
the differences in recombination dynamics between Y123/Co and
Z907/Co systems [53] as well as the thorough work by Juan Anta and
co-workers about non -linear recombination in DSCs [73], we could
argue that recombination through relatively sh allow states takes place
in the case of the D35/Co system, while recombination through
deeper bandgap states (far below the quasi  -Fermi level) is realized in
the case of the Z907/Co cell, which augments recombination. Liu et

al. reported that the differenc e in the recombination mechanism
between the organic Y123 and the ruthenium -based Z907 dye, can be
related to the different ability of the two dyes to attenuate electronic
coupling between Co[(bpy) 3]3* and TiO » states by the variation of their
steric prope rties. Similar phenomena could take place in the present
case, since D35 and Y123 are structurally similar triphenylamine

based organic molecules.
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Figure 6 -13. Plot of R ec against V g (voltage drop in the photoelectrode); The R rec-VF
curves were fitted (close to open -circuit) to a single exponential function

ebqV,
(R =R, expe%ﬁ determining nand R o as fitting parameters.
ekl u

In order to explore the actual recombination dynamics of the
cells independently of the conduction band edge position, we plotted
Rrec against Vech, Which is the common equivalent conduction band
potential [69], as shown in Figure 6 -12 (b). A marked suppression of
recombination could be thus observed when employing the D35 dye
instead of the Z907 ruthenium  -based complex, providing di rect
evidence for the blocking character of the D35 dye. In that case, the
bul ky l i gands i n t he dyes?d mol ecul ar str
insulating monolayer on top of the TiO 2> surface thus impeding back -
reactions. This was further corroborated by the va riation of the
electron lifetimes for the different DSCs measured under illumination

by IMVS spectroscopy ( Figure 6 -14).
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Figure 6 -14. Electron lifetimes at different photovoltages (the plot was constructed
by estimating lifetimes under different levels of illumination using IMVS
spectroscopy).

6.4 . Conclusions

Back-side illuminated DSCs were fabricated using self -
assembled titania nanotubes as photoelectrodes and the novel
Co2*/Co 3* redox couple as electrolyte; a standard ruthenium complex
and a pure organic dye were used as effective sensitizers. The DSCs
based on the Z907 dye gave an efficiency of 1.8% under 1 sun
illumination accompanied with a low V oc Of only 0.6V, while a higher
efficiency (2.3%) was gained with the D35 dye due to the significant
enhancement of the photovoltage up to more than 0.8 V. Two diff erent
effects were identified that  contribute d to the V oc increase: firstly the
conduction band -edge of TiO > shifted towards higher potentials due to
the high dipole moment of the D35 dye and secondly the
recombination was reduced due to the blocking character of the latter
dye. Recombination was found to be the most crucial parameter

rendering these solar cells  to significantly depart from ideality (i.e. this

129



kind of DSC does not behave as ideal diodes) both under open and
short -circuit conditions. Non -ideal recombination dynamics were
different for the D35 or Z907 dyes; we argued that recombination
takes place through shallow states in the case of the D35/Co system,
while recombination through deeper bandgap states is realized in the

case of the Z907/Co cell. Besides V o, non -linear recombination is
believed to limit also the FF of these DSCs, since no restricti ons for

electron transfer at the interfaces (and especially at the thick rutile

barrier layer between the tubes and the back -contact) were detected.
Finding ways to reduce the cell non  -linearity will definitely lead to
significantly higher efficiencies for the near future. Nevertheless,
despite the relatively low efficiencies, if we take into account that the

Co2*/Co 3* redox couple diffuses well inside the periodic porous
nanotubular structure and reduces charge recombination due to the
steric hindrance eff ect of the D35 dye, the proposed DSC structure
becomes a prominent candidate for specific applications, such as

indoor modules sensible to di  ffuse light or flexible PVs.
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Chapter 7. Conclusions

7.1. Evaluation and contribution

Summarizing the key findings of the present thesis , it should be
noted that the initial targets f  or the preparation, the assessment and
the energy applicatio n (DSCs) of the titania nanotubes have been
accomplished . Also, some very important results have arisen through
the findings of this thesis.

A The electrochemical oxidation of the titanium foil is a powerful
technique that permits both, the formation and the precise control  of
a variety of nanotubular morphologies (appendix) .

A In order to ensure the reproducibility of the samples all the
experimental conditions (especially the temperature and the humidity)

have to re main stable.

A Thop surface of the nanotube film should be clean of debris
(molten tubes ) in order to facilitate the free entrance into them.

A The anneal i ngronglyo mftuénteitre rerystallinity of the
TiO2> nanotubes and affect the power conversion efficiency of the
corresponding DSCs.

A The morphological features of the nanotubes play a crucial role in
the efficiency of the pvotovoltaics.

A The titania nanotube arrays as a highly porous photoelectrode can
facilitate the diffusion of the electrolytes that experience mass
transport limitations due to the ir large molecular size  (cobalt
shuttles) .

A The TiO. nanotubes can serve as an excellent alternative
photoelectrode to the classic nanopartic ulate one; at the same time
the nanotubular photoelectrodes endow the DSCs with flexibility and

sufficient ly high efficiency (especially for indoor applications)
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A Despite the open structure and the oriented morphology , the
nanotubular DSCs havendt yet incacheevend eadlly enhanced
efficiencies. The reasons for that, are based upon the inherent defects
that originat e from the fabrication procedure ( A 2 . 2Ann23Jling and
other post treatments (introducing new elements or by tube -wall
decoration ) seems to be the best way in order to control the defects
and to raise the cellsd performance.
In the frame of th is dissertation an appreciable contribution to
the scientific knowledge has been realized , due to the innovative
outcomes.
A For a first time , a two step potentiostatic - galvanostatic technique
for the growth of TIO > NT arrays has been developed (chapter5) .
A It is the only work in the literature that examines in de pth the
interactions of the cobalt redox shuttle in combination with titania
nanotube arrays , sensitized by the organic dye D35 (chapter 6) .
A With the variety of the nanotubular morphol ogies that have been
developed it has been proven that, the specific structure is

multifunctional and multipurpose (appendix) .

7.2. Perspectives for future work

The working exper ience and the knowledge that have been
obtained from this thesis can be used in order to take a further step in
the development of solar cells , with the utilization of the NTs. Some
pioneer ideas are quoted  below.
A Combination of annealing with other post treatments techniques
with a view, to develop the electrical characteristics into the band gap
of the semiconducting TiO 2 nanotubes and finally to increase the
DSCsd&6 ef f{li2Fi ency
AThin nanotubular layers -membranes (500-1000 nm) can serve as an

excellent scaffold, compact layer and electron conductor in the
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construction of the  state of the art perovskite (organic  -inorganic) solar
cells [ 3-5].

A Solid state solar cells could be fabricated with nanotubular
photoelectrodes sensitized by quantum dots absorbers and employing ,
instead of the redox electrolytes , the inorganic hole transport
perovskites [6-8].

A TNTs can serve as an e X emerging n t sub

I'da)

electroap plicat ions such as: self-driven solar water splitting [ 9,10],

visible photocatalysis [11] and tandem cells [12].
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Appendix. Electrochemical nano -engineering

Morphology manipulation

Electrochemistry has been proven to be one of the most

powerful tools in the hands of the experimental researchers. Also, if

the investigators respect the methodods ba:

ensure reproducibility, they are able to benefit of its advantages and
to create extraordinary structures.

In this chapter, all the impressive nanotubular morphologies
that have been manufactured by the titanium anodic oxidation,
during the implementation of the present thesis are quoted .

The Figure A -1 shows nanot ubes with different pore diameters
and wall thicknesses. The determinative factors that govern the
nanotubesd diameter are the applied
the water content ( Table 2 -1) [1,2]. The specific samples have been
prepared in Ethyle ne glycol based electrolytes with the same amount
of NH 4F (0.3 % wt) as follows: 2 % vol H >0 and 0.75 mA/cm 2 applied
current density (a), 1 % vol H >0 and 30 V applied potential (b), 10 %
vol H >0 and 60 V applied potential (c).
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— 500 nm —

Figure A -1. NTs with different internal diameters (D in) and wall thickness (W):
Din=30 nm, W=10 nm (a), D in=60 nm, W=25 nm (b), D =120 nm, W= 50 nm (c).

A further morphological manipulation of the top surface can
take place, depending on the electrolyte compositio n and the pre -
treatment of the titanium foil. In Figure A -2 (a), the NTs are
presenting a disoriented and clogged top surface, as a result of the
increased dissolution rate ( Table 2 -1) in the Formamide based
electrolyte [3]. On the other hand in Figure A -2 (b), an oriented and
clean film of well separated nanotubes has been developed by
configuration of low growth rate, with an Ethylene glycol based
electrolyte containing increased water content (10 % vol) [4]. The
pretreatment of the Ti foils with a first anodization and detachment of

the nanotube films (with ultrasonication Figure A -7) ensures both,
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the growth of the new nanotubes in predefined spots and their good

orientation, Figure A -2 (c) [5].

g 7
f(ﬂ :
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3 v :

D HFW | tilt

0.0 mm|1.69 pm|1

Figure A -2. NTs with a variety of top surface morpholog ies: semi -clean and
disoriented (a), clean, oriented and with separated walls (b), stuck and developed on
predefined spots (c).

The ofractal |l i ked top s igdreeAc® (amor phol o
c), can play the role of photonic crystals in environmental a pplications
[6]. Their surface configuration is the outcome of a two -step

anodiz ation, in the first step the pattern (large concaves) was prepared

by anodizing in elevated voltage of 60 V (and subsequent detachment

of the nanotube films  Figure A -7), in the second step lower potentials
or currents were applied and depending on them, a specific number of

internal pores (into the concaves) were evolved.
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500 nm

Figure A -3. Complex surface morphologies that have been formed onto a patterned
Ti foil. The concave parts have internal diameter from 100 to 160 nm and the
internal pores can be varied from 15 to 50 nm. 1 -3 pores inside the concave parts
(8,4-7 pores inside the concave parts (b), 7> pores
length, the nanotubul  ar film is transparent) (c).

The l ength of t he NTs i s a function
composition and the duration of the anodization ( Table 2 -1). With the
appropriate handling of both parameters, NTs from some hundreds of

nm to some tens of 1 m are feasible to be produced Figure A -4 [7,8].
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Figure A -4. Nanotubular films in a variety of lengths: total thickness 1200 nm (a),
total thickness ~40 1 m (b).

Another way to design innovative nanotubes is the wall
decoration by ribs, Figure A -5. This can be happen depending, once
more, on the electrolyte composition. Smooth walls come from
electrolytes poor in water (1 % vol) Figure A -5 (a). On the contrary the
distribution of random ribs comes off from electrolytes ri ch in water
(10 % vol) Figure A -5 (b). The synthesis of periodically structured
titania nanotubes  Figure A -5 (c), can be achieved by altering voltage
conditions (periodic voltage -pulse sequences) [ 9] and allows the
precise control of the distance between the ribs. In this way the NTs

are transformed into photonic crystals [ 10].
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