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Abstract

Dye-sensitized solar cells (DSSCs) represent a igioghalternative to silicon-based technology.
From the first publications about DSSCs in the %08y are considered an important breakthrough
for achieving high efficiency by using relativelyeixpensive and abundant materials.
Stability and efficiency are two crucial points the development of this new class of hybrid
photovoltaic devices. Most of the DSSC studiesiedrout over the past twenty years are based on
the optimization of these two aspects. In particuieo particular efficiency improvement was
obtained in the last period, although many effbidse been made for the research of appropriate
solutions able to allow to fabricate more efficieewices.
In this scenario, the topic of interest for thiedls is to further enhance the photovoltaic peréoroe
of DSSCs by integrating a nano-engineered xTghotoanode obtained by means of a new
nanostructuring method. This novel method, calle@BASANS (Auxiliary Solvent-Based
Sublimation-Aided NanoStructuring) allows the faanostructuring of a material in conditions of
room temperature and atmospheric pressure. Thestranturing process occurs by means of an
auxiliary sublimating substance that, after havimfuenced the spatial arrangement of the material
to be nanostructured, sublimates away from theegyspontaneously.
So-obtained Ti@photoanodes are characterized by an inner suaf@eewhich is higher than that of
commonly used photoanodes. This implies that higher loading values are possible, in turn
meaning an increase of photogenerated charge rsaup®n sunlight absorption, hence an overall
increase of the DSSC efficiency.
This thesis is structured as following:
- Chapter 1 is a general introduction to the photaicd and dye-sensitized solar cells, such as
the operating principles and the characteristighefdye cell;
- Chapter 2 presents the motivation and objective3h@i work, with particular interest in the
state of art on the semiconductor layer optimizgtio
- Chapter 3 contains a description of the two insemtal systems assembled by the author and
colleagues for the characterization of photovoltiseices (current/voltage recording system
and IPCE system). A particular focus is put ondéxeelopment of a tool for the determination
of the photovoltaic quantum efficiency obtainedthg conversion of a common UV-Vis
spectrometer;
- Chapter 4 is focused on the description of two m@shfor the determination of the active

sites (dye grafting points) of the Ti®urface: the first based on the acetic acid adisorpnd



the second on the dye molecules adsorption. Thesieoals are used for the characterization
of all fabricated photoanodes;

Chapter 5 starts with the proven effectiveness hef ASB-SANS method applied to
nanostructuring, over relatively large areas, aisengucting polymer widely used in organic
solar cells. The chapter is then focused on therge®n of the ASB-SANS method applied
to fabricate our nano-engineered photoanodes;

Chapter 6 presents the results obtained by thécapiph of the nano-engineered photoanodes
in photovoltaic devices;

Chapter 7 reports some final conclusions togethir eur outlooks in the future research

and development of the nano-engineered photoarfoddge-sensitized solar cells.



Abstract

Le celle solari a colorante organico (DSSC) propatd Gratzel rappresentano una promettente

alternativa alle tecnologie basate sul silicioigizommercio. Dalle prime pubblicazioni negli anni
90 esse hanno reppresentato un importante passt pearaggiungere un’efficienza relativamente
alta utilizzando materiali poco costosi e abbondamatura.
Gli aspetti piu importanti per lo sviluppo di guestcnologia sono la stabilita e I'efficienza, siisi
fonda la maggior parte degli studi sulle DSSC camdregli ultimi vent'anni. In particolare,
nonostante gli sforzi enormi nella ricerca di sadaz appropriate che consentissero di fabbricare
dispositivi piu efficienti, nessun particolare iaorento di efficienze é stato registrato.
In questo scenario, il presente lavoro di tesi bae scopo il miglioramento della performance
fotovoltaica di DSSC attraverso l'integrazioneabl interno di un fotoanodo di Tianostrutturato
utilizzando un nuovo metodo di fabbricazione. Qoesttodo, denominato ASB-SANS (Auxiliary
Solvent- Based Sublimation-Aided NanoStructuringjnpette la nanostrutturazione di un materiale
senza dispendio di tempo ed in condizioni di terajpga ambiente e pressione atmosferica. La
nanostrutturazione di un materiale avviene per mealizun sublimante ausiliario che, dopo aver
influenzato la disposizione spaziale del materigieallontana dal sistema spontaneamente per
semplice sublimazione.
| fotoanodi di TiQ cosi ottenuti presentano una superficie espo&statco del colorante maggiore
di quella esposta generalmente dai fotoanodi comen&e impiegati. Cio comporta un aumento della
guantita di colorante che il fotoanodo puo adserblie si traduce in un aumento della quantita di
portatori di carica che si possono generare pestteffdell’assorbimento della luce solare. Il
miglioramento della corrente generata nel dispasitifluenzera positivamente I'efficienza globale
della cella DSSC.
Il presente lavoro di tesi € strutturato nel se¢giemodo:
- il Capitolo 1 costituisce l'introduzione alla tentat di interesse con un approfondimento
descrittivo dei componenti di una DSSC e del suzitnamento;
- il Capitolo 2 espone la motivazione e gli obbiettiel lavoro di dottorato con particolare
interesse verso lo stato dell’arte inerente alléivamione espressa;
- il Capitolo 3 contiene la descrizione accuratasigiemi di caratterizzazione di dispositivi
fotovoltaici. Di particolare rilievo € la messa anpo di uno strumento per la determinazione
dell’'efficienza quantica. Quest’ultimo e stato atieo assemblando un comune spettrometro

UV-Vis con un multimetro per la registrazione dedt@renti generate dalla cella;



il Capitolo 4 improntato sulla descrizione di duetodi per la determinazione dei siti attivi
(punti di attacco del colorante) presenti sulla estipie del TiQ: il primo basato
sulladsorbimento dell’acido acetico e il seconddl’adsorbimento delle molecole di
colorante. Tali metodi serviranno per la carat&zone dei fotoanodi nanostrutturati;

il Capitolo 5 si apre con la provata efficacia dedtodo di nanostrutturazione ASB-SANS
applicato su polimeri di interesse fotovoltaico.fulcro del capitolo & tutto rivolto alla
descrizione del metodo applicato al sistema di paritcelle di TiQ, con tute le soluzioni
tecniche adottate per renderlo altrettanto effiecquesto genere di sistemi;

il Capitolo 6 riporta i risultati ottenuti per I'gficazione dei fotoanodi del capitolo 5
all'interno dei dispositivi fotovoltaici;

il capitolo 7 conclude il lavoro e riporta le eveali prospettive per il futuro.



Chapter 1

Introduction

1.1 Photovoltaics as an alternative energy sourcerfthe

future.

Since a long time the energy economy of the masistrialized countries in the
world, has been based entirely on the mining afestduels such as coal, oil and
natural gas, formed in the subsoil over millenagmwell as nuclear energy.
Satisfying the world’s energy needs introduces tmagor problems: firstly energy
sources are available in a finite amount and twéren buried, these fuels can
release by-products harmful for the environment.

Nevertheless, despite the damage caused to theaeneironment (including also
the global warming due to the high amounts ob@eased in the atmosphere) and
to himself, the human being continued to draw ftbese natural sources with no
concern about its future.

During last decades, analysis of the conventioealdual reserves of energy
sources and the high pollution levels have helpecr¢ate a different conscience
regarding to the future supply of energy for hunaativities. Therefore, many
efforts have been made by the scientific communityrder to replace the ordinary
and almost depleted energy sources with alternatinek lower impact sources
ensuring the industrial developme@teaneralternatives come from the possibility
to use the natural and renewable sources like lEsesa wind, hydropower,

geothermal and solar energy.



1. Introduction

Updated data at 2011 show that the energy fromwable sources currently
accounts for about 13% of global energy consumptione only consider global
electricity consumption, close to 20% is covered tBnewables, mainly
hydropower. However, above all alternatives, pholiaics (based on the
exploitation of the solar energy) is the fastesowgng power generation
technology. The sector has been growing with amahnmate of about 40% for the
past two decades [1]. The photovoltaic sector owgestunning growth rates to a
combination of decreasing prices, due to econowfissale, and the development
of new, less expensive technologies.

Moreover, photovoltaics increase has been fa@fitaby progressive energy
policies implemented in many countries to acceterétte deployment of
renewables. Notably in certain European countiles Germany and ltaly, these
policies have induced a “green economy” boom, mi@aar in the wind and solar
electricity (photovoltaics, PV) sectors. The glolsalar PV capacity has been
growing up to 100GW in the past two decades as showigure 1.1 [2]. Taking
in account that global primary energy is consuntedrate of about 15 TW (sources
BP, 2010) [3], and that our planet receives ab@dt*110° TW of solar radiation it
is clear why the solar energy source is considaldd to dwarf all known non-

renewable sources.

o
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Figure 1.1- Global solar capacity referred to 1995-2012 (anléft); global solar
capacity, shares of Top 10 countries (on the right)

The name “photovoltaic” comes from the direct psscef converting photons
(radiation) to voltage (electricity). This procesas first noted by a French
physicist, Edmund Bequerel, in 1839, who found tteatain materials produced
small amounts of electric current when exposeddiat.l The photovoltaic effect

have been finally explained in 1905 with the piamegetheoretical work of Albert



1. Introduction

Einstein on the photoelectric effect (for which lager received the Nobel prize)
[4].

When light is absorbed by matter, photons excietedns to higher energy states
within the material (the energy difference betwdiea initial and final states is
given byh , whereh is the Planck’s constant ands the light wave frequency, as
explained by Planck’s equation). In a photovoltwice, a built-in work function
asymmetry between two zones of the device pullexicded electrons away before
they can relax, and feed them to an external ¢i€ugure 1.2a). The extra energy
(given by the photons) of the excited electronsegates a potential difference or
electron motive force (e.m.f.) (Figure 1.2b). Ttusce drives the electrons through
a load in the external circuit to do electrical wor

Since the discovery of the photovoltaic effectfatiént classes of solar cells have
been developed.

The first generation solar cells are solid-statdates based on silicon, where a p-n
(positive-negative) junction has been created byirdp They are classified by
Gregg as “excitonic solar cells”, referring to theneration of a molecular excited-
state or Frenkel exciton as the first step of a@ataic event [5].

Figure 1.2 depicts the energy band diagram of ph#doped andn-doped
semiconductors (characterized by a larger numberhats and electrons
respectively) at the thermal equilibrium. The diffiet concentration of charges in

the junction induces the migration of holes torttregion and of electrons to tipe

region.
a) b)
Build-in
Space charge layer Energy electric field
-~ . -

ﬁi ® Real space ﬁ -
e & e
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Figure 1.2 -Energy band diagram of a conventional p-n juncsiolar cell in
short circuit condition (a). Charge separation urillemination (b).
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The uncompensated charges induced by the diffuggmerate a built-in electric
field at the junction and impair further percolatiof charge carriers, since the
orientation of the electric field is contrary taetdirection of the carrier diffusion.
At equilibrium, no net charge diffusion occurs amdepletion region is formed,
which is also referred to as a space charge l&yeter illumination the absorption
of photons with an energy higher than the band-gsits in generation of excitons,
which interact via columbic forces. Consideringttlacitons will recombine after
a certain time with emission of photons or phonesat), only those created in or
close to the space charge layer can be separattek built-in electric field and
contribute to the photocurrent. For this reasoretttese layer thickness of silicon-
based solar cells is limited to a few tens of nmsto

Today silicon-based solar cells are characterizgdsdiar energy conversion
efficiencies of 18-25%., but their fabrication aimdtallation costs are relatively
high (data from Bloomberg New Energy Finance fol20US $0.74/watt per
module used to make solar-power plants 2013) [6].

The second generation PV devices are based onfilimntechnologies. CIGS
(copper indium gallium diselenide), CdTe, amorphsilison are just few examples
of thin film-based solar cells. The advantages loésé devices include a
manufacturability easier than that of first generasolar cells that results in lower
production costs and in a wider range of applicegjavith attractive aesthetics and
possibilities of using flexible substrates. Howewmme drawbacks characterize
this class of devices, such as a not negligiblactiyxof several constituting
elements and the scarce availability of some nmadteriDespite of these problems
CIGS cells, for example, could reach efficienciéd20% in lab and 13.5% in
modules.

In countries with high solar irradiation (i.e. tleas the temperate part of the globe)
and thanks to the reduced costs, these thin-fichrtelogies currently produce
electricity at a price comparable to that of fogsél-generated electricity (the so-
called “grid parity”). However, for a truly signdant impact of photovoltaics in our
future, we need even more efficient and low-codarscells, fabricated from

abundant and non-toxic materials with simple martufang processes.
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In this scenario, a new concept of solar cells lbeen realized during the 1990s.
Dye-sensitized solar cells (DSSCs), polymer sotdiscand nanocrystalline solar
cells belong to the so-calledird generationphotovoltaics. The goal of this new
approach is the development of technologies tHatvah facile mass production
with a consequent cost reduction, using extremmhyrdost and widely available
materials, as well as easy fabrication procedures.

In particular, this thesis is focused on the dyesgeed solar cells developed by
Gratzel and O’'Regan in 1991. Since then, DSSCs hmen considered an
attractive research field for many groups from &cag and industry worlds due to
their several advantages. Firstly, DSSCs are cdeipglmade of low-cost materials
and are cheaper to manufacture with respect to tthes of photovoltaic cells. In
addition, in order to enhance the light harvestagjide variety of dyes have been
developed, that can be combined in order to haraektrger portion of solar
spectrum. Moreover, thanks to the nanostructur€s photoanode, they are able
to absorb diffused sunlight working also in clowdsyather and low-light conditions
without much impact on efficiency, delivering oviérasatisfactory efficiencies
along the whole daylight time.

Other desirable characteristics of DSSCs are thamsparency and the possibility

to have them colored that allow architectural artigtec applications (Figure 1.3).

L

Figure 1.3- Transparent modules based on DSSCs (on the $sft)y lamps are typical
example of design object made of DSSC (middle phatifferent dye photosensitizers
absorbing different visible wavelengths (on thétjg

All these advantages make the DSSCs likely to bigrificant contributor to the
future commercial photovoltaic technology portfoli®ince first manuscript by
Gratzel and O’Regan [7], many efforts have beenar@ad DSSCs fabrication in

order to solve multiple problems concerning thewv Istability, efficiency and
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scalability. All these aspects will be better dssed in the following detailed

description.

1.2 Dye-Sensitized Solar Cells: materials and

processes.

1.2.1 DSSCs overview.

A typical DSSC design is shown in Figure 1.4, anaeerview of its structure and
working principles is given hereafter.

Conductive Glass Conductive Glass

Liquid Electrolyte

hv

Photoanode Cathode

Figure 1.4 -Main components of a dye-sensitized solar cell.

Generally, the substrate is constituted by glades| although it is possible to use
a flexible plastic substrate. The substrate mustdrmsparent in the visible and near
UV regions, because light is coupled into the tdaibugh it. Onto the substrate,
electrodes made of a thin film of a transparentoeting material are found. The
electrodes are usually made of fluorine-doped %i® (SnQ:F, FTO), although
other semiconductors such as indium tin oxided=, ITO) can be used as well.
Nonetheless, FTO is preferred due to slightly highevice performances that it
grants, thanks to its higher work-function and otfagorable characteristics (vide
infra) [8].

The general device structure includes a porous fibin nanocrystalline
semiconductor (Ti¢) that is 10-15 um thick, and is fabricated by nseaifrdifferent
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deposition techniques. The nanocrystalline xTl&yers come from a nanoparticle-
based TiQ paste.

Several methods can be used to produce GiQrvarying particle size, from few
nanometers to tenths of nanometers and differgstailine phase [9]. Regardless
of crystallinity or morphology of the photoanodee tdye molecules are absorbed
on the surface in the form of a monolayer [10]. eTdye molecule is a key
component of a DSSC because it is responsiblehtoabsorption of the photons
and begins the DSSC internal processes. Genetalbnsists in an organometallic
complex characterized by carboxylate groups, bynseawhich its grafting on the
semiconductor surface can occur. Depending on tiemical design of the
ancillary ligands forming the complex, the dye apsion properties can change.
Because of its crucial role in the operation of @w@tzel cells, many papers have
been dedicated to optimize the sensitizer in l&sydars, and various dyes have
been developed and tested. The main requiremengsdood dye are described in
paragraph 1.2.2.

The cathode consists in a very thin (~ 5nm) platinlayer grown on another
conductive glass support. Various methods have deeeloped for the formation
of the Pt layer, such as the sputtering in ultghhivacuum or thermal
decomposition. In particular, thermal decompositideveloped by Papageorgiou
[11], is considered more convenient, and it is Widesed. It is commonly carried
out by spin coating or drop casting a platinum preor solution on the glass
surface; the resulting semi-liquid layer is hereguced in a furnace.

Once the cell is fully assembled, it is exposeligiat entering the device from the
photoanode (TiQlayer) side. The device operation principles dtestrated in

detail in Figure 1.5.
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Photoelectrode Counterelectrode
A
E Glass FTO TiO Dye Electrolyte Pt

e-injection S*/S*

h Diffusion (~100fs
(~ 0.1-10 ms) N
P ——

- Eredox
& Dye regeneration

— (-10 9)
S*IS

_

Figure 1.5- Schematic view of electron transfer processesi$&C. Reactions
responsible of a correct operation of the deviedrdlicated by black narrows.

In dark conditions, the TiOFermi level is equilibrated with the redox enelgyel

of the electrolyte (b= Eredoy. When light enters the device, the ground state
electrons of the dye molecules are excited fromhigdest occupied molecular
orbital (HOMO) to the lowest unoccupied moleculabital (LUMO) states (see
Figure 1.5, and refer also to Eg. 1.1). The so-&mraxcitons generated right at the
TiOx/dye interface are dissociated readily to createslastron-hole pair, with
electrons subsequently injected into the condudtiamd of TiQ (Figure 1.5, Eq.
1.2), while the holes, at least initially, remain the sensitizers. The injected
electrons are transported between the Ti@hoparticles, and then extracted by the
FTO electrode, which delivers the electrons toxdareal circuit. At the same time,
the dye molecules (photosensitizer) are restoreédeio ground state by receiving
electrons from the lon redox mediator (Figure 1.5, Eq. 1.3), that Imees oxidized

to Is” (Tri-iodide ions). The oxidizedslare, in turn, reduced at the platinized
counterelectrode by the electrons coming from tkéereal circuit, closing the
electronic loop of the device (Figure 1.5, Eq. 1@yerall, electric power is
generated without permanent chemical transformati@nks to the excess energy
provided by the photon that hits the dye.

S+h — S* Photo-excitation (Eqg. 1.1)
S* — 3+ e(mioy) Chaiggction (Eqg. 1.2)
S'+2r—» S+4 and 21°* — 4§+ Dye regeneration (Eq. 1.3)
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I3 + 2e—» 3i Eledyte regeneration (Eq. 1.4)

At a first glance, this electrochemical cell woajgpear well suited to ensure charge
separation after the first photoexcitation evei. fact, a selective transport of
electrons could happen in the T#dased photoanode, and a correspondingly
selective transport of holes could take place endlectrolyte/platinized electrode
system. However, this ideal picture is not exaedyified, due to possible direct
recombination via the following processes:

- direct back recombination of an electron fromakzited state in the dye to its
ground state in a radiative or in a non-radiativecpss (Eq. 1.5), directly on the
dye molecule (Figure 1.6); this process happensilieelectrons injected into the
titanium dioxide stabilize the dye oxidized molexslinstead of travelling under
diffusion in the semiconductor in order to reach étectrode (Eq. 1)6

- recombination of an electron already injectea itite TiQ phase with the dye
ground state. This is followed by the two most im@ot processes: electron
percolation across the nanocrystalline film andréddox capture of the electron by
the oxidized relay (Eg. 1.7);

- recombination of an electron already injected itite TiQ phase with tri-iodide
present in the electrolyte. This kind of recomkora could happen at the
TiOx/electrolyte interface prior to the neutralizat{@al operaof the electrolyte) of
the positive charge that remains on the dye ditephotoexcitation/injection event
(Figure 1.6, Eq. 1.7). This back-reaction of thecabns is facilitated by the large
surface area of the TigDand it is more important when the dye coverags tive

TiOy surface is low.

S*—» S ydrelaxation q(&.5)
S+ emoy —> S Recombination dye (Eq. 1.6)
2€(tioz) + I3 — 31 Recombination via electrolyte (Eq. 1.7)
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Photoelectrode Counterelectrode
A
E Glass FTO TiO Dye Electrolyte Pt

h SIS
< e N

Ec Dye relaxation
(~10 ns)

Recombination via
electrolyte (-~ 10-500 ms)

Eredox
Recombination /
via dye

(500 s) E—
S*IS

=

_

Figure 1.6- Schematic view of recombination processes (inditaty yellow narrows)
can oppose to the normal operation (black narrafvi)e cell.

Kinetic data for the electron transfer processdwden the oxide/dye/electrolyte
interfaces are reported in figures 1.5 and 1.6.ly&iag them, it is clear that all the
processes towards the production of current ar@ &by the kinetic point of view
as, for example, the electron injection from Russ&zer into the TiQconduction
band takes place in fractions of femto-secondst@s¢ estimates currently obtained
are up to 150 ps [12]), compared with several t@nss (typically 20-60) needed
for the decay of the photo-excited state of thelalyek to the ground state, for Ru-
based DSSCs [13]. Anyway, recombination could oatany interfaces of DSSCs;
for example the interface between the redox coaphthe semiconductor layer
could represent a carrier loss due to the direntam at the interface. Possible
adjustments to the DSSC structure, as the intromtuctf a TiQ: compact layer
between these two components, could reduce thosngination [14].

1.2.2 DSSCs materials and structure: a closer view.

In order to better understand the role and theadtearistics of each component of
a DSSC device, a detailed description is given dfegg together with relevant

related literature references for a possible furtfepening of the subject.

10
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1.2.2.1 Transparent Conducting Oxide (TCO) electrod.

The TCO-based electrode under the photoanode saswes collector for the
photogenerated current and must be therefore wallwcting. It must also form
an ohmic contact with the dye-sensitized semicotwtuayer, but at the same time
it should have a large overvoltage with respettégpossible reduction of the redox
electrolyte, in order to minimize the dark curr@ntle infra). TCO films are widely
employed as electrodes, because they have excelesmittance (about 90%) in
the visible range and high electrical conductiyitf0* -cm). The most common
TCO materials used for DSSCs are fluorine-dopedxile (FTO) and indium-
doped tin oxide (ITO). Since significant temperatuup to 550 °C) can be reached
during TiQO sintering procedures, their thermal stability sgnificant property for
directing the choice of the TCO to be used. Becabtis®av thermal stability of ITO
films as a TCO electrode, FTO film on glass isni@st eligible for dye sensitized
solar cell application. In addition, FTO deliveightly higher open circuit voltage

in practical devices, due to its higher work-fuoot{15].

1.2.2.2 Porous and thin TiQ film on FTO Glass (photoanode).

Titanium oxide (TiQ) is a material with wide application due to itstioal and
electronic properties. It exists in three crystgiphic phases: anatase, rutile and
brookite. Anatase type TiOhas a crystalline structure that corresponds & th
tetragonal system (with dipyramidal habit) and sedi mainly as a photocatalyst
under UV irradiation. Rutile type Tialso has a tetragonal crystal structure (with
prismatic habit) and is mainly used as white pigmerpaint. Brookite type Ti®
has an orthorhombic crystalline structure and thesrarest and the most difficult
to synthesize.

In general, TiQ is preferred in the anatase form because of g8 Bpecific area,
non-toxicity, photochemical stability and relatiyébw cost [11-13]. It is of great
interest for various applications including micmeetonics, optical cells, highly
efficient catalysts, microorganism photolysis, fogging and self-cleaning

coatings, gratings and, of course, solar energyeamsion [14].

11



1. Introduction

In particular, this is the crystalline form of cheiin DSSCs. [7, 15-19]. In order
to achieve sufficiently high solar energy convensimnatase Ti@is used in DSSCs
in a nanocrystalline form, with an optimal nanojetdiameter of about 25 nm.
The so-formed nanoporous structure allows to ol#@uarface area of the resulting
photoanode about 2-3 orders of magnitude higher tha geometric area of the
substrate covered by the Ti@onsequently increasing the amount of dye addorbe
on the photoanode. In turn, this results in a §igamt increase of light-harvesting
efficiency (i.e., up to nearly 100% at the peakoapson wavelength of the dye)
with respect to devices based on single-crystg@obycrystalline TiQ, i.e. 8-10%
vs. 1-2% [16][7].

Moreover, the use of nanocrystalline i@ also beneficial for the overall device
performance, thanks to the establishment of a dem$eleveloped porous network,
which allows the electrolyte solution containing tledox ions to penetrate the film
effectively, in order to maintain good electricahtact between the redox ions and
the dye molecules on the Ti®urface.

In addition, the optical properties of titanium xide make it a very important
element in DSSC fabrication: it is insensible tsible light due to its large bandgap
of 3.2 eV, and begins to absorb only in the nemawublet, leaving that the dye can
absorb all the wavelengths of solar light.

Moreover, as it is made up of nanoparticles, tf@ photoanode has a very rough
surface, that is able of trapping both the direntl andirect light with higher
efficiency compared to smooth surfaces as thos#liobn-based cells. The effect
of light scattering within the device promoted hg hanoparticles results hence in
a better performance of the DSSC (Figure 1.7). Hemrimprovement in the
scattering can be obtained using a second: Tager, constituted by larger TiO
particles [17].

Therefore, DSSCs work even better in the hours whersunlight is not direct (at
mid-morning and at midafternoon). Comparing the @owutput integral of a
DSSC module and a Si module, it has been repansdXSSC module generates
more electricity than the Si module throughout ttey [18]. This aspect is
extremely important, making DSSCs competitive veimventional silicon cells.
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Figure 1.7 - Scattering effecgenerated in atructure made by nanoparticles (on the left)
[17]. Comparison between the power output of a Si moalatba DSSC module over a day
(on the right) [18]

In figure 1.8 a SEM image of a typical Ti@esoporous layer is shown. The TiO
nanoparticles diameter average in this picturéisr.

Figure 1.8- Morphology of a nanocrystalline Ti@anatase) layer deposited on a
transparent conducting oxide (TCO) glass.

In DSSCs, the titanium dioxide does not have thé rof the *“classic”
semiconductor, where the generation of chargeeasaraccurs. This role is instead
performed by the dye molecules excited by the s@ldiation, while TiQ assists
in the charge separation on its surface (see alsgpaph 1.2.1). This ability is one
of the most important reasons for using JI®DSSC. A large number of dyes able
to sensitize the Tisurface have been developed in last decadesnaodne cases

an incident photon/electron conversion efficieneamto unity can be achieved.

1.2.2.3 Dye Photosensitizer.

Dye photosensitizer is typically an organic mole¢cwhose chemical properties
allow it to absorb partially the incident light l®xciting its electrons to higher

13



1. Introduction

energy states. The process lead the formation efeatron-hole pair (or exciton).
The excited electron is injected in the semiconaluconduction band, while the
hole is filled by the electron transferring fromethlectrolyte. Starting from some
natural dyes (the most famous ones belong to flansnand phtalocyanine
families, abundant in some fruits), many syntheties has been developed,
sometimes characterized by a very complex cherstoadture.
During the last two decades, research resultssrfitid have led to identify some
essential characteristics of a good sensitizer. [19]
The absorption spectrum of the photosensitizer lshoaver the whole
visible region, and possibly even the near-infraifetR).
It should have functional groups able to stronghdtonto the TiQ surface,
like (-COOH, -BPG;s, -SQsH, etc.
The excited state level of the photosensitizer rbagtigher in energy than
the conduction band edge of semiconductor, soahatfficient electron
injection from the photo-excited state of the dgetiie TiQ conduction
band (CB) can effectively take place. At the samme tthe HOMO level of
the photosensitizer must be at more positive piatithtan the valence band
(VB) level of the TiQ (see Figure 1.5).
For effective dye regeneration, the oxidized dtatel of the photosensitizer
must be more positive than the redox potentialefteolyte (Figure 1.5).
The overall dye properties should be such to awoidbavorable dye
aggregation on the semiconductor surface
The photosensitizer should be photostable; elduttmécal and thermal
stability are also required.
The photosensitizer must be grafted firmly to ti@«surface and they must
not be soluble in the electrolyte solution.
Among all different types of photosensitizers tdsteDSSCs in the past decades,
ruthenium (Ru(ll)) metallorganic complexes have rb@evestigated intensively,
due to their broad absorption spectra and favonaifateovoltaic properties.
Generally, metal complex photosensitizers consish imetal ion with ancillary
ligands having at least one functional group ablarchor the molecule to the %O

nanocrystal (Figure 1.9). A further function oétanchoring group is to ensure a
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proper injection of the photo-excited electron ithe CB of the TiQ For these
compounds the light absorption in the visible pdrthe solar spectrum is due to a
metal-to-ligand charge transfer (MLCT) processe Thantral metal ion is therefore
of high importance for determining the overall pedpes of the complexes.
Ancillary ligands, typicallybi- or ter-pyridines, can be chemically modified using
different substituents (alkyl, aryl, heterocycles;.) to change the photophysical
and electrochemical properties of the final complard thus to improve the
photovoltaic performance of the DSSC.

Their general formula can be written as Mk, where M usually stands for Ru or
Os, L stands for 2,2’-bipyridyl-4,4’-dicarboxyliccial and X stands for halides,
cyanide, thiocyanate or acetylacetate.

Ruthenium and osmium complexes have shown thepbesbvoltaic performance
in terms of both conversion yield and long-ternbsity [12—15]. In particular,
these performances are achieved when these metalscaordinated with
polypyridyl complexes, thanks to an overall broadaption spectrum (Figure 1.9
c and d), suitable excited and ground state erlevgys, and relatively long excited-
state lifetimes.

Up to now the cis-bis(isothiocyanato) bis(2,2’-bipy-4,4’-dicarboxilato
ruthenium (1) (commonly named\N3, Figure 1.9, on the left) and di-
tetrabutylammonium,cis-bis(isothiocyanato)bis(2,2bipyridil-4,4’-dicarboxilato
ruthenium (II), commonly nameld719 (on the right), show the best photovoltaic
performances, which result to be 10.4% [24] and 8% [25].
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a) b)
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Figure 1.9- Two of the most used Ru-complexes in DSSC fabanatN3 and N719 (a)
and (b) respectively with their own absorption $pem ethanol (c) and (d).

It is interesting to notice that ruthenium polymyli complexes are intrinsically
photolabile in solution, but when they are grati@the titania surface they become
photostable. This change in behavior is explainethb very fast (sub-picosecond
domain) charge injection from the excited statdhefsurface-bound compound into
the valence band of the semiconductor [6-9].

Several studies on Ru-complexes have been canieith @rder to investigate the
nature of the anchoring process between the dyeaulgs and the TiOsurface.
After a decade long debate on the interaction efNiW19/TiQ system, [16—20]
these anchoring mechanisms has been finally deschbly Lee and coworkers in
2010, who found that the N719 molecules interaet both electrostatic (H-
bonding) and covalent (bidentate-bridging) inteicacg [31]. In detail, one of the
two carboxylic groups (COO- or COOH) of N719 seamsind to TiQ using
bidentate bridging for chemisorption (i.e. for fong a covalent bond), while the
remaining one looks like being electrostaticallpeled to the TiOsurface via Ti-

OH/Ti-OH: - carboxylic group hydrogen bond (Figure 1.10).
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Figure 1.10- Schematic depicting the adsorption of two N71%®eoaylic groups onto
TiOy via bidentate bridging and H-bonding involving HQurface groups.

1.2.2.4 Co-adsorbent.

Photo-electrodes for DSSCs are prepared by imnger$ia electrodes in dye
solutions that are near the solubility limit, ahérefore the dye solution is likely to
be super-saturated. Supersaturation may lead tmeonystallization of dye in the
nanopores of the films, and the microcrystals mgpsgess solar cell performance
because they could hinder the diffusion of redoxdiaters in the nanopore network
of the nanocrystalline Ticfilms (which is needed in order to replenish tlez&on
vacancy originated on the dye upon photo-excitatiorin other words, dye
aggregates cause decreased photocurrent and theéudevice efficiency. [32]

In order to break up the aggregation of the dyditamium dioxide surface, one
particular approach resulted to be effective ottsists in adding to the dye solution
an appropriate amphiphilic organic acid, which, peting with the carboxylic
groups of the dye, is able to prevent their aggregaMoreover, co-grafting of the
dye and the co-adsorbent results in the formatioa mixed monolayer which
should be more tightly packed than when the semsits adsorbed alone, providing
a more effective insulated barrier for the baclceten transfer from the Ti©O
conduction band to the triiodide electrolyte [33].

Chenodeoxycholic acid (Figure 1.11), for exammegligible as co-adsorbent for
several dyes, such as N3 and N719, and is knowmprove short-circuit

photocurrent (s}) and open-circuit photovoltage Y of the final device [34].
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Chenodeoxycholic acid

Figure 1.11- Chemical structure of chenodeoxycholic acid.

1.2.2.5 Electrolyte.

The electrolyte is generally formed by an orgaonigent containing a redox couple,
called “redox mediator”. Finally, in order to inase the performance and stability
of the final devices, a series of additives arduithed in the formulation of the
modern electrolytes.
Sometimes, during this thesis, the general terecteblyte” is used to indicate the
redox mediator.
The redox couple present in the electrolyte is micial importance for stable
operation of a DSSC, transporting the charges letvwbe photoanode and the
counter electrode during the regeneration stehefdiye. Migrating by diffusion
between the two electrodes, the mediator must needtee ground state of the
sensitizer and the oxidized species is formed wligcin turn reduced to the
counterelectrode. The restoration of the oxidizgeltd its ground state must occur
as fast as possible because of its inclinatiofi@isal degradation (covalent bonds
can start to break apart and/or crosslink).
Thus, the choice of the charge mediator composiegetectroactive part of the
electrolyte solution should take into account soetgiirements:
its redox potential must couple properly with th@MO and LUMO levels
of the used dye.
it must have a fully reversible redox cycle in tharking conditions (i.e., in
presence of the used dye, at the considered tetopend with the used
electrolyte, etc).
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The redox mediator in the electrolyte influencesrduction of the oxidized state
of the dye, as well as the other processes in 88 including electron-transfer
kinetics at the counter-electrode, dark currenttieas, ion-pairing with the dye
and also charge transport in the semiconductorditeh in solution [35]. The most
used charge mediator in DSSC is the iodidgt(liodide (k ) redox couple (derived
from | and b), since it exhibits an electrochemical redox pbtérsuitable for
effective and fast reduction of several oxidizec&slyHowever, since triiodide
solutions are colored and present absorption bamdke visible region, high
concentrations may reduce the light available fisoaption by the dye, lowering
the overall cell performances. Another drawbacksofions (which is indeed
common to any kind of redox mediator) is that thag react with electrons already
injected within TiQ nanocrystals at the interface between the lattel the
electrolyte, and high triiodide concentrationskarewn to increase the dark current.
Thus, the concentration of /lz must be optimized for attaining the best
performances [25-26].

The viscosity of the solvent also affects the i@mductivity of the electrolyte
directly and, consequently, the cell performancarter to allow the fast diffusion
of charge carriers in the nanoporous network of ghetoanode, low viscosity
solvents are preferable [24, 27-28]. An additiaeguirement for both the redox
mediator and the solvent is that they must noteany undesired desorption of the
dye from the oxide surface.

In order to enhance the device performances, malditizes are used in
electrolytes. These additives affect mainly theoredcouple potential, the
conductive band of semiconductor and dye regermeralin fact, even species that
do not participate in the conversion of light, sashLi+ ions or protons, can be
adsorbed on the surface of the semiconductor awde@se the Fermi level,
lowering the \4, via surface polarization phenomena. At the samme,tthe
presence of cations on the titania surface affextdcal iodide concentration, with
positive effects on dye regeneration [40]. Thamfeommon additives used in the
electrolytes for dye-sensitized solar cells arerbutylpyridine (TBP) and N-
methylbenzimidazole (NMBI)), which can reduce teeambination of electrons in
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the conduction band of TiQ¥ia coordination between their N atom and theaxaf

Ti ions presenting electron vacancies.

— N +
N\ / /N(\O HN:<NH3 /}\l
NH, S

4-tert-butylpyridine N-methylbenzimidazole guanidinium thiocyanate

Figure 1.12- Chemical structures of the main additives for DSSC

With this approach, significant gains in photovgé#a fill factor and overall
conversion efficiency are obtained [41]. Anothgrityl additive used in DSSCs is
guanidinium thiocyanate (GuSCN) that is respondilmieéxn increase of the current
density and the open-circuit voltage. Electron Idgrece Spectroscopy (EIS) have
been demonstrated that when is present GUSCN cbdrads on the TiQsurface
passivizing the recombination sites and the tranéfee of the electrons in the
nanostructured TiQis prolonged [42]. Another rather recent develeptnin
electrolytes for DSSCs is the quest for solid/csadid electrolytes, in order to
bypass disadvantages coming from leakage and/@oeatson of liquids, which is
a common problem especially when long-term statiditconsidered. These issues
and the related scientific and technological sohgideveloped up to now will be

better described in the next paragraph.

1.2.2.6 Counter-electrode (photocathode).

Counter electrodes for DSSCs with iodide/triiodédlectrolytes can be rather easily
prepared by deposition of a thin catalytic layeplattinum onto a conducting glass
substrate. Because of the relatively high chargester resistance of FTO (more
than 16 cn?), a counter electrode for a standard iodide/tiiledelectrolyte
without platinum delivers very poor performance8][4t can be deposited using
a range of methods such as electrodeposition, gyrayysis, sputtering, and vapor
deposition. Pt films prepared by electrodeposifibh] and vapor-deposition [44]
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were found subject to dissolution in iodide/triiddielectrolytes, and are therefore
not suitable for counter electrodes improvements.

The best performance and long-term stability hanlechieved with nanoscale Pt
clusters prepared by thermal decomposition of e chloride compounds [11]
where very low Pt-loadings (5 cm?) are needed, so that the counter electrode
remains transparent. Charge transfer resistancdsssfthan 1 / cn? can be
achieved. Several materials can substitute thénplat such as carbon materials
[39-40] or cobalt sulfide [47] or, in the completalid DSSC, conducting polymers
[42-44].

1.2.2.7 Cell-Sealing Materials.

A sealing material is essential for keeping thetetdyte solution in between the
two electrodes and preventing both leakage andozgtipn of the electrolyte
solution and infiltration of oxygen/water into tleell (that would trigger photo-
oxidation phenomena). The chemical and photochdrsiedility of the sealing
material against the electrolyte components, asagehgainst the solvent, is very
important. For example, thermal adhesive polymeethsuch as Surlyn (ionically
cross-linked thermoplastics based upon ethylené&éwxeglic acid copolymer in
which part of the methacrylic acid is neutralizedlhwmetal ions such as zinc or
sodium,DuPont Co. Ltd.). In addition, oxygen-tight gluegk as epoxy resin are

usually utilized as outer sealing materials to ectilong-term stability of DSSCs.

1.3 State of art.

Since Gratzel and co-workers reported the developrat highly efficient and
novel DSSCs in 1991 at Ecole Polytechnique Fédddaléausanne (EPFL) [7],
researchers and engineers worldwide have inteysingkstigated the working
mechanism of these devices, as well as new matenma any sort of performance
improvements, until reaching a first commerciaizatstage for these PV cells
[51]. A maximum efficiency of 12.3% has been ob¢égirunder a simulated solar
spectrum for a small area cell (about 0.Z)cimthe EPFL laboratory in 2011 [52],
but this result, though remarkable by itself, remanuch lower than those of the
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silicon-based technologies, which can reach peaks25% in efficiency.
Nevertheless, it is already possible to achievememial DSSC production for
indoor applications, such as calculators and watched more expanded projects
have been carried out in the last two years. TherduSwissTech Convention
Center at EPFL of Lausanne will open its doors pnil®2014, and will be the first
building in the world to be equipped with an immigse glass facade consisting of
semi-transparent dye-sensitized solar cells, witbOlmodules totaling an area of
300 square meters [53]. This project of architedtintegration, in addition to its
content in terms of environmental sustainabilityl dachnological challenge, is
evidently an excellent showcase for the photovoliachnology “made in EPFL”.
However, if DSSCs will be able to compete or nahia future photovoltaic market
depends not only on the ability to increase poveeversion efficiencies and
develop ultralow-cost architectures that are stabés 20 years, but also on market
factors such as the overall photovoltaic demandthedcarcity of rare elements.
Up to now a large number of researchers have paEdteon in the optimization of
three important steps in DSSCs fabrication:

new metal-free dyes;

valid alternatives to the standard liquid electrejy

mesoporous photoanodes characterized by a higmahtgurface area.
Though ruthenium(ll)-based dyes have provided atixely high efficiency, these
compounds have several drawbacks: they have acbgjtand they are available in
limited amounts, due to the sophisticated syntresispurification steps needed to
obtain them at a satisfactory quality.
In order to address these issues, a lot of worthenformulation of metal-free
organic dyes have been carried out by researcherklwide. These efforts
resulted in several new classes of fully organiesdgble to replace Ru(ll) based
sensitizers [54]. Recently, efficiencies as high9al% have been obtained by
Hwang et al. using an organic metal free dye caitgia p-conjugated oligo-
phenylenevinylene unit with an electron donor-at@emoiety for intramolecular
charge transfer and a carboxyl group as an anahanit for the attachment onto
TiOx particles [55].
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In addition, there is a large room for further apiations in the field of electrolyte
composition. In fact, as mentioned before, the tnpmpular electrolyte is the
iodide/triiodide redox couple dissolved in an orngarsolvent (generally
acetonitrile). However, this redox couple and elsctrolyte formulation, in
addition to the mentioned leakage/evaporation gicterganic solvent that can
cause environmental contamination, has the furtrawback of allowing the
evaporation of volatile iodine ions, which in twwauses an increase of the overall
internal device resistance, by lowering the conegioin of the charge carrier,
resulting in a steady decrease of the device pednce. To overcome these
disadvantages, research has been conducted t@gdenai-traditional electrolytes,
e.g. room temperature ionic liquids (RTILs) [56],quasi-solid electrolytes, which
are basically electrolytic gels [57]. However,cathese latter compounds suffer
from problems related to ion diffusion limitatiomeaning that the combination of
photochemical stability and low viscosity, and thie® mobility, remains a
challenge [58]. In order to finally solve theselgeons, the use of several types of
fully solid state electrolytes, so-called Hole Tspart Materials (HTM), has been
reported. These materials can be p-type semicooduxistalline inorganic salts,
molecular  solids, or conductive polymers, such asoly(B,4-
ethylenedioxythiophene) (PEDOT) [59], poly-3-hekydiphene (P3HT) [60], and
2,2,7,7-tetrakisN,N-di-p-methoxyphenylamine);9-spirobifluorene (spiro-
MeOTAD)[61], as well as spiro-MeOTAD-like materiafStudies have also shown
that several inorganic materials, such as Cul [€]SCN [43- 44] also hold
promises as hole-conducting materials. These makteare in principle more
industrially viable than liquid electrolytes, bubre-filling problems at the
TiOy/electrolyte interface can easily occur, since panethe TiQ layer cannot be
completely filled by such solid materials. Evearhg from solutions of the said
HTMs, where the solvent is actually able to wetdlye-impregnated photoanode,
the solvent evaporation often leaves void spaasgticry problems due to scarce
electrical contact between the oxidized dye and dbkd electrolyte [44-45].
However, in the best HTMs the pore-filling fractjavhich is defined as the fraction
of photoanode pores occupied by the hole conductor,be as high as 60-80%

with small molecule-based HTMs, and the pores amerplly uniformly filled
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throughout the entire film thickness, which allotke mentioned relatively good
performances of solid-state DSSCs. Further imipgpthe pore-filling fraction is
an important strategy not only for enhancing theaupow obtained photocurrents,
but also for reducing recombination (hence for Hartimproving the device
efficiency), and this might be achieved by infitirgg hole conductors from the melt
[67].
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Chapter 2

Motivation and objectives

As mentioned in the last paragraph of the Chapter drder to increase the DSSC
efficiency and stability, many research effortghe field aim at the optimization
of the device components.

In particular, many groups are focusing their dttento the development of
devices able to better absorb the external lights ©bjective can be achieved by:
i) the synthesis of suitable dyes (primarily orgaedallic, but not only)
characterized by a higher absorption coefficierst wider spectral region including
the near-IR; ii) the implementation of new fabrioat techniques for TiQ
photoanodes, in order to increase the surfaceexgased to the dye grafting.

The porosity and morphology of the kiQayer are the dominant factors in
determining the amount of dye molecules absorbeds@surface. Enhancing this
surface area would allow for a higher dye loadingurn leading to a higher photo-
generation of charge carriers

The main motivation underlying this PhD projecths search for unconventional
means for obtaining more performing DSSCs. Inipaldr, the objective that have
been pursued in this PhD work is the fabricationTdDx nanoparticles-based
photoanodes with a total surface area for dye igmafinuch larger than that
obtainable using currently available methods, bgpéidg a new nanostructuring

method.  The method, named “auxiliary solvent-basadlimation-aided
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nanostructuring” (or briefly, ASB-SANS), is verdatiinexpensive and very quick
in delivering the desired nanostructures also osfatively large areas [1-2].

2.1 Current issues in the optimization of TiQ surface

area.

Standard titanium dioxide photoanodes performyairkll, delivering efficiencies
of 10% and more. In spite of that, there is annséeongoing research oriented
towards obtaining higher TiGsurface areas, in order to improve the dye-loading
capacity of the photoanode and the overall efficyenf DSSC. Up to date,
mesoporous TiQin the form of powder, sphere, bead, or film, artbgels have
been used to synthesize the photoanode [3-5]. Amampus mesoporous
materials, aerogel is the one with the highestagerfarea (up to 1600%y) [73].
However, aerogels used for DSSCs are usually adddastarting from silica-based
materials covered with TiOby rather complex techniques like Atomic Layer
Deposition (ALD). These realizations do not dealiaufficient performance
improvement-to-fabrication complexity ratio withspect to traditional nc-TiQ@
based devices, therefore the practical applicatminghis approach are rather
limited. Other common strategies used to prepayelynimesoporous layers involve
the use of templates. For example, T. K. Yun etpa¢épared two different
mesoporous TiPlayers, using a soft template of tri-block copogmand a hard
template of mesoporous ZnO/Zn(QHpmposite, respectively, obtaining average
pore sizes of 6.8 (for the soft template) and 3(for the hard template) [74]. The
so-obtained devices had efficiencies of 6.71%308%, respectively, suggesting
that a suitable selection of the pore sizes is maod for mesoporous materials used
in DSSCs, and that a too small pore size wouldbibithe diffusion of dye
molecules through the pores, thus greatly reduttiagiptake of the dye molecules.
Because of required multiple steps, Yun'’s methoccassidered a relatively
complicated process. In contrast, W. Chen etealeldped a facile and timesaving
preparation of crack-free, thick ordered mesopordu®x films, via the
combination of “doctor blade” technique and twopsté an evaporation-induced
self-assembly method (EISA) [75]. By this approatiey have been able to
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overcome problems such as the low transparencyhiok tlayers and their
mechanical fragility. The application of so-obtain&um-thick mesoporous TiO
layer to DSSCs resulted in very good efficiency6ds3% at 30 mW/cilight

intensity demonstrating how such simple strategy waeful in constructing

powerful DSC devices.

2.2 ASB-SANS as a Ti@nanostructuring technique.

Looking at the optimization of TiOphotoanodes, it is here proposed to use a
recently developed method to produce Ji@ano-engineered photoanodes
characterized by a surface area higher than thsinofar photoanodes fabricated
with standard methods, but still fulfilling the r@gements of overall low cost,
scalability, rapidity of implementation that thermntly established technology
already allows. The nanostructuring method foritating such photoanodes is
the previously mentioned ASB-SANS technique, tHws to produce ordered
nanostructures over large areas (up té)amithin minutes in normal conditions of
temperature and pressure.

The ASB-SANS method is depicted in Figure 2.1. caory out an ASB-SANS
process, the sublimating substance (from now on&®8)small amounts of the
material to be nanostructured (i.e. the target natefrom now on TM) are
dissolved in an auxiliary solvent (from now on AShe AS is liquid at room
temperature and ambient pressure (from now on,Mabrconditions”), and is
chosen so to have a boiling temperature lower tharsublimation temperature of
the SS. The so-obtained SS/AS/TM solution can bearaa substrate (Figure 2.1a,
b and c). The AS rapidly evaporates to leave altyar of a binary TM/SS solid,
polycrystalline mixture (Figure. 2.1d). After theldimation of the SS (Figure
2.1e), which happens in minutes, TM-based nandsires are found on the

substrate (Figure 2.1f).
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Figure 2.1- The ASB-SANS process starts from the mixing ofVi&8nd of a SS into an
AS in the beaker, (a-b); the mixture is hence degas the substrate by drop casting, (c).
The AS evaporates (cyan vapors, (d)) before theubBmates (purple vapors, (e)). At the
end of the process a TM nanostructure is founcherstbstrate (f).

ASB-SANS method has been used up to now to patteno-sized objects like
carbon nanotubes or polymeric materials as PMMAyffmethylmethacrylate)) or
P3HT (poly-(3-hexyl thiophene)) [1-2], but its effareness on nanoparticles-based
systems has not been proved yet. On the other, ligpu$sible to conceive that the
technique could be effective also in this case. fdot, considering Ti©
nanoparticles as the TM it is possible to visualimcomplete ASB-SANS system
as in Figure 2.2. In absence a sublimating substéfigure 2.2a) the Ti(articles
will be stuck one on each other, while in preserfd@e SS the latter will occupy a
portion of space within the mixture separating th®©x particles, and upon
sublimation that space will be left void, allowiaghigher overall porosity of the
final TiOx layer to be established (Figure 2.2b). In otherdspwithout the SS Ti©
nanoparticles will organize themselves in a nangsire where a small percentage
of each spherical surface will remain free from tentact with the nearest
nanoparticles (highlighted by the red line in tigaife 2.2a), allowing some room
for the dye grafting. Instead, a SS introduced the system will work as a spacer
between the TiPnanoparticles, generating after the sublimatiogdavoids within
the final layer nanostructure, and in turn a higimernal free surface for dye
grafting (see red line in figure 2.2b).
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Figure 2.2 - Sketch of the TiQ nanoparticles organization without (a) and with a
sublimating substance (purple spheres) (b). Atesublimation (purple vapors), many
vacancies are present in the Ti@anostructures. In both cases, surface area eXase
been underlined by a red line.

This should lead to an actual higher dye loadinthefASB-SANS-treated layers,
which should result in a higher charge carrier gaten when such a layer is
integrated in a DSSC.
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Chapter 3

Setup of characterization systems

for photovoltaic devices

3.1 The solar spectrum.

Radiant energy from the Sun is vital for life onr qalanet and determines the
climate. The energy flow within the Sun resultaisurface temperature of around
5800 K, making its radiative spectrum similar tattbf a 5800 K black body [76].
The Sun spectrum, unlike the very smooth corresipgriolack body spectrum, is
characterized by a series of lines at specific \'agths, nameé&raunhofer lines

(Figure 3.1).

Figure 3.1- Fraunhofer lines on the solar spectrum.
These dark lines are produced whenever a cold gataced between a broad

spectrum photon source and the detector. Gaseeuseets in the cooler star

atmosphere absorb specific wavelengths coming frenhotter region.
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The Sun spectrum reaching the earth’s surfaceriBefuchanged, with respect to

the black body spectrum, because of the radiatiten@ation during its path

through the atmosphere. In fact, Sun radiation mamttenuated by at least 30%

during its passage through the terrestrial atmagphe

Causes of such attenuations are [77]:

a)

b)

Rayleigh scattering, or scattering by moleculegsh@ atmosphere. This
mechanism attenuates sunlight at all wavelengthtst s most effective at
short wavelengths;

Scattering by aerosols (particulates that includgewdroplets) or dust
particles;

Absorption by the atmosphere and its constitueitismic and molecular

oxygen and nitrogen effectively block radiationhwbavelength <190 nm.
When molecular oxygen in the atmosphere absorbd slawe ultraviolet

radiation, it photo-dissociates. This leads togtaluction of ozone, which
in turn absorbs UV up to 280 nm. Water vapor, carbomxide, and, to a
lesser extent, oxygen, selectively absorb alsohm near infrared, as

indicated in Figure 3.2.

Figure 3.2- Normally incident solar spectrum at sea level @hear day. The dotted

curve shows the extraterrestrial spectrum withémbaphere contribution.

Due to these several variations, the compositioswflight hitting the Earth’s

ground is rather complex, and totally dependenhftbe weather day by day.

The sum of direct radiation coming straight frore gun, diffuse light scattered

from the sky and the surroundings (earth and sed)raflected light by every

surface (locahlbedq constitute the so-calle@lobal Sun radiation.
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The total integrated irradiance over all of thectpen in Figure 3.2 is calleSolar
Constantand is defined as the irradiance of the Sun irotiter atmosphere when
the Sun and Earth are spaced at 1 UA (more thah 108 Km). The irradiance
falling on the Earth's atmosphere changes overaa lyg about 6.6% due to the
variation in the Earth-Sun distance. Solar actiwdriations cause irradiance

changes of up to 1%.

3.2 Reference solar spectrum for the characterizain

of photovoltaic cells.

Sun radiation reaching the Earth’s surface varigsifecantly with atmospheric
conditions, as well as with location, time of dBgrth-Sun distance (depending on
the seasonal variations) and solar rotation angigctAs shown in Figure 3.3, an
observer at a fixed position on the Earth seeStimeperforming an apparent motion
during the day. Moreover, the Sun-Earth distangeedds strongly on the seasonal
changing, because of the Earth’s motion duringytree. This affects significantly
the mean solar radiation power reaching the Eartusface through the

atmosphere.

Figure 3.3 - Apparent motion of the sun relative to a fixedesber at latitude 35° in
the northern hemisphere.

The ground level spectrum also depends on the Sadiation path length through
the atmosphere. Sun elevation on the horizon isri@ factor affecting this path

length; seasonal impact on solar angle is impartarntthe most significant changes
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are due to the Earth’s rotation. During the day$h@ irradiance has a maximum
when the Sun is at its highest elevation. Thisi@aler Sun position is calledenith

In the most optimistic weather conditions (withariakies), at noon the maximum

radiation strikes on the ground having the showest direct path length through

the Earth's atmosphere. TAg Mass coefficient is defined as the ratio between
the actual radiation path and that relative to paéh length at the Zenith that

mathematically corresponds to the Eq. 3.1.

- — (Eq. 3.1)

where Lo is the Zenith path length, L is the actual patigta of the light through
this layer, and is the zenith angle in degrees [78].

When the Sun is perpendicularly overhead, the ap@ir mass is 1, and the
radiation reaching the Earth’s ground is descrém®ir Mass ongAM1) radiation.
The extraterrestrial spectrum is called g&ieMass zerd AM 0) spectrum because
it passes through no air mass, (Figure 3.4). Theabhpath length can correspond
to air masses of less than 1 (high altitude siws)p much higher air mass values

just before sunset.

Figure 3.4 -The path length in units Air Mass changes withZéeith angle as the day
proceeds.
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The air mass coefficient can be used as a referémcecharacterizing the
performance of under standardized conditions. In particular, solar
simulators use as radiation source Xenon lamps;twiiive emission spectra very
similar to that of a 5800 K black body. To obtaineference and standardized
spectrum, filters matching the radiation obtainédaious air mass coefficients
have been developed. The most used ones are ABA(l6bal), AM 1.5D (direct)
and AM 2. Among them, the AM 1.5G (which corresg®to a radiation tilt angle
with respect to the Earth's surface of 37°, whichturn represents the annual
average value of solar power reaching ground faklatitudes) was chosen by the
ASTM (American Society for Testing and Materials)the USA reference, since
it is representative of the average conditionfié48 contiguous states of the USA

[79], and it is the most used reference spectrutindrcharacterization of solar cells.

3.3 Photovoltaic energy conversion principles.

A photovoltaic device is a device with the ability convert solar radiation into
electrical power. This kind of device includes janetion solar cells, photo-
electrochemical cells, dye-sensitized solar c&8Cs), photo-galvanic cells, and
organic (plastic) solar cells.
In general, the process of photovoltaic energy ewion can be summarized into
three steps:

1. electronic photoexcitation of the light-absorbingmponent of the

photovoltaic device;

2. charge separation;

3. charge collection.
The excitation can generate an electron-hole parsemiconductor, an electronic
excitation of a molecule, or the production of ¢xas.
The most common photovoltaic device is the silibased plangp-n junction
A p—n junction diode is made of a crystal of semdahactor. Impurities are added
to it to create a region on one side that conta@gwmtive charge carriers (electrons),
called n-type semiconductor, and a region on theragide that contains positive
charge carriers (holes), called p-type semicondudithen two materials, i.e. n-

type and p-type, are attached together, a momefitavyof electrons occurs from
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n to p side resulting in a third region where narge carriers are present. It is called
depletion regiordue to the absence of charge carriers (electnoddales in this
case).

In a p—n junction, without an external applied agk, an equilibrium condition is
reached in which a potential difference is formebas the junction. This potential
difference is called built-in potential.

Figure 3.5- Forward (a) and reverse (b) biased p-n junctiodeli A characteristic
rectifier diode current/voltage (I/V) curve (c).

If an external voltage is applied to the p-n juoititwo different behaviors can be
observed. If the p-type is connected with the fpasiterminal and the n-type is
connected with the negative terminal (forward biagure 3.5a), electrons are free
to flow from the n-type side (called the cathodefhte p-type side (called the anode)
(Figure 3.5a). Otherwise, if the electrical conratis opposite (reverse bias), no
current can flow (Figure 3.5b). That just descrilethe well-known pn-junction
diode.

A diode's |-V characteristic is reported in Fig8rgc. At small reverse biases only

a very small reverse saturation current is recofteakage current). This current
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does not increase appreciably with increasing sgvbeias until the diode breaks
down. At breakdown, the current increases so gretht the diode will be
destroyed unless a high series resistance limiter At small forward bias, only

a small current is conducted, until a thresholdage is reached, after which the
current increases extremely rapidly. Also in tase excessive biases may lead to
the device breakdown.

When a p-n junction type solar cell is hit by lightliation with an energy E = h
lower than the semiconductor energy gap fhotons cannot be absorbed, since
electrons would be brought to an energy level msiak forbidden band gap level.
If, instead, h > Eg, photons are captured and electrons are exciti ttonduction
band, leaving holes in the valence band. The @estexcited to the conduction
band flow from the p-type to the n-type side, wtihe holes left behind in the
valence band flow in the opposite direction. If fhgype and n-type semiconductors
are connected by a wire, the electrical equilibrismestored by electrons flowing
from the n- to the p-type material, causing antelecurrent to flow along the wire

(Figure 3.6) [80]. In this case we have a phott@olcell.

Figure 3.6 -Sketch of the electron-hole excitation following thbsorption of photons
with energy comparable with the energy gap of tlaenmal.

When a voltage is applied to a photovoltaic celhidark state, the current versus
voltage characteristic observed is similar to theve of a conventional rectifier
diode, as shown in Figure 3.7 (G=0, where G igritbielent power). However, when
light strikes on the device, the current densititage curve (J/V curve) shifts at
more negative current values. When the circuih@ted (at V=0) the short-circuit
current, 4, is the characteristic parameter. When J=0, @ gpcuit voltage, ¥,

is generated.
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Figure 3.7 -Effect of different light power on the currenth\adie curve of a photovoltaic
device. Changing the light power G, two differeatues of & and Vi are determined as
the intersection with the axes.

3.4 Solar cells characterization techniques.

Photovoltaic devices are characterized in varioaysw Two widely diffused
techniques, able to deliver rather standardizedlteesare the measurement of the
J/V curve and the determination of the quantunciefficy (or Incident Photon-to-
Electron Conversion Efficiency, IPCE) of the device

The J/V curve is obtained recording the currensdgd, i.e. the current generated
per unit area of the device, normally measured Adam?, produced by the device
when an external bias is applied to the two eléesounder light irradiation. The
curve is constructed by changing stepwise the egploltage, and recording the
corresponding measured current. In addition taJfiecurve under light, a similar
curve is recorded in dark conditions (i.e., undetight), in order to evaluate the
overall diode performances of the cell.

The standard test conditions (STC) to be used déterchining the J/V curve of a
solar cell, as established by the InternationalctEdéechnical Commission,
correspond to an incident power density of 1 s@® (hW/cn?), a light spectrum
of an air mass 1.5 global (AM 1.5G) and a workiagperature of 25°C. This latter
parameter must be accurately controlled, sincesafgr cell temperature change

can considerably influence the final outcome of ihé measurement.
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In addition to the J/V characterization system, iateresting PV device
characterization technique is the IPCE measuremdnis defined as the ratio
between the number of photogenerated charge @ineshort-circuit conditions
(recovered at the device electrodes) and the nurobgrhotons of a given
wavelength incident on the measured device. Iremgoantitative terms, the IPCE
value corresponds to the current density @roduced in the external circuit under
an ideally monochromatic illumination of the celiyided by the incident radiative
flux () that strikes on the cell. According to this défon, the IPCE (as a function

of the incident wavelength) can be calculated as:

I"# $O.AJ& -+ I"# 0 (Eq. 3.2
O pr— ( (Eq. 3.2)

where R is the device responsivity (i.e., in thecsiic case of photodetectors, the
electrical output for an optical input, usually esgsed as amperes/watts, of the
device). The coefficient 1240.74 W*nm/A derivesniréhe equatiomc/ewhereh

is the Planck’s constant,is the light speed constant ami$ the electron charge.
This characterization technique can be extremedjulissince it can deliver a good
understanding of the internal phenomena occurmnipé device, in particular of
those related to the charge recombination extentact, in IPCE experiments the
charge recombination due to opposite charges datidm is greatly reduced with
respect to what happens when the devices are testeghdard J/V measurements.
This is due to the fact that IPCE measurementscarged out using ideally
monochromatic beams impinging on the PV devicectwimplies that the number
of photons reaching the surface of the devicelaively low with respect to J/V
measurements, where a full simulated solar specfrem 100 mW/crhof optical
power encompassing all the visible wavelengthseduaccording to ASTM E1021
[81]. Therefore, a simple comparison betweentitegral of the current measured
in the IPCE determination and that measured ireXpériments allows to evaluate
the amount of charge recombination existing inahalyzed device [82]. The J/V
characteristics and the IPCE are related to edwr,adince the short circuit current

obtained using monochromatized radiation integratkuhg all the wavelength
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present in the AM 1.5G spectrum should be equahéoJ measured in the J/V
characterization (provided that the incident oppzaver in the two cases — for the
IPCE resulting from the integration over all theweiength range included in the
AM1.5G spectrum - is the same). This point carrbeslated into the following

equation:

83 (Eqg. 3.3)
wherePstd ) is the incident optical power at standard test cood#j and the
wavelength in nm.

This calculation is an important check that shdaddalways performed to control
the accuracy of the solar cell characterizatiooweler, it is very unlikely that the
two Jc- deriving from J/V and IPCE measuremendg;Jyand Jcupcey correspond,
due to a series of factors that cause sometimgsstreng deviations from the ideal
behavior of the cell.

A parameter that could greatly affect the corresignmice betweensdivyand deapce)

is the overall incident optical power intensityn fact, with a high optical power
incident on the cell, charge recombination evergswore likely to occur. On the
other hand, although the integration over all threvelength range of the optical
power used for IPCE measurements delivers a tptadad power equal to that used
at the same time in a J/V measurement, the IPCErgment is carried out using
monochromatized, low power-per-wavelength radiatidiis low power reduces
the amount of free charges generated per singleleagth measured, which in
turn lowers the probability of charge recombinatidrhis results in having often a
Jscavcdseapcey The possibility of having the same outcome,(ikguv<scapce) is
increased also in the case of testing, at any govemnall optical power, solar cells
characterized by a high recombination rate, forshrae reasons described above.
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3.4.1 Setup for a J/V recording system based on alar
simulator.

The current density-voltage (J/V) curve is a measent that gives, together with
several relevant insights into the physical phenmar@ngoing within the solar cell,
the most important information about the perforneenof a solar cell, i.e. its
efficiency. This measurement can be carried outlark conditions (without
illumination) or under illumination. In the lattease, the J/V curve delivers an
integrated response of the cell to the optical povepresented by all the
wavelengths composing the solar spectrum thatesthi& device simultaneously.
Parameters like short circuit current, open ciraaltage, fill factor and power
conversion efficiency, are extracted from the illnated J/V characteristic curve.
The open circuit voltage (¥) and the short circuit current density(&orrespond
to the intersections of the J/V curve with the md g-axis, respectively (see Figure
3.8). Other parameters, like fill factor and affitrcy, are extrapolated from the
curve, via two additional important descriptors Jév curves of solar cells (Figure
3.8):

1. Vmpp = voltage at the maximum power point.4r

2. Jmpp = current density at the maximum power poirta(P
The fill factor describes how well the area undee 0/V curve “fills in” the
maximum possible rectangle defined by J {.e., the rectangle in light blue in

Fig. 3.8) and it is calculated as shown by theZ4.

RIS (Eq. 3.4)
> 2@

Graphically, the fill factor can most easily beuatised by the ratio between the

areas of the dark blue rectangle and of the ligie bne.
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Figure 3.8 -Conventional J/V curve of a solar cell along vitib main descriptors.

The overall solar-to-electrical energy conversidiiciency, , for a solar cell is

given by the Eq. 3.5:

A £e2ecC (Eq. 3.5)

» D%

where R is the incident power density [mW/ém

For DSSCs the J/V characterization procedure iscodarly tricky. In fact, the
direction of the J/V scan (i.e., from positive tegative biases, or vice versa), as
well as the delay time to be kept between the egptin of the bias and the
recording of the current density during the measer®, must be chosen
accurately, otherwise very unreliable results canobtained. One of the most
important reason for these different behaviorsuis th strong capacitance effects
presented in this kind of device [83]. In ordehtve more accurate measurements,
J/V curves have to be carried out changing thelim#is increasing (from 0 V to the
open circuit voltage, which is defined as direargcand decreasing (defined as
reverse scan) the bias, and keeping a delay titweeba the application of the bias
and the reading of the current of at least 40 m$. [’ he most reliable values of
Voe, kcand FF parameters for the cell are obtained byagieg the values deriving
from the two different sweeps.
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To carry out the J/V characterization of the DSStoslied during this thesis, a J/V
characterization system has been developed. Thasepbf work has seen the
assembly of a solar simulator that is equipped waith50W Xenon arc lamp
(Newport, mod. 96000) with a digital source meteeithley Model 2400) on an
optical bench linear. The digital source meter weorlat the same time as a power
supply applying the bias to the devices to be ataraed and an ampere-meter for
registering the generated current by the devicesnddel the spectrum of the solar
simulator lamp to the solar spectrum, a sun fi&tbt1.5G (Newport, mod. 81092,
51 mm) was coupled to the light source fitting itite Solar Simulator's filter holder
(see solar simulator scheme in Figure 3.9). Finalydedicated sample holder
designed and fabricated in collaboration with thehhical staff at Elettra put
complete the J/V recording system.

Firstly, in order to carry out reliable J/V measusnts, the solar simulator and the
sample holder have been mounted on a linear optath to fix their relative
positions. I-V measurements were performed follgntime STC meaning that the
power of the solar simulator was calibrated to 10@®/cn? by means of a
calibrated photodiode. The photodiode is calilwtatging a Newport model (model
UV-818). All the instruments involved in the J/Vssgm have been controlled by a
software written by the author in high level langesa (National Instruments,
LabView8.6). During the measurements, the devioese measured have been
housed in the sample holder and connected to tneesometer by shielded cables.
Experimental conditions needed that all the J/\Weshave been recorded covering
the sample and the light source by a black boxeaate the dark condition for the
dark curve recording and to avoid light interferemby the environment during the

light curve recording.
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Figure 3.9 -Schematic of the sun simulator used for the cheraettion of the solar cell
(on the left). The entire characterization systemdguipped with a source meter both
managed by a LabView software (on the right).

3.4.2 Setup for IPCE determination based on a commaal
double-beam UV-Vis spectrophotometer.

One of the most challenging and demanding acts/icerried out during my PhD
was the acquisition of the know-how needed for enpnting a working and
reliable IPCE system. As an established and tesgtagp was not available in my
laboratory, the challenge has been to convertiaalypV-Vis spectrometer, which
is @ monochromatic, double beam light source, o efficient and reliable
characterization system for IPCE determination.

For DSSCs, whose photophysics is still not yet detefy clear, IPCE
measurements can be very important in order to igaights on the phenomena
occurring within the device, and in turn to optimithe cell fabrication methods.
However, when evaluating these measurements itigth@uconsidered that many
different photophysical processes occurring in DS8iRe the solar cell response
time or the J hysteresis upon changing the voltageeping direction) influence
the outcome of the characterization. Also thedent light power, which affects
internal cell phenomena like charge recombinatiomterfaces or local heating,
influences markedly the measured IPCE, varyinghagnitude and even the shape
of the IPCE- curve. Therefore, IPCE measurements on DSSCather sensitive

experiments, and the conditions in which they aeied out must be carefully
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tuned and controlled in order to obtain an IPCEedeination useful for
comparisons with other devices [3, 14-15].

IPCE measurements are usually carried out by medinsather expensive
apparatuses, constituted fundamentally by a sibgiem optical system (a light
source emitting in the UV-Vis range and a monoclatam that selects the
wavelength to be sent on the sample PV cell) anahbgmperemeter, connected to
the PV cell. Other optical and electronic toolelsas signal switches, lock-in
amplifiers and so on complete the standard charaation system [82]. In general,
the cost of the optical system alone can vary fidnto 50 k€. In order to have a
complete IPCE characterization system, a furthet fay a precision amperemeter
(which, together, can span from a few to 10-20rk€élt be added. With respect to
the performances of the optical systems, it musionsidered that the light sources
get degradedver operative time, heneecalibration of the instrument lamp with a
calibrated photo-detector is recommended before draracterization session.
This means that in a standard, commercially avial#CE system with a single
beam configuration, to deliver a reliable resporss®;, solar cell characterization
should be preceded by a lamp power calibratioraeh evavelength. This step is
usually time-consuming.

On the other hand, conventional UV-Vis double-besimectrophotometers are
widely diffused in research laboratories and ameb@ng less and less expensive
(double beam UV-Vis spectrophotometers well belo@ K€ are currently
commercially available). These instruments haveili-in double light beam and
very good monochromators, and allow an easy andraiec control of the used
wavelength range. Moreover, the double beam gffertheory, the possibility of
concurrently reading the optical power originateg the system lamp and
performing the actual illumination of the measudedice, using for each of these
task a separate but equivalent beam. Therefore;VidV double-beam
spectrophotometers could allow to i) work with Highccurate monochromatized
beams, ii) calibrate the lamp emission in real tolneing the PV cell testing, iii)
obtain the previous two results via a convenielaly-cost equipment. Properly
coupling the optical system of such an instrumerirt amperemeter able to extract

from the tested PV cell the photocurrent generatpdn emission from the
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monochromatized source would hence allow to ob&inaccurate and fast
instrument for the IPCE determination.

In this view, we report on the setup of a compl®€E measurement system for
PV cells based on i) a common UV-Vis spectrophotemand ii) a precision
current measuring unit. In order to manage thecalpand electronic instruments,
a user-friendly software written in National Instrents LabVieW environment
has been developed. The procedures related &ethp of the optical system and
to the real time calibration of the light sourced gractical issues arisen and solved
during the instrument development are exposed asdussed. Finally, the
effectiveness of this homemade IPCE measuremetdmsysas been validated by
tests performed on a silicon photodiode with knaspectral response, and on a

DSSC fabricated for these tests using commerciadfjlable materials.

3.4.2.1 Results and discussion.
a - UV-Vis spectrophotometer and IPCE system: ansfgle conversion.

A schematic representation of the optical archies of the UV-Vis
spectrophotometer and of the final IPCE setupaswshin Figures. 3.10a and 3.10Db,

respectively, to which the following labels refer.
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c)

Figure 3.10- A schematic view of the double-beam UV-Vis specteter (a), of the whole
IPCE system (b) and a photograph of an included(s)i In IPCE configuration the
different position of the slits (S1 and S2) is utlided by color code. Legend for both the
a) and b) figures: L1, Halogen lamp; L2, Deuterilamp; G, Monochromator; S1 and S2,
Slits; FW, Filters wheel; BS, Beam splitter; O1 @8, Lenses; Al, Attenuator; D1 and
D2, Detectors; M1, folding mirror lamp change; MAdaM5, Ellipsoidal mirrors; M2,
Toroidal mirror; M3, Spherical mirror.

The light sources consist in: i) a pre-aligned deutn (30W, L2) and tungsten-
halogen (55W, L1) lamps. A monochromator hologramoncave grating (G)
allows the selection of the desired wavelength{®)e instrument slits S1 and S2
are constituted by metallic disks, in each of whish sets of apertures are directly
dug in the metal, placed on the right and on theofethe disk. In addition, on the
left side of the disk a supplementary set of ptastasks, each of which delivers a
different final aperture that corresponds to aedéht spectral resolution (from 0.5
to 4 nm), is placed (Figure 3.10c; see also ratigjles in Figures. 3.10a and 3.10b).
The beam splitter BS has the function of splitting beam exiting from the slits in
two components, each one of approximately equahsity. The two twin beams
are hence directed in real time, in the spectrapheter, towards the photo-
detectors D1 and D2 (Figure 3.10a). Preliminaststeaimed at verifying the
suitability for IPCE measurements of the beam pdvitting the D2 photodetector
in the standard UV-Vis spectrophotometer configaratvere carried out using a
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Newport calibrated photodiode. The photodiode p@stioned along the path of
the beam incident on the D2 photodetector, in tlkasured sample compartment
(Figure 3.10b). However, none of the selecteddstehslits allowed us to record
sufficiently clean (i.e., low-noise) signals, duethe relatively low power of the
halogen lamp (55 W; it has to be considered thaommercial IPCE setups the
halogen lamp power varies from 100 to 300 W). €&fme, upon suggestion of
Perkin-Elmer (PE) technical personnel, we perforrmaetianual exchange of the
slits configuration. The slits disks were phydicaletached from their linchpins
and re-mounted inverting their left and right sisie,to have the unobstructed slits
(i.e., those directly dug in the metal plate) ekaoh the path of the light beam (see
Figure 3.10c, and compare the red and green sidbe slits disk in Figures. 3.10a
and 3.10b). With this simple and rapidly reversiblardware modification (the
whole operation takes less than five minutes, &eddisks can be taken back to
their original configuration in the same time) #maount of light transmitted by the
spectrometer was found more than sufficient toialitam a calibrated photodiode
signals corresponding to light power well over\¥ per selected wavelength, with
satisfactory signal-to-noise ratio. However, mgvinom measurements with a
calibrated photodiode to those carried out diregting the spectrophotometer D1
detector (via UV Winlab-based measurements) evi@nthat the latter is
extremely sensitive (much more than the calibrgpddtodiode used for the
previously described preliminary verifications),oshng evident signs of signal
saturation after the slit exchange was perform@d. the other hand, keeping the
standard slit did not allow to obtain sufficientiggh beam power. This conundrum
was solved using the modified slit and placing atical attenuation filter on the
reference beam path, in the reference sample comeat. The filter characteristic
has been determined performing experiments withvatitbut the attenuator with
the help of a calibrated photodiode with a suitalalege of linear responsivity.
These experiments delivered for the filter a val@8% of attenuating power. This
attenuation factor was found to be linear in theolhrange of considered
wavelengths. On these bases, the subsequent IR&ESumrements have been
carried out performing a first lamp power caliboatusing the attenuator filter and

determining the attenuation factay () for each wavelength. These values have
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been hence stored in a database and used by the-H&E& software for the actual
real-time incident lamp power calculation (videra)t

Apart from the mentioned hardware changes in thiecghfigurations, no other
major modifications of the spectrophotometer wezeassary for proceeding with
the IPCE measurements. During standard UV-Vis oreasents the sample
compartments are occupied by a reference samplieyaih@é sample to be measured
(see Figure 3.10a), while in the IPCE configuratithe reference sample
compartment is empty and the measured sample ctmmgaaris occupied by the
PV cell/photodiode to be characterized, to whicheatternal amperemeter is

connected (Figure 3.11).

Figure 3.11- Photos of the Home-IPCE system. The amperemeteorisected to the
device to be measured in the sample compartmethteof)V-Vis spectrophotometer (on
the left); in order to have a homogeneous incidezam, two aluminum windows are
mounted on both compartments.

The detector D2 has been obscured to avoid unwaigedls, since we found no
mean to simply detach it from the spectrophotomateduiits.

From a practical point of view, though the possitperative range of the Lambda
35 is 190-1100 nm, for this work we focused onlytba visible portion of the
available emission spectrum (350-800 nm), whickhes one of interest for our

applications.
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b - IPCE measurements overview.

The logic block diagram of the developed IPCE measent procedure is shown
in figure 3.12. Asis visible, the actual measugaiis divided into two independent

routines, i.e. a calibration (“Calibration”) anareeasurement (“Measure”) one.

b)

Figure 3.12 -Description of logical steps involved in the cadition (a) and in the IPCE
calculation (b).

c — Calibration.

The calibration step informs the software aboutréference values that will be
used to calibrate the lamp power at each wavelendthis accomplished by
recovering from the Lambda35 the information alibatlamp power incident onto
the D1 detector at each selected wavelength (sgards 3.10a, b). This
determination was not trivial, due to the necesitgharacterize the D1 detector
response in order to obtain the desired dataadt the direct connection of D1 to
a power-meter was physically impossible due tsfgeetrophotometer construction
characteristics, since the D1 detector ima&umcomprising a silicon photodiode
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and a more complex electronic system that transdilheeincident photons number
into an electrical signal, and we did not have r@ajometer available. On the other
hand, the PE proprietary software “UV Winlab” giveag some information about
the D1 response upon illumination. This informatiocludes an unknown D1
signal process, delivering a final datum that UVni&b terms tounts, and we
were not able to directly infer any meaningful emtror power response of D1 from
thecountsreading. Therefore, in order to understand théhemaatical correlation
between theountsand the lamp power, we carried out the follownwg different
tasks:

Task 1) a Newport calibrated photodiode was placed in riéference sample
compartment, and electrically connected to a pi@tiamperemeter. Then the
optical power W )newport incident on the calibrated photodiode was calealdor
each selected wavelength by means of the knowmomespty of the photodiode,
using the formula (Eq. 3.7):

L men<

E Fohik P (Eq. 3.7)
OM PNQRSTU

where |)jmeas IS the current measured by the photodiode by mesdnghe
amperemeter, andRewport IS the photodiode responsivity (available from the
Newport data sheet). At the completion of thiktag obtained a table reporting
the lamp power at each selected wavelength, whih wged for the subsequent
calculations.

Task II} The D1 photodiodeountsare related to the incident lamp power by an
unknown proportionality, and we assumed that thigpeprtionality is linear
throughout the instrument wavelength range. Thieli)aof this assumption was
confirmed via simple experiments of transmittanceasurements using glass
attenuators (with different thickness; see Supplaarg Material), which showed
that the lamp power incident on the D1 photodiodes weduced linearly (with a
tolerance of £ 20%) with the variation of the attation coefficient along the whole

range of wavelengths considered. Therefore, wéegpthe equation 3.8:

50



3. Setup of Characterization Systems for Photomold@vices

I M PNQRSTU
\V} ___M PNQRSTU
IWXK2

(Eq. 3.8)
wherecountsare the counts readings at the D1 photodiode \andiy the UV
Winlab software at the considered wavelength, andska coefficient that allows
to correlatecountsand lamp power incident on the D1 photodiode ahesangle
wavelength. In fact, due to the optical configimawf the instrument, which splits
in two the already monochromatized beam exitingnfitbe slits S1/S2 (unless of
minimal differences due to imperfections in therbesplitter characteristics), the
optical power incident on the D1 photodiode is $hene we previously measured
using the Newport calibrated photodiode in the mess sample compartment.
Therefore, the use of the previously determingdnport Optical power value in
Eq. 3.8 is justified. The so-obtained)kvalues have been corrected for the
attenuation factom k (see par. 3.2.2.1a) and the resulting values Hsaen
recorded in a table available to the Home-IPCExsnk as part of the calibration

routine.

d — IPCE measurement procedure.

The Home-IPCE software calculates the IPCE as atifum of the device
responsivity (see Eq. 3.2). In order to do s itecessary to acquire the values of
the current photogenerated by the device, andeobfitical power incident on the
same. The former datum is obtained by a simpldimgaof the amperemeter
connected to the analyzed device. With respeitig@ptical power incident on the
device, in a single beam instrument these values the beam intensity at each
wavelength) are determined at the beginning ohtkeasurement for the whole set
of tested wavelengths, during a calibration stbpntstored in the instrument’s
memory and recalled at the end of the measurertemompute the final IPCE
values. On the other hand, the use of a double Ispectrophotometer offers the
possibility to check this optical power at eactgnwavelength, in real time. This
option allows to get rid of any possible problenmivlag from lamp degradation
phenomena that would be reflected in at leastglartianges in the optical power

impinging on the measured device, and/or from tewmyo optical power
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oscillations due to external factors. To take atwge of this possibility, we
devised a measurement approach described by tlvalldpck diagram shown in
figure 3.12b. The procedure starts with the imagnts’ initialization and the
relative setups that include the wavelength rarige, scan speed, the spatial
resolution, the source meter compliance and theesatea of the cell (Figure 3.12b,
block 1). When the spectrophotometer is initiadizé& sends the two optical
monochromatic beams simultaneously on the measdexice (PV cell or
photodiode) and on the D1 detector. Though theli®ams should have in theory
equal intensity, in practice they always differia Bue to inevitable imperfections
in the beam splitter characteristics. When thetspphotometer is used in the UV-
Vis spectroscopy configuration these minimal déferes are compensated by PE
proprietary hardware and software processing obtheand D2 signals. However,
in the IPCE configuration this processing is unkade, since the Home-IPCE
software cannot access these proprietary settilgsddition, in IPCE mode the
D2 photodiode is obscured. Finally, an attenuéttar is used to prevent D1
saturation, and this causes the necessity to ¢atred1 signal recorded by the
Home-IPCE software using the previously calculatenuation factors, that in the
calibration step have been recorded in a refertafide available to the “measure”
routine of the Home-IPCE software. Therefore, wttenmeasurement procedure
starts, the Home-IPCE software changes the spdxitometer wavelength
according to the user’s input (Figure 3.12b, bl@gk After this, the software tells
the source meter to read the current photogenebgtéiode measured device, bg
(Figure 3.12b, block 3) and keeps this value in eichted memory cell;
concurrently, the software reads ttwintsnumber from the D1 photodiode of the
spectrophotometer (Figure 3.12b, block 4). Coyplims latter datum with the
corresponding k anda( y« values that were stored in memory in the calibrati
step, the software calculates in real time the tepawer incident on the measured

device W )acwal(Figure 3.12b, block 5), using the equation 3.9:

[ w\IWXK2

E  kwyz —YM] (Eqg. 3.9)
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This procedure allows to compensate for possibtglaower oscillations and/or
degradations with respect to the first calibrastep, during which an initial optical
power (W jnewpor) Was determined using the calibrated photodiodéhe so-
calculated optical power incident on the devicthen used to compute the device

responsivity (Figure 3.12b, block 6) according tp B.10:

0 _ew (Eq. 3.10)

I muc<

and finally the IPCE, according to Eq. (3.2) (Fg®.12b, block 7). This loop is
then repeated until the whole set of wavelengtraséte beginning of the Home-

IPCE software routine is reached.

e - IPCE system validation.

In order to validate the effectiveness and religbibf the discussed home-
assembled IPCE system, the responsivity of a stdnglicon-based photodiode
(purchased from Osram) and of a DSSC fabricatqulibyose have been measured.
After the first calibration test, during which thmtial tables of coefficientsd and

a( kx have been recorded, the photodiode has been nabuntiee IPCE system as
shown in Figure 3.10b. Its responsivity curvehswn in Figure 3.13a, together
with the same characteristic as given by the phottedproducer (dotted line with
error bars: responsivity as determined using th€EIPsystem; dashed line:
responsivity obtained from the technical data sluethe photodiode). As is
visible, the data obtained using the here desciB&E system are in very good
agreement with those given by the photodiode cootr.
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Figure 3.13 -Test of IPCE system on a silicon-based photodfajland a dye sensitized

solar cell (b).

The IPCE system has been tested also on a DSS@atal as described in the
experimental part (Figure 3.13b). The overall IP@Hve (which reaches a
maximum over 60% at about 540 nm) shows an ovgoalll response, with a curve
shape very similar to that of analogous device$. [BRe somehow discontinuous
behavior between 400 and 450 nm is likely due ¢oldlek of TiCk post-treatment

during fabrication, which is known to prevent redonation over the titanium

dioxide nanocrystalline surface not perfectly cedewith dye molecules.[86]

All in all, both the commercial photodiode and gwdf-fabricated DSSC confirm

that the here described IPCE system is able tefaeatorily carry out the IPCE

determination of photovoltaic devices.

3.5 Conclusions.

In conclusion, we have reported how a conventididlcurve recording system
based on a typical solar simulator can be setupcemtiow a normal UV-Vis
spectrophotometer can be converted into a home-roptieal part of an IPCE
system. While for the J/V system the setting uguie standard because consists
in the assembling of a solar simulator and a sooreter managed by a dedicated
software, it was different to setup the IPCE basedthe conversion of a
conventional UV-Vis spectrophotometer. Notablystbonversion is implemented
in a fully reversible fashion, i.e. the so-obtaimgdical part of the IPCE system can
be converted back to the original UV-Vis spectrdphteter (whose performances
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are not affected by this change of use), with glsirminimally invasive hardware
change. This “UV-Vis/IPCE and vice versa” functdity switch can be carried
out in minutes, preserving the work capabilities tfee laboratories in which the
system is implemented. The so-developed IPCE myktes been validated using a
commercial photodiode and a home-fabricated DSS(, ia both cases the
response of the system was more than satisfact@mwy. executable LabView
software able to turn a Perkin-Elmer Lambda35 alkdithley 2400 into a complete
IPCE system is also made available free of chargeyone interested in the matter,
provided that the here presented work is citediither papers taking advantage of
said software.

The use of the UV-Vis spectrophotometer presentsinaginbitable series of
advantages with respect to a commercially availaivigle beam system, namely i)
an overall low cost, i) an overall good quality dhe optical system
(source/monochromator/slits), iii) the possibilitgf performing real-time
calibration of the light beam incident on the meaduPV cell. Moreover, since
UV-Vis spectrophotometers are widely diffused instent in research
laboratories, the suggested approach to IPCE detation can be useful for
several research groups worldwide. Using an exgstistrument also delivers a
series of constraints, including the difficulty ¢oistomize the instrument itself
(unless one is willing to make very impacting chestp the UV-Vis spectrometer
functionality) and the necessity to write the ollesaftware for managing the
system, and the need for a clear understandinghefinstrument operating
mechanisms. However, these constraints can bedunto fruitful know-how on
IPCE and related matters. In fact, though the whabrk required for setting up
from zero an IPCE system from a UV-Vis spectrophwter can be a bit
demanding, especially for the part related to tloftware for driving the
instruments, the increased knowledge of how thectsgghotometer actually
operates, including the theoretical bases forptzations (like the reasons for using
more than one slit, the understanding of experiaiesésign of the optical path,
etc.) and of the basic notions related to the measent of the IPCE itself more
than compensate (even more than the overall lonotdise final system) the efforts

needed for setting up the whole system.
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3.6 Experimental section.

Instruments

J/IV characterization system has been setup asseliow-cost solar simulator
(mod. 96000, Newport) and a digital multi-meter @a2400, Keithley). A
calibrated photo-detector (818-UV, Newport) has rbaesed for the initial
calibration of the solar simulator.

IPCE characterization system has been setup assgnaébtiouble beam UV-Vis
spectrophotometer (Lambda 35, Perkin-Elmer) andgdatl multi-meter (Mod.
2400, Keithley). The determination of the spectrtandamp power has been
carried out using a calibrated photo-detector (BY8-Newport). A standard
silicon photodiode (SFH 2430, OSRAM Opto Semiconors) was used to
validate the IPCE system, together with a by-puedabricated DSSC.

Measurements

A few practical aspects of the performed measuré¢sreme here highlighted:

i) A dedicated sample holder has been fabricatedotd correctly in place the
sample to be measured (solar cells or photodiodejhe measured sample
compartment (Figure 3.7b). The electrical conthetsveen the sample (PV cell or
photodiode) and the sample holder have been sebyméans of binder clips lined
with copper foils. The measurements have beemedanut using shielded cables
between the PV cell and the multi-meter to mininilee electrical noise.

i) Unless otherwise stated, all the IPCE measurgsbave been made at 2 nm
wavelength intervals, between 350 and 1100 nm.

lii) The spectrometer’'s lamps have been switchetoleast half an hour before

any measurement session to allow for beam statidizé.e., reproducible results).

Software

Two complete user-friendly software’s in LabView6 8environment has been
developed to manage the J/V and the IPCE systdns. independent executable
of the LabView software (“J/V recording system.exaid “Home-IPCE.exe")
running under Win XP is available as Supporting éial, and is usable free of
charge, provided that this thesis is cited in thiligations that will take advantage
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of the software. The command lines used in LabView controlling the
spectrophotometer have been taken from the PelkneiEnstructions manual [87]

and from Keithley user’s guide [88].

Dye sensitized solar cell fabrication.

Both TiO; and Pt electrodes, N719 dye and AN-50 electrdigiee been purchased
by Solaronix, Switzerland. The DSSC used for vaiidathe IPCE system was
fabricated using titanium dioxide/fluorine-dopeql dixide (FTO) electrodes (TEC-
15), 2x2 cm, 2.2 mm thick. The Ti@lectrodes have been gradually heated to 450
°C and left to this temperature for 30 min, aftérich they have been allowed to
cool down to about 80 °C and then immersed into.3arM solution ofcis-
diisothiocyanatddis-2,2’-bipyridil-4,4’-dicarboxilate)ruthenium(1Bis(tetrabutyl-
ammonium) (N719) in ethantlbutanol mixture 3:1. The electrodes were left in
this mixture overnight. Drilled and platinized caer-electrodes on FTO glass
have been slightly heating at 250 °C for 10 minyeBensitized Ti@electrodes
and counter-electrodes were sealed together im@wéeh configuration using a
hot-melt polymer (Surlyh, DuPont). The inter-electrode space was llechgsin
iodide/tri-iodide-based electrolyte (AN-50 elecyitel, Solaronix), and the cell was

sealed using a small piece of hot-melt polymeraodver glass.
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Supplementary Material

%

%

WI (nm) K WI (nm) K’ WI (nm) K WI (nm) K
350 6% 444  23% 538 31% 634 27
352 6% 446| 23% 540 31% 636 26
354 6% 448  23% 542 31% 638 26
356 6% 450 24% 544 31% 640 26
358 6% 452  24% 546 31% 642 26
360 6% 454  24% 548 31% 644 26
362 7% 456| 25% 550 31% 646 26
364 7% 458 25% 552 31% 648 26
366 7% 460 25% 554 31% 630 25
368 8% 462  25% 556 31% 652 25
370 8% 464  26% 558 31% 654 25
372 8% 466| 26% 560 31% 656 25
374 9% 468 26% 562 31% 638 25
376 9% 470  26% 564 31% 660 25
378| 10% 4720 279 566 31% 662 25
380| 10% 474 279 568 31% 664 24
382 11% 476 279 570 31% 666 24
384| 11% 478 279 572 31% 668 24
386| 12% 480 289 574  31% 670 24
388| 12% 482 289 578 31% 672 24
390| 13% 484 289 580 31% 674 24
392| 13% 486 289 582 31% 676 24
394| 14% 488 289 584 31% 678 24
396| 14% 490 289 586 31% 680 23
398| 15% 492 299 588 31% 682 23
400| 15% 494 299 500 31% 684 23
402 | 16% 496 299 592  30% 686 23
404 | 16% 498 299 594  30% 688 23
406 | 16% 500 299 596  30% 690 23
408| 17% 502 299 598 30% 692 22
410 17% 504 299 600  30% 694 22
412 18% 506 309 602  30% 696 22
414 18% 508 309 604  29% 698 22
416 19% 510 309 606  29% 700 22
418 19% 512 309 608 29% 702 22
420 19% 514 309 610 29% 704 21
422 20% 516 309 612  29% 706 21
424 20% 518 309 614  28% 708 21
426 | 20% 520 309 616 28% 710 21
428 21% 522 309 618 28% 712 2Q
430 21% 524 309 620 28% 714  2Q
432 21% 526 309 622  28% 716 2Q
434 21% 528 319 624  28% 718 2Q
436 22% 530 319 626 27% 720 2Q
438 22% 532 319 628 27% 722 19
440 22% 534 319 630 27% 724 19
442 23% 536 319 632  27% 726 19
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818 | 10% 912 6% 100
820 10% 914 6% 100

49
49

1100

WI (hm) K WI (nm) K’ WI (nm) Kk WI (nm) k'
728 19% 822 109 916 6% 1010 4%
730 18% 824 109 918 6% 1012 4%
732 18% 826 109 920 6% 1014 4%
734 18% 828 9% 922 6%0 1016 4%
736| 18% 830 9% 924 6%0 1018 4%
738 17% 832 9% 926 6%0 1020 4%
740 17% 834 9% 928 5% 1022 4%
7421 17% 836 9% 930 5% 1024 4%
744 17% 838 9% 932 5% 1026 4%
746 | 17% 840 9% 934 5% 1028 4%
748 | 16% 842 9% 936 5% 1030 3%
750 16% 844 9% 938 5% 1032 3%
752 16% 846 8% 940 5% 1034 3%
754 16% 848 8% 942 5% 1036 3%
756 | 15% 850 8% 944 5% 1038 3%
758 | 15% 852 8% 946 5% 1040 3%
760| 15% 854 8% 948 5% 1042 3%
762| 15% 856 8% 950 4% 1044 3%
764 15% 858 8% 952 4% 1046 3%
766 | 14% 860 8% 954 4% 1048 3%
768 | 14% 862 8% 956 4% 1050 3%
770 14% 864 8% 958 4% 1052 3%
772 14% 866 8% 960 4% 1054 3%
774 14% 868 8% 962 4% 1056 3%
776 | 13% 870 8% 964 4% 1058 3%
778 13% 872 8% 966 4% 1060 3%
780 13% 874 7% 968 4% 1062 3%
782 13% 876 7% 970 4% 1064 3%
784 13% 878 7% 972 4% 1066 3%
786 13% 880 7% 974 4% 1068 3%
788 12% 882 7% 976 4% 1070 3%
790 12% 884 7% 978 4% 1072 3%
792 12% 886 7% 980 4% 1074 3%
794 12% 888 7% 982 4% 1076 3%
796 | 12% 890 7% 984 4% 1078 3%
798| 12% 892 7% 986 4% 1080 3%
800| 11% 894 7% 988 4% 1082 3%
802| 11% 896 7% 990 4% 1084 3%
804| 11% 898 7% 992 4% 1086 3%
806| 11% 900 7% 994 4% 1088 3%
808| 11% 902 7% 996 4% 1090 3%
810| 11% 904 7% 998 4% 1092 3%
812 11% 906 7% 1000 4% 1094 3%
814| 10% 908 7% 1002 4% 1096 3%
816| 10% 910 6% 1004 4% 1098 3%
§ () 3
B ()

Table S1 -Transmittance coefficient&,, of the black glass filter used to avoid the D1

detector saturation.
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Figure S1- Linearity between lamp power and counts

Figure S1 shows the linearity between the lamp pamel the recordedounts.
Experiments by means of different glass attenuab@s been carried out to
determine the correlation between counts and laowep Transmittance values
for 500 nm wavelength have been recorded by mefaghs &V-Win Lat® software
by Perkin-Elmer and are reported in function of ttwunts coming from the
developed LabView software. Experiments detailsr@perted in table S2.

Attenuator Transmittance (%) Counts
No one 100 0.328
thickness 1 mm 88.482 0.291
thickness 2.2 mm 79.459 0.262

Table S2 -Experimental details to demonstrate the linedréween lamp power and

counts.

60



Chapter 4

Determination of the number of
TiOy active sites in sintered TiQ

layers

As reported in the motivation of Chapter 2, thepmse of this thesis is the
improvement of the DSSCs efficiency, via an inceea$ the TiQ surface area
available to the graft of the dye. In order to bkedo assess this result, it is however
needed first of all a reliable and reproducible hodtfor determining the number
of active of the TiQlayer, which in turn is linked to the number okdyolecules
that the latter may adsorb on its own surface. &foee, two methods of
determining the number of TiQctive sites have been investigated. Both methods
are based on the adsorption of molecules in thidighase onto the surface of the
sintered TiQ. In a first approach, the adsorption was caroietlusing acetic acid
molecules (“acetic acid method”), while in a secam# the adsorbate was made
by dye molecules of the same type of those usadtiual DSSCs (“dye desorption
method”).
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4.1 Main investigation methods currently used for

characterizing a porous solid.

In order to characterize the surface area of posolids, several procedures have
been developed [89]. Most of these methods exfieitability of such structures
to interact with molecules in gaseous or liquidvothrough the so-called process
of adsorption.

When molecules are brought in contact with a skt of them remain “attached”
to the surface (adsorption phenomenon). The nunobemdsorbed molecules
(collectively named “adsorbate”) depends on theraleamount of exposed
surface, on the system temperature, and on thegstref interaction between the
adsorbate and the solid. In the case of gaseolecules, also pressure represents
an important parameter for the adsorption procAsshe pressure becomes higher,
adsorption takes place forming progressively oygilag layers (Figure 4.1).

The adsorption process may be divided in two différsubsets, namely physical
adsorption, or physisorption, when a weak Van daal/ attraction between the
adsorbate and the solid surface is establishe¢-[B®] or chemisorption, when a
chemical bond (usually a covalent one) occurs betvibe adsorbate and the solid
surface [92].

Desorption is the inverse of the adsorption procasg it occurs when a molecule
detaches itself from the surface onto which it wdsorbed. Physical desorption
may occur in response to a decrease in systemupee@s the case of gases) or a
decrease in the molecule concentration (for bogegand liquids), or to other
environmental stimuli (changes in temperature, ates surface energy, etc.).
Chemical desorption is a bit more difficult to ogcsince it requires to break the
chemical bond between adsorbate and solid surfaogelans of a chemical reagent
or a sufficiently high energy. Both the adsorptenmd desorption processes are
involved in the characterization of porous solids.

To determine the number of surface active sites evitich a molecule can be
adsorbed, it is possible to quantify the amourdagorbate. In addition, with this
approach often also the pore size distributionoreé volume in the solid structure

can be estimated.
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4. A further increase in the gas
pressure will cause coverage of the

3. Further increasing gas pressure will sample and fill all pores. The BJH
cause the beginning of multi-layer calculation can be used to
coverage. Smaller pores will fill first. determine pore diameter, volume
BET equation is used to calculate area and distribution.

2. As gas pressure Increases,
coverage of adsorbed
molecules increases to form
a monolayer

1. Isolated sites on the
sample begin to adsorb gas
molecules at low pressure

Figure 4.1 - A schematic view of the pressure effect on thmgjlof a porous structure.
Each method needs a specific pressure conditibe tpplied.

Physical adsorption techniques are usually cargetdin gas phase. A first
approach to use controlled adsorption for detemgitine porosity of materials was
developed by Irving Langmuir in 1916, who consideteow to calculate the
porosity of a solid upon the formation of a singlenolayer of adsorbate on its
surface (Figure 4.2a). This work was later refingdStephen Brunauer, Paul
Emmett and Edward Teller, who developed the sedaBET theory (from the
name of the involved scientists). The BET thearpased on the assumption that
the adsorption gives rise to the formation of najtr on most surfaces (Figure
4.2b). [93]. Other approaches for the calculatbthe pores volume and size, as
the BJH method (by publishers’ names Elliot Barré#slie Joyner and Paul
Halenda) [94] are available, but the BET theorgusrently the most used one in

this kind of investigations

Figure 4.2- Schematic of the adsorption of gas molecules dréstrface of a sample
showing (a) the monolayer adsorption model assusgate Langmuir theory and (b) the
multilayer adsorption model assumed by the BET rheo

In BET surface area analysis, nitrogen is used dsorhate, because of its

availability as highly pure gas and its interacticapabilities with most solids.
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Known amounts of nitrogen are released stepwisethre sample cell filled with
the solid to be probed, until reaching a saturapogssure, after which no more
adsorption occurs, regardless of any further presisicrease. Highly precise and
accurate pressure transducers monitor the presbaregges due to the adsorption
process. After the adsorption layers are formed,sthmple is removed from the
nitrogen atmosphere and heated to cause the adsathegen to be released from
the material and quantified. The data collectedisplayed in the form of a BET
isotherm, which plots the amount of adsorbed gaa &mction of the relative
pressure. The desorption process could have adlitfg@ath with respect to the
adsorption one, generating a hysteresis in the @EVes Figure 4.3 [95].

Figure 4.3- A typical example of hysteresis between the adsmfatesorption

processes.

From these data, knowing the number of moleculdsl@sectional area of the gas
used during the adsorption, the solid surface eaeabe calculated [93].

Each of the mentioned active sites determinatiothats has a specific scope,
depending on the type of pores present within ¢fid and the type of investigation
needed (Table 4.1).
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Information | Technique| Method | Micro Macro
BET X X
Surface Langmuir| X
Area N2, Ar, Kr
at 77K BET 3p X
Pores BJH X
V(_)Iume_and DET " x
Dimensions

Table 4.1 -Correlation table between the information to bguired from the analysis, the
pores type and the eligible technique. AccordinthlUPAC classification, the pores can
be classified into several types according to thizie. Macropores are characterized by a
size of diameter > 50 nm, the mesopores by a demiattween 2 and 50 nm and
micropores by a diameter less than 2 nm.

Despite being widely used, the methods listed alareenot suitable for being
applied to our Ti@structures. In fact, our need is to determinentiraber of active
sites on a structure fabricated on a rigid supportl inseparable from it, without
destroying the assemble. Instead, samples fdBHIeanalysis are expected to be
self-standing, and are usually partially crushedlkow their introduction into the
sample vials.

This issue has prompted us to search for an atteenapproach able to deliver
information about the overall surface area of \[i@ers. Therefore, rather than
using the adsorption of molecules in the gaseoas@ht was decided to carry out
the characterization of our porous structures W@nacal adsorption of molecules
in the liquid phase.

The methods we identified, defined as “dye desompthethod” and “acetic acid

method”, are described hereafter.

4.2 Dye Desorption Method.

The adsorption of a dye molecule onto a x'8Drface is a typical example of
chemisorption process. The desorption of the dgm fthat surface is a widely
described and used method to determine the suai@azeof nanostructured TiO
[96]. It consists in a preliminary step for thesarption of dye molecules within a
TiOx mesoporous layer, carried out by immersing tlamiat in a dye solution for a
standard time (Figure 4.4a). The layer is themaexed from the dye solution

(Figure 4.4b) and the chemisorbed dye is desorpeddans of an alkaline solution
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(Figure 4.4c). In order to determine the numbedy# molecules that have been
chemisorbed onto the titania surface, the resulilkgline solution containing the
dye (Figure 4.4d) is analysed by UV-Vis spectrophutry.

Figure 4.4 - Adsorption/desorption stages of a T&fructure.

The UV-Vis spectrometric analysis of the alkalimdusion in which the desorbed
dye molecules were left allows to measure the actumber of dye molecules
desorbed, which in turn leads to the determinatibthe number of active sites
present on the surface of the mesoporous titana tabaccommodate the dye
molecules, thanks to the application of a convamegthematical model.

The titania mesoporous layer is prepared from aysser paste deposited on a
thoroughly washed substrate by means of the maosiman deposition techniques
(screen-printing, doctor-blading, spin-coating,-dgating and so on). A practical
mesoporous TiQ sample was prepared from a paste deposited onlesimp

microscope slides using the doctor-blading techai@s shown in Figure 4.5.

Figure 4.5 - Fabrication stages of a mesoporous structure \Wethdbctor-blading. The
substrate thoroughly cleaned (a) is fixed to tippsut by means of strips of adhesive tape,
which will also work as spacers defining the fittatkness of the sample. A few drops of
paste are deposited on top of the slide, directlthe adhesive tape (b); the blade movement
from the top down allows to spread the paste umifpto the entire exposed surface of the
slide (c). After removing the tape, the sampleeady for the subsequent stage of sintering

(d).
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The so-obtained TiQlayer is then sintered at about 450°C (see experiah for
details). The sintering step has a double objecthve degradation (and therefore
removal) of the organic part introduced in the paltring its preparation, and, most
important, the creation of a “necking” connectictieeen the nanoparticles. The
good quality of these connections is a crucial ptn the proper operation of a
TiOx-based DSSC, as they promote the random walk afyehearriers from the
dye/TiOx interface to the electrode [97] (Figure 4.6).

Figure 4.6- The diffusion paths of the injected photon inte ThO; hanocrystalline phase.
The TiQ, film sintering process promotes physical bondimgween the nanoparticles,
facilitating the creation of continuous paths fbame diffusion processes.

In order to avoid the water absorption from theadphere after the sintering step,
TiOx layers are immersed in the dye solution while @eystill at about 80 °C, and
kept in the solution overnight, to allow a thorougjffusion of the dye within the
mesoporous structure. At the end of this firspaig, the TiQ layer can be washed
with ethanol to remove weakly adsorbed dye moles;ied the adsorption process
can be repeated for several cycles in order teass the dye loading [96].

The dye is then desorbed by immersing thexTl&yer in a solution of sodium

hydroxide. Desorption mechanism is shown in Figuie
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{ Ru- Complex ] { Ru- Complex ]
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Figure 4.7 - After the chemidesorption by means of NaOH, the ihplecules leave the
TiOxsurface as sodium carboxylate. The label “Ru-cenipdentifies the used dye.

The amount of desorbed dye is then quantitativetgrnined by UV-Vis analysis.
In fact, the absorbance of a solution and the aumaton of the solute dissolved in

it are linked by the known Lambert-Beer’s law:

a bcd (Eqg. 4.3)

where A is the absorbance;is the molar extinction coefficient of the dye
(expressed in L-mdicnl); b is the optical path length of the UV-Vis betimough
the sample (expressed in cm); and c is the coratéarirof the dye in the solution
(expressed in mol't). A simple calibration curve allows to determihe exact

amount of dye molecules {eJ present in the solution, via the equations:

€.z d\ f (Eq 44)

€41z €.z €, (Eq. 4.5)

Where Nholis the number of dye moles, V is the volume ofdhalyzed solution,

and M is the Avogadro number.

4.2.1 Modeling of the TiQ system.

In order to extract significant parameters for¢haracterization of a very complex
systems (such as TiPhotoanodes adopted in DSSC), a reliable modelsiteetoke
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identified via some careful and prudent assumptiofise aim of this model is to
determine a few parameters of interest:
1. Nmolednanopart, i.e. the number of molecules of dye dmzbonto a single
TiOx nanoparticle;
2. NmoledNn?, i.e. the number of dye molecules adsorbed perafrsurface
area, which is expressed in square nanometers;
3. dm, i.e. the overall density of the TiCayer, expressed in g/ém
To obtain these parameters, some assumptions muastrte. A first consideration
is that a TiQ layer consists of nanoparticles with a diametescdbed by a
Gaussian distribution, as shown in Figure 4.8. Elav, treating this distribution
is out of the scope of this work, and for the digfim of our model we will assume
that all the nanoparticles have the same diametersnomodal diameter
distribution), and that this diameter correspondstiie Gaussian distribution
maximum, that for the considered case correspand$ nm.

Figure 4.8- Aeroxide P25 diameter distribution by Motzkus le{28].

The second approximation regards the shape offtneraentioned particles that
are considered perfectly spherical, with a radigsaé to a half the nominal
diameter.

Hence, the volume pand the spherical surfacg@ a single TiQ particle can be

defined using Eq. 4.6 and 4.7:
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o Hi (Eq. 4.6)

ju ki (Eq. 4.7)
The total volume of the TiOnanoparticles within the mesoporous layer can be

calculated measuring its mass amd dividing by the (known) bulk titanium dioxide

density diox, as:

Okik 2-87Imn (Eq.4.8)

Combining Eq. 4.6 and 4.8 the number of particlesa given sample can be

calculated as:

Oy  Oxik-OH (Eq. 4.9)

At this point, knowing the number of dye molecutgem UV-Vis measurements)
and the number of TiOparticles in the sample it is easy to derive theameter
NmoledNanopart:

X N
€4z -0opqg r &;—N (Eq. 4.10)
R

The parameter Ne/nn? will be obtained considering that the surface arka
single particle (Eq. 4.7) by the total number atijoées in the sample gives the total

surface area of the sample (Eqg. 4.9):

Jkiksln\ oy (Eq. 4.11)
from which we obtain that:
X N
e,z los = % (Eq. 4.12)
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The portion of total surface lost due to sintelisigonsidered to be negligible, since
previous works showed it to be about 1% of thel tbidy surface [99].
Finally, it is possible to calculate the density tbe mesoporous TiQayer,

expressed as:

t N
8.7 f (Eq. 4.13)

where My is the sample mass expressed in grams anth¥ total volume of the
TiOx mesoporous layer in én

In this equation the mass is easily experimentaasured by simple gravimetric
technique. It has to be noted that ¥ not the same mentioned in Eq. 4.8 and 4.9,
which is referred to a “bulk” TiQnanosphere, but it is instead the volume of the
whole TiO, mesoporous layer deposed on the substrate amilesint To estimate
this datum, it is useful to observe that the aredlygamples are fabricated with a
regular rectangular shape (see Figure 4.5d). fdmsyerse section of this layer
(needed for determining its volume), though, haather inhomogeneous height,
due to the intrinsic nanoparticles’ nature andhe tharacteristics of the titania
paste, which upon solvent evaporation tends taoklwith local anisotropic rates.
Therefore, the volume of the mesoporous layer velwas calculated as that of a
parallelepiped having a height averaged over sewsasurements carried out at
several different points along a randomly takertise®f the layer by means of a
profilometer. The sides of the rectangle formihg layer shape visible in Figure
4.5 have been measured using a standard calibsmng these data, the overall
volume of the mesoporous Ti@yer have been determined, and the application of
Eqg. 4.13 allowed to determine the actual densityefmesoporous layernd

This model has been applied to all the Ji@esoporous layers described in this

thesis.
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4.3 Determination of TiO« active sites via acetic
acid.

The method of dye desorption has an establisheditydor the characterization of
TiOx photoanodes from the point of view of porosityt thinas a major issue. In
fact, conventional dyes used in the fabricatiorD&SCs derive from laborious
organometallic synthesis and multi-steps purifmatilowering the final yield of
the product, and the metals used in these orgamtimetompounds are rather
expensive. These aspects mean that the cost per @rasuch organometallic
complexes is very high. For example, the dye Nti$8d for this thesis) costs from
500 to 1000 Euros per gram, depending on the serpgoid on the purity grade.
Therefore, at the beginning of the work on the mheteation of nanocrystalline
titania active sites, a method for the determimaid the active sites of TiO
mesoporous layers based on less expensive chemi@asinvestigated. In
particular, acetic acid was identified as a valithsitute for dyes, because it is
characterized by the same functional group (carlbmaygid) that the most common
dyes use for grafting to the Ti@ctive sites. [100]

This interaction was investigated by Persson etadlroom temperature on
crystalline TiQ (1 1 0). It has been seen that in these conditaetic acid adsorbs
as acetate ()€ COQO) in a (2 x 1) structure, with the two O atoms beddn a
bridging (bi-dentate) configuration across two fold coordinated Ti atoms, with
the C-C bond perpendicular to the surface. Thidigaration leaves the H atoms
of the methyl group parallel to the surface plan&. very similar adsorption
mechanisms involving the carboxylic function onitartia was described for the
bis-isonicotinic acid (or 2,2’-bipyridil-4,4’-dicarbggtic acid) [101], that indeed is
one of the possible ligands used in organometdiles tested in DSSCs (Figure
4.9).

72



4. Determination of the number of Ti@ctive sites in sintered Tidayers

Figure 4.9 -Calculated structure dfis-isonicotinic acid adsorbed on TiQL 1 0). From
Persson et al. [101].

This preferred orientation of acetic acid chemisdrlonto anatase TiQ@urfaces
was demonstrated also by means of SCF (Sum freguggmeration vibrational
spectroscopy) analysis by Wang and coworkers [102].

Moreover, since the chemisorption constant foriaastid onto anatase TiOs
very high with respect to other small organic males, the acetic acid adsorption
was found to be highly strong and stable, with atedtable changes over 2 days,
and the adsorbed species were unaffected neithevdpuation nor by addition of
water [103].

On the basis of these considerations, a methoddbasemeasuring the pH
(concentration of kD" ions) of acetic acid solutions put in contact wittDx
mesoporous layers was devised. In particular,Tikg layers to be investigated
were immersed in acetic acid solutions at knowrceatrations, and the pH of the
acetic acid solution before and after the immersiware determined via
potentiometric measurements and compared. Inwthisit has been possible to
determine the amount of acetic acid adsorbed byptegiously prepared and
sintered TiQ layers.

The initial acetic acid solution concentration wiaxed to 10° M, a concentration
that is lower than that commonly used for the dgsadption method (which is
about 1 M). This choice was mainly due to the sensitidfythe electrode used
for the potentiometric pH measurements. In fdet, électrode was characterized
by a tendency to give saturated signals for salutiaving >1¢ M H*

concentrations, while it showed limited sensitivtitysolutions with concentrations
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<10°M. An acetic acid solution IOM as starting point represented hence the best
compromise for obtaining reliable data with a geedsitivity from the available
pH meter.

From a practical point of view, to minimize possilitoncentration calculation
errors, batches of four to six aliquots of knowruwees of the initial acetic acid
solution, at known concentration, were put intofadnt beakers. A glass-
supported TiQ mesoporous layer of known mass and volume was mseden
each solution-containing beaker, and left theremgét. After that, the TiQlayers
were extracted from the beakers and washed withgatral deionized water. The
final pH of the solution, pKwas determined by potentiometric measurements, an
compared with the initial pH value, pHo deliver the amount of acetic acid
adsorbed by the sample.

In order to stabilize the pH electrode and to fatg the measurements, the
solutions were adjusted by introducing KCI up fonal concentration of 2 M. The
final pH values considered reliable to the endhef teported determinations, for
both pH and pH determinations, have been obtained averagingsigerutive pH
measurements showing less than 0.01 pH unit vansitiincluding the starting
solution for the determination of the initial pHThe overall reported values of
adsorbed acetate ion concentrations have beengaeeoaer the mentioned 5 TiO
samples tested in each batch experiment.

The relevant parametersnbk/nanopart, Noednn? and ¢, have been calculated
as in the dye desorption method, using Egs. 4.def@vlt is the determined
concentration of acetic acid) and 4.5, and the rhadel&cribed in paragraph 4.2.1.

4.4 Results and discussion.

In order to compare the outcome of the above d&smidwo methods for the
determination of the active sites of Li@esoporous layers, two groups of titania
samples were prepared as depicted in Figure 4.5.

The paste used for their fabrication (termed K<)i®as prepared following the
procedure described by Ito [104], with a few vaoilas on the relative
concentrations of components needed for optiminegblade coating deposition
step (see experimental section for details).
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A first group of samples was characterized usimgdye desorption method (from
now on, Kaye will identify this batch of samples) while the sed one was analyzed
using the acetic acid method (from nowcdfd. Both the groups were fabricated
on laboratory glass slides, suitably washed andghesl, following the steps
illustrated in figure 4.5, and finally sintered480°C for 30 minutes in a muffle,
under an airflow.

Kdyesamples were immersed in a 0.3 mM solution of N@y® in EtOH/t-BuOH
3:1 overnight, while the samplesd&icwere immersed in a 1.6 * PM acetic acid
solution.

The amount of adsorbed dye was measured by imngettsendye-modified films
in a known volume of 0.1 M NaOH solution, which uktsd in complete dye
desorption. The concentration of this supernasaition, and hence the total
amount of dye, was determined by measuring theisalabsorbance at 530 nm,
using the molar extinction coefficient at that wiangth (previously measured
using standard calibration curve techniques) ofoDO4 mol* cn!. From these
data, the Moednn?, Nmolec/nanopart and the mesoporous layer deri3ity
(g/cm?) were determined (Table 4.2).

The figure 4.10 shows an example of UV-Vis spectaiitihe dye N719, which has
two maxima at 530 nm and 399 nm.

Figure 4.10 -An UV-Vis spectrum of N719 dye.

The KaceticSamples were treated as described in par. 4 Bt&nathe final values of

NmoledNM?, NmoledNanopart and R (referred to acetic acid molecules) shown in
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Table 4.2. Each of the reported values is thdtreSan average over five different

samples.

The mesoporous layer volume determination was exhraut in both cases as
described in paragraph 4.2.1, where the sampldhisigalculated as the average

of six measurement points along the layer heidttaioed by a profilometer.

density (g/cn¥) N moledNM? Nmoledpart
Kayel 1,168 0,256 458,1
Kdye2 1,328 0,284 532,7
Kdye3 1,024 0,271 728,0
Kayed 1,808 0,435 481,5
Kdyeb 0,900 0,143 529,1
Average 1,246 0,278 545,9
Kaceticl 1,234 0,118 233,3
K acetic2 1,664 0,207 410,7
K acetic3 1,347 0,098 193,9
K aceticd 1,156 0,147 292,3
K aceticd 1,090 0,089 176,8
Average 1,298 0,132 261,4

Table 4.2 -Kgeand Kacetic Characterization parameters obtained by the appiiedel.

Comparing the results obtained from the two meth{ddble 4.2) it is possible to
see that lye derived values are in line with the experimentaladieeported in
literature for N719 dye adsorbed onto the J#Datase surface. In fact, for this dye
experimental surface coverage values of 0.31 midsaum? and 0.26 molecule
nm? have been reported [17-18], while density funaiotheory yields an
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optimized packing density of 0.744 moleculesfar the dye bound with two
carboxylate groups on the oxide surface [107].bdth cases, the experimental
values are found to be significantly lower than theoretical maximum, which
supports the notion that higher dye packing desssitan be achieved. Theoretical
maximum dye packing values reported for N719 ortam®aTiQ range from 0.77
to 1.16 molecules n¥) depending upon the particular anchoring mechanism
assumed for the dye [99].

On the other hand, thedyed/nn? and Nnoled/part obtained for the samplesdsicare
clearly much lower than those achieved fageKkand deserve a deeper discussion.
First of all, a quick look at the densities of Ti®x layers of kyeand Kaceticsamples
shows that these values are definitely comparadseekpected, since they were
fabricated using the same Tifaste and fabrication protocols). Since theseagalu
have been determined on the basis of purely-félated parameters (volume and
weight of the layers), the differences found in h@mof adsorbed molecules for
the two described methods cannot be attributedat@tons in the mesoporous
layer composition or porosity. Therefore, the cgafor such different, though not
dramatic, behavior must be sought for in the mdexuused for the
adsorption/desorption experiments.

A first point that can be considered is that théahconcentration of acetic acid
used for the chemisorption process was lower thardncentration of the dye, i.e.
about 1 M for the acetic acid vs. about 40M for the dye. The lower
concentration used for the acetic acid was neededaltechnical issues related to
the pH meter, whose sensitivity was maximum in #@® M acetic acid
concentration range.

However, the possible main reason for this diffeeeies in the chemical
characteristics of the two molecules used for thentsorption of Kye and Kacetic
samples. Indeed, although both of them presertat®oxylic group as functional
anchoring group, the presence of a pyridine rinthendicarboxybipyridine ligand

of N719 dye makes them very different during thecaidtion (Figure 4.11).
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OH HO
0] (6]
HO
/7 N\ _/ \ >:
—N N— H3C
dicarboxybipyridine ligand acetic acid

Figure 4.11 -Chemical structures of dicarboxybipyridine ligaamtl acetic acid.

In particular, the pyridine ring is an electrorrattor group, and therefore tends to
stabilize the carboxylate ion, shifting the acidg&d®alance to the dissociated form

(equation 4.15):

RCOOH+<—" RCOO+ H' (Eq. 4.15)

where R = methyl group (for acetic acid) and R cadboxybipyridine ligand.

The carboxylate ion, indeed, is better suited ttiennon-dissociated carboxylic
group to establish good chemisorption interactiwitb the TiQ, surface [100].
This attitude is also confirmed by the comparisetween the calculated pKa for
the two species. In fact, the acetic acid pKa .i&54while the N719 dye is
characterized by a very low pKa, that is 1.5 [2]{®2e lower the pKa, the higher
the acidity).

This difference in acidity of the two functionaltiifferent carboxylic groups can
thus explain the different amount of adsorbed mde=cfor the two species.

4.5 Conclusions.

In this chapter, we pointed out the importance eing able to determine the
porosity and surface areas of nanocrystalline Ta@ers, carrying out an overview
of some existing methods for determining theserpatars. We hence developed
a very simple model for determining a few relevaatameters of the mesoporous

layer, namely the number of adsorbed moleculessgeare nanometer of titania
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surface, Noledn?, number of molecules per single nanoparticlggddnanopart,
and the overall density of the mesoporous layar, d

This model was used to determine the mentionedhpeteas using two methods
based on adsorption/desorption of molecules omw/fthe titania surface in the
liquid phase. The first method is known from titerbture and is based on the same
organometallic dyes used in actual DSSCs, but st the drawback of making
extensive use of dyes as adsorbates on the [ag@r, and these dyes are pretty
much expensive. For this reason a novel methoth&determination of the active
sites of a porous Tigstructure based on the inexpensive acetic aciecutd was
developed. In order to validate the new methody tyvoups of TiQ-based
mesoporous layers have been fabricated with the S&@x paste and following
the same procedures, and were characterized ungrigrd approaches.

As expected, the two groups of samples showed gpa@hle TiQ density, since
they were prepared with the same paste and proegddihe number of adsorbed
dye molecules resulted in line with the literatusports currently available.
However, the number of adsorbed acetic acid madsawsulted to be lower (about
a half of the dye molecules) than that of dye males adsorbed in similar
conditions. While a part of this difference mayvéabeen due to a lower
concentration (forced by instrumental constrainfsthe acetic acid solution used
for the experiments, the most likely reason fos tieisult is that the acetic acid is a
weaker acid than the most common dyes. In factjyas are characterized by
electron attractor groups such as pyridine, theyeha greater attitude to the
adsorption on porous surface than acetic acid. é¥ew although the acetic acid
method delivered inaccurate results in terms oblaibs adsorbed molecules values,
it could have some application in terms of relatieenparison between mesoporous
layers prepared using different procedures, sihcereliable and reproducible if
taken within an internal set of TiQayers batch, and it offers the appealing side of

being extremely practical, fast and inexpensive.
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4.6 Experimental section.

Materials

P25 TiQ powder (Aeroxide P25, av. 25 nm, 80% anatase @%@rtile, via TiCk-
fumed gas synthesis) was purchased by Evonik, Ggrma

Pure powders of ethyl celluloses (5—-15 mPas at ®%luene:ethanol/80:20 at
25°C, #46 070; 30-50 mPas at 5% in toluene:ethdda@0 at 25°C, #46 080) were
purchased from Sigma-Aldrich and were dissolvednnethanol solution before
utilization. Cis-di(thiocyanato)-N,N’-bis(2,2’-bypidyl-4-carboxylic acid-4'-
tetrabutylammonium carboxylate) ruthenium(IN-719 dye was purchased by
Solaronix, Switzerland.

Acetic Acid (Fluka #45726; 99,5%), NaOH (Fluka #7169297,0%) -Terpineol
(Aldrich# W304506, mixture of isomers,96,0%) were purchased by Sigma-
Aldrich.

Instruments

A muffle (Carbolite, Mod. CWF 11/23) was used foe tsintering of samples. An
ultrasonic bath (Elma, mod. Elmasonic S40H) was leyga for the
homogenisation of Ti® paste. UV-Vis analysis were performed by UV-Vis
spectrophotometer (Mod. Lambda 35, Perkin EImett) tie correlated proprietary
software UV Winlab. A pH-meter (SevenCompact, métllpn S220) was used
for the potentiometric measurements.

The profilometer used for the determination of sEsghickness is a KLA Tencor,
Mod. Alpha Test 500.

TiO2 paste preparation (paste K-TiQ).

The fabrication of the K-Ti@paste is described in Scheme 4.1. Fabrication was
performed in ambient air at room temperature. Athestep, liquids were added
drop by drop into a porcelain mortar. The diamefahe mortar was about 20 cm.
TiO2 powders stuck inside the mortar were removed figstic spatula in order to
grind large aggregates. The Bi@ispersions in the mortar were transferred with
excess of ethanol (8 ml) to a tall beaker andestiwith a 4 cm long magnet tip.
Both ethyl celluloses were dissolved in ethanolarrgtirring at 50°C, and, after
completely cooled to room temperature, were adddd@..
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| Mix TiO2 powder (6g) and acetic acid (1mL) and grincdi mortar (5 min)|

A 4

| [Add water (1 ml) and grind in a mortar (1 min)] xighes |

A 4

| [Add ethanol (1 ml) and grind in a mortar (1 min)] x tes |

A 4

| [Add ethanol (2.5 ml) and grind in a mortar (1 min)ﬁ)times|

A 4

| Transfer the TiO2 paste to a beaker with using 8 mttdieol |

A 4

Add terpineol (4 g)

A 4

Stir with a magnet tip (1 min), sonicate with ultrasonarm[(2 sec work + 2sec
rest) x 30 times], and sti with a magnet tip (1 min)

A
Add ethylcelluloses (5g: 3.32g for (1) and 1.68g ofi(2%#6 ml of ethanol

A 4

{Stir with a magnet tip (1 min), sonicate with ultrasohiern [(2 sec work + 2sec
rest) x 30 times], and sti with a magnet tip (1 min)}

A 4

Evaporate the ethanol with a rotary evaporaltor

Scheme 4.1 Preparation steps for the K-Tifaste.

The ultrasonic homogenisation was performed withguan ultra-sounds bath.

Anhydrous terpineol and the mixture solution camitag the two ethyl celluloses in
ethanol were added, followed by stirring and sdioca The contents of the
dispersion were concentrated by evaporation tileach a total net weight of 50 g.
In order to avoid the overheating of the paste #@sdself-aggregation, the

temperature must be stable and not exceed 39°C.

Preparation of nanocrystalline-TiOx electrodes

In order to prepare all the K-Tipaste-based samples, microscope slides used as
substrates (2 mm thickness) were first cleaned detargent solution using an
ultrasonic bath for 15 min, and then rinsed wither@1l5 min ultrasonic treatment)
and ethanol (5 min ultrasonic treatment). In ordecalculate the final weight of

deposited Ti®, slides were weighed by means of an analytic loaldefore the
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deposition of the paste and after the sinteringerAdirying, a layer of paste was
coated on the slides by doctor-blading using a bnlatyers tape as spacer. Slides
were hence covered by a clean box until the com@ttanol evaporation, so that
the paste could relax to reduce the surface iregtgyl If was completely dry. The
electrodes coated with the Ti@astes were gradually heated under an airflow at
450°C for 30 min.
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Chapter 5

Nanostructuring nanocrystalline

TiOx over large areas

In addition to the development of more efficienedythe greatest contribution to
the DSSCs efficiency improvement can be deriveshfnanostructured photoanode
optimization. In particular, in order to obtain mtrease of the photogenerated
current from the devices a larger number of dyeequdes, that are responsible for
the generation of charge carriers, should be addoob the TiQ@ surface [96]. In
this regard, a more porous structure exposinggetanner surface area for the dye
grafting could be an excellent solution [110]. Ither words, a more porous
nanostructure characterized by a greater numbactofe sites can load a larger
amount of dye. Moreover, the more porous struatordd help the percolation of
the electrolyte within the layer, [111] facilitagjirthe electronic exchange at the
electrolyte/dye interface for the regenerationhef fatter.

In this scenario, the main objective of this PhBsik is the nanostructuring of
titanium oxide photoanodes to be used for dye-seadi solar cells. In fact,
nanostructured TiEphotoanodes characterized by a wider exposed sudeea
will be able to increase the amount of adsorbed dy@easing the number of
photogenerated charge carriers and thus positafédgting the overall efficiency.
For nanostructuring homogeneously DSSC photoanadégo fabricate them in

standard laboratory conditions (i.e. at room terapge and in the air), a new
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nanostructuring method has been implemented. Té#hod, named auxiliary
solvent-based sublimation-aided nanostructuringieflyy ASB-SANS), was
proved to be effective in promoting the formatidroodered nanostructures out of
poly(methylmethacrylate) and carbon nanotubes [68jeasonable time and at
acceptable costs. To give an example of the pat@itASB-SANS for generating
ordered nanostructures over areas as large ast el be given here at first a
description of the effectiveness of the methodonmting the nanostructuring over
large areas of a well-known semiconducting polynrsed for the fabrication of
organic-based solar cells, and subsequently a treper the application of the
techniques to actual Ticbased photoanodes.

5.1 Application of ASB-SANS for nanostructuring

P3HT over large areas.

P3HT is one of the most comprehensively studiedugmted polymers, due to its
notable electric/electronic transport propertiésit tmakes it a model system for
polymeric photovoltaic cells (PV) [112] and organiield-effect transistors
(OFETSs) [113]. These properties are intimatelyrmmted to the P3HT ability to
self-assemble in the solid state, originating cedercrystalline domains. In
addition, P3HT may form fibrillar structures, witidths ranging from a few nm
to tens of nm, and lengths of up to several micrdepending on the preparation
conditions. The fibrillar morphology impacts pogély on the charge transport
capability of the material, as shown by severaugsin OFETs applications [7-
10]. For a single fibre, current densities as tagtv00 A crit have been measured
[118]. ASB-SANS is carried out using an organicstay able to sublimate (SS) as
an easily removable templating matrix for the matdo be structured/patterned
(target material, TM). Both the SS and TM arealigsd in an appropriate auxiliary
solvent (AS), which has to have a boiling point éswthan the sublimation
temperature of the SS. This combination enablesvit-processing of the whole
mixture at room temperature and ambient pressugeif@ 2.1). The method was
applied to P3HT, by mixing it with CHgIl(auxiliary solvent, AS) and
paradichlorobenzene (PDCB, the sublimating subste®8). After the templating
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phase, PDCB leaves easily and quickly the systersublimation [68]. In a first
experiment, a P3HT-PDCB-CHg&kernary mixture was spin-coated onto a glass
slide (sample TF-C).

As a control experiment, two more samples, TF-A @ReB (where TF stands for
thin film), were spun from a normal CH{I3HT solution, using the same spin-
coating parameters of TF-C. The sample TF-B washhlly annealed at about 80
°C for 5 min. The visual aspect of TF-C was strifty different from that of TF-A
and TF-B (Figure 5.1). In particular, the sampked showed P3HT domains with
spherulite-like zones evidencing the classic Maltesoss, as large as several
millimeters (Figure 5.1c), while in the TF-A and -BFsamples only the normal
appearance of plain, amorphous P3HT films was edt{€igure 5.1a, b).

Optical microscopy of TF-C revealed that the criysk& domains are organized as
2-dimensional analogs of spherulites (Figure 5.dmain sizes range from a few
mm to almost 1 cm. A further magnification showibdt the 2D spherulites are
constituted of fibrillar structures, with well-de&d and lowly dispersed widths, and
lengths ranging from several units to several hedsirof microns (Figure 5.1e).
Bao et al.[115] and Ludwigs et al.[119] alreadyadhé¢d similar 2D spherulitic
structures, with dimensions from a few units tooapte of hundreds microns in
diameter, by means of slow solvent-aided anneaklmg solvent swelling
techniques, respectively.

An analogous of the TF-C sample (same startingtisoluand spin-coating
parameters) was realized onto a SifSilile for SEM observations. A low SEM
magnification revealed that the macroscopic mormpiwbf this sample is the same
of TF-C (Figure 5.1f). A higher magnification shesv that the structures
constituting the spherulites possess a non-nedgidibight (about 1-2 microns),
hence they are lamellar-like, rather than trulyifilr. The lamellae width ranges
between 40 and 200 nm.
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Composition Nanofibre organization Nanofibre average
Sample  P3HT PDCB CHG  type diameter
NF-A 5mg 100 mg 1mL Hierarchical 500-1500 100-600
NF-B 5mg 200 mg 1mL Hierarchical 500-1500 100-600
NF-C 5mg 400 mg 1mL Aligned but entangled 200-500 -
single fibres
NF-D 5mg 1000mg 1 mL Aligned single fibres 70-200 -

NF-E 5 mg 1500mg 1mL Apparently disorganizedB0-100

single fibres

Table 5.1 - Composition parameters for the solutions origirgtthe P3HT samples
discussed in the article, and main morphologicaiufiees of the developed nanostructures.

In many instances, several lamellae are fusedhiegéfigure 5.1f, g). To achieve
the goal of producing fibres, rather than Ilamellatructures, five
CHCI/P3HT/PDCB solutions, with progressively higher FDE3HT ratios (see
Table 5.1), were prepared and deposed on Si/Sli@es by drop casting. The
resulting P3HT patterns were imaged by SEM (Figupg.

Excluding the drop edges, where accumulation oendtled to fascinating but ill-
defined structures, the patterns left at the ceafethe drops resembled those
obtained treating PMMA with a similar procedure J[68In particular, higher
concentrations of P3HT delivered hierarchicallyamged nanostructures (NF-A
and NF-B, see Table 5.1). The structures are ctaiaed by main fibres
developed along a linear direction, with seconddiges departing at about 90°
from the main ones (Figures 5.2a—d). In these &zgipe main fibres have widths
ranging between 500-1500 nm (Figures 5.2b, d).sEleendary fibres have widths
of about 100—-600 nm in both cases. In generaNféB both main and secondary
fibres have dimensions in the lower part of the tio@ed ranges, whereas for NF-
A the dimensions are in the higher ranges, tholnghdimensional differences
between the two samples were found to be mininaahfare Figures 5.2b and d).
Straight and very long (from hundreds of micronsNé--C to 20-30 microns for
NF-D, see figures 5.2e-h) fibres, with no tracesetondary structures, were
obtained when a lower concentration of P3HT wast keghe starting ternary
solution. The diameter of these fibres is in thege 200-500 nm for NF-C and
70—200 nm for NF-D. The minimum fibre width, ab@®100 nm with a length
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of few microns, was reached with the starting sofluNF-E. However, the fibres
in the latter sample appear to be much disorganiZeplires 5.2i—j). From these
examples it is evident that ASB-SANS allows a reatde control over the fibres
width simply by increasing the PDCB/P3HT ratio (quare Table 5.1 and Figure
5.2).

Figure 5.1- Visual aspects of P3HT-based thin films, obtaibgdpin-coating onto a glass
slide (2.5 x 2.5 cm): (a) a simple P3HT/chlorofasolution (sample TF-A); (b) the same
solution used for (a), but with a further thermahealing step (sample TF-B); (c) an ASB-
SANS-designed ternary solution (CHEIDCB/P3HT, sample TF-C), with no further
treatment. For sample TF-C it is possible to noia@ystalline appearance. (d, e) optical
microscope photos (image sizes 1170 6 866 mm afd XL86.6 mm, respectively) of
sample TF-C. (f, g) SEM images of a P3HT thin figpin coated onto Si/SiQvafer
starting from the same ASB-SANS solution used foe sample TF-C, at different
maghnifications. It is possible to appreciate theg/\gmilar morphology of this sample with
TF-C at similar magnification (f), and that therfib are indeed nano-sized lamellae having
a height of about 1.5-2m (g).

With respect to the homogeneity of the samplebgerainiform patterns were found
over areas as large as several tens of,ramis visible from the SEM photos of
Figures 5.2a, c, e, Q.
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Figure 5.2- SEM photos at low and high magnifications of tamples NF-A (a, b),
B (c, d), C (e, f), D (g, h) and E (i, )).

Due to the peculiar nanofabrication technique, whiglies on the formation of
PDCB crystals as templates [68], a more macrosdapict scales going from ém
up) homogeneity is difficult to be obtained withetlpresented, non-optimized

ternary mixture deposition methods. In fact, trerehdescribed drop-casting
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approach delivers differently oriented PDCB cryistal domains within the same
sample, and consequently in each domain the fibresdifferently oriented.
Nonetheless, no dramatic morphological differenceomg P3HT patterns
developed in different PDCB domains was noticedhisTsuggests that the
realization of extended, uniform PDCB crystals domaahould result in similarly
uniform and extended P3HT patterns.

The colour of the ASB-SANS-generated structuresfaasd to be darker than that
of their plain film counterparts (although from Erg 5.1c this is not evident, due
to photographic technical limitations). Indeeds iknown that in fibrillar structures
P3HT chains are better self-organized than in nbthia films, and that this self-
organization results in a darker sample colour, aeed-shift of the UV-Vis
absorption spectrum [120]. In particular, the Ué¢pectra of supramolecularly
organized structures of P3HT in the solid stateashanaximum located around
515-520 nm (depending on the characteristics opttgmer, i.e. regioregularity
degree, molecular weight) and two well distinguldkavibronic shoulders [121].
The first shoulder is located around 545 nm, aresgciated, like the maximum
absorption peak, tp—p * intrachain interactions. The second shouldenssead
located around 600 nm and has been associatpd i interchain interactions
[122]. These features become more evident whempahgner film is thermally
annealed, or when the solvent used to fabricatilthés allowed to evaporate very
slowly [123], [124]. Both these treatments areeabl promote a bett@rstacking
of the chains, therefore the 545 and 600 nm featare considered signatures of
effective self-organization of the polymer. In viefthese characteristics of P3HT,
the UV-Vis spectra of TF-A, TF-B, TF-C and NF-A labeen recorded, and
reported in Figure 5.3 (spectra of NF-B/E were taien because the very small
amount of P3HT left on the glass slides after tB€B sublimation delivered very
poor quality spectra). The spectrum of the sanif#eB shows a small but
appreciable increase of the intensity of the vilr@houlders at 543 and 600 nm
with respect to TF-A, as expected after the anngadtep. In the sample TF-C a
very marked spectral shape change is visible. hicgogar, the vibronic signal
corresponding to the intrachain interaction (at&@iit nm) is the most intense signal

of the spectrum, representing the maximum of aligorp Also the interchain
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vibronic feature at 603 nm is remarkably strong.adldition, a careful look at the
whole spectrum reveals that the same is slightlystefted (5—6 nm) with respect
to the ones of TF-A and -B. All these features itygaoint to a high degree of self-
organization of the polymer. The observed consisabsorption from 660 to 1100
nm can be attributable to effective light scattgrinA similar spectral shape is
observed for NF-A, although in this case the loweensity of the interchain
vibronic signal at 603 nm suggests a lower amotiself-organization than in the
case of TF-C (Figure 5.3).

Figure 5.3- UV-Vis spectra of samples TF-A, TF-B, TF-C and NKrespectively,
purple, blue, red and green curves).

These features indicate that the P3HT in the lamednd fibrillar samples
experience a degree of self-organization (undeh kbé intra- and the inter-
molecular points of view) much higher than thaptin films. Therefore, ASB-
SANS is able to induce in the polymer, in addititm the formation of the
nanostructures, a better supramolecular organizationterestingly, this was
achieved in just a few minutes from the depositbthe starting ternary solution,
with no need for lengthy and sometimes complexguiaces like thermal or solvent
annealing. Neither any special care for the deéjomsconditions, substrate type,
temperature or ambient pressure control, etc. n@asssary to obtain the described,
highly organized fibres/lamellae.

X-ray diffraction measurements confirmed that ttenalamellae TF-C and the

nanofibres NF-A have indeed an enhanced crystigihith respect to plain P3HT
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films, and that TF-C is more crystalline than NH&9]. This different behavior

between TF-C and NF-A is in line with that alrealydenced by the UV-Vis data
(Figure 5.3), and even the less crystalline NFguled, from XRD data, to present
considerably more crystallinity than several higldyganized P3HT samples
reported in literature [115][12-13][125] .

Therefore, these experiments carried out over P8btffirmed that ASB-SANS

promotes a good degree of self-organization imthterials it deals with, and that,
most importantly, the technique is able to deliedflective nanostructuring of

polymers over pretty much large areas, up to séwvera2 in a homogeneous
fashion, and up to chwith some an isotropicity of orientation of thetained

patterns.

5.2 Application of ASB-SANS for nanostructuring TiOx

over large areas.

5.2.1 Preliminary studies on sublimating substancespplied to
TiOx nanoparticles system.

Based on the P3HT published results [69], the apptin of the ASB-SANS
method to a system based on crystalline nanopsstiof TiQ (nc-TiOx) was
studied..

The sublimating substance was selected among #idedo promote in a layer of
nc-TiOx the formation of a porous structure having a lasyeface area then that
achievable using conventional techniques. In @aldr, the possible use of
camphor, menthol and para-dichlorobenzene (PDCBjuatimating substances
able to rapidly leave the layer at room temperatvae evaluated.

Camphor (whose formal name is 1,7,7-trimethylbioj2I2.1]heptan-2-one) is, at
room temperature, an amorphous solid (Figure 5.M&aps a vapor pressure of 0.65
mm Hg@25 °C, which allows it to sublimate at asfging rate (a few mg/min at
room temperature) in normal room temperature cardit and it has a very good

solubility in the most common organic solvents.
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X o

camphor 1-4 dichlorobenzene menthol

a) b) c)

Figure 5.4 -Chemical structures of the camphor (a), PDCB (o) menthol (¢) (on the
first row) and photos of their solids (on the setoow).

PDCB, (whose formal name is para-dichlorobenzen&,&dichlorobenzene) is a
simple aromatic molecule, which forms beautiful diekke crystals in normal
conditions and has a vapor pressure of 1.76 mm Hg@2 which allows it to
sublimate slightly faster than camphor (again,va f®g/min at room temperature)
(Figure 5.4b). PDCB is fully miscible with manyganic solvents.

Menthol (whose name is (1R-2S-5R)-2-isopropyl-5+mgketyclohexanol, or briefly
(-)Menthal), is a chiral alcohol, which forms beifultand large colourless prism-
shape crystals (Figure 5.4c). Its sublimation imextremely slow (vapor pressure
of 0.06 mm Hg@25 °C), with a practical rate of ab811-0.5 mg/min at room
temperature. It has good solubility propertiesorganic solvents, especially in
alcohols.

In order to evaluate the nanostructuring effedhee compounds on the final nc-
TiOx paste, the original K-Tigpaste was added by a 40% aliquot (by weight with
respect to the Ti¢) of each of the selected compounds, to delivezetittifferent
pastes named C-T¥DM-TIiO2 and P-TiQ, for camphor, menthol and PDCB,
respectively.

Several samples of the three modified pastes anldeofeference one have been
deposed with a doctor-blading tool onto glass sligking two overlapped layers of
scotch tape as spacer, in order to obtain homogeragers of about 1 charea.

The samples were left on the bench, properly calvei the time sufficient to
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allow the full sublimation of the considered SSdszertain the full elimination of
the SS, infrared spectroscopic tests over theddsamples have been carried out).
The resulting nc-Ti@layers have been sintered at 450°C in order toiedite all
the volatile organic compounds included in the @asbtaining solid layers that
have been observed by SEM. As it is possible eéofs@m Figure 5.5, marked
morphological differences exist between the xBuctures obtained from K-TiO
paste (Figures 5.5 a, b) and those deriving fropliegtion of the ASB-SANS
method (Figures 5.5 c-h), at both macroscopic aadoscopic scale. Every
sublimating substance acts differently on Ji@elivering in any case a marked
increase of the layer porosity at the smallesteslaadgth (compare Figures 5.5 b —
K-TiOx, d — C-TiQ, f — M-TiOx, h — P-TiQ). In addition, it is clearly observable
that each SS has a different morphological effadhe layer even at a larger scale
(compare Figures 5.5 a — K-TiOc — C-TiQ, e — M-TiQ, g — P-TiQ). In
particular, at the scale of several tens of miclibmsclear that the morphological
shape of the SS (amorphous or crystalline) is ctdtein the outer nc-Tidlayer
surface topography, confirming that the SS actmasasily removable template, as
was previously found [68]. Getting back to the Besa observed scale (1 micron
and below), it is possible to see that camphorisw#tion leaves nanostructured
cavities ranging from few hundred nanometers to-taree micrometer (Figure
5.5b). Samples obtained from M-TiQaste (Figure 5.5d) show the most porous
structures, characterized by cavities with averdigeneters larger than one-two
micrometers. Finally, the structures obtained fRRIDXCB-based paste (Figure 5.5h)
have cavities with diameters ranging between 5030@ nm, i.e. much smaller
than in the previous cases (but with an evidendrgorosity with respect to the
K-TiOyx, see Figure 5.5b).

In addition to the morphological observation, oteeperiments have been carried
out on the reported sublimating substances foretraduation of some practical
aspects of their manipulation and of the layeritaion. Such experiments were
focused on the chemical affinity of the SS withpess to the other components of
the paste, which affects the possibility to conth@ composition of the latter due
to possible solubility/dispersability problems, amsh how the sublimating

substance can affect the final Tilayer porosity.
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In order to choose the sublimating substance taidssl for the nanostructured
photoanodes fabrication by means of the ASB-SAN$atk several tests were
carried out firstly for checking their solubilityithin the K-TiG; paste. Since the
TiO2 pastes are the result of a complex balance antsimgredients, they have to
be prepared carefully respecting the procedurexitesl in Chapter 4. Properties
such as viscosity and the mutual relationship betwae ingredients must be met
in order to obtain an easy to roll out paste, whdoks not form aggregates or that
detaches from the support where the thin layetblkas prepared.

Therefore, the introduction of a new componenthasstublimating substance has
been studied considering a series of consideratiolms particular, during the
solubility tests, in order to achieve the compldigsolution of PDCB as well of
menthol, the introduction of a few milliliters ofth@nol was necessary. Both
compounds, in fact, were less soluble in the ptsta the camphor that did not
require any addition of solvent.

The introduction of solvent within the PDCB- and nttel-modified K-TiQ
pastes, however, lowered their viscosity, and eamral attempts to reformulate
the system in order to increase its viscosity ditllead to satisfactory results in
terms of spreadability on the substrate. Therefimia solid layers obtained from
M- or P-TiG: pastes were not very homogeneous. Moreoveratfexrd obtained
from camphor-based pastes were characterized byod mechanical stability,
while those fabricated from menthol and PDCB-bgsastes were rather fragile
(likely due to an extremely high porosity).

Moreover, menthol-based pastes had very slow sakiims rates (1 cfdarge
layers took two-three days before sublimatingta! menthol they contained). On
the basis of all these investigations and consimers the chosen SS for the
subsequent Tidayers nanoengineering was camphor, which offegativantages
of a fast sublimation rate and a high solubilityhe K-TiC paste. Moreover, it is

able to deliver homogeneous and robust, yet vergys TiQ layers.
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a b
c d
e f
g h

Figure 5.5 -Visual aspects of Tithanostructures obtained by K-TiCa-b), by C-TiQ
(c-d), by M-TiQ, (e-f) and by P-Ti@(g-h) pastes. SEM images were recorded at differen
magnifications.
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5.2.2 First application of ASB-SANS to TiQphotoanodes.

According to the above described study, camphorseéescted as SS (sublimating
substance) for the nano-engineering of the nc:Tagers. While the observation of
the SEM images was a first assessment of the effEASB-SANS on the
morphology of the nc-TiQlayer, in order to reach the objective of the théss
necessary to verify quantitatively if the ASB-SAN®thod allowed to obtain an
actual increase of active sites available for dysogption.

A first test in this sense was made comparingakpanse of sintered nc-Ti@yers
obtained from K-TiQand C-TiQ pastes (ref. Figure 5.5; four layers per type of
paste were fabricated and measured) using thecaaeiti method described in
Chapter 4.

As summarized in Figure 5.6, the results obtaindth whis method were
contradictory. From Figure 5.6a it is evident thatigher number of acetic acid
molecules is adsorbed on the surface of Cxpitoanodes, strongly suggesting
that a greater number of active sites may be aleailfor the dye grafting in
camphor-based, ASB-SANS-treated nc-Ji@yers. In particular, basing on this
technique it is possible to say that the ASB-SAN®arengineered photoanodes
with camphor have about 20% more sites availabl¢hensurface than standard
photoanodes. On the other hand, Figure 5.6b stiu®sults of a different batch,
as prepared as the reported in 5.6a. In this sebtatch, results that nano-
engineered C-Ti© photoanodes were able to adsorb 30% less acetit ac
molecules. Also subsequent reproducibility testsied out with the acetic acid
method on different batches of K-Ty@nd C-TiQ photoanodes showed that in
some cases the layers deriving from C~Ipaste have more active sites than the
K-TiOx-based ones, while in other cases it was vice vdrsarder to verify if this
ambiguity was due the acetic acid characterizatr@thod or if it was a real
phenomenological expression of the examined systetier batches of K- and C-

TiOx photoanodes were prepared and characterized gideorption method.
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Figure 5.6 -Characterization via acetic acid of K- and C-JpBotoanodes. The
parameter is normalized to the reference KxE&@mples, and values are averaged over
four samples per paste type. Different batches sd@mpposite trend.

To the extent of the following discussion it is lusdo give hereafter a thorough
description of the TiQlayer fabrication method for both pastes (methaahmon
to both K-TiQ and C-TiQ pastes):
Step 1: cleaning and weighting of laboratory glatides (used as a
supports);
Step 2: preparation of the K- and C-Tigastes;
Step 3: spreading a layer of paste on the glasds Bif doctor blading;
Step 4: air drying;
Step 5: sintering at 450 ° C for 30 minutes inflaiv;
Step 6: immersion of the so-obtained photoanodéa3nmM N719 dye
solution in EtOH{-BuOH 3:1 chenodeoxycholic acid (chenodeoxycholic
acid/dye N719 10:1);
Step 7: dye desorption via NaOH 0.1 M and UV-Vialgsis;
Step 8: determination of the characteristic paramset(density and
NmoledN? applying the model of section 4.2.1.
In order to allow the complete sublimation of camphthe C-TiQ-based slides
have been kept in air overnight prior to sinter{ing. between step 4 and step 5),
after which both the types of obtained layers haeen subjected to the treatment
described in par. 4.2.
In Figure 5.7 it is possible to see that also tesults deriving from the dye
desorption method gave contradictory results.att, fagain it came out that some
C-TiOx-based samples have a higher number of activetbaiesthe K-TiQ-based
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ones (Figure 5.7b), while in other cases this weaensed (Figure 5.7a). Also the
layer density data confirmed this ambiguity (Figube7c, d).

a) b)

Figure 5.7- Characteristic parameters of standard KxE@d nano-engineered C-TiO
photoanodes belonging to different batches of petjme. Characterization have been
carried out by dye desorption method. All valuesrasrmalized with respect to the

lowest.

These puzzling data were the subject of an intemakiation in order to understand
their origin, especially considering that the viswalysis of the samples
characterized with both the acetic acid and the dg®orption methods always
confirmed the results obtained in terms of numbexctive sites and layer density
(i.e., when the layer density was lower and the Imemof active sites was higher
the SEM images of the corresponding samples alvedigsved morphologies

confirming the results).

After thoughtful considerations and data analyisigjas supposed that during the
sublimation of the camphor the SS-induced nanostreanay undergo, in some

cases, a partial or total collapse, likely aidexbdly the enhanced thermal energy
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provided by the sintering process. This maydieb understood looking at Figure

5.8.

Before the camphor sublimes, the Ti@anoparticles surround the camphor within
the solid state layer (Figure 5.8a). When the danpgeaves the system, a large
number of pores is created and the structure is tmich more porous and much

more fragile (Figure 5.8Db).

With the subsequent sintering process the necketgden nanoparticles should be
promoted and the sample should gain an overatheti§ and structural strength.

However, it is possible that the very porous ncxI$@stem, before the sintering

step or even during it (i.e. during the layer fahtion steps 4 and/or 5) can collapse,
returning to an overall nanoparticle packing simita even tighter, than that of a

system in which the SS was not added (Figure 5.8c).

a) @ TiO, b) @ TiO,
@ Camphor @ Camphor

C) @ TiO,
@ Camphor

Figure 5.8- Sketch of the effects of the camphor sublimatiothe nanostructure stability.
Camphor into the ASB-SANS system (a). While subtesa camphor leaves many
vacancies in the TiOnanostructure (b); not connected nanoparticlelmgsd without a
supporting backbone, destroying the structure (c).
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5.2.3 Stiffening of the nc-TiQ nano-engineered layer.

Upon the previously mentioned hypothesis, in otdepreserve the effectiveness
of the ASB-SANS method, it was necessary to motliy TM/SS/AS system

including a further system component able to achkasanostructure-stiffening

agent.

This stiffening agent must be able to create afsicafo support the enhanced
porosity nanostructure created by the SS befoik passibly during, the sintering
step. Meanwhile, the same stiffening agent shdmsdcompatible with all the

components of the TM/SS/AS system, it should complyr the standard layer

fabrication conditions and it should be simply resagle from the system upon
sintering (i.e., completely degradable at 450 °Cluckily enough, organic

chemistry offers a large number of molecules cfesbias “cross-linkers”, which

can promote polymerization or organic compounds@gs radical initiators.

The azobisisobutyronitrile (or AIBN) is one of thest used radical initiators in
polymerization reactions [126]. Its activation ot upon UV light exposure, by
means of the molecule homolysis in a concerted gggcwith simultaneous
breakage of the two C-N bonds, to yield nitroged arcyano-2-propyl radicals

(Figure 5.9). These radicals can initiate freela@dpolymerizations and other
radical-induced reactions, inducing cross-linkingtieen organic compounds

spatially near to the activated radicals.

N% O .
C N\N ) - NN+ 2
U =~ i

azobisisobutyronitrile

Figure 5.9 -Most characteristic activation of AIBN. Generatadicals promotes free
radicalic polymerization reactions.

In our case, the C-TiOpaste includes several organic components, ligneol
and different kinds of ethyl celluloses, and aldb compounds can be involved in
crosslinking reactions, leading to the formatioranfextended, three-dimensional

scaffold able to stiff and reinforce the nc-Ti@anoparticles in the layer (Figure
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5.9). This stiffening scaffold is conserved duradbthe paste drying (step 4) and
the initial part of the sintering process (the agerthermal degradation temperature
for organic compounds is around 150-200°C).

The process is outlined in figure 5.10: the radicatiator enters as a new
component in the C-Ti©paste (Figure 5.10a); the UV exposition promotes t
AIBN activation and the organic polymerization, atiag a scaffold for the Ti©
nanoparticles (Figure 5.10b); with the aid of tksaffold, when the camphor
sublimes, the nanoparticle structure does not gs#laon itself, but remains

supported by the crosslinked scaffold (Figure 510c

@ TiO, UV radiation @ TiO;,
@ Camphor @ Camphor

AN \%\\ Y AN

@ TiO,
@ Camphor
e AIBN

c)

Figure 5.10- Schematic view of the AIBN effects on the Ti@anostructures. AIBN is
introduced in the ASB-SANS system and the resulfiagte is deposed (a). After its
activation via UV rays, the crosslinking of the anic compounds present in the paste is
promoted (b). After the camphor sublimation, theogdy-enhanced TiOnanostructure is
supported by the polymeric scaffold.

This approach was tested preparing two groups ofgalmodes. The first one was
obtained from K-TiQ paste and used as references, and the second @gne wa
obtained from the C-Ti@paste added by a very small percentage (aboutn1% i
weight with respect to the TiOmass) of AIBN (from now on, named “A-TO
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paste”). Consequently, the related nano-engineghetoanodes are named “A-
TiOx photoanodes”.

As for the C-TiQphotoanodes, the A-Tines were fabricated via doctor-blading
together with the standard K-Ti@Photoanodes (batches of 4-6 layers of each type
were prepared) and left drying in air up to the ptate evaporation of the solvent.
The only difference in the fabrication processha A-TiO, paste with respect to
the C-TiQ one described in par. 5.2.2 is in the hereaftscrileed photoactivation
of AIBN. The A-TiO«photoanodes have been exposed to a UV lamp (60MB) fo
hours prior to the sintering step. The exposuretiech long time at high radiation
power had the secondary effect to mildly heat #rafdes, as a pre-sintering stage.
Moreover, the higher temperature increased thereabbn rate of camphor, which
was completely sublimated already at the end atrment (therefore, there was no
need for the overnight sublimation step).

The A- and K-TiQ photoanodes were then sintered and immersed owriniga
solution of N719 dye, prepared in the same wayeasribed in section 6.2, and the
Nmoled NP, Nmoledparticle and layer density for the examined layezse calculated
(Figure 5.11). As is visible, the A-Tidayers have an actual a lower density with
respect to the K-TiQone, as expected, but the number of dye molethwgswere
able to adsorb was still lower than that adsorbgethb standard photoanodes K-
TiOx.

Figure 5.11- Relative characterization parameters of A- andi®zphotoanodes via dye
desorption method (each datum is an average ovesintples per layer type). The
introduction of AIBN in the system did not allow tegister an increase in the number of
adsorbed dye molecules even when AxlpBotoanodes is less dense than the KgTiO
references.
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In order to explain that inconsistency, the expental procedure has been again
carefully examined. It is worth to note that bdile types of photoanodes were
fabricated using two scotch tape layers as spdoetbe doctor-blading tool (see
Figure 4.5). Therefore, both A-TiGnd the K-TiQ group of photoanodes had
approximately the same thickness.

Since all the photoanodes have been fabricated tivttsame base area, the bulk
volumes of the two types of layers (intended asvitiame of the parallelepiped
resulting from the layer height multiplied by treeyér base area) appeared to be
equal. However, it must be considered that the i@zTphotoanodes are
considerably less dense than the K-f@es. This means that the A-Ti@yers
contain an overall smaller number of Ti@anoparticles per bulk volume unit,
compared to the K-Tigphotoanodes. In turn, this results in an intriakbycsmaller
surface area of the A-TiQayer, although it has a lower density (i.e., ghler
porosity). Itis then logical to find in A-TiJayers a lower density than in K-TjO
ones together with a lower number of dye molecptsnnt.

Upon this analysis, in order to match as much asipte the number of TiO
nanoparticles in the two types (A-Ti@nd K-TiQ) of layers, new batches of nano-
engineered photoanodes were fabricated, usingeiffehicknesses for A- and K-
layer types. The scotch tape used as spaceriardiading had about a 20 microns
thickness, delivering about 5-6 microns-high layddsing two scotch tape layers
deliver hence TiQlayers about 10-12 microns-thick. Since the presiresults
showed that the A-TiQlayers had a layer density about 30% lower thahdhthe
K-TiOy, it was decided to increase the layer thicknesabofut 30%, in order to
obtain two layer (of the A- and K-type) with appnmately the same overall
number of TiQ nanoparticles. Therefore, new batches of AxTi&ers were
fabricated using three layers of scotch tape, oltgiA-TiOx layers about 15-16
microns-thick, while the K-TiQlayers were fabricated using the standard 2 layers
of scotch tape, so to obtain about 11 microns-tii€k layers. The results of this
approach are summarized in Figure 5.12 and in TaBle

As is visible, in this case A-Tiphotoanodes show a dramatically higher number
of dye molecules/nA(0,78 molecules/nf), which is well higher than experimental
data reported in literature by Marquet (0.31 mdlesinn?) [105] and Zukalova
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(0.26 molecules/nf) [106] for standard TiQ@ On the other hand, these last values
are coherent with the number of moleculeg/rmalculated for standard K-TiO
photoanodes, (0.28 moleculesfm This extremely positive result demonstrates
that the use of AIBN as layer scaffolding agertighly effective. Moreover, the
density data of A-Ti®@ quantify the porosity of the new obtained struetur
relatively to the standard K-TiO As in our expectations, it is confirmed that a
lower density structure should be more porous theckfore able to adsorb a larger
number of dye molecules, which in turn should bengfated into a higher

photogenerated current when such layers are impitdevithin a DSSC.

molecules/nmd  molecules/ density
particle (mg/cnr)

Reference K-TiQphotoanodes 0,2779 545 1,2481
Nanoengineered A-TiQ 0,7770 1525 0,3922
photoanodes

Table 5.2 -Parameters of above illustrated hystograms.
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Figure 5.12- Characteristic parameters for standard KxEf@d nano-engineered A-TO
photoanodes. a) n° moleculesAim) n° molecules/Ti@nanoparticle; c) layer density. d
The showed results are an average over 4 samplésype type.

5.3 Conclusions.

Here we have reported the application of the ASBNSAnethod to nanoparticles-
based TiQstructures, in order to verify its effectivenesstfee fabrication of nano-
engineered photoanodes to be included in Grat#sl ce

After a first demonstration of the effectivenesshef method in generating ordered
nanostructures over large areas for semicondupbhgners, the method has been

applied to nc-TiQ Therefore, nano-engineered photoanodes havefakeeocated
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by means of properly formulated Ti@astes, and the number of active sites found
in each of these tests have been evaluated andatedthip standard K-TiEbased
layers. After a few steps of real engineering lod ASB-SANS-based paste
formulation, it was demonstrated that optimizedigm&xploiting the sublimation
phenomenon can deliver dramatically higher dyeilggglof the final TiQlayers.

In particular, the advantages resulting from thpliaption of ASB-SANS to the
fabrication of TiQ layers can be summarized as:

) TiOx layers built with camphor and AIBN show an amaginggher
(up to 280% more than in layers fabricated with vemtional
techniques) surface available for the dye;

i) the much lower (again, up to almost 300% less dEyses than those
obtained with conventional fabrication techniquasisity of the layer
could likely help in favoring the electrolyte peragion within the active
layer of practical DSSCs.

The achievement of these results was possiblethistks to a careful study of
materials properties, obtained by the systematidic&tion of their chemical and

physical characteristics.

5.4 Experimental section.

Materials

P3HT, PDCB (99+%), CHGI(99.9+%) were purchased from Aldrich and used
with no further purification. The Si/SiQvafers used as substrates for the nanofibre
deposition were purchased from ITME (Poland), vatiastal orientation 100, p-
doped (B), sheet resistivity of 0.08 Ohm per square

All the chemical manipulations have been carriedunder a fume hood. All the
experimental procedures were carried out at roonpégature and in air.

P25 TiQ powder, ethyl celluloses, Acetic Acid, NaOH;Terpineol and cis-
di(thiocyanato)-N,N’-bis(2,2’-bipyridyl-4-carboxyiacid-4’-tetrabutylammonium
carboxylate) ruthenium(ll) (N-719) dye details egported in Section 4.6
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Instruments

The UV-Vis spectra were recorded on a Perkin ElmMeambda 35
spectrophotometer (1 nm resolution, 2 nm s#®fEM images were recorded by
means of a SEM facilityGarl Zeiss, Mod. Supra 40 Scanning Electron Micopsg
at IOM-INFM National LaboratoryThe microscope photos were taken with an
Olympus BH-2 microscope equipped with an Olympus&a.

A muffle (Carbolite, Mod. CWF 11/23) was used fortering of the samples. An
ultrasonic bath (Elma, mod. Elmasonic S40H) was leyga for the
homogenisation of Ti@pastes.

A pH-meter (SevenCompact, mod pH/lon S220) was @isethe potentiometric
measurements.

A profilometer (KLA Tencor, Mod. Alpha Test 500) svased for the determination
of samples’ thickness.

Preparation of the P3HT spin-coated thin films.

The samples TF-A and TF-B were prepared from atisolicomposed by 12 mg
P3HT in 1mL of CHC. The polymer was completely dissolved by gentlgtimg
the solution. The solution was then spin-coated anglass slide at 800 rpm for 30
sec. Sample TF-B has been annealed at 80 °C fpri&®to recording its UV-Vis
spectrum.

Sample TF-C has been prepared using the same cgiimg parameters of TF-A
and -B, starting from a solution composed by 12A8H T and 1 mL CHGI After
complete polymer dissolution, PDCB (180 mg) wasealdtb the solution. The
volume of this amount of PDCB correspond to aba@B0nL and did not alter
significantly the overall P3HT concentration in thaution with respect to TF-A
and TF-B.

Preparation of the Nano Fibrillar (NF)-A/E samples.
P3HT ternary solutions according to the composigwen in Table 5.1 have been
prepared into separate vials. The vials were clamed gently warmed until

reaching a brilliant orange color of the solutidhe resulting solutions have been
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left cooling for a few minutes, then one drop freacth solution was deposed onto
the substrate (glass/Si/S)Qvia a Pasteur pipette.

Sublimating substances purification.

A previous purification of the SS is needed to @liae impurities that could
contaminate the TiQOpaste.

The purification system was constituted by a hatela petri dish (container for
the substance to be purified), a beaker (to cotleetpurified substance), and dry
ice (Figure 5.13).

Sublimation process was facilitate and made fdstdreating the substance in the
petri dish on the hot plate. The temperature was®esidering the degradation
point and the melting point. For the used sublingaubstances it has been set
around 150 °C.

Gaseous substances, after sublimation, condendbeé ovalls of the beaker, which
were cooled from the outside by means of dry idee Purified solid substances
were then scraped off mechanically from the beakals by a spatula and stored

in a flask. If needed, the process was repeatexetwi

Figure 5.13 -A sketch of the equipment for the sublimating sabsé
purification.

TiO2 paste with sublimating substance preparation (C-Tozor M-TiO 2 or P-
TiO2 paste).

The method of preparation of the paste C<If@lows the procedure and the
relative amounts of the paste K-TLi€@ported in section 4.6.

The prepared paste was transferred into a flagk avknown tare; 2.2 g of ethanol
were then removed by means of a rotary evaporAtoequal amount of camphor

was introduced into the paste and immediately deale
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The sealed flask was gently heated until the ghtsolution of camphor. The flask
could be opened only after cooling to room tempeeatAll necessary withdrawals
of paste aliquots from the stored flask were cotetl@uickly, to avoid that a

conspicuous sublimation of the camphor.

TiO2 paste with camphor and AIBN preparation (A-TiOz paste).

The A-TiO: paste was prepared as the C4jp@ste, but 60 mg if AIBN were
introduced right after the camphor. In order taubdize all the components, the
flask was gently heated. For the storage of thdepas accurate sealing by

aluminum foil and parafilm is advised.

SEM sample preparation.

Samples to be observed by SEM were prepared vitodblading using the
respective pastes. Since thin layer were prepanadsulator glass slides, few nm
Au film have been deposited by means of a sputigiec. SEM set up: Gun Voltage
10 KV, Aperture size 30m
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Chapter 6

Nanostructured  Dye-Sensitized

Solar Cells

The last chapter of this thesis is focused on #iei¢ation of dye-sensitized cells
in which the classic photoanodes are replaced lbp-eagineered photoanodes,
obtained via the ASB-SANS method. In particulamo-engineered photoanodes
were obtained using the TiQpaste containing both camphor (as sublimating
substance) and AIBN (as 3D scaffold-stiffening dgdar avoiding the
nanostructure collapse prior to sintering), as dlesd in the previous chapter.

The acquisition of know-how for the fabricationtbése photovoltaic devices was
a lengthy process, firstly based on intensive bdaphic research and interaction
with experts, and then on the fabrication and attarezation of several practical
devices. Nevertheless, efficiency levels as higlthase reported in the literature
have not been achieved, firstly due to the fahicatonditions, and later due to
the lack of appropriate tools and equipment.

For example, one of the most important aspectadbreving a good efficiency is
the TiO, thickness, that should be around 10-12, in order to optimize the light
absorption by the dye, and to minimize the change Hue to recombination [127].
To obtain this result, automated electromechardeaices like motorized blade
coaters should have been available, while, on dinérary, we operated the doctor

blading tool manually. Another critical point wie paste fabrication step, which
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in state-of-the-art devices is performed via aut@aaoll milling systems aimed to
create very homogeneous pastes with highly precsss®sity [104], while in our
case we prepared the paste in a totally manual Wwégreover, a very important
point in the fabrication of the cells was the aadility of inert atmosphere
manipulation systems (like glove boxes) in ordeprievent the Ti@paste to get in
contact with the atmospheric water before beingtionalized with the dyes [37],
and we did not have such equipment available, halhtiee fabrication steps were
carried out under standard atmosphere.

However, reasonable levels of efficiency have badneved over the years after
refining the fabrication procedures as reportetnportant literature works, such
as: dye multidipping technique, i.e. repeated stéplye dipping and layer washing
for removing not well adsorbed dye molecules [#@&}oduction of a compact layer
of TiOx between the FTO glass slide and thexFi@nocrystalline layer, in order to
prevent undesired charge recombination at thefaderbetween the FTO and the
electrolyte (vide infra) [14]; optimization of theealing and the sintering
procedures, achieved by an extensive trial-andaci@rization work. The slow but
steady progresses made in the fabrication of the aie exemplified in Figure 6.1,
which shows the development of the obtained efiicies (under a simulated solar
spectrum AM1.5G) for N719 dye-based DSSCs fabritdtging this thesis. The
reported data refer to the best cells obtainedeémh batch. At the moment of

writing this thesis, the average efficiency of 8 ranges between 2 and 3%.

4,55

Efficiency (%)

Multidip Multidip + Sintering Sealing and New

Compact Layer Electrolyte
Improve ment

Figure 6.1 -Time evolution of the DSSC efficiency achieved dgrthe first stages of
know-how acquisition.
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6.1 Fabrication of K-DSSCs.

The DSSC fabrication procedure, as describedarglitire, includes the preparation
of a TiO paste, obtained from home-made nanoparticles lysue sol-gel
methods [4-7], hydrothermal methods [5-8], chemiagbor deposition [133] or
purchased as powder [104].

In our case, all pastes have been prepared stéirinmgcommercial nanoparticles
(Degussa P25). The preparation procedure of the@X-{Jaste, whose composition
and preparation method reflected the average titeradescription for a DSSC
paste, is described in the experimental sectid@haipter 4. DSSCs obtained using
K-TiOx paste have been termed as “K-DSSCs".

After thorough cleaning, the FTO glass slides haeen immersed into a 40 mm
TiClsaqueous solution at 70 °C for 30 min, and therednsith water and ethanol.
Titanium tetrachloride treatment is usually adopasdpre and post-treatment for
nanocrystalline TiQfilm deposition in the dye-sensitized solar cdlge-treatment
influences positively the bonding strength betwtenfluorinated tin oxide (FTO)
substrate and the porous TiCyer, blocking the charge recombination at the
interface between the conduction glass FTO anttioms in the Vi redox couple.

It consists of a 10-50 nm thick layer denser tham TiO, nanoparticles-based
photoanode. The effective blocking layer obtaindtth whe TiCl pre-treatment on
the glass substrate decreases the transfer regsfanthe expense of FF) of the
FTO and the new nanoparticles enhance the surfaeseta suppress the charge
recombination. Meanwhile, the pre-treatment enkrtjee contact interface and
increases the contact points between the 1il@ and the FTO. Consequently, the
photoelectrons can be collected efficiently atghetoanode.
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Figure 6.2 -TiOx compact layer creates a barrier between the igigoidns and the
generated electrons in the photoanode, avoidingeitmmbination.

In addition, TiCh post-treatment is capable of improving the pertomoe of dye-
sensitized solar cells, with particular referenzehte photocurrent collected from
the device, since it allows to develop novel Ti-@tdieties on the surface of the
nanocrystalline particles, which in turn improvhs grafting of the dyes [24].

A layer of K-TiOx paste has been spread on the FTO glass slideshydgading,
using packaging adhesive tape as vertical spaoedgfine the final TiQ layer
thickness (see fig. 4.5).

The electrodes coated with the Tifastes were gradually heated under an airflow
at 450 °C for 30 min and treated with 40 mM TiGblution, as above described.
After being rinsed with water and ethanol, the paabdes were further sintered at
500°C for 30 min. After cooling them to 80°C, thi©Y electrodes were immersed
into a 0.3 mM N-719 dye solution in a mixture ofiatol andert-butyl alcohol
(volume ratio 3:1) with chenodeoxycholic acid asacsorber (weight ratio 10:1
with respect the N719 dye) and kept at room tenpegavernight to complete the
sensitizer adsorption. When the multidip procedues used, the already dye-
sensitized photoanodes were immersed in water feinbites and again in the dye
solution for 15 minutes for three cycles. Duringleaycle, weakly bound dye
molecules desorbed upon the short exposure to watel then a subsequent
reorganization and increase in the dye packingitiemgon re-adsorption occurred.
As reported, multidipping technique favors a higlige adsorption, with a

consequent increase in the final generated phatmuin the device. [96]
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A pre-drilled FTO glass slide provided with an athiin (about 6 nm) platinum layer
was used as counter electrode, having care to ocatrg mild heat treatment at 250
°C for 10 min to eliminate possible organic impiest

The dye-covered TiEelectrode and Pt-counter electrode were assembtedai
sandwich type cell and sealed with a hot-melt gadkgure 6.3 a). A drop of the
iodide/tri-iodide based electrolyte was deposedtlan hole in the back of the
counter electrode. The electrolyte was then intced into the cell via vacuum
backfilling: the cell was placed in a small vacuahamber (Figure 6.3b), which
caused the air trapped into the cell to get oytpsing it again to ambient pressure
caused the electrolyte to be driven into the gelldcuum suction. Finally, the hole
was sealed using a hot-melt ionomer film and a cgless slide to properly seal
the device. Both electrodes have been covered lbagr gpaint to improve the

electrical contacts during measurements.

a) b)

T
#

Figure 6.3 -A schematic view of the sandwich type assemblyBE&C: (a) in front view
(top) and sectional view (bottom). 2x2 cm FTO glslgtes are covered overboard by silver
paint (grey rectangles). Dye-sensitized Jfihotoanode (red square) is immersed in the
electrolyte (orange square). Cell sealing is pdsditp means of the ionomeric gasket (light
blue square) and cap covering the drill. A phototled vacuum chamber where the
electrolyte backfilling occurs (b).

6.2 Fabrication of A-DSSCs.

The dye sensitized solar cells containing the remgineered TiQ electrode,
obtained from the A-TiQpaste, were named “A-DSSCs”.
The A-TiOpaste was obtained starting from the K-J@@e, as follows. An aliquot

of K-TiOx was taken, and by rotary evaporator the solvexture in the paste was
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evaporated until reaching a total paste weightG8h ®f the starting weight. The
extracted amount of solvent was hence replacedamtbqual amount of camphor.
AIBN was also added to the resulting paste (1.2%veight, relative to the initial
TiOx paste). After a proper sealing of the flask, plaste was gently heated to
dissolve the camphor and the AIBN, then it was edalown to room temperature.
When the A-TiQ pastaeached the room temperature, it was deposed orghasd
slides by doctor blading, and allowed to dry. Iderto deposit the same amount
of TiOx on the FTO electrode, three layers of adhesive vegre used as vertical
spacers instead of the two layer used for the K-©S5$ order to have in both the
layers approximately the same number of \Ti@noparticles (see Chapter 5 for
details).

In order to activate the radical polymerizatiortiated by AIBN, the TiQ layers
were treated by UV radiation under a 60 W lamgBfbiours, after which they have
been sintered at 450 °C for 30 min.

The other fabrication steps of these cells followadhfully those described

previously for K-DSSCs.

6.3 Results and discussion.

Two groups of four cells per photoanode type (K-BS&nd A-DSSCs) have been
fabricated and measured by J/V characterizatiorasMements have been carried
out twice: right after the assembly, and afterdétstays. The reason for this double
measurement is that cells measured after three ataysiore efficient than those
measured immediately, due to known issues relate¢te diffusion of the liquid
electrolyte within the Ti@pores. As is visible from Figure 6.4, the mostet
dependent operative parameter appears to be ltfector. In fact, in all examined
cases the fill factor was higher when the measune¢nvas carried out after a few
days. This implied an improvement in the over#lteency, even if the registered
current density was lower (this is most likely daehe still not optimized sealing
procedure, that causes small but progressive elgigrevaporation, and in turn a
current loss).

In fact, for the here reported example, the curdensity after the three days
between the first and the second measurement decré@m 4.76 to 4.39 mA/&n
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while the FF% increased from 51% to 62%. The |loavtstg FF% value could be
attributed to the high thermal stress applied #rttaterials during the fabrication,
which was indeed recovered after a few days.

Current Density (mA/cm2)
w
Current Density (mA/cm2)

0
0 01 0.2 03 04 05 06 0,7

Voltage (V)

o

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7
\oltage (V)

Figure 6.4- Comparison of the J/V curves of a cell measurglt rfter the assembly (a)
and after three days (b).

By analyzing the recorded J/V curves for the twougs of four DSSCs, a
considerable improvement of the current densityttierA-DSSCs is observed. In
figure 6.5 the comparison between a K-DSSC and-&8&8C J/V characterization
is shown. Though none of the two demonstratesativ@gh performances, the A-
DSSC shows a current density of 2.87 mAdcws. 2.10 mA/crhof the K-DSSC,
This is translated into an about 36% current ireeeaf the A-DSSC with respect
to the K-DSSC, which in turn is reflected in theemall device efficiency (1.48%
for A-DSSC vs. 1.04% for K-DSSC).

||# $ n
_— %% —& %%

Figure 6.5 -J/V curves comparison between a nanostructured OfyS@eans of nano-
engineered photoanode (A-DSSC, blue curve) anteeerece cell (K-DSSC, red curve).
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6. Nanostructured Dye Sensitized Solar Cells

Another characteristic parameter that was impronetDSSCs with respect to K-
DSSCs was the open-circuit voltagesdy as can be seen from Figure 6.5. This is
attributed to the optical band gap of T#&hatase that could range between 3.2-3.7
eV depending on the preparation and on the measmtenonditions. [10-12]
Moreover, photovoltage in this nanocrystalline pmrosystem is affected by
diffusion of excess charge carriers with differdiffusion coefficients. Duzhko et
al. have tried to explain the behavior of photoagé in such system as a function
of size of TiQ nanocrystals and its general porosity [137].

The current density datum is confirmed by a congoarbetween all the 4 cells per
photoanode type fabricated. In Figure 6.6 theenirdensity averaged over the 4
DSSCs samples per cell type, normalized with rddpethe to the current density

per type, is shown.

Avrbitrary Units

Reference K-DSSCs Nanoengineered A-DSSCs

Figure 6.6- Registered current densities for the K- and A-DS8@up. All experimental
data comes from the average of four DSSCs per photte type.

The clear and significant increase in current dgnieir the A-DSSCs (equal to
+27%, on average) compared to K-DSSCs confirmsvieeall higher efficiency of
the nano-engineered photoanodes with respect toatidéional ones. This marked
difference in current density between the two devits explained in light of the
found much higher dye loading occurring in A-Tildyers (see Chapter 6), which
was found to be up to 280% higher than in K-Ji€nce it is well known that the
photogenerated current density is directly linkedhte dye loading. On the other
hand, the 280% higher dye loading for the A-7hotoanode with respect to the
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6. Nanostructured Dye Sensitized Solar Cells

K-TiOx one would suggest a much higher increase in cudemsity occurring in
A-DSSCs vs. K-DSSCs than that actually found. Thserepancy is believed to
be due to increased charge recombination phenoownaring in A-DSSCs, due
to i) their higher surface area which likely incses, in addition to the number of
active sites available for dye loading, also theoamt of possible recombination
sites at the TiQJelectrolyte interface, and ii) the higher chargeier density at the
extended dye/TiQinterface consequent to the higher dye loadingesé€ points are
under further scrutiny by the research group inciwhine thesis was carried out, and
will be analyzed thoroughly in future work by meawn$ accurate IPCE
determinations. Another possible cause for thiteidince may lie in the not
optimal device fabrication conditions availablehe lab, due to the lack of specific

processing instrumentation.

6.4 Conclusions.

We reported in this chapter the outcomes of theliegimn of ASB-SANS
nanostructuring method to DSSCs fabrication, shgwihe effect of nano-
engineered Ti@photoanodes on the performances of actual finisthedces.
Thanks to this nano-engineering, a greater Bidface area was exposed to the dye
with respect to standard photoanodes. The nanimesgd devices, A-DSSCs,
together with K-DSSCs used as references, have demacterized by recording
JIV curves. From the experimental data, we obskasgnificant increase (+27%)
in the current density for A-DSSCs with respecthte reference solar cells. This
important result is in line with the found increast dye loading orA-TiOx
photoanodes found in the previous chapter, andtiviifiact that the current density
of a DSSC is directly linked to its dye loadingntioming the validity of the ASB-
SANS method developed specifically for a Ti@anoparticles system. Although
the current density datum is a very satisfactorg, andid not reflect the results
about the dye loading reported in Chapter 6. Thaneimprovement of +280%
have been recorded for the dye loading, while logig a +27% increase with
respect to the standard photoanode has been rddordeurrent density. This can

mainly be explained considering that a higher rdmoation probability can occur
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in presence of a larger TiGurface, and of a higher number of charge carriers
consequent to the higher dye loading. Since illeIXSSCs a large amount of dye
has been adsorbed, a larger number of charge rsahas been produced in light
conditions. Another possible cause for this diffexe may be the not optimized
cells fabrication conditions. These problems cdiddolved easily by using proper
tools, and it is expected that the obtainable impneent in extracted current density
can be well over 27% if the same nano-engineeretbphodes will be applied to
optimized cells.

Several research perspectives arise from thesaiaging results, starting from
the application of the nano-engineered photoantmtse optimized solar cells till
to the study of the influence of such generatecogity on the TiQ physical
properties. Moreover, it is not excluded also tlearsh for other sublimating
substances showing better nanostructuring perfazesarand characterized by
chemical and physical properties that can redueeeffect of the collapse if a
structuring agent such as AIBN is absent.

In other words, the results obtained so far operth® possibility of a net
improvement of the overall efficiency so far recmidfor the Gratzel cells,
confirming the new nanostructured photoanodes #srther step towards the
optimization of this technology.

6.5 Experimental section.

Materials

FTO glass slides (2 x 2 cm, 2.2 mm thickness, wiilface resistivity 7 /sq),

drilled and platinized counter-electrodes on FT@sgl Meltonix 1170-60 by
Solaronix, 60 m thickness gaskets and caps for sealing, eletéroAN-50

(iodide/tri-iodide concentration 50 mM, with ioniuid, lithium salt, pyridine
derivative as additives in acetonitrile) and Ci@hdocyanato)-N,N’-bis(2,2'-
bipyridyl-4-carboxylic acid-4’-tetrabutylammoniumaiboxylate) ruthenium(ll)

(N-719 dye was purchased by Solaronix, Switzerland.
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6. Nanostructured Dye Sensitized Solar Cells

Instruments

JIV characterization system has been setup assegréoliow-cost solar simulator
(mod. 96000, Newport) and a digital multi-meter @a2400, Keithley). A

calibrated photo-detector (818-UV, Newport) has rbaesed for the initial

calibration of the solar simulator.

K-DSSCs fabrication.

FTO conductive glass had been pretreated withraMagueous solution of Ti¢l
at 70 °C for 30 min. Mesoporous titania films werepared by K-TiQpaste (see
Chapter 5) onto the conductive glass via doctodibiz Two overlapped adhesive
tape layers have been used as spacers. This tesudte@iniform fi Im after sintering
at 450 °C for 30 min. Prior to dye adsorption, 1@y flms were again treated
with a 40 mM solution of TiGlat 70 °C for 30 min followed by sintering at 500 °
C for 30 min. Allowed to cool down to about 80 °tbe photoanode is then
immersed into a 0.3 mM solution of N719 in ethabitanol mixture 3:1. The
electrodes were left in this mixture overnight. tekfextraction, the photoanodes
have been treated by multidipping technique fory@8es. Drilled and platinized
counter-electrodes on FTO glass have been sliglethying at 250 °C for 10 min.
Dye-sensitized Ti@electrodes and counter-electrodes were sealedhtrgm a
sandwich configuration Meltonix gasket. The intézetrode space was lled in
the vacuum chamber using few drops of AN-50 elégpand the cell was sealed

using a small piece of hot-melt polymer and a cajass.

A-DSSCs fabrication.
The procedure for the A-DSSCs fabrication is sintiblethe K-DSSCs one reported.
Differences are about the used paste that is th@QApaste (Chapter 5). During

the doctor-blading stage, three adhesive tape lage been used as spacers.
Correct determination of the DSSCs active area

For a correct current density determination, a ipeemeasurement of the active

area for each cell is needed. Therefore, in ordeavbid any perspective error,

120



6. Nanostructured Dye Sensitized Solar Cells

digital photos of active areas have been taken thighcell parallel to the focus
plane. By means of an imaging processing softwimegxample, Gimp 2.0 or
ImageJ) the area (in square centimeters) has beenlated after counting the
pixels relative to the Tiayer and normalizing the data with respect toRR®
slide (which has a known dimension of 2x2 cm). Esro the so-calculated area
determination are surely much lower than those ngmirom a manually
measurement carried out by a gauge. In this daseftect of glass reflection could

affect enormously the measure.
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Chapter 7

Final Conclusion

The dye-sensitized solar cell (DSSC) has been derail the “new” generation
solar cell for the 21st century and is a fast grmwmultidisciplinary subject.
However, several issues have still to be solveddbieve performances and
industrial reliability, especially in terms of optization of DSSC components. In
particular, one of the crucial challenges is tafifiOx photoanodes able to load a
larger amount of dye molecules during its senditipestep, so to increase the final
photocurrent.

The aim of this PhD thesis was to develop a nowthid for nanostructuring TiO
photoanodes and allowing them to obtain this gaalan enhanced dye loading, to
fabricate more performing DSSCs.

The ASB-SANS method, a novel nanostructuring tegisnever applied until now
on nanoparticle systems, was used to obtain ma@pdiQ. nanostructures, i.e.
exposing a higher surface for the dye moleculestigga Its effectiveness was
evaluated positively by SEM images of preliminagts. Therefore, photoanodes
using a system including camphor as nanostructuagent were fabricated, and
characterized to determine the amount of activesgiiresent on the inner WO
surface. This characterization has been carrigdusing both a novel method
developed on purpose and based on acetic acid pdidsorand a literature-
established method based on forced desorptioneotiyle molecules. The TiO
layers have been engineered in various steps,nfigain the end the remarkable
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7. Final Conclusion

result of a 280%+ increase in dye loading with eespo conventionally fabricated
TiOx layers. This result was translated into DSSCedbas said nanoengineered
photoanodes showing a 27% increase in current tyengh respect to reference
devices fabricated on the basis of standard Tagers.

Although the considered devices did not producetesifthe-art overall
efficiencies due to the lack of suitable technieqlipment for the fabrication of
DSSCs, this result is considered definitely remialidka

As an outlook, the optimization of the nanoengirdéeriO, photoanode fabrication
method could help to increase the already remagk@btent density improvement.
In addition, the application of the ASB-SANS methtal other DSSC-like
technologies, like very recently emerged perovsiésed solar cells, could deliver

promising and exciting developments in the fieldoo¥ cost solar cells.
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