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____________________________Abstract 
 

Dye-sensitized solar cells (DSSCs) represent a promising alternative to silicon-based technology. 

From the first publications about DSSCs in the 90s, they are considered an important breakthrough 

for achieving high efficiency by using relatively inexpensive and abundant materials. 

Stability and efficiency are two crucial points in the development of this new class of hybrid 

photovoltaic devices. Most of the DSSC studies carried out over the past twenty years are based on 

the optimization of these two aspects. In particular, no particular efficiency improvement was 

obtained in the last period, although many efforts have been made for the research of appropriate 

solutions able to allow to fabricate more efficient devices.  

In this scenario, the topic of interest for this thesis is to further enhance the photovoltaic performance 

of DSSCs by integrating a nano-engineered TiOx photoanode obtained by means of a new 

nanostructuring method. This novel method, called ASB-SANS (Auxiliary Solvent-Based 

Sublimation-Aided NanoStructuring) allows the fast nanostructuring of a material in conditions of 

room temperature and atmospheric pressure. The nanostructuring process occurs by means of an 

auxiliary sublimating substance that, after having influenced the spatial arrangement of the material 

to be nanostructured, sublimates away from the system spontaneously. 

So-obtained TiOx photoanodes are characterized by an inner surface area which is higher than that of 

commonly used photoanodes. This implies that higher dye loading values are possible, in turn 

meaning an increase of photogenerated charge carriers upon sunlight absorption, hence an overall 

increase of the DSSC efficiency. 

This thesis is structured as following: 

- Chapter 1 is a general introduction to the photovoltaics and dye-sensitized solar cells, such as 

the operating principles and the characteristics of the dye cell; 

- Chapter 2 presents the motivation and objectives of PhD work, with particular interest in the 

state of art on the semiconductor layer optimization; 

- Chapter 3 contains a description of the two instrumental systems assembled by the author and 

colleagues for the characterization of photovoltaic devices (current/voltage recording system 

and IPCE system).  A particular focus is put on the development of a tool for the determination 

of the photovoltaic quantum efficiency obtained by the conversion of a common UV-Vis 

spectrometer; 

- Chapter 4 is focused on the description of two methods for the determination of the active 

sites (dye grafting points) of the TiOx surface: the first based on the acetic acid adsorption and 



 

II 
 

the second on the dye molecules adsorption. These methods are used for the characterization 

of all fabricated photoanodes; 

- Chapter 5 starts with the proven effectiveness of the ASB-SANS method applied to 

nanostructuring, over relatively large areas, a semiconducting polymer widely used in organic 

solar cells. The chapter is then focused on the description of the ASB-SANS method applied 

to fabricate our nano-engineered photoanodes; 

- Chapter 6 presents the results obtained by the application of the nano-engineered photoanodes 

in photovoltaic devices; 

- Chapter 7 reports some final conclusions together with our outlooks in the future research 

and development of the nano-engineered photoanodes for dye-sensitized solar cells. 

 

 

 

 

 

 

 

 

 

 

 
  



 

III 
 

____________________________Abstract 
 

Le celle solari a colorante organico (DSSC) proposte da Grätzel rappresentano una promettente 

alternativa alle tecnologie basate sul silicio già in commercio. Dalle prime pubblicazioni negli anni 

90 esse hanno reppresentato un importante passo avanti per raggiungere un’efficienza relativamente 

alta utilizzando materiali poco costosi e abbondanti in natura.  

Gli aspetti più importanti per lo sviluppo di questa tecnologia sono la stabilità e l’efficienza, su cui si 

fonda la maggior parte degli studi sulle DSSC condotti negli ultimi vent’anni. In particolare, 

nonostante gli sforzi enormi nella ricerca di soluzioni appropriate che consentissero di fabbricare 

dispositivi più efficienti, nessun particolare incremento di efficienze è stato registrato.  

In questo scenario, il presente lavoro di tesi ha come scopo il miglioramento della performance 

fotovoltaica di DSSC attraverso l’integrazione al loro interno di un fotoanodo di TiOx nanostrutturato 

utilizzando un nuovo metodo di fabbricazione. Questo metodo, denominato ASB-SANS (Auxiliary 

Solvent- Based Sublimation-Aided NanoStructuring) permette la nanostrutturazione di un materiale 

senza dispendio di tempo ed in condizioni di temperatura ambiente e pressione atmosferica. La 

nanostrutturazione di un materiale avviene per mezzo di un sublimante ausiliario che, dopo aver 

influenzato la disposizione spaziale del materiale, si allontana dal sistema spontaneamente per 

semplice sublimazione.  

I fotoanodi di TiOx così ottenuti presentano una superficie esposta all’attacco del colorante maggiore 

di quella esposta generalmente dai fotoanodi comunemente impiegati. Ciò comporta un aumento della 

quantità di colorante che il fotoanodo può adsorbire che si traduce in un aumento della quantità di 

portatori di carica che si possono generare per effetto dell’assorbimento della luce solare. Il 

miglioramento della corrente generata nel dispositivo influenzerà positivamente l’efficienza globale 

della cella DSSC. 

Il presente lavoro di tesi è strutturato nel seguente modo: 

- il Capitolo 1 costituisce l’introduzione alla tematica di interesse con un approfondimento 

descrittivo dei componenti di una DSSC e del suo funzionamento; 

- il Capitolo 2 espone la motivazione e gli obbiettivi del lavoro di dottorato con particolare 

interesse verso lo stato dell’arte inerente alla motivazione espressa; 

- il Capitolo 3 contiene la descrizione accurata dei sistemi di caratterizzazione di dispositivi 

fotovoltaici. Di particolare rilievo è la messa a punto di uno strumento per la determinazione 

dell’efficienza quantica. Quest’ultimo è stato ottenuto assemblando un comune spettrometro 

UV-Vis con un multimetro per la registrazione delle correnti generate dalla cella; 
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- il Capitolo 4 improntato sulla descrizione di due metodi per la determinazione dei siti attivi 

(punti di attacco del colorante) presenti sulla superficie del TiOx: il primo basato 

sull’adsorbimento dell’acido acetico e il secondo sull’adsorbimento delle molecole di 

colorante. Tali metodi serviranno per la caratterizzazione dei fotoanodi nanostrutturati; 

- il Capitolo 5 si apre con la provata efficacia del metodo di nanostrutturazione ASB-SANS 

applicato su polimeri di interesse fotovoltaico. Il fulcro del capitolo è tutto rivolto alla 

descrizione del metodo applicato al sistema di nanoparticelle di TiOx, con tute le soluzioni 

tecniche adottate per renderlo altrettanto efficace su questo genere di sistemi; 

- il Capitolo 6 riporta i risultati ottenuti per l’applicazione dei fotoanodi del capitolo 5 

all’interno dei dispositivi fotovoltaici; 

- il capitolo 7 conclude il lavoro e riporta le eventuali prospettive per il futuro. 
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Chapter 1 

 

Introduction 
 

1.1 Photovoltaics as an alternative energy source for the 

future. 

Since a long time the energy economy of the most industrialized countries in the 

world, has been based entirely on the mining of stored fuels such as coal, oil and 

natural gas, formed in the subsoil over millennia, as well as nuclear energy. 

Satisfying the world’s energy needs introduces two major problems: firstly energy 

sources are available in a finite amount and then, when buried, these fuels can 

release by-products harmful for the environment. 

Nevertheless, despite the damage caused to the general environment (including also 

the global warming due to the high amounts of CO2 released in the atmosphere) and 

to himself, the human being continued to draw from these natural sources with no 

concern about its future. 

During last decades, analysis of the conventional residual reserves of energy 

sources and the high pollution levels have helped to create a different conscience 

regarding to the future supply of energy for human activities. Therefore, many 

efforts have been made by the scientific community in order to replace the ordinary 

and almost depleted energy sources with alternative and lower impact sources 

ensuring the industrial development. Cleaner alternatives come from the possibility 

to use the natural and renewable sources like biomasses, wind, hydropower, 

geothermal and solar energy.  
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Updated data at 2011 show that the energy from renewable sources currently 

accounts for about 13% of global energy consumption. If we only consider global 

electricity consumption, close to 20% is covered by renewables, mainly 

hydropower. However, above all alternatives, photovoltaics (based on the 

exploitation of the solar energy) is the fastest growing power generation 

technology. The sector has been growing with an annual rate of about 40% for the 

past two decades [1]. The photovoltaic sector owes its stunning growth rates to a 

combination of decreasing prices, due to economies of scale, and the development 

of new, less expensive technologies.  

Moreover, photovoltaics increase has been facilitated by progressive energy 

policies implemented in many countries to accelerate the deployment of 

renewables. Notably in certain European countries like Germany and Italy, these 

policies have induced a “green economy” boom, in particular in the wind and solar 

electricity (photovoltaics, PV) sectors. The global solar PV capacity has been 

growing up to 100GW in the past two decades as shown in Figure 1.1 [2]. Taking 

in account that global primary energy is consumed at a rate of about 15 TW (sources 

BP, 2010) [3], and that our planet receives about 174 * 103 TW of solar radiation it 

is clear why the solar energy source is considered able to dwarf all known non-

renewable sources. 

    

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

 
The name “photovoltaic” comes from the direct process of converting photons 

(radiation) to voltage (electricity). This process was first noted by a French 

physicist, Edmund Bequerel, in 1839, who found that certain materials produced 

small amounts of electric current when exposed to light. The photovoltaic effect 

have been finally explained in 1905 with the pioneering theoretical work of Albert 
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Einstein on the photoelectric effect (for which he later received the Nobel prize) 

[4]. 

When light is absorbed by matter, photons excite electrons to higher energy states 

within the material (the energy difference between the initial and final states is 

given by hν, where h is the Planck’s constant and ν is the light wave frequency, as 

explained by Planck’s equation). In a photovoltaic device, a built-in work function 

asymmetry between two zones of the device pulls the excited electrons away before 

they can relax, and feed them to an external circuit (Figure 1.2a). The extra energy 

(given by the photons) of the excited electrons generates a potential difference or 

electron motive force (e.m.f.) (Figure 1.2b). This force drives the electrons through 

a load in the external circuit to do electrical work.  

Since the discovery of the photovoltaic effect, different classes of solar cells have 

been developed.  

The first generation solar cells are solid-state devices based on silicon, where a p-n 

(positive-negative) junction has been created by doping. They are classified by 

Gregg as “excitonic solar cells”, referring to the generation of a molecular excited-

state or Frenkel exciton as the first step of a photovoltaic event [5]. 

Figure 1.2 depicts the energy band diagram of the p-doped and n-doped 

semiconductors (characterized by a larger number of holes and electrons 

respectively) at the thermal equilibrium. The different concentration of charges in 

the junction induces the migration of holes to the n region and of electrons to the p 

region. 

 

Figure 1.2 - Energy band diagram of a conventional p-n junction solar cell in 
short circuit condition (a). Charge separation under illumination (b). 
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The uncompensated charges induced by the diffusion generate a built-in electric 

field at the junction and impair further percolation of charge carriers, since the 

orientation of the electric field is contrary to the direction of the carrier diffusion. 

At equilibrium, no net charge diffusion occurs and a depletion region is formed, 

which is also referred to as a space charge layer. Under illumination the absorption 

of photons with an energy higher than the band gap results in generation of excitons, 

which interact via columbic forces. Considering that excitons will recombine after 

a certain time with emission of photons or phonons (heat), only those created in or 

close to the space charge layer can be separated by the built-in electric field and 

contribute to the photocurrent. For this reason the active layer thickness of silicon-

based solar cells is limited to a few tens of microns. 

Today silicon-based solar cells are characterized by solar energy conversion 

efficiencies of 18-25%., but their fabrication and installation costs are relatively 

high (data from Bloomberg New Energy Finance for 2013: US $0.74/watt per 

module used to make solar-power plants 2013) [6]. 

The second generation PV devices are based on thin film technologies. CIGS 

(copper indium gallium diselenide), CdTe, amorphous silicon are just few examples 

of thin film-based solar cells. The advantages of these devices include a 

manufacturability easier than that of first generation solar cells that results in lower 

production costs and in a wider range of applications, with attractive aesthetics and 

possibilities of using flexible substrates.  However, some drawbacks characterize 

this class of devices, such as a not negligible toxicity of several constituting 

elements and the scarce availability of some materials.  Despite of these problems 

CIGS cells, for example, could reach efficiencies of 20% in lab and 13.5% in 

modules. 

In countries with high solar irradiation (i.e. those in the temperate part of the globe) 

and thanks to the reduced costs, these thin-film technologies currently produce 

electricity at a price comparable to that of fossil fuel-generated electricity (the so-

called “grid parity”). However, for a truly significant impact of photovoltaics in our 

future, we need even more efficient and low-cost solar cells, fabricated from 

abundant and non-toxic materials with simple manufacturing processes. 
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In this scenario, a new concept of solar cells has been realized during the 1990s. 

Dye-sensitized solar cells (DSSCs), polymer solar cells, and nanocrystalline solar 

cells belong to the so-called third generation photovoltaics. The goal of this new 

approach is the development of technologies that allow a facile mass production 

with a consequent cost reduction, using extremely low-cost and widely available 

materials, as well as easy fabrication procedures.  

In particular, this thesis is focused on the dye-sensitized solar cells developed by 

Grätzel and O’Regan in 1991. Since then, DSSCs have been considered an 

attractive research field for many groups from academy and industry worlds due to 

their several advantages. Firstly, DSSCs are completely made of low-cost materials 

and are cheaper to manufacture with respect to other types of photovoltaic cells. In 

addition, in order to enhance the light harvesting, a wide variety of dyes have been 

developed, that can be combined in order to harvest a larger portion of solar 

spectrum. Moreover, thanks to the nanostructured TiOx photoanode, they are able 

to absorb diffused sunlight working also in cloudy weather and low-light conditions 

without much impact on efficiency, delivering overall satisfactory efficiencies 

along the whole daylight time.   

Other desirable characteristics of DSSCs are their transparency and the possibility 

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

 

         

Figure 1.3 - Transparent modules based on DSSCs (on the left); Sony lamps are typical 
example of design object made of DSSC (middle photo); different dye photosensitizers 
absorbing different visible wavelengths (on the right). 
 

All these advantages make the DSSCs likely to be a significant contributor to the 

future commercial photovoltaic technology portfolio. Since first manuscript by 

Grätzel and O’Regan [7], many efforts have been made on DSSCs fabrication in 

order to solve multiple problems concerning their low stability, efficiency and 
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scalability. All these aspects will be better discussed 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, and an overview of its structure and 

working principles is given hereafter. 

 

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

 

Generally, the substrate is constituted by glass slides, although it is possible to use 

a flexible plastic substrate. The substrate must be transparent in the visible and near 

UV regions, because light is coupled into the cell through it.  Onto the substrate, 

electrodes made of a thin film of a transparent conducting material are found.  The 

electrodes are usually made of fluorine-doped tin oxide (SnO2:F, FTO), although 

other semiconductors such as indium tin oxide (In2O3:F, ITO) can be used as well.  

Nonetheless, FTO is preferred due to slightly higher device performances that it 

grants, thanks to its higher work-function and other favorable characteristics (vide 

infra) [8]. 

The general device structure includes a porous film of nanocrystalline 

semiconductor (TiOx) that is 10-15 µm thick, and is fabricated by means of different 
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deposition techniques. The nanocrystalline TiOx layers come from a nanoparticle-

based TiO2 paste. 

Several methods can be used to produce TiO2 of varying particle size, from few 

nanometers to tenths of nanometers and different crystalline phase [9].  Regardless 

of crystallinity or morphology of the photoanode, the dye molecules are absorbed 

on the surface in the form of a monolayer [10].  The dye molecule is a key 

component of a DSSC because it is responsible for the absorption of the photons 

and begins the DSSC internal processes. Generally, it consists in an organometallic 

complex characterized by carboxylate groups, by means of which its grafting on the 

semiconductor surface can occur. Depending on the chemical design of the 

ancillary ligands forming the complex, the dye absorption properties can change.  

Because of its crucial role in the operation of the Grätzel cells, many papers have 

been dedicated to optimize the sensitizer in last 15 years, and various dyes have 

been developed and tested. The main requirements for a good dye are described in 

paragraph 1.2.2.  

The cathode consists in a very thin (~ 5nm) platinum layer grown on another 

conductive glass support. Various methods have been developed for the formation 

of the Pt layer, such as the sputtering in ultra-high vacuum or thermal 

decomposition. In particular, thermal decomposition, developed by Papageorgiou 

[11], is considered more convenient, and it is widely used. It is commonly carried 

out by spin coating or drop casting a platinum precursor solution on the glass 

surface; the resulting semi-liquid layer is hence reduced in a furnace. 

Once the cell is fully assembled, it is exposed to light entering the device from the 

photoanode (TiOx layer) side. The device operation principles are illustrated in 

detail in Figure 1.5. 
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Figure 1.5 - Schematic view of electron transfer processes in a DSSC. Reactions 
responsible of a correct operation of the device are indicated by black narrows. 

 

In dark conditions, the TiOx Fermi level is equilibrated with the redox energy level 

of the electrolyte (EF0= Eredox). When light enters the device, the ground state 

electrons of the dye molecules are excited from the highest occupied molecular 

orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) states (see 

Figure 1.5, and refer also to Eq. 1.1). The so-formed excitons generated right at the 

TiOx/dye interface are dissociated readily to create an electron-hole pair, with 

electrons subsequently injected into the conduction band of TiOx (Figure 1.5, Eq. 

1.2), while the holes, at least initially, remain on the sensitizers. The injected 

electrons are transported between the TiOx nanoparticles, and then extracted by the 

FTO electrode, which delivers the electrons to an external circuit.  At the same time, 

the dye molecules (photosensitizer) are restored to their ground state by receiving 

electrons from the I- ion redox mediator (Figure 1.5, Eq. 1.3), that becomes oxidized 

to I3- (Tri-iodide ions).  The oxidized I3
- are, in turn, reduced at the platinized 

counterelectrode by the electrons coming from the external circuit, closing the 

electronic loop of the device (Figure 1.5, Eq. 1.4). Overall, electric power is 

generated without permanent chemical transformation, thanks to the excess energy 

provided by the photon that hits the dye. 

 

S + hν           S*                                                     Photo-excitation         (Eq. 1.1) 

S*           S+ + e-
(TiOx)                                             Charge injection         (Eq. 1.2) 

S+ + 2I-         S + I2-     and   2I-              I3- + I-       Dye regeneration        (Eq. 1.3) 

Diffusion
(~ 0.1-10 ms)

e-injection
(~ 100 fs)

Photoelectrode Counterelectrode

Glass FTO            TiOx                                 Dye                    Electrolyte           Pt

EC

EFn

EF0 Eredox

S+/S

S+/S*

Dye regeneration
(~10 µs)

E

hν

hν

e-
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I3
- + 2e-         3I-                                            Electrolyte regeneration    (Eq. 1.4) 

 

At a first glance, this electrochemical cell would appear well suited to ensure charge 

separation after the first photoexcitation event.  In fact, a selective transport of 

electrons could happen in the TiOx-based photoanode, and a correspondingly 

selective transport of holes could take place in the electrolyte/platinized electrode 

system.  However, this ideal picture is not exactly verified, due to possible direct 

recombination via the following processes: 

- direct back recombination of an electron from its excited state in the dye to its 

ground state in a radiative or in a non-radiative process (Eq. 1.5), directly on the 

dye molecule (Figure 1.6); this process happens when the electrons injected into the 

titanium dioxide stabilize the dye oxidized molecules instead of travelling under 

diffusion in the semiconductor in order to reach the electrode (Eq. 1.6); 

- recombination of an electron already injected into the TiOx phase with the dye 

ground state. This is followed by the two most important processes: electron 

percolation across the nanocrystalline film and the redox capture of the electron by 

the oxidized relay (Eq. 1.7); 

- recombination of an electron already injected into the TiOx phase with tri-iodide 

present in the electrolyte.  This kind of recombination could happen at the 

TiOx/electrolyte interface prior to the neutralization (ad opera of the electrolyte) of 

the positive charge that remains on the dye after the photoexcitation/injection event 

(Figure 1.6, Eq. 1.7). This back-reaction of the electrons is facilitated by the large 

surface area of the TiO2, and it is more important when the dye coverage over the 

TiOx surface is low. 

 

S*         S                                      Dye relaxation                                    (Eq. 1.5) 

S+ + e-
(TiOx)           S                      Recombination via dye                       (Eq. 1.6) 

2e-
(TiO2) + I-3          3I-                          Recombination via electrolyte            (Eq. 1.7) 
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Figure 1.6 - Schematic view of recombination processes (indicated by yellow narrows) 
can oppose to the normal operation (black narrows) of the cell. 

 

Kinetic data for the electron transfer processes between the oxide/dye/electrolyte 

interfaces are reported in figures 1.5 and 1.6. Analyzing them, it is clear that all the 

processes towards the production of current are favored by the kinetic point of view 

as, for example, the electron injection from Ru-sensitizer into the TiOx conduction 

band takes place in fractions of femto-seconds (the best estimates currently obtained 

are up to 150 ps [12]), compared with several tens of ns (typically 20-60) needed 

for the decay of the photo-excited state of the dye back to the ground state, for Ru-

based DSSCs [13]. Anyway, recombination could occur at any interfaces of DSSCs; 

for example the interface between the redox couple and the semiconductor layer 

could represent a carrier loss due to the direct contact at the interface. Possible 

adjustments to the DSSC structure, as the introduction of a TiOx compact layer 

between these two components, could reduce this recombination [14].  

 
1.2.2 DSSCs materials and structure: a closer view. 

In order to better understand the role and the characteristics of each component of 

a DSSC device, a detailed description is given hereafter, together with relevant 

related literature references for a possible further deepening of the subject. 

Recombination
via dye
(~ 500 µs)

Photoelectrode Counterelectrode

Glass FTO            TiOx                               Dye                    Electrolyte           Pt

EC

EFn

EF0 Eredox

Recombination via 
electrolyte (~ 10-500 ms)

Dye relaxation
(~10 ns)

S+/S

S+/S*

E

hν

hν

e-
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1.2.2.1 Transparent Conducting Oxide (TCO) electrode.  

The TCO-based electrode under the photoanode serves as a collector for the 

photogenerated current and must be therefore well conducting.  It must also form 

an ohmic contact with the dye-sensitized semiconductor layer, but at the same time 

it should have a large overvoltage with respect to the possible reduction of the redox 

electrolyte, in order to minimize the dark current (vide infra). TCO films are widely 

employed as electrodes, because they have excellent transmittance (about 90%) in 

the visible range and high electrical conductivity (~10-4 Ω-cm). The most common 

TCO materials used for DSSCs are fluorine-doped tin oxide (FTO) and indium-

doped tin oxide (ITO). Since significant temperatures (up to 550 °C) can be reached 

during TiOx sintering procedures, their thermal stability is a significant property for 

directing the choice of the TCO to be used. Because of low thermal stability of ITO 

films as a TCO electrode, FTO film on glass is the most eligible for dye sensitized 

solar cell application.  In addition, FTO delivers slightly higher open circuit voltage 

in practical devices, due to its higher work-function [15]. 

 

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

Titanium oxide (TiO2) is a material with wide application due to its optical and 

electronic properties. It exists in three crystallographic phases: anatase, rutile and 

brookite. Anatase type TiO2 has a crystalline structure that corresponds to the 

tetragonal system (with dipyramidal habit) and is used mainly as a photocatalyst 

under UV irradiation. Rutile type TiO2 also has a tetragonal crystal structure (with 

prismatic habit) and is mainly used as white pigment in paint. Brookite type TiO2 

has an orthorhombic crystalline structure and it is the rarest and the most difficult 

to synthesize. 

In general, TiO2 is preferred in the anatase form because of its high specific area, 

non-toxicity, photochemical stability and relatively low cost [11-13]. It is of great 

interest for various applications including microelectronics, optical cells, highly 

efficient catalysts, microorganism photolysis, antifogging and self-cleaning 

coatings, gratings and, of course, solar energy conversion [14].  
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In particular, this is the crystalline form of choice in DSSCs. [7, 15-19].  In order 

to achieve sufficiently high solar energy conversion, anatase TiO2 is used in DSSCs 

in a nanocrystalline form, with an optimal nanoparticle diameter of about 25 nm.  

The so-formed nanoporous structure allows to obtain a surface area of the resulting 

photoanode about 2-3 orders of magnitude higher than the geometric area of the 

substrate covered by the TiOx, consequently increasing the amount of dye adsorbed 

on the photoanode. In turn, this results in a significant increase of light-harvesting 

efficiency (i.e., up to nearly 100% at the peak absorption wavelength of the dye) 

with respect to devices based on single-crystal or polycrystalline TiO2, i.e. 8-10% 

vs. 1-2% [16][7].  

Moreover, the use of nanocrystalline TiOx is also beneficial for the overall device 

performance, thanks to the establishment of a dense and developed porous network, 

which allows the electrolyte solution containing the redox ions to penetrate the film 

effectively, in order to maintain good electrical contact between the redox ions and 

the dye molecules on the TiOx surface.  

In addition, the optical properties of titanium dioxide make it a very important 

element in DSSC fabrication: it is insensible to visible light due to its large bandgap 

of 3.2 eV, and begins to absorb only in the near ultraviolet, leaving that the dye can 

absorb all the wavelengths of solar light.  

Moreover, as it is made up of nanoparticles, the TiOx photoanode has a very rough 

surface, that is able of trapping both the direct and indirect light with higher 

efficiency compared to smooth surfaces as those of silicon-based cells. The effect 

of light scattering within the device promoted by the nanoparticles results hence in 

a better performance of the DSSC (Figure 1.7). Further improvement in the 

scattering can be obtained using a second TiOx layer, constituted by larger TiOx 

particles [17]. 

Therefore, DSSCs work even better in the hours when the sunlight is not direct (at 

mid-morning and at midafternoon). Comparing the power output integral of a 

DSSC module and a Si module, it has been reported that DSSC module generates 

more electricity than the Si module throughout the day [18].  This aspect is 

extremely important, making DSSCs competitive with conventional silicon cells.   
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Figure 1.7 - Scattering effect generated in a structure made by nanoparticles (on the left) 
[17]. Comparison between the power output of a Si module and a DSSC module over a day 
(on the right) [18]. 
 

In figure 1.8 a SEM image of a typical TiOx mesoporous layer is shown. The TiOx 

nanoparticles diameter average in this picture is 25 nm. 

 

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

 
In DSSCs, the titanium dioxide does not have the role of the “classic” 

semiconductor, where the generation of charge carriers occurs. This role is instead 

performed by the dye molecules excited by the solar radiation, while TiOx assists 

in the charge separation on its surface (see also paragraph 1.2.1). This ability is one 

of the most important reasons for using TiOx in DSSC. A large number of dyes able 

to sensitize the TiOx surface have been developed in last decades, and in some cases 

an incident photon/electron conversion efficiency near to unity can be achieved.  

 

1.2.2.3 Dye Photosensitizer. 

Dye photosensitizer is typically an organic molecule, whose chemical properties 

allow it to absorb partially the incident light by exciting its electrons to higher 
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energy states. The process lead the formation of an electron-hole pair (or exciton).  

The excited electron is injected in the semiconductor conduction band, while the 

hole is filled by the electron transferring from the electrolyte. Starting from some 

natural dyes (the most famous ones belong to flavonoids and phtalocyanine 

families, abundant in some fruits), many synthetic dyes has been developed, 

sometimes characterized by a very complex chemical structure.  

During the last two decades, research results in this field have led to identify some 

essential characteristics of a good sensitizer [19]:  

• The absorption spectrum of the photosensitizer should cover the whole 

visible region, and possibly even the near-infrared (NIR). 

• It should have functional groups able to strongly bind onto the TiOx surface, 

like (-COOH, -H2PO3, -SO3H, etc. 

• The excited state level of the photosensitizer must be higher in energy than 

the conduction band edge of semiconductor, so that an efficient electron 

injection from the photo-excited state of the dye to the TiOx conduction 

band (CB) can effectively take place. At the same time, the HOMO level of 

the photosensitizer must be at more positive potential than the valence band 

(VB) level of the TiOx (see Figure 1.5).  

• For effective dye regeneration, the oxidized state level of the photosensitizer 

must be more positive than the redox potential of electrolyte (Figure 1.5). 

• The overall dye properties should be such to avoid unfavorable dye 

aggregation on the semiconductor surface  

• The photosensitizer should be photostable; electrochemical and thermal 

stability are also required.  

• The photosensitizer must be grafted firmly to the TiOx surface and they must 

not be soluble in the electrolyte solution. 

Among all different types of photosensitizers tested in DSSCs in the past decades, 

ruthenium (Ru(II)) metallorganic complexes have been investigated intensively, 

due to their broad absorption spectra and favorable photovoltaic properties. 

Generally, metal complex photosensitizers consist in a metal ion with ancillary 

ligands having at least one functional group able to anchor the molecule to the TiOx 

nanocrystal (Figure 1.9).  A further function of the anchoring group is to ensure a 
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proper injection of the photo-excited electron into the CB of the TiOx.  For these 

compounds the light absorption in the visible part of the solar spectrum is due to a 

metal-to-ligand charge transfer (MLCT) process.  The central metal ion is therefore 

of high importance for determining the overall properties of the complexes. 

Ancillary ligands, typically bi- or ter-pyridines, can be chemically modified using 

different substituents (alkyl, aryl, heterocycles, etc.) to change the photophysical 

and electrochemical properties of the final complex, and thus to improve the 

photovoltaic performance of the DSSC.   

Their general formula can be written as ML2X2, where M usually stands for Ru or 

Os, L stands for 2,2’-bipyridyl-4,4’-dicarboxylic acid and X stands for halides, 

cyanide, thiocyanate or acetylacetate. 

Ruthenium and osmium complexes have shown the best photovoltaic performance 

in terms of both conversion yield and long-term stability [12–15].  In particular, 

these performances are achieved when these metals are coordinated with 

polypyridyl complexes, thanks to an overall broad absorption spectrum (Figure 1.9 

c and d), suitable excited and ground state energy levels, and relatively long excited-

state lifetimes. 

Up to now the cis-bis(isothiocyanato) bis(2,2’-bipyridil-4,4’-dicarboxilato 

ruthenium (II) (commonly named N3, Figure 1.9, on the left) and di-

tetrabutylammonium,cis-bis(isothiocyanato)bis(2,2’- bipyridil-4,4’-dicarboxilato 

ruthenium (II), commonly named N719 (on the right), show the best photovoltaic 

performances, which result to be 10.4% [24] and 11.18% [25]. 
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Figure 1.9 - Two of the most used Ru-complexes in DSSC fabrication. N3 and N719 (a) 
and (b) respectively with their own absorption spectra in ethanol (c) and (d). 

 
It is interesting to notice that ruthenium polypyridyl complexes are intrinsically 

photolabile in solution, but when they are grafted to the titania surface they become 

photostable. This change in behavior is explained by the very fast (sub-picosecond 

domain) charge injection from the excited state of the surface-bound compound into 

the valence band of the semiconductor [6–9]. 

Several studies on Ru-complexes have been carried out in order to investigate the 

nature of the anchoring process between the dye molecules and the TiOx surface.  

After a decade long debate on the interaction of the N719/TiOx system, [16–20] 

these anchoring mechanisms has been finally described by Lee and coworkers in 

2010, who found that the N719 molecules interact via both electrostatic (H-

bonding) and covalent (bidentate-bridging) interactions [31].  In detail, one of the 

two carboxylic groups (COO- or COOH) of N719 seems to bind to TiOx using 

bidentate bridging for chemisorption (i.e. for forming a covalent bond), while the 

remaining one looks like being electrostatically attached to the TiOx surface via Ti-

OH/Ti-OH2 - carboxylic group hydrogen bond (Figure 1.10). 
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Figure 1.10 - Schematic depicting the adsorption of two N719 carboxylic groups onto 
TiOx via bidentate bridging and H-bonding involving TiOH surface groups. 

 

1.2.2.4 Co-adsorbent.  

Photo-electrodes for DSSCs are prepared by immersing the electrodes in dye 

solutions that are near the solubility limit, and therefore the dye solution is likely to 

be super-saturated. Supersaturation may lead to microcrystallization of dye in the 

nanopores of the films, and the microcrystals may suppress solar cell performance 

because they could hinder the diffusion of redox mediators in the nanopore network 

of the nanocrystalline TiOx films (which is needed in order to replenish the electron 

vacancy originated on the dye upon photo-excitation).  In other words, dye 

aggregates cause decreased photocurrent and reduce the device efficiency. [32] 

In order to break up the aggregation of the dye on titanium dioxide surface, one 

particular approach resulted to be effective.  It consists in adding to the dye solution 

an appropriate amphiphilic organic acid, which, competing with the carboxylic 

groups of the dye, is able to prevent their aggregation. Moreover, co-grafting of the 

dye and the co-adsorbent results in the formation of a mixed monolayer which 

should be more tightly packed than when the sensitizer is adsorbed alone, providing 

a more effective insulated barrier for the back-electron transfer from the TiOx 

conduction band to the triiodide electrolyte [33].  

Chenodeoxycholic acid (Figure 1.11), for example, is eligible as co-adsorbent for 

several dyes, such as N3 and N719, and is known to improve short-circuit 

photocurrent (Jsc) and open-circuit photovoltage (Voc) of the final device [34].  
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Figure 1.11 - Chemical structure of chenodeoxycholic acid. 
 

 

1.2.2.5 Electrolyte. 

The electrolyte is generally formed by an organic solvent containing a redox couple, 

called “redox mediator”. Finally, in order to increase the performance and stability 

of the final devices, a series of additives are included in the formulation of the 

modern electrolytes.  

Sometimes, during this thesis, the general term “electrolyte” is used to indicate the 

redox mediator.  

The redox couple present in the electrolyte is of crucial importance for stable 

operation of a DSSC, transporting the charges between the photoanode and the 

counter electrode during the regeneration step of the dye. Migrating by diffusion 

between the two electrodes, the mediator must restore the ground state of the 

sensitizer and the oxidized species is formed which is in turn reduced to the 

counterelectrode. The restoration of the oxidized dye to its ground state must occur 

as fast as possible because of its inclination to physical degradation (covalent bonds 

can start to break apart and/or crosslink). 

Thus, the choice of the charge mediator composing the electroactive part of the 

electrolyte solution should take into account some requirements: 

• its redox potential must couple properly with the HOMO and LUMO levels 

of the used dye.  

• it must have a fully reversible redox cycle in the working conditions (i.e., in 

presence of the used dye, at the considered temperature and with the used 

electrolyte, etc). 
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The redox mediator in the electrolyte influences the reduction of the oxidized state 

of the dye, as well as the other processes in the DSSC, including electron-transfer 

kinetics at the counter-electrode, dark current reactions, ion-pairing with the dye 

and also charge transport in the semiconductor film and in solution [35]. The most 

used charge mediator in DSSC is the iodide (I−)/triiodide (I3−) redox couple (derived 

from I− and I2), since it exhibits an electrochemical redox potential suitable for 

effective and fast reduction of several oxidized dyes. However, since triiodide 

solutions are colored and present absorption bands in the visible region, high 

concentrations may reduce the light available for absorption by the dye, lowering 

the overall cell performances.  Another drawback of I3− ions (which is indeed 

common to any kind of redox mediator) is that they can react with electrons already 

injected within TiOx nanocrystals at the interface between the latter and the 

electrolyte, and high triiodide concentrations are known to increase the dark current. 

Thus, the concentration of I−/I3
−must be optimized for attaining the best 

performances [25-26]. 

The viscosity of the solvent also affects the ion conductivity of the electrolyte 

directly and, consequently, the cell performance. In order to allow the fast diffusion 

of charge carriers in the nanoporous network of the photoanode, low viscosity 

solvents are preferable [24, 27-28].  An additional requirement for both the redox 

mediator and the solvent is that they must not cause any undesired desorption of the 

dye from the oxide surface. 

In order to enhance the device performances, many additives are used in 

electrolytes. These additives affect mainly the redox couple potential, the 

conductive band of semiconductor and dye regeneration. In fact, even species that 

do not participate in the conversion of light, such as Li+ ions or protons, can be 

adsorbed on the surface of the semiconductor and decrease the Fermi level, 

lowering the Voc, via surface polarization phenomena. At the same time, the 

presence of cations on the titania surface affect the local iodide concentration, with 

positive effects on dye regeneration [40].  Therefore, common additives used in the 

electrolytes for dye-sensitized solar cells are 4-tert-butylpyridine (TBP) and N-

methylbenzimidazole (NMBI)), which can reduce the recombination of electrons in 
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the conduction band of TiOx via coordination between their N atom and the surface 

Ti ions presenting electron vacancies. 
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Figure 1.12 - Chemical structures of the main additives for DSSCs. 

 

With this approach, significant gains in photovoltage, fill factor and overall 

conversion efficiency are obtained [41]. Another typical additive used in DSSCs is 

guanidinium thiocyanate (GuSCN) that is responsible for an increase of the current 

density and the open-circuit voltage. Electron Impedance Spectroscopy (EIS) have 

been demonstrated that when is present GuSCN chemisorbed on the TiOx surface 

passivizing the recombination sites and the transfer time of the electrons in the 

nanostructured TiOx is prolonged [42].  Another rather recent development in 

electrolytes for DSSCs is the quest for solid/quasi-solid electrolytes, in order to 

bypass disadvantages coming from leakage and/or evaporation of liquids, which is 

a common problem especially when long-term stability is considered. These issues 

and the related scientific and technological solutions developed up to now will be 

better described in the next paragraph. 

 

1.2.2.6 Counter-electrode (photocathode). 

 Counter electrodes for DSSCs with iodide/triiodide electrolytes can be rather easily 

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

substrate. Because of the relatively high charge transfer resistance of FTO (more 

than 106 Ω cm2), a counter electrode for a standard iodide/triiodide electrolyte 

without platinum delivers very poor performances [43]. Pt can be deposited using 

a range of methods such as electrodeposition, spray pyrolysis, sputtering, and vapor 

deposition. Pt films prepared by electrodeposition [11] and vapor-deposition [44] 
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were found subject to dissolution in iodide/triiodide electrolytes, and are therefore 

not suitable for counter electrodes improvements. 

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

clusters prepared by thermal decomposition of platinum chloride compounds [11] 

where very low Pt-loadings (5 µg cm-2) are needed, so that the counter electrode 

remains transparent. Charge transfer resistances of less than 1 Ω/ cm2 can be 

achieved. Several materials can substitute the platinum such as carbon materials 

[39-40] or cobalt sulfide [47] or, in the complete solid DSSC, conducting polymers 

[42-44]. 

 

1.2.2.7 Cell-Sealing Materials. 

A sealing material is essential for keeping the electrolyte solution in between the 

two electrodes and preventing both leakage and evaporation of the electrolyte 

solution and infiltration of oxygen/water into the cell (that would trigger photo-

oxidation phenomena). The chemical and photochemical stability of the sealing 

material against the electrolyte components, as well as against the solvent, is very 

important. For example, thermal adhesive polymer sheets such as Surlyn (ionically 

cross-linked thermoplastics based upon ethylene/methacrylic acid copolymer in 

which part of the methacrylic acid is neutralized with metal ions such as zinc or 

sodium, DuPont Co. Ltd.). In addition, oxygen-tight glues such as epoxy resin are 

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

 

1.3 State of art. 

Since Grätzel and co-workers reported the development of highly efficient and 

novel DSSCs in 1991 at École Polytechnique Fédérale De Lausanne (EPFL) [7], 

researchers and engineers worldwide have intensively investigated the working 

mechanism of these devices, as well as new materials and any sort of performance 

improvements, until reaching a first commercialization stage for these PV cells 

[51]. A maximum efficiency of 12.3% has been obtained under a simulated solar 

spectrum for a small area cell (about 0.1 cm2) in the EPFL laboratory in 2011 [52], 

but this result, though remarkable by itself, remains much lower than those of the 
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silicon-based technologies, which can reach peaks of 25% in efficiency. 

Nevertheless, it is already possible to achieve commercial DSSC production for 

indoor applications, such as calculators and watches, and more expanded projects 

have been carried out in the last two years. The future SwissTech Convention 

Center at EPFL of Lausanne will open its doors in April 2014, and will be the first 

building in the world to be equipped with an impressive glass façade consisting of 

semi-transparent dye-sensitized solar cells, with 1400 modules totaling an area of 

300 square meters [53]. This project of architectural integration, in addition to its 

content in terms of environmental sustainability and technological challenge, is 

evidently an excellent showcase for the photovoltaic technology “made in EPFL”. 

However, if DSSCs will be able to compete or not in the future photovoltaic market 

depends not only on the ability to increase power-conversion efficiencies and 

develop ultralow-cost architectures that are stable over 20 years, but also on market 

factors such as the overall photovoltaic demand and the scarcity of rare elements. 

Up to now a large number of researchers have paid attention in the optimization of 

three important steps in DSSCs fabrication: 

• new metal-free dyes; 

• valid alternatives to the standard liquid electrolyte; 

• mesoporous photoanodes characterized by a high internal surface area. 

Though ruthenium(II)-based dyes have provided a relatively high efficiency, these 

compounds have several drawbacks: they have a high cost and they are available in 

limited amounts, due to the sophisticated synthesis and purification steps needed to 

obtain them at a satisfactory quality. 

In order to address these issues, a lot of work in the formulation of metal-free 

organic dyes have been carried out by researchers worldwide.  These efforts 

resulted in several new classes of fully organic dyes able to replace Ru(II) based 

sensitizers [54].  Recently, efficiencies as high as 9.1% have been obtained by 

Hwang et al. using an organic metal free dye containing a p-conjugated oligo-

phenylenevinylene unit with an electron donor-acceptor moiety for intramolecular 

charge transfer and a carboxyl group as an anchoring unit for the attachment onto 

TiOx particles [55].  
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In addition, there is a large room for further optimizations in the field of electrolyte 

composition.  In fact, as mentioned before, the most popular electrolyte is the 

iodide/triiodide redox couple dissolved in an organic solvent (generally 

acetonitrile).  However, this redox couple and its electrolyte formulation, in 

addition to the mentioned leakage/evaporation of toxic organic solvent that can 

cause environmental contamination, has the further drawback of allowing the 

evaporation of volatile iodine ions, which in turn causes an increase of the overall 

internal device resistance, by lowering the concentration of the charge carrier, 

resulting in a steady decrease of the device performance.  To overcome these 

disadvantages, research has been conducted to develop non-traditional electrolytes, 

e.g. room temperature ionic liquids (RTILs) [56], or quasi-solid electrolytes, which 

are basically electrolytic gels [57].  However, also these latter compounds suffer 

from problems related to ion diffusion limitations meaning that the combination of 

photochemical stability and low viscosity, and thus ion mobility, remains a 

challenge [58]. In order to finally solve these problems, the use of several types of 

fully solid state electrolytes, so-called Hole Transport Materials (HTM), has been 

reported. These materials can be p-type semiconductor, crystalline inorganic salts, 

molecular solids, or conductive polymers, such as poly(3,4-

ethylenedioxythiophene) (PEDOT) [59], poly-3-hexylthiophene (P3HT) [60], and 

2,2,7,7-tetrakis(N,N-di-p-methoxyphenylamine)-9,9-spirobifluorene (spiro-

MeOTAD)[61], as well as spiro-MeOTAD-like materials. Studies have also shown 

that several inorganic materials, such as CuI [62], CuSCN [43- 44] also hold 

promises as hole-conducting materials.  These materials are in principle more 

industrially viable than liquid electrolytes, but pore-filling problems at the 

TiOx/electrolyte interface can easily occur, since pores in the TiOx layer cannot be 

completely filled by such solid materials.  Even starting from solutions of the said 

HTMs, where the solvent is actually able to wet the dye-impregnated photoanode, 

the solvent evaporation often leaves void space, creating problems due to scarce 

electrical contact between the oxidized dye and the solid electrolyte [44-45]. 

However, in the best HTMs the pore-filling fraction, which is defined as the fraction 

of photoanode pores occupied by the hole conductor, can be as high as 60–80% 

with small molecule-based HTMs, and the pores are generally uniformly filled 
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throughout the entire film thickness, which allows the mentioned relatively good 

performances of solid-state DSSCs.   Further improving the pore-filling fraction is 

an important strategy not only for enhancing the up to now obtained photocurrents, 

but also for reducing recombination (hence for further improving the device 

efficiency), and this might be achieved by infiltrating hole conductors from the melt 

[67]. 
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Chapter 2 

 

Motivation and objectives 

 
As mentioned in the last paragraph of the Chapter 1, in order to increase the DSSC 

efficiency and stability, many research efforts in the field aim at the optimization 

of the device components. 

In particular, many groups are focusing their attention to the development of 

devices able to better absorb the external light. This objective can be achieved by: 

i) the synthesis of suitable dyes (primarily organometallic, but not only) 

characterized by a higher absorption coefficient in a wider spectral region including 

the near-IR; ii) the implementation of new fabrication techniques for TiOx 

photoanodes, in order to increase the surface area exposed to the dye grafting.  

The porosity and morphology of the TiOx layer are the dominant factors in 

determining the amount of dye molecules absorbed on its surface.  Enhancing this 

surface area would allow for a higher dye loading, in turn leading to a higher photo-

generation of charge carriers. 

The main motivation underlying this PhD project is the search for unconventional 

means for obtaining more performing DSSCs.  In particular, the objective that have 

been pursued in this PhD work is the fabrication of TiOx nanoparticles-based 

photoanodes with a total surface area for dye grafting much larger than that 

obtainable using currently available methods, by adopting a new nanostructuring 

method.  The method, named “auxiliary solvent-based sublimation-aided 
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nanostructuring” (or briefly, ASB-SANS), is versatile, inexpensive and very quick 

in delivering the desired nanostructures also over relatively large areas [1-2]. 

 

 

2.1 Current issues in the optimization of TiOx surface 

area. 

Standard titanium dioxide photoanodes perform fairly well, delivering efficiencies 

of 10% and more. In spite of that, there is an intense ongoing research oriented 

towards obtaining higher TiOx surface areas, in order to improve the dye-loading 

capacity of the photoanode and the overall efficiency of DSSC. Up to date, 

mesoporous TiOx in the form of powder, sphere, bead, or film, and aerogels  have 

been used to synthesize the photoanode [3-5]. Among various mesoporous 

materials, aerogel is the one with the highest surface area (up to 1600 m2/g) [73].  

However, aerogels used for DSSCs are usually obtained starting from silica-based 

materials covered with TiOx by rather complex techniques like Atomic Layer 

Deposition (ALD).  These realizations do not deliver sufficient performance 

improvement-to-fabrication complexity ratio with respect to traditional nc-TiOx-

based devices, therefore the practical applications of this approach are rather 

limited. Other common strategies used to prepare highly mesoporous layers involve 

the use of templates.  For example, T. K. Yun et al. prepared two different 

mesoporous TiOx layers, using a soft template of tri-block copolymer and a hard 

template of mesoporous ZnO/Zn(OH)2-composite, respectively, obtaining average 

pore sizes of 6.8 (for the soft template) and 3.0 nm (for the hard template) [74].  The 

so-obtained devices had efficiencies of  6.71% and 3.05%, respectively, suggesting 

that a suitable selection of the pore sizes is important for mesoporous materials used 

in DSSCs, and that a too small pore size would inhibit the diffusion of dye 

molecules through the pores, thus greatly reducing the uptake of the dye molecules. 

Because of required multiple steps, Yun’s method is considered a relatively 

complicated process.  In contrast, W. Chen et al. developed a facile and timesaving 

preparation of crack-free, thick ordered mesoporous TiOx films, via the 

combination of “doctor blade” technique and two step of an evaporation-induced 

self-assembly method (EISA) [75]. By this approach, they have been able to 
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overcome problems such as the low transparency of thick layers and their 

mechanical fragility. The application of so-obtained 7-um-thick mesoporous TiOx 

layer to DSSCs resulted in very good efficiency of 6.53% at 30 mW/cm2 light 

intensity demonstrating how such simple strategy was useful in constructing 

powerful DSC devices.  

 

2.2 ASB-SANS as a TiOx nanostructuring technique. 

Looking at the optimization of TiOx photoanodes, it is here proposed to use a 

recently developed method to produce TiOx nano-engineered photoanodes 

characterized by a surface area higher than that of similar photoanodes fabricated 

with standard methods, but still fulfilling the requirements of overall low cost, 

scalability, rapidity of implementation that the currently established technology 

already allows.  The nanostructuring method for fabricating such photoanodes is 

the previously mentioned ASB-SANS technique, that allows to produce ordered 

nanostructures over large areas (up to cm2) within minutes in normal conditions of 

temperature and pressure.  

The ASB-SANS method is depicted in Figure 2.1.  To carry out an ASB-SANS 

process, the sublimating substance (from now on SS) and small amounts of the 

material to be nanostructured (i.e. the target material, from now on TM) are 

dissolved in an auxiliary solvent (from now on AS). The AS is liquid at room 

temperature and ambient pressure (from now on, “normal conditions”), and is 

chosen so to have a boiling temperature lower than the sublimation temperature of 

the SS. The so-obtained SS/AS/TM solution can be cast on a substrate (Figure 2.1a, 

b and c). The AS rapidly evaporates to leave a thin layer of a binary TM/SS solid, 

polycrystalline mixture (Figure. 2.1d). After the sublimation of the SS (Figure 

2.1e), which happens in minutes, TM-based nanostructures are found on the 

substrate (Figure 2.1f). 
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Figure 2.1 - The ASB-SANS process starts from the mixing of a TM and of a SS into an 
AS in the beaker, (a-b); the mixture is hence deposed on the substrate by drop casting, (c). 
The AS evaporates (cyan vapors, (d)) before the SS sublimates (purple vapors, (e)). At the 
end of the process a TM nanostructure is found on the substrate (f). 
 

ASB-SANS method has been used up to now to pattern nano-sized objects like 

carbon nanotubes or polymeric materials as PMMA (poly-(methylmethacrylate)) or 

P3HT (poly-(3-hexyl thiophene)) [1-2], but its effectiveness on nanoparticles-based 

systems has not been proved yet.  On the other hand, it possible to conceive that the 

technique could be effective also in this case.  In fact, considering TiOx 

nanoparticles as the TM it is possible to visualize the complete ASB-SANS system 

as in Figure 2.2.  In absence a sublimating substance (Figure 2.2a) the TiOx particles 

will be stuck one on each other, while in presence of the SS the latter will occupy a 

portion of space within the mixture separating the TiOx particles, and upon 

sublimation that space will be left void, allowing a higher overall porosity of the 

final TiOx layer to be established (Figure 2.2b). In other words, without the SS TiOx 

nanoparticles will organize themselves in a nanostructure where a small percentage 

of each spherical surface will remain free from the contact with the nearest 

nanoparticles (highlighted by the red line in the figure 2.2a), allowing some room 

for the dye grafting.  Instead, a SS introduced into the system will work as a spacer 

between the TiOx nanoparticles, generating after the sublimation larger voids within 

the final layer nanostructure, and in turn a higher internal free surface for dye 

grafting (see red line in figure 2.2b). 
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Figure 2.2 - Sketch of the TiOx nanoparticles organization without (a) and with a 
sublimating substance (purple spheres) (b). After its sublimation (purple vapors), many 
vacancies are present in the TiOx nanostructures. In both cases, surface area exposed has 
been underlined by a red line. 
 

This should lead to an actual higher dye loading of the ASB-SANS-treated layers, 

which should result in a higher charge carrier generation 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 on our planet and determines the 

climate. The energy flow within the Sun results in a surface temperature of around 

5800 K, making its radiative spectrum similar to that of a 5800 K black body [76]. 

The Sun spectrum, unlike the very smooth corresponding black body spectrum, is 

characterized by a series of lines at specific wavelengths, named Fraunhofer lines 

(Figure 3.1). 

  

 

Figure 3.1 - Fraunhofer lines on the solar spectrum. 

 

These dark lines are produced whenever a cold gas is placed between a broad 

spectrum photon source and the detector. Gaseous elements in the cooler star 

atmosphere absorb specific wavelengths coming from the hotter region.  
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The Sun spectrum reaching the earth’s surface is further changed, with respect to 

the black body spectrum, because of the radiation attenuation during its path 

through the atmosphere. In fact, Sun radiation can be attenuated by at least 30% 

during its passage through the terrestrial atmosphere. 

Causes of such attenuations are [77]: 

a) Rayleigh scattering, or scattering by molecules in the atmosphere. This 

mechanism attenuates sunlight at all wavelengths, but it is most effective at 

short wavelengths; 

b) Scattering by aerosols (particulates that include water droplets) or dust 

particles; 

c) Absorption by the atmosphere and its constituents. Atomic and molecular 

oxygen and nitrogen effectively block radiation with wavelength <190 nm. 

When molecular oxygen in the atmosphere absorbs short wave ultraviolet 

radiation, it photo-dissociates. This leads to the production of ozone, which 

in turn absorbs UV up to 280 nm. Water vapor, carbon dioxide, and, to a 

lesser extent, oxygen, selectively absorb also in the near infrared, as 

indicated in Figure 3.2.   

 

Figure 3.2 - Normally incident solar spectrum at sea level on a clear day. The dotted 
curve shows the extraterrestrial spectrum without atmosphere contribution. 

 
Due to these several variations, the composition of sunlight hitting the Earth’s 

ground is rather complex, and totally dependent from the weather day by day.  

The sum of direct radiation coming straight from the sun, diffuse light scattered 

from the sky and the surroundings (earth and sea) and reflected light by every 

surface (local albedo) constitute the so-called Global Sun radiation.  
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The total integrated irradiance over all of the spectrum in Figure 3.2 is called Solar 

Constant and is defined as the irradiance of the Sun in the outer atmosphere when 

the Sun and Earth are spaced at 1 UA (more than 1.5 * 106 Km).  The irradiance 

falling on the Earth's atmosphere changes over a year by about 6.6% due to the 

variation in the Earth-Sun distance. Solar activity variations cause irradiance 

changes of up to 1%. 

 

3.2 Reference solar spectrum for the characterization 

of photovoltaic cells. 

Sun radiation reaching the Earth’s surface varies significantly with atmospheric 

conditions, as well as with location, time of day, Earth-Sun distance (depending on 

the seasonal variations) and solar rotation and activity. As shown in Figure 3.3, an 

observer at a fixed position on the Earth sees the Sun performing an apparent motion 

during the day. Moreover, the Sun-Earth distance depends strongly on the seasonal 

changing, because of the Earth’s motion during the year. This affects significantly 

the mean solar radiation power reaching the Earth’s surface through the 

atmosphere.  

 

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

 
The ground level spectrum also depends on the Sun’s radiation path length through 

the atmosphere. Sun elevation on the horizon is the main factor affecting this path 

length; seasonal impact on solar angle is important, but the most significant changes 
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are due to the Earth’s rotation. During the day the Sun irradiance has a maximum 

when the Sun is at its highest elevation. This particular Sun position is called Zenith. 

In the most optimistic weather conditions (with clear skies), at noon the maximum 

radiation strikes on the ground having the shortest and direct path length through 

the Earth's atmosphere. The Air Mass coefficient is defined as the ratio between 

the actual radiation path and that relative to the path length at the Zenith that 

mathematically corresponds to the Eq. 3.1.  
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                           (Eq. 3.1) 

 

where L0 is the Zenith path length, L is the actual path length of the light through 

this layer, and θ is the zenith angle in degrees [78]. 

When the Sun is perpendicularly overhead, the optical air mass is 1, and the 

radiation reaching the Earth’s ground is described as Air Mass one (AM1) radiation.  

The extraterrestrial spectrum is called the Air Mass zero (AM 0) spectrum because 

it passes through no air mass, (Figure 3.4). The actual path length can correspond 

to air masses of less than 1 (high altitude sites), or to much higher air mass values 

just before sunset.  

 

Figure 3.4 - The path length in units Air Mass changes with the zenith angle as the day 
proceeds. 
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The air mass coefficient can be used as a reference for characterizing the 

performance of solar cells under standardized conditions. In particular, solar 

simulators use as radiation source Xenon lamps, which have emission spectra very 

similar to that of a 5800 K black body.  To obtain a reference and standardized 

spectrum, filters matching the radiation obtained at various air mass coefficients 

have been developed.  The most used ones are AM 1.5G (global), AM 1.5D (direct) 

and AM 2.  Among them, the AM 1.5G (which corresponds to a radiation tilt angle 

with respect to the Earth's surface of 37°, which in turn represents the annual 

average value of solar power reaching ground for mid-latitudes) was chosen by the 

ASTM (American Society for Testing and Materials) as the USA reference, since 

it is representative of the average conditions in the 48 contiguous states of the USA 

[79], and it is the most used reference spectrum in the characterization of solar cells.   

 

3.3 Photovoltaic energy conversion principles. 

A photovoltaic device is a device with the ability to convert solar radiation into 

electrical power. This kind of device includes p-n-junction solar cells, photo-

electrochemical cells, dye-sensitized solar cells (DSSCs), photo-galvanic cells, and 

organic (plastic) solar cells. 

In general, the process of photovoltaic energy conversion can be summarized into 

three steps: 

1. electronic photoexcitation of the light-absorbing component of the 

photovoltaic device; 

2. charge separation; 

3. charge collection. 

The excitation can generate an electron-hole pair in a semiconductor, an electronic 

excitation of a molecule, or the production of excitons.  

The most common photovoltaic device is the silicon-based planar p-n junction. 

A p–n junction diode is made of a crystal of semiconductor. Impurities are added 

to it to create a region on one side that contains negative charge carriers (electrons), 

called n-type semiconductor, and a region on the other side that contains positive 

charge carriers (holes), called p-type semiconductor. When two materials, i.e. n-

type and p-type, are attached together, a momentary flow of electrons occurs from 
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n to p side resulting in a third region where no charge carriers are present. It is called 

depletion region due to the absence of charge carriers (electrons and holes in this 

case).  

In a p–n junction, without an external applied voltage, an equilibrium condition is 

reached in which a potential difference is formed across the junction. This potential 

difference is called built-in potential.  

 

 

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

 
 

If an external voltage is applied to the p-n junction, two different behaviors can be 

observed.  If the p-type is connected with the positive terminal and the n-type is 

connected with the negative terminal (forward bias, Figure 3.5a), electrons are free 

to flow from the n-type side (called the cathode) to the p-type side (called the anode) 

(Figure 3.5a). Otherwise, if the electrical connection is opposite (reverse bias), no 

current can flow (Figure 3.5b). That just described is the well-known pn-junction 

diode. 

A diode's I–V characteristic is reported in Figure 3.5c.  At small reverse biases only 

a very small reverse saturation current is recorded (leakage current). This current 
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does not increase appreciably with increasing reverse bias until the diode breaks 

down. At breakdown, the current increases so greatly that the diode will be 

destroyed unless a high series resistance limits current. At small forward bias, only 

a small current is conducted, until a threshold voltage is reached, after which the 

current increases extremely rapidly.  Also in this case excessive biases may lead to 

the device breakdown.  
When a p-n junction type solar cell is hit by light radiation with an energy E = hν 

lower than the semiconductor energy gap Eg, photons cannot be absorbed, since 

electrons would be brought to an energy level inside the forbidden band gap level. 

If, instead, hν > Eg, photons are captured and electrons are excited to the conduction 

band, leaving holes in the valence band. The electrons excited to the conduction 

band flow from the p-type to the n-type side, while the holes left behind in the 

valence band flow in the opposite direction. If the p-type and n-type semiconductors 

are connected by a wire, the electrical equilibrium is restored by electrons flowing 

from the n- to the p-type material, causing an electric current to flow along the wire 

(Figure 3.6) [80].  In this case we have a photovoltaic cell. 

 
 

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

 

When a voltage is applied to a photovoltaic cell in a dark state, the current versus 

voltage characteristic observed is similar to the curve of a conventional rectifier 

diode, as shown in Figure 3.7 (G=0, where G is the incident power). However, when 

light strikes on the device, the current density/voltage curve (J/V curve) shifts at 

more negative current values. When the circuit is shorted (at V=0) the short-circuit 

current, Jsc, is the characteristic parameter.  When J=0, an open circuit voltage, Voc, 

is generated.   
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  -  
Figure 3.7 - Effect of different light power on the current/voltage curve of a photovoltaic 
device. Changing the light power G, two different values of Jsc and Voc are determined as 

the intersection with the axes. 
 

 

3.4 Solar cells characterization techniques. 

Photovoltaic devices are characterized in various ways.  Two widely diffused 

techniques, able to deliver rather standardized results, are the measurement of the 

J/V curve and the determination of the quantum efficiency (or Incident Photon-to-

Electron Conversion Efficiency, IPCE) of the device. 

The J/V curve is obtained recording the current density J, i.e. the current generated 

per unit area of the device, normally measured in mA/cm2, produced by the device 

when an external bias is applied to the two electrodes, under light irradiation. The 

curve is constructed by changing stepwise the applied voltage, and recording the 

corresponding measured current. In addition to the J/V curve under light, a similar 

curve is recorded in dark conditions (i.e., under no light), in order to evaluate the 

overall diode performances of the cell. 

The standard test conditions (STC) to be used for determining the J/V curve of a 

solar cell, as established by the International Electrotechnical Commission, 

correspond to an incident power density of 1 sun (100 mW/cm2), a light spectrum 

of an air mass 1.5 global (AM 1.5G) and a working temperature of 25°C.  This latter 

parameter must be accurately controlled, since any solar cell temperature change 

can considerably influence the final outcome of the J/V measurement. 

 

 

Jsc’  
Voc 

Jsc’ ’  

Jsc’ ’’  

J 
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In addition to the J/V characterization system, an interesting PV device 

characterization technique is the IPCE measurement.  It is defined as the ratio 

between the number of photogenerated charge carriers in short-circuit conditions 

(recovered at the device electrodes) and the number of photons of a given 

wavelength incident on the measured device.  In more quantitative terms, the IPCE 

value corresponds to the current density (Jsc) produced in the external circuit under 

an ideally monochromatic illumination of the cell, divided by the incident radiative 

flux (Φ) that strikes on the cell.  According to this definition, the IPCE (as a function 

of the incident wavelength λ) can be calculated as:  

 

�����λ� �
��

��

���
�
	�

�� !.# �
$	%&
'

�

(�)*�

����+,/�+.�

�	�//+.�
�

�� !.# 

(
0    (Eq. 3.2) 

 

where R is the device responsivity (i.e., in the specific case of photodetectors, the 

electrical output for an optical input, usually expressed as amperes/watts, of the 

device). The coefficient 1240.74 W*nm/A derives from the equation hc/e where h 

is the Planck’s constant, c is the light speed constant and e is the electron charge. 

This characterization technique can be extremely useful, since it can deliver a good 

understanding of the internal phenomena occurring in the device, in particular of 

those related to the charge recombination extent.  In fact, in IPCE experiments the 

charge recombination due to opposite charges annihilation is greatly reduced with 

respect to what happens when the devices are tested in standard J/V measurements.  

This is due to the fact that IPCE measurements are carried out using ideally 

monochromatic beams impinging on the PV device, which implies that the number 

of photons reaching the surface of the device is relatively low with respect to J/V 

measurements, where a full simulated solar spectrum (i.e., 100 mW/cm2 of optical 

power encompassing all the visible wavelength) is used according to ASTM E1021 

[81].  Therefore, a simple comparison between the integral of the current measured 

in the IPCE determination and that measured in J/V experiments allows to evaluate 

the amount of charge recombination existing in the analyzed device [82].  The J/V 

characteristics and the IPCE are related to each other, since the short circuit current 

obtained using monochromatized radiation integrated along all the wavelength 
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present in the AM 1.5G spectrum should be equal to the J measured in the J/V 

characterization (provided that the incident optical power in the two cases – for the 

IPCE resulting from the integration over all the wavelength range included in the 

AM1.5G spectrum - is the same).  This point can be translated into the following 

equation: 
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          (Eq. 3.3) 

 

where PSTC(λ) is the incident optical power at standard test conditions, and λ the 

wavelength in nm. 

This calculation is an important check that should be always performed to control 

the accuracy of the solar cell characterization.  However, it is very unlikely that the 

two Jsc - deriving from J/V and IPCE measurements, Jsc(J/V) and Jsc(IPCE) - correspond, 

due to a series of factors that cause sometimes very strong deviations from the ideal 

behavior of the cell.  

A parameter that could greatly affect the correspondence between Jsc(J/V) and Jsc(IPCE) 

is the overall incident optical power intensity.  In fact, with a high optical power 

incident on the cell, charge recombination events are more likely to occur.  On the 

other hand, although the integration over all the wavelength range of the optical 

power used for IPCE measurements delivers a total optical power equal to that used 

at the same time in a J/V measurement, the IPCE experiment is carried out using 

monochromatized, low power-per-wavelength radiation.  This low power reduces 

the amount of free charges generated per single wavelength measured, which in 

turn lowers the probability of charge recombination.  This results in having often a 

Jsc(J/V)<Jsc(IPCE).  The possibility of having the same outcome (i.e., Jsc(J/V)<Jsc(IPCE)) is 

increased also in the case of testing, at any given overall optical power, solar cells 

characterized by a high recombination rate, for the same reasons described above.  
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3.4.1 Setup for a J/V recording system based on a solar 
simulator. 

The current density-voltage (J/V) curve is a measurement that gives, together with 

several relevant insights into the physical phenomena ongoing within the solar cell, 

the most important information about the performances of a solar cell, i.e. its 

efficiency.  This measurement can be carried out in dark conditions (without 

illumination) or under illumination.  In the latter case, the J/V curve delivers an 

integrated response of the cell to the optical power represented by all the 

wavelengths composing the solar spectrum that strike the device simultaneously.   

Parameters like short circuit current, open circuit voltage, fill factor and power 

conversion efficiency, are extracted from the illuminated J/V characteristic curve. 

The open circuit voltage (Voc) and the short circuit current density (Jsc) correspond 

to the intersections of the J/V curve with the x- and y-axis, respectively (see Figure 

3.8).  Other parameters, like fill factor and efficiency, are extrapolated from the 

curve, via two additional important descriptors for J/V curves of solar cells (Figure 

3.8):  

1. Vmpp = voltage at the maximum power point (Pmax)  

2. Jmpp = current density at the maximum power point (Pmax)  

The fill factor describes how well the area under the J/V curve “fills in” the 

maximum possible rectangle defined by J × Voc (i.e., the rectangle in light blue in 

Fig. 3.8) and it is calculated as shown by the Eq. 3.4: 
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Graphically, the fill factor can most easily be visualised by the ratio between the 

areas of the dark blue rectangle and of the light blue one. 
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Figure 3.8 - Conventional J/V curve of a solar cell along with the main descriptors. 

 
 

The overall solar-to-electrical energy conversion efficiency, η, for a solar cell is 

given by the Eq. 3.5: 

 

A �
�B@>?@CC

;D%
                                      (Eq. 3.5) 

 

where Pin is the incident power density [mW/cm2]. 

For DSSCs the J/V characterization procedure is particularly tricky.  In fact, the 

direction of the J/V scan (i.e., from positive to negative biases, or vice versa), as 

well as the delay time to be kept between the application of the bias and the 

recording of the current density during the measurement, must be chosen 

accurately, otherwise very unreliable results can be obtained. One of the most 

important reason for these different behaviors is due to strong capacitance effects 

presented in this kind of device [83]. In order to have more accurate measurements, 

J/V curves have to be carried out changing the bias both increasing (from 0 V to the 

open circuit voltage, which is defined as direct scan) and decreasing (defined as 

reverse scan) the bias, and keeping a delay time between the application of the bias 

and the reading of the current of at least 40 ms [84].  The most reliable values of 

Voc, Jsc and FF parameters for the cell are obtained by averaging the values deriving 

from the two different sweeps.   
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To carry out the J/V characterization of the DSSCs studied during this thesis, a J/V 

characterization system has been developed. This phase of work has seen the 

assembly of a solar simulator that is equipped with a 150W Xenon arc lamp 

(Newport, mod. 96000) with a digital source meter (Keithley Model 2400) on an 

optical bench linear. The digital source meter worked at the same time as a power 

supply applying the bias to the devices to be characterized and an ampere-meter for 

registering the generated current by the devices. To model the spectrum of the solar 

simulator lamp to the solar spectrum, a sun filter AM1.5G (Newport, mod. 81092, 

51 mm) was coupled to the light source fitting into the Solar Simulator's filter holder 

(see solar simulator scheme in Figure 3.9). Finally, a dedicated sample holder 

designed and fabricated in collaboration with the technical staff at Elettra put 

complete the J/V recording system.  

Firstly, in order to carry out reliable J/V measurements, the solar simulator and the 

sample holder have been mounted on a linear optical bench to fix their relative 

positions. I-V measurements were performed following the STC meaning that the 

power of the solar simulator was calibrated to 1000 mW/cm2 by means of a 

calibrated photodiode.  The photodiode is calibrated using a Newport model (model 

UV-818). All the instruments involved in the J/V system have been controlled by a 

software written by the author in high level languages (National Instruments, 

LabView8.6).  During the measurements, the devices to be measured have been 

housed in the sample holder and connected to the source meter by shielded cables. 

Experimental conditions needed that all the J/V curves have been recorded covering 

the sample and the light source by a black box to create the dark condition for the 

dark curve recording and to avoid light interferences by the environment during the 

light curve recording.    
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Figure 3.9 - Schematic of the sun simulator used for the characterization of the solar cell 

(on the left). The entire characterization system is equipped with a source meter both 
managed by a LabView software (on the right). 

 

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

One of the most challenging and demanding activities carried out during my PhD 

was the acquisition of the know-how needed for implementing a working and 

reliable IPCE system.  As an established and tested setup was not available in my 

laboratory, the challenge has been to convert a typical UV-Vis spectrometer, which 

is a monochromatic, double beam light source, into an efficient and reliable 

characterization system for IPCE determination. 

For DSSCs, whose photophysics is still not yet completely clear, IPCE 

measurements can be very important in order to gain insights on the phenomena 

occurring within the device, and in turn to optimize the cell fabrication methods.  

However, when evaluating these measurements it should be considered that many 

different photophysical processes occurring in DSSCs (like the solar cell response 

time or the J hysteresis upon changing the voltage sweeping direction) influence 

the outcome of the characterization.  Also the incident light power, which affects 

internal cell phenomena like charge recombination at interfaces or local heating, 

influences markedly the measured IPCE, varying its magnitude and even the shape 

of the IPCE-λ curve.  Therefore, IPCE measurements on DSSCs are rather sensitive 

experiments, and the conditions in which they are carried out must be carefully 
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tuned and controlled in order to obtain an IPCE determination useful for 

comparisons with other devices [3, 14-15]. 

IPCE measurements are usually carried out by means of rather expensive 

apparatuses, constituted fundamentally by a single beam optical system (a light 

source emitting in the UV-Vis range and a monochromator that selects the 

wavelength to be sent on the sample PV cell) and by an amperemeter, connected to 

the PV cell.  Other optical and electronic tools such as signal switches, lock-in 

amplifiers and so on complete the standard characterization system [82].  In general, 

the cost of the optical system alone can vary from 15 to 50 k€.  In order to have a 

complete IPCE characterization system, a further cost for a precision amperemeter 

(which, together, can span from a few to 10-20 k€) must be added.  With respect to 

the performances of the optical systems, it must be considered that the light sources 

get degraded over operative time, hence a calibration of the instrument lamp with a 

calibrated photo-detector is recommended before any characterization session.  

This means that in a standard, commercially available IPCE system with a single 

beam configuration, to deliver a reliable response, any solar cell characterization 

should be preceded by a lamp power calibration at each wavelength.  This step is 

usually time-consuming. 

On the other hand, conventional UV-Vis double-beam spectrophotometers are 

widely diffused in research laboratories and are becoming less and less expensive 

(double beam UV-Vis spectrophotometers well below 10 K€ are currently 

commercially available). These instruments have a built-in double light beam and 

very good monochromators, and allow an easy and accurate control of the used 

wavelength range.  Moreover, the double beam offers, in theory, the possibility of 

concurrently reading the optical power originated by the system lamp and 

performing the actual illumination of the measured device, using for each of these 

task a separate but equivalent beam.  Therefore, UV-Vis double-beam 

spectrophotometers could allow to i) work with highly accurate monochromatized 

beams, ii) calibrate the lamp emission in real time during the PV cell testing, iii) 

obtain the previous two results via a conveniently low-cost equipment.  Properly 

coupling the optical system of such an instrument to an amperemeter able to extract 

from the tested PV cell the photocurrent generated upon emission from the 
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monochromatized source would hence allow to obtain an accurate and fast 

instrument for the IPCE determination. 

In this view, we report on the setup of a complete IPCE measurement system for 

PV cells based on i) a common UV-Vis spectrophotometer and ii) a precision 

current measuring unit.  In order to manage the optical and electronic instruments, 

a user-friendly software written in National Instruments LabView® environment 

has been developed.  The procedures related to the setup of the optical system and 

to the real time calibration of the light source, and practical issues arisen and solved 

during the instrument development are exposed and discussed.  Finally, the 

effectiveness of this homemade IPCE measurement system has been validated by 

tests performed on a silicon photodiode with known spectral response, and on a 

DSSC fabricated for these tests using commercially available materials. 

 

3.4.2.1 Results and discussion. 

a - UV-Vis spectrophotometer and IPCE system: a reversible conversion. 

A schematic representation of the optical architectures of the UV-Vis 

spectrophotometer and of the final IPCE setup is shown in Figures. 3.10a and 3.10b, 

respectively, to which the following labels refer.  
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Figure 3.10 - A schematic view of the double-beam UV-Vis spectrometer (a), of the whole 
IPCE system (b) and a photograph of an included slit (c). In IPCE configuration the 
different position of the slits (S1 and S2) is underlined by color code.  Legend for both the 
a) and b) figures: L1, Halogen lamp; L2, Deuterium lamp; G, Monochromator; S1 and S2, 
Slits; FW, Filters wheel; BS, Beam splitter; O1 and O2, Lenses; A1, Attenuator; D1 and 
D2, Detectors; M1, folding mirror lamp change; M4 and M5, Ellipsoidal mirrors; M2, 
Toroidal mirror; M3, Spherical mirror. 
 

The light sources consist in: i) a pre-aligned deuterium (30W, L2) and tungsten-

halogen (55W, L1) lamps.  A monochromator holographic concave grating (G) 

allows the selection of the desired wavelength(s).  The instrument slits S1 and S2 

are constituted by metallic disks, in each of which two sets of apertures are directly 

dug in the metal, placed on the right and on the left of the disk.  In addition, on the 

left side of the disk a supplementary set of plastic masks, each of which delivers a 

different final aperture that corresponds to a different spectral resolution (from 0.5 

to 4 nm), is placed (Figure 3.10c; see also red triangles in Figures. 3.10a and 3.10b).  

The beam splitter BS has the function of splitting the beam exiting from the slits in 

two components, each one of approximately equal intensity.  The two twin beams 

are hence directed in real time, in the spectrophotometer, towards the photo-

detectors D1 and D2 (Figure 3.10a).  Preliminary tests aimed at verifying the 

suitability for IPCE measurements of the beam power hitting the D2 photodetector 

in the standard UV-Vis spectrophotometer configuration were carried out using a 

a) b) 

c) 
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Newport calibrated photodiode.  The photodiode was positioned along the path of 

the beam incident on the D2 photodetector, in the measured sample compartment 

(Figure 3.10b).  However, none of the selected standard slits allowed us to record 

sufficiently clean (i.e., low-noise) signals, due to the relatively low power of the 

halogen lamp (55 W; it has to be considered that in commercial IPCE setups the 

halogen lamp power varies from 100 to 300 W).  Therefore, upon suggestion of 

Perkin-Elmer (PE) technical personnel, we performed a manual exchange of the 

slits configuration.  The slits disks were physically detached from their linchpins 

and re-mounted inverting their left and right side, so to have the unobstructed slits 

(i.e., those directly dug in the metal plate) exactly on the path of the light beam (see 

Figure 3.10c, and compare the red and green sides of the slits disk in Figures. 3.10a 

and 3.10b).  With this simple and rapidly reversible hardware modification (the 

whole operation takes less than five minutes, and the disks can be taken back to 

their original configuration in the same time) the amount of light transmitted by the 

spectrometer was found more than sufficient to obtain from a calibrated photodiode 

signals corresponding to light power well over 1 µW per selected wavelength, with 

satisfactory signal-to-noise ratio.  However, moving from measurements with a 

calibrated photodiode to those carried out directly using the spectrophotometer D1 

detector (via UV Winlab-based measurements) evidenced that the latter is 

extremely sensitive (much more than the calibrated photodiode used for the 

previously described preliminary verifications), showing evident signs of signal 

saturation after the slit exchange was performed.  On the other hand, keeping the 

standard slit did not allow to obtain sufficiently high beam power.  This conundrum 

was solved using the modified slit and placing an optical attenuation filter on the 

reference beam path, in the reference sample compartment.  The filter characteristic 

has been determined performing experiments with and without the attenuator with 

the help of a calibrated photodiode with a suitable range of linear responsivity.  

These experiments delivered for the filter a value of 68% of attenuating power.  This 

attenuation factor was found to be linear in the whole range of considered 

wavelengths.  On these bases, the subsequent IPCE measurements have been 

carried out performing a first lamp power calibration using the attenuator filter and 

determining the attenuation factor (a(λ)k) for each wavelength.  These values have 
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been hence stored in a database and used by the Home-IPCE software for the actual 

real-time incident lamp power calculation (vide infra). 

Apart from the mentioned hardware changes in the slit configurations, no other 

major modifications of the spectrophotometer were necessary for proceeding with 

the IPCE measurements.  During standard UV-Vis measurements the sample 

compartments are occupied by a reference sample and by the sample to be measured 

(see Figure 3.10a), while in the IPCE configuration the reference sample 

compartment is empty and the measured sample compartment is occupied by the 

PV cell/photodiode to be characterized, to which an external amperemeter is 

connected (Figure 3.11). 

 

   

Figure 3.11 - Photos of the Home-IPCE system. The amperemeter is connected to the 
device to be measured in the sample compartment of the UV-Vis spectrophotometer (on 
the left); in order to have a homogeneous incident beam, two aluminum windows are 
mounted on both compartments.   
 

The detector D2 has been obscured to avoid unwanted signals, since we found no 

mean to simply detach it from the spectrophotometer circuits. 

From a practical point of view, though the possible operative range of the Lambda 

35 is 190-1100 nm, for this work we focused only on the visible portion of the 

available emission spectrum (350-800 nm), which is the one of interest for our 

applications. 
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b - IPCE measurements overview.  

The logic block diagram of the developed IPCE measurement procedure is shown 

in figure 3.12.  As is visible, the actual measurement is divided into two independent 

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

 

 

 

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

 

c – Calibration. 

The calibration step informs the software about the reference values that will be 

used to calibrate the lamp power at each wavelength.  It is accomplished by 

recovering from the Lambda35 the information about the lamp power incident onto 

the D1 detector at each selected wavelength (see Figures 3.10a, b).  This 

determination was not trivial, due to the necessity to characterize the D1 detector 

response in order to obtain the desired data.  In fact, the direct connection of D1 to 

a power-meter was physically impossible due to the spectrophotometer construction 

characteristics, since the D1 detector is a unicum comprising a silicon photodiode 

a) 

b) 
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and a more complex electronic system that transduces the incident photons number 

into an electrical signal, and we did not have any radiometer available.  On the other 

hand, the PE proprietary software “UV Winlab” gives out some information about 

the D1 response upon illumination.  This information includes an unknown D1 

signal process, delivering a final datum that UV Winlab terms “counts”, and we 

were not able to directly infer any meaningful current or power response of D1 from 

the counts reading.  Therefore, in order to understand the mathematical correlation 

between the counts and the lamp power, we carried out the following two different 

tasks: 

Task 1): a Newport calibrated photodiode was placed in the reference sample 

compartment, and electrically connected to a precision amperemeter.  Then the 

optical power W(λ)Newport incident on the calibrated photodiode was calculated for 

each selected wavelength by means of the known responsivity of the photodiode, 

using the formula (Eq. 3.7): 

 

E���F�GHIJK �	
L�M�&N<�

O�M�PNQRSTU
                         (Eq. 3.7) 

 

where I(λ)meas is the current measured by the photodiode by means of the 

amperemeter, and R(λ)Newport is the photodiode responsivity (available from the 

Newport data sheet).  At the completion of this task we obtained a table reporting 

the lamp power at each selected wavelength, which was used for the subsequent 

calculations. 

Task II): The D1 photodiode counts are related to the incident lamp power by an 

unknown proportionality, and we assumed that this proportionality is linear 

throughout the instrument wavelength range.  The validity of this assumption was 

confirmed via simple experiments of transmittance measurements using glass 

attenuators (with different thickness; see Supplementary Material), which showed 

that the lamp power incident on the D1 photodiode was reduced linearly (with a 

tolerance of ± 20%) with the variation of the attenuation coefficient along the whole 

range of wavelengths considered.  Therefore, we applied the equation 3.8: 
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V��� �	
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                                (Eq. 3.8) 

 

where counts are the counts readings at the D1 photodiode as given by the UV 

Winlab software at the considered wavelength, and k(λ) is a coefficient that allows 

to correlate counts and lamp power incident on the D1 photodiode at each single 

wavelength.  In fact, due to the optical configuration of the instrument, which splits 

in two the already monochromatized beam exiting from the slits S1/S2 (unless of 

minimal differences due to imperfections in the beam-splitter characteristics), the 

optical power incident on the D1 photodiode is the same we previously measured 

using the Newport calibrated photodiode in the measured sample compartment.  

Therefore, the use of the previously determined W(λ)Newport optical power value in 

Eq. 3.8 is justified.  The so-obtained k(λ) values have been corrected for the 

attenuation factor a(λ)k (see par. 3.2.2.1a) and the resulting values have been 

recorded in a table available to the Home-IPCE software as part of the calibration 

routine. 

 

d – IPCE measurement procedure. 

The Home-IPCE software calculates the IPCE as a function of the device 

responsivity (see Eq. 3.2).  In order to do so, it is necessary to acquire the values of 

the current photogenerated by the device, and of the optical power incident on the 

same.  The former datum is obtained by a simple reading of the amperemeter 

connected to the analyzed device.  With respect to the optical power incident on the 

device, in a single beam instrument these values (i.e., the beam intensity at each 

wavelength) are determined at the beginning of the measurement for the whole set 

of tested wavelengths, during a calibration step, then stored in the instrument’s 

memory and recalled at the end of the measurement, to compute the final IPCE 

values.  On the other hand, the use of a double beam spectrophotometer offers the 

possibility to check this optical power at each single wavelength, in real time.  This 

option allows to get rid of any possible problem deriving from lamp degradation 

phenomena that would be reflected in at least partial changes in the optical power 

impinging on the measured device, and/or from temporary optical power 
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oscillations due to external factors.  To take advantage of this possibility, we 

devised a measurement approach described by the logical block diagram shown in 

figure 3.12b.  The procedure starts with the instruments’ initialization and the 

relative setups that include the wavelength range, the scan speed, the spatial 

resolution, the source meter compliance and the active area of the cell (Figure 3.12b, 

block 1).  When the spectrophotometer is initialized, it sends the two optical 

monochromatic beams simultaneously on the measured device (PV cell or 

photodiode) and on the D1 detector.  Though the two beams should have in theory 

equal intensity, in practice they always differ a bit, due to inevitable imperfections 

in the beam splitter characteristics.  When the spectrophotometer is used in the UV-

Vis spectroscopy configuration these minimal differences are compensated by PE 

proprietary hardware and software processing of the D1 and D2 signals.  However, 

in the IPCE configuration this processing is unavailable, since the Home-IPCE 

software cannot access these proprietary settings.  In addition, in IPCE mode the 

D2 photodiode is obscured.  Finally, an attenuator filter is used to prevent D1 

saturation, and this causes the necessity to correct the D1 signal recorded by the 

Home-IPCE software using the previously calculated attenuation factors, that in the 

calibration step have been recorded in a reference table available to the “measure” 

routine of the Home-IPCE software.  Therefore, when the measurement procedure 

starts, the Home-IPCE software changes the spectrophotometer wavelength 

according to the user’s input (Figure 3.12b, block 2).  After this, the software tells 

the source meter to read the current photogenerated by the measured device, I (λ)pg 

(Figure 3.12b, block 3) and keeps this value in a dedicated memory cell; 

concurrently, the software reads the counts number from the D1 photodiode of the 

spectrophotometer (Figure 3.12b, block 4).  Coupling this latter datum with the 

corresponding k(λ) and a(λ)k values that were stored in memory in the calibration 

step, the software calculates in real time the exact power incident on the measured 

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

 

E���,�KWYZ �	
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                             (Eq. 3.9) 
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This procedure allows to compensate for possible lamp power oscillations and/or 

degradations with respect to the first calibration step, during which an initial optical 

power (W(λ)Newport) was determined using the calibrated photodiode.  The so-

calculated optical power incident on the device is then used to compute the device 

responsivity (Figure 3.12b, block 6) according to Eq. 3.10: 

 

0��� �	
LR^�M�	

/�M�'�U_<`
                               (Eq. 3.10) 

 

and finally the IPCE, according to Eq. (3.2) (Figure 3.12b, block 7).  This loop is 

then repeated until the whole set of wavelength set at the beginning of the Home-

IPCE software routine is reached. 

 

e - IPCE system validation. 

In order to validate the effectiveness and reliability of the discussed home-

assembled IPCE system, the responsivity of a standard silicon-based photodiode 

(purchased from Osram) and of a DSSC fabricated by purpose have been measured.  

After the first calibration test, during which the initial tables of coefficients k(λ) and 

a(λ)k have been recorded, the photodiode has been mounted in the IPCE system as 

shown in Figure 3.10b.  Its responsivity curve is shown in Figure 3.13a, together 

with the same characteristic as given by the photodiode producer (dotted line with 

error bars: responsivity as determined using the IPCE system; dashed line: 

responsivity obtained from the technical data sheet of the photodiode).  As is 

visible, the data obtained using the here described IPCE system are in very good 

agreement with those given by the photodiode constructor.  
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Figure 3.13 - Test of IPCE system on a silicon-based photodiode (a) and a dye sensitized 

solar cell (b).  

 

The IPCE system has been tested also on a DSSC, fabricated as described in the 

experimental part (Figure 3.13b).  The overall IPCE curve (which reaches a 

maximum over 60% at about 540 nm) shows an overall good response, with a curve 

shape very similar to that of analogous devices [82]. The somehow discontinuous 

behavior between 400 and 450 nm is likely due to the lack of TiCl4 post-treatment 

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

dioxide nanocrystalline surface not perfectly covered with dye molecules.[86] 

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

that the here described IPCE system is able to satisfactorily carry out the IPCE 

determination of photovoltaic devices. 

 

3.5 Conclusions. 

In conclusion, we have reported how a conventional J/V curve recording system 

based on a typical solar simulator can be setup and on how a normal UV-Vis 

spectrophotometer can be converted into a home-made optical part of an IPCE 

system. While for the J/V system the setting up is quite standard because consists 

in the assembling of a solar simulator and a source meter managed by a dedicated 

software, it was different to setup the IPCE based on the conversion of a 

conventional UV-Vis spectrophotometer. Notably, this conversion is implemented 

in a fully reversible fashion, i.e. the so-obtained optical part of the IPCE system can 

be converted back to the original UV-Vis spectrophotometer (whose performances 
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are not affected by this change of use), with a single, minimally invasive hardware 

change.  This “UV-Vis/IPCE and vice versa” functionality switch can be carried 

out in minutes, preserving the work capabilities for the laboratories in which the 

system is implemented.  The so-developed IPCE system has been validated using a 

commercial photodiode and a home-fabricated DSSC, and in both cases the 

response of the system was more than satisfactory.  An executable LabView 

software able to turn a Perkin-Elmer Lambda35 and a Keithley 2400 into a complete 

IPCE system is also made available free of charge to anyone interested in the matter, 

provided that the here presented work is cited in further papers taking advantage of 

said software. 

The use of the UV-Vis spectrophotometer presents an indubitable series of 

advantages with respect to a commercially available single beam system, namely i) 

an overall low cost, ii) an overall good quality of the optical system 

(source/monochromator/slits), iii) the possibility of performing real-time 

calibration of the light beam incident on the measured PV cell.  Moreover, since 

UV-Vis spectrophotometers are widely diffused instrument in research 

laboratories, the suggested approach to IPCE determination can be useful for 

several research groups worldwide.  Using an existing instrument also delivers a 

series of constraints, including the difficulty to customize the instrument itself 

(unless one is willing to make very impacting changes to the UV-Vis spectrometer 

functionality) and the necessity to write the overall software for managing the 

system, and the need for a clear understanding of the instrument operating 

mechanisms.  However, these constraints can be turned into fruitful know-how on 

IPCE and related matters.  In fact, though the whole work required for setting up 

from zero an IPCE system from a UV-Vis spectrophotometer can be a bit 

demanding, especially for the part related to the software for driving the 

instruments, the increased knowledge of how the spectrophotometer actually 

operates, including the theoretical bases for its operations (like the reasons for using 

more than one slit, the understanding of experimental design of the optical path, 

etc.) and of the basic notions related to the measurement of the IPCE itself more 

than compensate (even more than the overall low cost of the final system) the efforts 

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

 Instruments 

J/V characterization system has been setup assembling a low-cost solar simulator 

(mod. 96000, Newport) and a digital multi-meter (Mod. 2400, Keithley). A 

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

calibration of the solar simulator. 

IPCE characterization system has been setup assembling a double beam UV-Vis 

spectrophotometer (Lambda 35, Perkin-Elmer) and a digital multi-meter (Mod. 

2400, Keithley). The determination of the spectrometer lamp power has been 

carried out using a calibrated photo-detector (818-UV, Newport).  A standard 

silicon photodiode (SFH 2430, OSRAM Opto Semiconductors) was used to 

validate the IPCE system, together with a by-purpose fabricated DSSC. 

 

Measurements 

A few practical aspects of the performed measurements are here highlighted: 

i) A dedicated sample holder has been fabricated to hold correctly in place the 

sample to be measured (solar cells or photodiode) in the measured sample 

compartment (Figure 3.7b).  The electrical contacts between the sample (PV cell or 

photodiode) and the sample holder have been secured by means of binder clips lined 

with copper foils.  The measurements have been carried out using shielded cables 

between the PV cell and the multi-meter to minimize the electrical noise. 

ii) Unless otherwise stated, all the IPCE measurements have been made at 2 nm 

wavelength intervals, between 350 and 1100 nm. 

iii) The spectrometer’s lamps have been switched on at least half an hour before 

any measurement session to allow for beam stabilization (i.e., reproducible results). 

 

Software 

Two complete user-friendly software’s in LabView 8.6 environment has been 

developed to manage the J/V and the IPCE systems.  Two independent executable 

of the LabView software (“J/V recording system.exe” and “Home-IPCE.exe”) 

running under Win XP is available as Supporting Material, and is usable free of 

charge, provided that this thesis is cited in the publications that will take advantage 
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of the software.  The command lines used in LabView for controlling the 

spectrophotometer have been taken from the Perkin-Elmer instructions manual [87] 

and from Keithley user’s guide [88]. 

 

Dye sensitized solar cell fabrication. 

Both TiO2 and Pt electrodes, N719 dye and AN-50 electrolyte have been purchased 

by Solaronix, Switzerland. The DSSC used for validating the IPCE system was 

fabricated using titanium dioxide/fluorine-doped tin oxide (FTO) electrodes (TEC-

15), 2x2 cm, 2.2 mm thick.  The TiO2 electrodes have been gradually heated to 450 

°C and left to this temperature for 30 min, after which they have been allowed to 

cool down to about 80 °C and then immersed into a 0.3 mM solution of cis-

diisothiocyanato-bis-2,2’-bipyridil-4,4’-dicarboxilate)ruthenium(II)bis(tetrabutyl- 

ammonium) (N719) in ethanol/t-butanol mixture 3:1.  The electrodes were left in 

this mixture overnight.  Drilled and platinized counter-electrodes on FTO glass 

have been slightly heating at 250 °C for 10 min.  Dye-sensitized TiO2 electrodes 

and counter-electrodes were sealed together in a sandwich configuration using a 

hot-melt polymer (Surlyn®, DuPont).  The inter-electrode space was filled using an 

iodide/tri-iodide-based electrolyte (AN-50 electrolyte, Solaronix), and the cell was 

sealed using a small piece of hot-melt polymer and a cover glass.  
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Supplementary Material 

Wl (nm) k’ Wl (nm) k’ Wl (nm) k’ Wl (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% 650 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% 658 25% 
376 9% 470 26% 564 31% 660 25% 
378 10% 472 27% 566 31% 662 25% 
380 10% 474 27% 568 31% 664 24% 
382 11% 476 27% 570 31% 666 24% 
384 11% 478 27% 572 31% 668 24% 
386 12% 480 28% 574 31% 670 24% 
388 12% 482 28% 578 31% 672 24% 
390 13% 484 28% 580 31% 674 24% 
392 13% 486 28% 582 31% 676 24% 
394 14% 488 28% 584 31% 678 24% 
396 14% 490 28% 586 31% 680 23% 
398 15% 492 29% 588 31% 682 23% 
400 15% 494 29% 590 31% 684 23% 
402 16% 496 29% 592 30% 686 23% 
404 16% 498 29% 594 30% 688 23% 
406 16% 500 29% 596 30% 690 23% 
408 17% 502 29% 598 30% 692 22% 
410 17% 504 29% 600 30% 694 22% 
412 18% 506 30% 602 30% 696 22% 
414 18% 508 30% 604 29% 698 22% 
416 19% 510 30% 606 29% 700 22% 
418 19% 512 30% 608 29% 702 22% 
420 19% 514 30% 610 29% 704 21% 
422 20% 516 30% 612 29% 706 21% 
424 20% 518 30% 614 28% 708 21% 
426 20% 520 30% 616 28% 710 21% 
428 21% 522 30% 618 28% 712 20% 
430 21% 524 30% 620 28% 714 20% 
432 21% 526 30% 622 28% 716 20% 
434 21% 528 31% 624 28% 718 20% 
436 22% 530 31% 626 27% 720 20% 
438 22% 532 31% 628 27% 722 19% 
440 22% 534 31% 630 27% 724 19% 
442 23% 536 31% 632 27% 726 19% 

  



3. Setup of Characterization Systems for Photovoltaic Devices 
________________________________________________________________________ 

59 
 

Wl (nm) k’ Wl (nm) k’ Wl (nm) k’ Wl (nm) k’ 
728 19% 822 10% 916 6% 1010 4% 
730 18% 824 10% 918 6% 1012 4% 
732 18% 826 10% 920 6% 1014 4% 
734 18% 828 9% 922 6% 1016 4% 
736 18% 830 9% 924 6% 1018 4% 
738 17% 832 9% 926 6% 1020 4% 
740 17% 834 9% 928 5% 1022 4% 
742 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% 
818 10% 912 6% 1006 4% 1100 3% 
820 10% 914 6% 1008 4% 

 

Table S1 - Transmittance coefficients, k’, 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 power and the recorded counts. 

Experiments by means of different glass attenuators has been carried out to 

determine the correlation between counts and lamp power. Transmittance values 

for 500 nm wavelength have been recorded by means of the UV-Win Lab® software 

by Perkin-Elmer and are reported in function of the counts coming from the 

developed LabView software. Experiments details are reported 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 linearity between lamp power and 

counts. 
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Chapter 4 

 

Determination of the number of 

TiO x active sites in sintered TiOx 

layers 
 

As reported in the motivation of Chapter 2, the purpose of this thesis is the 

improvement of the DSSCs efficiency, via an increase of the TiOx surface area 

available to the graft of the dye. In order to be able to assess this result, it is however 

needed first of all a reliable and reproducible method for determining the number 

of active of the TiOx layer, which in turn is linked to the number of dye molecules 

that the latter may adsorb on its own surface. Therefore, two methods of 

determining the number of TiOx active sites have been investigated.  Both methods 

are based on the adsorption of molecules in the liquid phase onto the surface of the 

sintered TiOx.  In a first approach, the adsorption was carried out using acetic acid 

molecules (“acetic acid method”), while in a second one the adsorbate was made 

by dye molecules of the same type of those used in actual 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 porous solids, several procedures have 

been developed [89].  Most of these methods exploit the ability of such structures 

to interact with molecules in gaseous or liquid form, through the so-called process 

of adsorption.  

When molecules are brought in contact with a solid, part of them remain “attached” 

to the surface (adsorption phenomenon). The number of adsorbed molecules 

(collectively named “adsorbate”) depends on the overall amount of exposed 

surface, on the system temperature, and on the strength of interaction between the 

adsorbate and the solid.  In the case of gaseous molecules, also pressure represents 

an important parameter for the adsorption process.  As the pressure becomes higher, 

adsorption takes place forming progressively overlapping layers (Figure 4.1). 

The adsorption process may be divided in two different subsets, namely physical 

adsorption, or physisorption, when a weak Van der Waals attraction between the 

adsorbate and the solid surface is established, [90]–[92] or chemisorption, when a 

chemical bond (usually a covalent one) occurs between the adsorbate and the solid 

surface [92]. 

Desorption is the inverse of the adsorption process, and it occurs when a molecule 

detaches itself from the surface onto which it was adsorbed.  Physical desorption 

may occur in response to a decrease in system pressure (in the case of gases) or a 

decrease in the molecule concentration (for both gases and liquids), or to other 

environmental stimuli (changes in temperature, substrate surface energy, etc.).  

Chemical desorption is a bit more difficult to occur, since it requires to break the 

chemical bond between adsorbate and solid surface by means of a chemical reagent 

or a sufficiently high energy.  Both the adsorption and desorption processes are 

involved in the characterization of porous solids.  

To determine the number of surface active sites onto which a molecule can be 

adsorbed, it is possible to quantify the amount of adsorbate.  In addition, with this 

approach often also the pore size distribution and pore volume in the solid structure 

can be estimated.  
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Figure 4.1 - A schematic view of the pressure effect on the filling of a porous structure. 
Each method needs a specific pressure condition to be applied. 

 

Physical adsorption techniques are usually carried out in gas phase.  A first 

approach to use controlled adsorption for determining the porosity of materials was 

developed by Irving Langmuir in 1916, who considered how to calculate the 

porosity of a solid upon the formation of a single monolayer of adsorbate on its 

surface (Figure 4.2a).  This work was later refined by Stephen Brunauer, Paul 

Emmett and Edward Teller, who developed the so-called BET theory (from the 

name of the involved scientists).  The BET theory is based on the assumption that 

the adsorption gives rise to the formation of multilayer on most surfaces (Figure 

4.2b). [93].  Other approaches for the calculation of the pores volume and size, as 

the BJH method (by publishers’ names Elliot Barrett, Leslie Joyner and Paul 

Halenda) [94] are available, but the BET theory is currently the most used one in 

this kind of investigations 

 

Figure 4.2 - Schematic of the adsorption of gas molecules onto the surface of a sample 
showing (a) the monolayer adsorption model assumed by the Langmuir theory and (b) the 

multilayer adsorption model assumed by the BET theory. 
 

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

availability as highly pure gas and its interaction capabilities with most solids. 

4. A further increase in the gas 
pressure will cause coverage of the 
sample and fill all pores. The BJH 
calculation can be used to 
determine pore diameter, volume 
and distribution. 

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

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

3. Further increasing gas pressure will 
cause the beginning of multi-layer 
coverage. Smaller pores will fill first. 
BET equation is used to calculate area 
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Known amounts of nitrogen are released stepwise into the sample cell filled with 

the solid to be probed, until reaching a saturation pressure, after which no more 

adsorption occurs, regardless of any further pressure increase. Highly precise and 

accurate pressure transducers monitor the pressure changes due to the adsorption 

process. After the adsorption layers are formed, the sample is removed from the 

nitrogen atmosphere and heated to cause the adsorbed nitrogen to be released from 

the material and quantified. The data collected is displayed in the form of a BET 

isotherm, which plots the amount of adsorbed gas as a function of the relative 

pressure. The desorption process could have a different path with respect to the 

adsorption one, generating a hysteresis in the BET curves Figure 4.3 [95].  

 

Figure 4.3 - A typical example of hysteresis between the adsorption/desorption 

processes. 

 

From these data, knowing the number of molecules and the sectional area of the gas 

used during the adsorption, the solid surface area can be calculated [93]. 

Each of the mentioned active sites determination methods has a specific scope, 

depending on the type of pores present within the solid and the type of investigation 

needed (Table 4.1).  
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Table 4.1 - Correlation table between the information to be acquired from the analysis, the 
pores type and the eligible technique. According to the IUPAC classification, the pores can 
be classified into several types according to their size. Macropores are characterized by a 
size of diameter > 50 nm, the mesopores by a diameter between 2 and 50 nm and 
micropores by a diameter less than 2 nm. 

 

Despite being widely used, the methods listed above are not suitable for being 

applied to our TiOx structures.  In fact, our need is to determine the number of active 

sites on a structure fabricated on a rigid support, and inseparable from it, without 

destroying the assemble.  Instead, samples for the BET analysis are expected to be 

self-standing, and are usually partially crushed to allow their introduction into the 

sample vials.  

This issue has prompted us to search for an alternative approach able to deliver 

information about the overall surface area of TiOx layers.  Therefore, rather than 

using the adsorption of molecules in the gaseous phase, it was decided to carry out 

the characterization of our porous structures via chemical adsorption of molecules 

in the liquid phase.  

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

method”, are described hereafter.   

 

4.2 Dye Desorption Method. 

The adsorption of a dye molecule onto a TiOx surface is a typical example of 

chemisorption process.  The desorption of the dye from that surface is a widely 

described and used method to determine the surface area of nanostructured TiOx 

[96].  It consists in a preliminary step for the adsorption of dye molecules within a 

TiOx mesoporous layer, carried out by immersing the titania in a dye solution for a 

standard time (Figure 4.4a).  The layer is then extracted from the dye solution 

(Figure 4.4b) and the chemisorbed dye is desorbed by means of an alkaline solution 
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(Figure 4.4c).  In order to determine the number of dye molecules that have been 

chemisorbed onto the titania surface, the resulting alkaline solution containing the 

dye (Figure 4.4d) is analysed by UV-Vis spectrophotometry. 

 

 

Figure 4.4 - Adsorption/desorption stages of a TiOx structure. 

 

The UV-Vis spectrometric analysis of the alkaline solution in which the desorbed 

dye molecules were left allows to measure the actual number of dye molecules 

desorbed, which in turn leads to the determination of the number of active sites 

present on the surface of the mesoporous titania able to accommodate the dye 

molecules, thanks to the application of a convenient mathematical model. 

The titania mesoporous layer is prepared from a precursor paste deposited on a 

thoroughly washed substrate by means of the most common deposition techniques 

(screen-printing, doctor-blading, spin-coating, dip-coating and so on).  A practical 

mesoporous TiOx sample was prepared from a paste deposited on simple 

microscope slides using the doctor-blading technique, as shown in Figure 4.5.  

 

Figure 4.5 - Fabrication stages of a mesoporous structure with the doctor-blading. The 
substrate thoroughly cleaned (a) is fixed to the support by means of strips of adhesive tape, 
which will also work as spacers defining the final thickness of the sample. A few drops of 
paste are deposited on top of the slide, directly on the adhesive tape (b); the blade movement 
from the top down allows to spread the paste uniformly to the entire exposed surface of the 
slide (c). After removing the tape, the sample is ready for the subsequent stage of sintering 
(d). 
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The so-obtained TiOx layer is then sintered at about 450°C (see experimental for 

details). The sintering step has a double objective: the degradation (and therefore 

removal) of the organic part introduced in the paste during its preparation, and, most 

important, the creation of a “necking” connection between the nanoparticles. The 

good quality of these connections is a crucial point for the proper operation of a 

TiOx-based DSSC, as they promote the random walk of charge carriers from the 

dye/TiOx interface to the electrode [97] (Figure 4.6). 

 

Figure 4.6 - The diffusion paths of the injected photon into the TiOx nanocrystalline phase. 
The TiOx film sintering process promotes physical bonding between the nanoparticles, 
facilitating the creation of continuous paths for charge diffusion processes. 
 
 
In order to avoid the water absorption from the atmosphere after the sintering step, 

TiOx layers are immersed in the dye solution while they are still at about 80 °C, and 

kept in the solution overnight, to allow a thorough diffusion of the dye within the 

mesoporous structure.  At the end of this first dipping, the TiOx layer can be washed 

with ethanol to remove weakly adsorbed dye molecules, and the adsorption process 

can be repeated for several cycles in order to increase the dye loading [96].  

The dye is then desorbed by immersing the TiOx layer in a solution of sodium 

hydroxide. Desorption mechanism is shown in Figure 4.7. 
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Figure 4.7 - After the chemidesorption by means of NaOH, the dye molecules leave the 
TiOx surface as sodium carboxylate.  The label “Ru-complex” identifies the used dye. 

 

The amount of desorbed dye is then quantitatively determined by UV-Vis analysis.  

In fact, the absorbance of a solution and the concentration of the solute dissolved in 

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

 

A � 	ε	b	c                                         (Eq. 4.3) 

 

where A is the absorbance; ε is the molar extinction coefficient of the dye 

(expressed in L·mol-1 cm-1); b is the optical path length of the UV-Vis beam through 

the sample (expressed in cm); and c is the concentration of the dye in the solution 

(expressed in mol L-1).  A simple calibration curve allows to determine the exact 

amount of dye molecules (Nmolec) present in the solution, via the equations: 

 

e+IZ � 	c	 ∗ 	V                                     (Eq. 4.4) 

 

e+IZ�� � e+IZe,                                 (Eq. 4.5) 

 

 

Where Nmol is the number of dye moles, V is the volume of the analyzed solution, 

and NA is the Avogadro number. 

 

4.2.1 Modeling of the TiOx system. 

In order to extract significant parameters for the characterization of a very complex 

systems (such as TiOx photoanodes adopted in DSSC), a reliable model needs to be 
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identified via some careful and prudent assumptions.  The aim of this model is to 

determine a few parameters of interest: 

1. Nmolec/nanopart, i.e. the number of molecules of dye adsorbed onto a single 

TiOx nanoparticle; 

2. Nmolec/nm2, i.e. the number of dye molecules adsorbed per unit of surface 

area, which is expressed in square nanometers; 

3. dml, i.e. the overall density of the TiOx layer, expressed in g/cm3; 

To obtain these parameters, some assumptions must be done.  A first consideration 

is that a TiOx layer consists of nanoparticles with a diameter described by a 

Gaussian distribution, as shown in Figure 4.8.  However, treating this distribution 

is out of the scope of this work, and for the definition of our model we will assume 

that all the nanoparticles have the same diameters (monomodal diameter 

distribution), and that this diameter corresponds to the Gaussian distribution 

maximum, that for the considered case corresponds to 25 nm.  

 

Figure 4.8 - Aeroxide P25 diameter distribution by Motzkus et al. [98]. 

 

The second approximation regards the shape of the aforementioned particles that 

are considered perfectly spherical, with a radius equal to a half the nominal 

diameter. 

Hence, the volume Vp and the spherical surface Sp of a single TiOx particle can be 

defined using Eq. 4.6 and 4.7: 
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gH �
 

h
i�h                                        (Eq. 4.6) 

 

jH � 4i��     (Eq. 4.7) 

 

The total volume of the TiOx nanoparticles within the mesoporous layer can be 

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

density dTiOx, as: 

 

gKIK � �2/87lmn              (Eq.4.8)  

 

Combining Eq. 4.6 and 4.8 the number of particles for a given sample can be 

calculated as: 

 

oH � gKIK/gH                                   (Eq. 4.9) 

 

At this point, knowing the number of dye molecules (from UV-Vis measurements) 

and the number of TiOx particles in the sample it is easy to derive the parameter 

Nmolec/nanopart: 

 

e+IZ��/o�opq��r � 	
X&S`N�

XR
  (Eq. 4.10) 

 

The parameter Nmolec/nm2 will be obtained considering that the surface area of a 

single particle (Eq. 4.7) by the total number of particles in the sample gives the total 

surface area of the sample (Eq. 4.9): 

 

jKIK=jH ∗ oH             (Eq. 4.11) 

 

from which we obtain that: 

e+IZ��/os
�=	

X&S`N�

5USU
   (Eq. 4.12) 
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The portion of total surface lost due to sintering is considered to be negligible, since 

previous works showed it to be about 1% of the total TiOx surface [99]. 

Finally, it is possible to calculate the density of the mesoporous TiOx layer, 

expressed as: 

 

8+Z �
t&`

>&`
                       (Eq. 4.13)  

 

where Mml is the sample mass expressed in grams and Vml the total volume of the 

TiOx mesoporous layer in cm3. 

In this equation the mass is easily experimentally measured by simple gravimetric 

technique.   It has to be noted that Vml is not the same mentioned in Eq. 4.8 and 4.9, 

which is referred to a “bulk” TiOx nanosphere, but it is instead the volume of the 

whole TiOx mesoporous layer deposed on the substrate and sintered.  To estimate 

this datum, it is useful to observe that the analyzed samples are fabricated with a 

regular rectangular shape (see Figure 4.5d).  The transverse section of this layer 

(needed for determining its volume), though, has a rather inhomogeneous height, 

due to the intrinsic nanoparticles’ nature and to the characteristics of the titania 

paste, which upon solvent evaporation tends to shrink with local anisotropic rates.  

Therefore, the volume of the mesoporous layer volume was calculated as that of a 

parallelepiped having a height averaged over several measurements carried out at 

several different points along a randomly taken section of the layer by means of a 

profilometer.  The sides of the rectangle forming the layer shape visible in Figure 

4.5 have been measured using a standard caliber.  Using these data, the overall 

volume of the mesoporous TiOx layer have been determined, and the application of 

Eq. 4.13 allowed to determine the actual density of the mesoporous layer, dml. 

This model has been applied to all the TiOx mesoporous layers described in this 

thesis. 
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4.3 Determination of TiOx active sites via acetic 

acid. 

The method of dye desorption has an established validity for the characterization of 

TiOx photoanodes from the point of view of porosity, but it has a major issue.  In 

fact, conventional dyes used in the fabrication of DSSCs derive from laborious 

organometallic synthesis and multi-steps purification, lowering the final yield of 

the product, and the metals used in these organometallic compounds are rather 

expensive. These aspects mean that the cost per gram of such organometallic 

complexes is very high.  For example, the dye N719 (used for this thesis) costs from 

500 to 1000 Euros per gram, depending on the supplier and on the purity grade.  

Therefore, at the beginning of the work on the determination of nanocrystalline 

titania active sites, a method for the determination of the active sites of TiOx 

mesoporous layers based on less expensive chemicals was investigated.  In 

particular, acetic acid was identified as a valid substitute for dyes, because it is 

characterized by the same functional group (carboxylic acid) that the most common 

dyes use for grafting to the TiOx active sites. [100]  

This interaction was investigated by Persson et al. at room temperature on 

crystalline TiOx (1 1 0).  It has been seen that in these conditions acetic acid adsorbs 

as acetate (H3CCOO-) in a (2 x 1) structure, with the two O atoms bonded in a 

bridging (bi-dentate) configuration across two fivefold coordinated Ti atoms, with 

the C-C bond perpendicular to the surface.  This configuration leaves the H atoms 

of the methyl group parallel to the surface plane.  A very similar adsorption 

mechanisms involving the carboxylic function onto titania was described for the 

bis-isonicotinic acid (or 2,2’-bipyridil-4,4’-dicarboxylic acid) [101], that indeed is 

one of the possible ligands used in organometallic dyes tested in DSSCs (Figure 

4.9). 
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Figure 4.9 - Calculated structure of bis-isonicotinic acid adsorbed on TiOx (1 1 0). From 

Persson et al. [101]. 

 

This preferred orientation of acetic acid chemisorbed onto anatase TiOx surfaces 

was demonstrated also by means of SCF (Sum frequency generation vibrational 

spectroscopy) analysis by Wang and coworkers [102]. 

Moreover, since the chemisorption constant for acetic acid onto anatase TiOx is 

very high with respect to other small organic molecules, the acetic acid adsorption 

was found to be highly strong and stable, with no detectable changes over 2 days, 

and the adsorbed species were unaffected neither by evacuation nor by addition of 

water [103]. 

On the basis of these considerations, a method based on measuring the pH 

(concentration of H3O+ ions) of acetic acid solutions put in contact with TiOx 

mesoporous layers was devised.  In particular, the TiOx layers to be investigated 

were immersed in acetic acid solutions at known concentrations, and the pH of the 

acetic acid solution before and after the immersion were determined via 

potentiometric measurements and compared.  In this way it has been possible to 

determine the amount of acetic acid adsorbed by the previously prepared and 

sintered TiOx layers.  

The initial acetic acid solution concentration was fixed to 10-5 M, a concentration 

that is lower than that commonly used for the dye desorption method (which is 

about 10-6 M).  This choice was mainly due to the sensitivity of the electrode used 

for the potentiometric pH measurements.  In fact, the electrode was characterized 

by a tendency to give saturated signals for solution having >10-4 M H+ 

concentrations, while it showed limited sensitivity to solutions with concentrations 
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<10-6M. An acetic acid solution 10-5 M as starting point represented hence the best 

compromise for obtaining reliable data with a good sensitivity from the available 

pH meter. 

From a practical point of view, to minimize possible concentration calculation 

errors, batches of four to six aliquots of known volumes of the initial acetic acid 

solution, at known concentration, were put into different beakers.  A glass-

supported TiOx mesoporous layer of known mass and volume was immersed in 

each solution-containing beaker, and left there overnight.  After that, the TiOx layers 

were extracted from the beakers and washed with pH neutral deionized water.  The 

final pH of the solution, pHf, was determined by potentiometric measurements, and 

compared with the initial pH value, pHi, to deliver the amount of acetic acid 

adsorbed by the sample.  

In order to stabilize the pH electrode and to facilitate the measurements, the 

solutions were adjusted by introducing KCl up to a final concentration of 2 M.  The 

final pH values considered reliable to the end of the reported determinations, for 

both pHf and pHi determinations, have been obtained averaging six consecutive pH 

measurements showing less than 0.01 pH unit variations, including the starting 

solution for the determination of the initial pH.  The overall reported values of 

adsorbed acetate ion concentrations have been averaged over the mentioned 5 TiOx 

samples tested in each batch experiment. 

The relevant parameters Nmolec/nanopart, Nmolec/nm2 and dml, have been calculated 

as in the dye desorption method, using Eqs. 4.4 (where c is the determined 

concentration of acetic acid) and 4.5, and the model described in paragraph 4.2.1. 

 

4.4 Results and discussion. 

In order to compare the outcome of the above discussed two methods for the 

determination of the active sites of TiOx mesoporous layers, two groups of titania 

samples were prepared as depicted in Figure 4.5. 

The paste used for their fabrication (termed K-TiO2) was prepared following the 

procedure described by Ito [104], with a few variations on the relative 

concentrations of components needed for optimizing the blade coating deposition 

step (see experimental section for details). 
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A first group of samples was characterized using the dye desorption method (from 

now on, Kdye will identify this batch of samples) while the second one was analyzed 

using the acetic acid method (from now, Kacetic).  Both the groups were fabricated 

on laboratory glass slides, suitably washed and weighed, following the steps 

illustrated in figure 4.5, and finally sintered at 450°C for 30 minutes in a muffle, 

under an airflow. 

Kdye samples were immersed in a 0.3 mM solution of N719 dye in EtOH/t-BuOH 

3:1 overnight, while the samples Kacetic were immersed in a 1.6 * 10-5 M acetic acid 

solution. 

The amount of adsorbed dye was measured by immersing the dye-modified films 

in a known volume of 0.1 M NaOH solution, which resulted in complete dye 

desorption.  The concentration of this supernatant solution, and hence the total 

amount of dye, was determined by measuring the solution absorbance at 530 nm, 

using the molar extinction coefficient at that wavelength (previously measured 

using standard calibration curve techniques) of 10400 L mol-1 cm-1. From these 

data, the Nmolec/nm2, Nmolec/nanopart and the mesoporous layer density Dml 

(g/cm3) were determined (Table 4.2). 

The figure 4.10 shows an example of UV-Vis spectrum of the dye N719, which has 

two maxima at 530 nm and 399 nm. 

 

 

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

 

The Kacetic samples were treated as described in par. 4.3 to obtain the final values of 

Nmolec/nm2, Nmolec/nanopart and Dml (referred to acetic acid molecules) shown in 
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Table 4.2.  Each of the reported values is the result of an average over five different 

samples.   

The mesoporous layer volume determination was carried out in both cases as 

described in paragraph 4.2.1, where the sample height is calculated as the average 

of six measurement points along the layer height, obtained by a profilometer. 

 

 

 

 

Table 4.2 - Kdye and Kacetic characterization parameters obtained by the applied model. 

 

Comparing the results obtained from the two methods (Table 4.2) it is possible to 

see that Kdye
 derived values are in line with the experimental data reported in 

literature for N719 dye adsorbed onto the TiOx anatase surface.  In fact, for this dye 

experimental surface coverage values of 0.31 molecules nm-2 and 0.26 molecule 

nm-2 have been reported [17-18], while density functional theory yields an 

 density (g/cm3) N molec/nm2 Nmolec/part 

Kdye1 1,168 0,256 458,1 

Kdye2 1,328 0,284 532,7 

Kdye3 1,024 0,271 728,0 

Kdye4 1,808 0,435 481,5 

Kdye5 0,900 0,143 529,1 

Average 1,246 0,278 545,9 

    

Kacetic1 1,234 0,118 233,3 

Kacetic2 1,664 0,207 410,7 

Kacetic3 1,347 0,098 193,9 

Kacetic4 1,156 0,147 292,3 

Kacetic5 1,090 0,089 176,8 

Average 1,298 0,132 261,4 
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optimized packing density of 0.744 molecules nm-2 for the dye bound with two 

carboxylate groups on the oxide surface [107].  In both cases, the experimental 

values are found to be significantly lower than the theoretical maximum, which 

supports the notion that higher dye packing densities can be achieved.  Theoretical 

maximum dye packing values reported for N719 on anatase TiOx range from 0.77 

to 1.16 molecules nm-2, depending upon the particular anchoring mechanism 

assumed for the dye [99]. 

On the other hand, the Nmolec/nm2 and Nmolec/part obtained for the samples Kacetic are 

clearly much lower than those achieved for Kdye, and deserve a deeper discussion.  

First of all, a quick look at the densities of the TiOx layers of Kdye and Kacetic samples 

shows that these values are definitely comparable (as expected, since they were 

fabricated using the same TiOx paste and fabrication protocols).  Since these values 

have been determined on the basis of purely TiOx-related parameters (volume and 

weight of the layers), the differences found in number of adsorbed molecules for 

the two described methods cannot be attributed to variations in the mesoporous 

layer composition or porosity.  Therefore, the reason for such different, though not 

dramatic, behavior must be sought for in the molecules used for the 

adsorption/desorption experiments. 

A first point that can be considered is that the initial concentration of acetic acid 

used for the chemisorption process was lower than the concentration of the dye, i.e. 

about 10-5 M for the acetic acid vs. about 10-4 M for the dye.  The lower 

concentration used for the acetic acid was needed due to technical issues related to 

the pH meter, whose sensitivity was maximum in the 10-5 M acetic acid 

concentration range. 

However, the possible main reason for this difference lies in the chemical 

characteristics of the two molecules used for the chemisorption of Kdye and Kacetic 

samples.  Indeed, although both of them present the carboxylic group as functional 

anchoring group, the presence of a pyridine ring in the dicarboxybipyridine ligand 

of N719 dye makes them very different during the adsorption (Figure 4.11). 
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Figure 4.11 - Chemical structures of dicarboxybipyridine ligand and acetic acid. 

 

In particular, the pyridine ring is an electron attractor group, and therefore tends to 

stabilize the carboxylate ion, shifting the acid-base balance to the dissociated form 

(equation 4.15): 

 

                                              RCOOH                      RCOO-  + H+               (Eq. 4.15) 

 

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

 

The carboxylate ion, indeed, is better suited than the non-dissociated carboxylic 

group to establish good chemisorption interactions with the TiOx surface [100]. 

This attitude is also confirmed by the comparison between the calculated pKa for 

the two species.  In fact, the acetic acid pKa is 4.75, while the N719 dye is 

characterized by a very low pKa, that is 1.5 [21-22] (the lower the pKa, the higher 

the acidity). 

This difference in acidity of the two functionally different carboxylic groups can 

thus explain the different amount of adsorbed molecules for the two species. 

 

4.5 Conclusions. 

In this chapter, we pointed out the importance of being able to determine the 

porosity and surface areas of nanocrystalline TiOx layers, carrying out an overview 

of some existing methods for determining these parameters.  We hence developed 

a very simple model for determining a few relevant parameters of the mesoporous 

layer, namely the number of adsorbed molecules per square nanometer of titania 
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surface, Nmolec/nm2, number of molecules per single nanoparticle, Nmolec/nanopart, 

and the overall density of the mesoporous layer, dml. 

This model was used to determine the mentioned parameters using two methods 

based on adsorption/desorption of molecules onto/from the titania surface in the 

liquid phase.  The first method is known from the literature and is based on the same 

organometallic dyes used in actual DSSCs, but it has the drawback of making 

extensive use of dyes as adsorbates on the TiOx layer, and these dyes are pretty 

much expensive.  For this reason a novel method for the determination of the active 

sites of a porous TiOx structure based on the inexpensive acetic acid molecule was 

developed.  In order to validate the new method, two groups of TiOx-based 

mesoporous layers have been fabricated with the same TiOx paste and following 

the same procedures, and were characterized using the two approaches. 

As expected, the two groups of samples showed a comparable TiOx density, since 

they were prepared with the same paste and procedures.  The number of adsorbed 

dye molecules resulted in line with the literature reports currently available.  

However, the number of adsorbed acetic acid molecules resulted to be lower (about 

a half of the dye molecules) than that of dye molecules adsorbed in similar 

conditions.  While a part of this difference may have been due to a lower 

concentration (forced by instrumental constraints) of the acetic acid solution used 

for the experiments, the most likely reason for this result is that the acetic acid is a 

weaker acid than the most common dyes.  In fact, as dyes are characterized by 

electron attractor groups such as pyridine, they have a greater attitude to the 

adsorption on porous surface than acetic acid.  However, although the acetic acid 

method delivered inaccurate results in terms of absolute adsorbed molecules values, 

it could have some application in terms of relative comparison between mesoporous 

layers prepared using different procedures, since it is reliable and reproducible if 

taken within an internal set of TiOx layers batch, and it offers the appealing side of 

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

Materials 

P25 TiO2 powder (Aeroxide P25, av. 25 nm, 80% anatase and 20% rutile, via TiCl4-

fumed gas synthesis) was purchased by Evonik, Germany. 

Pure powders of ethyl celluloses (5–15 mPas at 5% in toluene:ethanol/80:20 at 

25°C, #46 070; 30–50 mPas at 5% in toluene:ethanol/80:20 at 25°C, #46 080) were 

purchased from Sigma-Aldrich and were dissolved in an ethanol solution before 

utilization.  Cis-di(thiocyanato)-N,N’-bis(2,2’-bipyridyl-4-carboxylic acid-4’-

tetrabutylammonium carboxylate) ruthenium(II) (N-719) dye was purchased by 

Solaronix, Switzerland. 

Acetic Acid (Fluka #45726; ≥ 99,5%), NaOH (Fluka #71692, ≥97,0%) α-Terpineol 

(Aldrich# W304506, mixture of isomers, ≥96,0%) were purchased by Sigma-

Aldrich. 

Instruments 

A muffle (Carbolite, Mod. CWF 11/23) was used for the sintering of samples. An 

ultrasonic bath (Elma, mod. Elmasonic S40H) was employed for the 

homogenisation of TiO2 paste. UV-Vis analysis were performed by UV-Vis 

spectrophotometer (Mod. Lambda 35, Perkin Elmer) with the correlated proprietary 

software UV Winlab. A pH-meter (SevenCompact, mod pH/Ion S220) was used 

for the potentiometric measurements. 

The profilometer used for the determination of samples’ thickness is a KLA Tencor, 

Mod. Alpha Test 500. 

 

TiO 2 paste preparation (paste K-TiO2).  

The fabrication of the K-TiO2 paste is described in Scheme 4.1. Fabrication was 

performed in ambient air at room temperature. At each step, liquids were added 

drop by drop into a porcelain mortar. The diameter of the mortar was about 20 cm. 

TiO2 powders stuck inside the mortar were removed by a plastic spatula in order to 

grind large aggregates. The TiO2 dispersions in the mortar were transferred with 

excess of ethanol (8 ml) to a tall beaker and stirred with a 4 cm long magnet tip. 

Both ethyl celluloses were dissolved in ethanol under stirring at 50°C, and, after 

completely cooled to room temperature, were added to TiO2. 
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Scheme 4.1 - Preparation steps for the K-TiO2 paste. 

 

The ultrasonic homogenisation was performed with using an ultra-sounds bath. 

Anhydrous terpineol and the mixture solution containing the two ethyl celluloses in 

ethanol were added, followed by stirring and sonication. The contents of the 

dispersion were concentrated by evaporation till to reach a total net weight of 50 g. 

In order to avoid the overheating of the paste and its self-aggregation, the 

temperature must be stable and not exceed 39°C. 

 

Preparation of nanocrystalline-TiOx electrodes  

In order to prepare all the K-TiO2 paste-based samples, microscope slides used as 

substrates (2 mm thickness) were first cleaned in a detergent solution using an 

ultrasonic bath for 15 min, and then rinsed with water (15 min ultrasonic treatment) 

and ethanol (5 min ultrasonic treatment). In order to calculate the final weight of 

deposited TiOx, slides were weighed by means of an analytic balance before the 

Mix TiO2 powder (6g) and acetic acid (1mL) and grind in a mortar (5 min)

[Add water (1 ml) and grind in a mortar (1 min)] x 5 times

[Add ethanol (1 ml) and grind in a mortar (1 min)] x 15 times

[Add ethanol (2.5 ml) and grind in a mortar (1 min)] x 6 times

Transfer the TiO2 paste to a beaker with using 8 ml of ethanol

Add terpineol (4 g)

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

Add ethylcelluloses (5g: 3.32g for (1) and 1.68g of (2) in 46 ml of ethanol

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

Evaporate the ethanol with a rotary evaporator

Mix TiO2 powder (6g) and acetic acid (1mL) and grind in a mortar (5 min)

[Add water (1 ml) and grind in a mortar (1 min)] x 5 times

[Add ethanol (1 ml) and grind in a mortar (1 min)] x 15 times

[Add ethanol (2.5 ml) and grind in a mortar (1 min)] x 6 times

Transfer the TiO2 paste to a beaker with using 8 ml of ethanol

Add terpineol (4 g)

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

Add ethylcelluloses (5g: 3.32g for (1) and 1.68g of (2) in 46 ml of ethanol

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

Evaporate the ethanol with a rotary evaporator
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deposition of the paste and after the sintering. After drying, a layer of paste was 

coated on the slides by doctor-blading using a double-layers tape as spacer. Slides 

were hence covered by a clean box until the complete ethanol evaporation, so that 

the paste could relax to reduce the surface irregularity. If was completely dry. The 

electrodes coated with the TiOx pastes were gradually heated under an airflow at 

450°C for 30 min.  

 

Acknowledgements 

The author is grateful for the access to the profilometer kindly approved by Dr 

Marco Lazzarino of LILit group at IOM-TASC institution in Trieste. The muffle 

and pH-meter long-term usage was kindly allowed by Dr Benedetta Marmiroli, 

SAXS beamline scientist and by Dr Loredana Casalis, NanoInnovation Lab at 

Elettra Synchrotron Laboratory, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

83 
 

 

 

Chapter 5 

 

Nanostructuring nanocrystalline 

TiO x over large areas 
 

In addition to the development of more efficient dyes, the greatest contribution to 

the DSSCs efficiency improvement can be derived from nanostructured photoanode 

optimization.  In particular, in order to obtain an increase of the photogenerated 

current from the devices a larger number of dye molecules, that are responsible for 

the generation of charge carriers, should be adsorbed on the TiOx surface [96].  In 

this regard, a more porous structure exposing a larger inner surface area for the dye 

grafting could be an excellent solution [110]. In other words, a more porous 

nanostructure characterized by a greater number of active sites can load a larger 

amount of dye.  Moreover, the more porous structure could help the percolation of 

the electrolyte within the layer, [111] facilitating the electronic exchange at the 

electrolyte/dye interface for the regeneration of the latter. 

In this scenario, the main objective of this PhD thesis is the nanostructuring of 

titanium oxide photoanodes to be used for dye-sensitized solar cells.  In fact, 

nanostructured TiOx photoanodes characterized by a wider exposed surface area 

will be able to increase the amount of adsorbed dye, increasing the number of 

photogenerated charge carriers and thus positively affecting the overall efficiency. 

For nanostructuring homogeneously DSSC photoanodes and to fabricate them in 

standard laboratory conditions (i.e. at room temperature and in the air), a new 
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nanostructuring method has been implemented.  The method, named auxiliary 

solvent-based sublimation-aided nanostructuring (briefly, ASB-SANS), was 

proved to be effective in promoting the formation of ordered nanostructures out of 

poly(methylmethacrylate) and carbon nanotubes [68] in reasonable time and at 

acceptable costs.  To give an example of the potential of ASB-SANS for generating 

ordered nanostructures over areas as large as cm2 it will be given here at first a 

description of the effectiveness of the method in promoting the nanostructuring over 

large areas of a well-known semiconducting polymer used for the fabrication of 

organic-based solar cells, and subsequently a report over the application of the 

techniques to actual TiOx-based photoanodes. 

 

5.1 Application of ASB-SANS for nanostructuring 

P3HT over large areas. 

P3HT is one of the most comprehensively studied conjugated polymers, due to its 

notable electric/electronic transport properties, that makes it a model system for 

polymeric photovoltaic cells (PV) [112] and organic field-effect transistors 

(OFETs) [113].  These properties are intimately connected to the P3HT ability to 

self-assemble in the solid state, originating ordered, crystalline domains.  In 

addition, P3HT may form fibrillar structures, with widths ranging from a few nm 

to tens of nm, and lengths of up to several microns, depending on the preparation 

conditions. The fibrillar morphology impacts positively on the charge transport 

capability of the material, as shown by several groups in OFETs applications [7-

10].  For a single fibre, current densities as high as 700 A cm-2 have been measured 

[118]. ASB-SANS is carried out using an organic crystal able to sublimate (SS) as 

an easily removable templating matrix for the material to be structured/patterned 

(target material, TM).  Both the SS and TM are dissolved in an appropriate auxiliary 

solvent (AS), which has to have a boiling point lower than the sublimation 

temperature of the SS.  This combination enables the wet-processing of the whole 

mixture at room temperature and ambient pressure (Figure 2.1).  The method was 

applied to P3HT, by mixing it with CHCl3 (auxiliary solvent, AS) and 

paradichlorobenzene (PDCB, the sublimating substance, SS).  After the templating 
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phase, PDCB leaves easily and quickly the system by sublimation [68]. In a first 

experiment, a P3HT-PDCB-CHCl3 ternary mixture was spin-coated onto a glass 

slide (sample TF-C). 

As a control experiment, two more samples, TF-A and TF-B (where TF stands for 

thin film), were spun from a normal CHCl3/P3HT solution, using the same spin-

coating parameters of TF-C.  The sample TF-B was thermally annealed at about 80 

°C for 5 min.  The visual aspect of TF-C was strikingly different from that of TF-A 

and TF-B (Figure 5.1).  In particular, the sample TF-C showed P3HT domains with 

spherulite-like zones evidencing the classic Maltese cross, as large as several 

millimeters (Figure 5.1c), while in the TF-A and TF-B samples only the normal 

appearance of plain, amorphous P3HT films was noticed (Figure 5.1a, b). 

Optical microscopy of TF-C revealed that the crystal-like domains are organized as 

2-dimensional analogs of spherulites (Figure 5.1d).  Domain sizes range from a few 

mm to almost 1 cm.  A further magnification showed that the 2D spherulites are 

constituted of fibrillar structures, with well-defined and lowly dispersed widths, and 

lengths ranging from several units to several hundreds of microns (Figure 5.1e).  

Bao et al.[115] and Ludwigs et al.[119] already obtained similar 2D spherulitic 

structures, with dimensions from a few units to a couple of hundreds microns in 

diameter, by means of slow solvent-aided annealing and solvent swelling 

techniques, respectively. 

An analogous of the TF-C sample (same starting solution and spin-coating 

parameters) was realized onto a Si/SiOx slide for SEM observations.  A low SEM 

magnification revealed that the macroscopic morphology of this sample is the same 

of TF-C (Figure 5.1f).  A higher magnification showed that the structures 

constituting the spherulites possess a non-negligible height (about 1–2 microns), 

hence they are lamellar-like, rather than truly fibrillar.  The lamellae width ranges 

between 40 and 200 nm. 

 

 

 

 

 



5. Nanostructuring nanocrystalline TiOx over large areas 
________________________________________________________________________ 

86 
 

 Composition Nanofibre organization 

type 

Nanofibre average 

diameter Sample P3HT PDCB CHCl3 

NF-A 5 mg 100 mg 1 mL Hierarchical 500-1500 100-600 

NF-B 5 mg 200 mg 1 mL Hierarchical 500-1500 100-600 

NF-C 5 mg 400 mg 1 mL Aligned but entangled  

single fibres 

200-500 - 

NF-D 5 mg 1000 mg 1 mL Aligned single fibres 70-200 - 

NF-E 5 mg 1500 mg 1 mL Apparently disorganized  

single fibres 

30-100 - 

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

In many instances, several lamellae are fused together (Figure 5.1f, g).  To achieve 

the goal of producing fibres, rather than lamellar structures, five 

CHCl3/P3HT/PDCB solutions, with progressively higher PDCB:P3HT ratios (see 

Table 5.1), were prepared and deposed on Si/SiOx slides by drop casting.  The 

resulting P3HT patterns were imaged by SEM (Figure 5.2). 

Excluding the drop edges, where accumulation of material led to fascinating but ill-

defined structures, the patterns left at the center of the drops resembled those 

obtained treating PMMA with a similar procedure [68].  In particular, higher 

concentrations of P3HT delivered hierarchically organized nanostructures (NF-A 

and NF-B, see Table 5.1).  The structures are characterized by main fibres 

developed along a linear direction, with secondary fibres departing at about 90° 

from the main ones (Figures 5.2a–d).  In these samples the main fibres have widths 

ranging between 500–1500 nm (Figures 5.2b, d). The secondary fibres have widths 

of about 100–600 nm in both cases.  In general, for NF-B both main and secondary 

fibres have dimensions in the lower part of the mentioned ranges, whereas for NF-

A the dimensions are in the higher ranges, though the dimensional differences 

between the two samples were found to be minimal (compare Figures 5.2b and d). 

Straight and very long (from hundreds of microns for NF-C to 20–30 microns for 

NF-D, see figures 5.2e–h) fibres, with no trace of secondary structures, were 

obtained when a lower concentration of P3HT was kept in the starting ternary 

solution.  The diameter of these fibres is in the range 200–500 nm for NF-C and 

70–200 nm for NF-D.  The minimum fibre width, about 30–100 nm with a length 
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of few microns, was reached with the starting solution NF-E.  However, the fibres 

in the latter sample appear to be much disorganized (Figures 5.2i–j).  From these 

examples it is evident that ASB-SANS allows a reasonable control over the fibres 

width simply by increasing the PDCB/P3HT ratio (compare Table 5.1 and Figure 

5.2).  

 
Figure 5.1 - Visual aspects of P3HT-based thin films, obtained by spin-coating onto a glass 
slide (2.5 x 2.5 cm): (a) a simple P3HT/chloroform solution (sample TF-A); (b) the same 
solution used for (a), but with a further thermal annealing step (sample TF-B); (c) an ASB-
SANS-designed ternary solution (CHCl3/PDCB/P3HT, sample TF-C), with no further 
treatment. For sample TF-C it is possible to notice a crystalline appearance. (d, e) optical 
microscope photos (image sizes 1170 6 866 mm and 116.6 x 86.6 mm, respectively) of 
sample TF-C. (f, g) SEM images of a P3HT thin film spin coated onto Si/SiOx wafer 
starting from the same ASB-SANS solution used for the sample TF-C, at different 
magnifications. It is possible to appreciate the very similar morphology of this sample with 
TF-C at similar magnification (f), and that the fibrils are indeed nano-sized lamellae having 
a height of about 1.5–2 µm (g).  
 

With respect to the homogeneity of the samples, rather uniform patterns were found 

over areas as large as several tens of mm2, as is visible from the SEM photos of 

Figures 5.2a, c, e, g. 
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Figure 5.2 - SEM photos at low and high magnifications of the samples NF-A (a, b),      
B (c, d), C (e, f), D (g, h) and E (i, j). 

 
 

Due to the peculiar nanofabrication technique, which relies on the formation of 

PDCB crystals as templates [68], a more macroscopic (i.e. at scales going from cm2 

up) homogeneity is difficult to be obtained with the presented, non-optimized 

ternary mixture deposition methods.  In fact, the here described drop-casting 
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approach delivers differently oriented PDCB crystalline domains within the same 

sample, and consequently in each domain the fibres are differently oriented.  

Nonetheless, no dramatic morphological difference among P3HT patterns 

developed in different PDCB domains was noticed.  This suggests that the 

realization of extended, uniform PDCB crystals domains should result in similarly 

uniform and extended P3HT patterns. 

The colour of the ASB-SANS-generated structures was found to be darker than that 

of their plain film counterparts (although from Figure 5.1c this is not evident, due 

to photographic technical limitations).  Indeed, it is known that in fibrillar structures 

P3HT chains are better self-organized than in normal thin films, and that this self-

organization results in a darker sample colour, i.e. a red-shift of the UV-Vis 

absorption spectrum [120].  In particular, the UV-Vis spectra of supramolecularly 

organized structures of P3HT in the solid state show a maximum located around 

515–520 nm (depending on the characteristics of the polymer, i.e. regioregularity 

degree, molecular weight) and two well distinguishable vibronic shoulders [121].  

The first shoulder is located around 545 nm, and is associated, like the maximum 

absorption peak, to π– π * intrachain interactions.  The second shoulder is instead 

located around 600 nm and has been associated to π– π* interchain interactions 

[122].  These features become more evident when the polymer film is thermally 

annealed, or when the solvent used to fabricate the film is allowed to evaporate very 

slowly [123], [124].  Both these treatments are able to promote a better π-stacking 

of the chains, therefore the 545 and 600 nm features are considered signatures of 

effective self-organization of the polymer. In view of these characteristics of P3HT, 

the UV-Vis spectra of TF-A, TF-B, TF-C and NF-A have been recorded, and 

reported in Figure 5.3 (spectra of NF-B/E were not taken because the very small 

amount of P3HT left on the glass slides after the PDCB sublimation delivered very 

poor quality spectra).  The spectrum of the sample TF-B shows a small but 

appreciable increase of the intensity of the vibronic shoulders at 543 and 600 nm 

with respect to TF-A, as expected after the annealing step.  In the sample TF-C a 

very marked spectral shape change is visible. In particular, the vibronic signal 

corresponding to the intrachain interaction (about 547 nm) is the most intense signal 

of the spectrum, representing the maximum of absorption.  Also the interchain 
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vibronic feature at 603 nm is remarkably strong.  In addition, a careful look at the 

whole spectrum reveals that the same is slightly red-shifted (5–6 nm) with respect 

to the ones of TF-A and -B. All these features clearly point to a high degree of self-

organization of the polymer.  The observed consistent absorption from 660 to 1100 

nm can be attributable to effective light scattering.  A similar spectral shape is 

observed for NF-A, although in this case the lower intensity of the interchain 

vibronic signal at 603 nm suggests a lower amount of self-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 NF-A (respectively, 
purple, blue, red and green curves). 

 

These features indicate that the P3HT in the lamellar and fibrillar samples 

experience a degree of self-organization (under both the intra- and the inter-

molecular points of view) much higher than that of plain films.  Therefore, ASB-

SANS is able to induce in the polymer, in addition to the formation of the 

nanostructures, a better supramolecular organization.  Interestingly, this was 

achieved in just a few minutes from the deposition of the starting ternary solution, 

with no need for lengthy and sometimes complex procedures like thermal or solvent 

annealing.  Neither any special care for the deposition conditions, substrate type, 

temperature or ambient pressure control, etc., was necessary to obtain the described, 

highly organized fibres/lamellae. 

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

nanofibres NF-A have indeed an enhanced crystallinity with respect to plain P3HT 
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films, and that TF-C is more crystalline than NF-A [69].  This different behavior 

between TF-C and NF-A is in line with that already evidenced by the UV-Vis data 

(Figure 5.3), and even the less crystalline NF-A resulted, from XRD data, to present 

considerably more crystallinity than several highly organized P3HT samples 

reported in literature [115][12-13][125] .  

Therefore, these experiments carried out over P3HT confirmed that ASB-SANS 

promotes a good degree of self-organization in the materials it deals with, and that, 

most importantly, the technique is able to deliver effective nanostructuring of 

polymers over pretty much large areas, up to several mm2 in a homogeneous 

fashion, and up to cm2 with some an isotropicity of orientation of the obtained 

patterns. 

 

5.2 Application of ASB-SANS for nanostructuring TiOx 

over large areas. 

5.2.1 Preliminary studies on sublimating substances applied to 
TiO x nanoparticles system. 

Based on the P3HT published results [69], the application of the ASB-SANS 

method to a system based on crystalline nanoparticles of TiOx (nc-TiOx) was 

studied.. 

The sublimating substance was selected among those able to promote in a layer of 

nc-TiOx the formation of a porous structure having a larger surface area then that 

achievable using conventional techniques.  In particular, the possible use of 

camphor, menthol and para-dichlorobenzene (PDCB) as sublimating substances 

able to rapidly leave the layer at room temperature was evaluated.  

Camphor (whose formal name is 1,7,7-trimethylbicyclo[2.2.1]heptan-2-one) is, at 

room temperature, an amorphous solid (Figure 5.4a).  It has a vapor pressure of 0.65 

mm Hg@25 °C, which allows it to sublimate at a satisfying rate (a few mg/min at 

room temperature) in normal room temperature conditions, and it has a very good 

solubility in the most common organic solvents.  
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ClCl

1-4 dichlorobenzene

OH

menthol
O

camphor  

             

Figure 5.4 - Chemical structures of the camphor (a), PDCB (b) and menthol (c) (on the 
first row) and photos of their solids (on the second row). 

 

PDCB, (whose formal name is para-dichlorobenzene, or 1,4-dichlorobenzene) is a 

simple aromatic molecule, which forms beautiful needlelike crystals in normal 

conditions and has a vapor pressure of 1.76 mm Hg@25 °C, which allows it to 

sublimate slightly faster than camphor (again, a few  mg/min at room temperature) 

(Figure 5.4b).  PDCB is fully miscible with many organic solvents. 

Menthol (whose name is (1R-2S-5R)-2-isopropyl-5-methylcyclohexanol, or briefly 

(-)Menthol), is a chiral alcohol, which forms beautiful and large colourless prism-

shape crystals (Figure 5.4c).  Its sublimation rate is extremely slow (vapor pressure 

of 0.06 mm Hg@25 °C), with a practical rate of about 0.1-0.5 mg/min at room 

temperature.  It has good solubility properties in organic solvents, especially in 

alcohols. 

In order to evaluate the nanostructuring effect of these compounds on the final nc-

TiOx paste, the original K-TiO2 paste was added by a 40% aliquot (by weight with 

respect to the TiOx) of each of the selected compounds, to deliver three different 

pastes named C-TiO2, M-TiO2 and P-TiO2, for camphor, menthol and PDCB, 

respectively. 

Several samples of the three modified pastes and of the reference one have been 

deposed with a doctor-blading tool onto glass slides using two overlapped layers of 

scotch tape as spacer, in order to obtain homogeneous layers of about 1 cm2 area.  

The samples were left on the bench, properly covered, for the time sufficient to 

a) b) c) 
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allow the full sublimation of the considered SS (to ascertain the full elimination of 

the SS, infrared spectroscopic tests over the “dried” samples have been carried out).  

The resulting nc-TiOx layers have been sintered at 450°C in order to eliminate all 

the volatile organic compounds included in the paste, obtaining solid layers that 

have been observed by SEM.  As it is possible to see from Figure 5.5, marked 

morphological differences exist between the TiOx structures obtained from K-TiO2 

paste (Figures 5.5 a, b) and those deriving from application of the ASB-SANS 

method (Figures 5.5 c-h), at both macroscopic and nanoscopic scale.  Every 

sublimating substance acts differently on TiOx, delivering in any case a marked 

increase of the layer porosity at the smallest scale length (compare Figures 5.5 b – 

K-TiOx, d – C-TiOx, f – M-TiOx, h – P-TiOx).  In addition, it is clearly observable 

that each SS has a different morphological effect on the layer even at a larger scale 

(compare Figures 5.5 a – K-TiOx, c – C-TiOx, e – M-TiOx, g – P-TiOx).  In 

particular, at the scale of several tens of microns it is clear that the morphological 

shape of the SS (amorphous or crystalline) is reflected in the outer nc-TiOx layer 

surface topography, confirming that the SS acts as an easily removable template, as 

was previously found [68].  Getting back to the smallest observed scale (1 micron 

and below), it is possible to see that camphor sublimation leaves nanostructured 

cavities ranging from few hundred nanometers to one-two micrometer (Figure 

5.5b).  Samples obtained from M-TiO2 paste (Figure 5.5d) show the most porous 

structures, characterized by cavities with average diameters larger than one-two 

micrometers.  Finally, the structures obtained from PDCB-based paste (Figure 5.5h) 

have cavities with diameters ranging between 50 and 300 nm, i.e. much smaller 

than in the previous cases (but with an evident higher porosity with respect to the 

K-TiOx, see Figure 5.5b). 

In addition to the morphological observation, other experiments have been carried 

out on the reported sublimating substances for the evaluation of some practical 

aspects of their manipulation and of the layer fabrication. Such experiments were 

focused on the chemical affinity of the SS with respect to the other components of 

the paste, which affects the possibility to control the composition of the latter due 

to possible solubility/dispersability problems, and on how the sublimating 

substance can affect the final TiOx layer porosity.  
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In order to choose the sublimating substance to be used for the nanostructured 

photoanodes fabrication by means of the ASB-SANS method, several tests were 

carried out firstly for checking their solubility within the K-TiO2 paste.  Since the 

TiO2 pastes are the result of a complex balance among its ingredients, they have to 

be prepared carefully respecting the procedures described in Chapter 4.  Properties 

such as viscosity and the mutual relationship between the ingredients must be met 

in order to obtain an easy to roll out paste, which does not form aggregates or that 

detaches from the support where the thin layer has been prepared.  

Therefore, the introduction of a new component as the sublimating substance has 

been studied considering a series of considerations.  In particular, during the 

solubility tests, in order to achieve the complete dissolution of PDCB as well of 

menthol, the introduction of a few milliliters of ethanol was necessary. Both 

compounds, in fact, were less soluble in the paste than the camphor that did not 

require any addition of solvent. 

The introduction of solvent within the PDCB- and menthol-modified K-TiO2 

pastes, however, lowered their viscosity, and even several attempts to reformulate 

the system in order to increase its viscosity did not lead to satisfactory results in 

terms of spreadability on the substrate.  Therefore, thin solid layers obtained from 

M- or P-TiO2 pastes were not very homogeneous.  Moreover, the layers obtained 

from camphor-based pastes were characterized by a good mechanical stability, 

while those fabricated from menthol and PDCB-based pastes were rather fragile 

(likely due to an extremely high porosity). 

Moreover, menthol-based pastes had very slow sublimations rates (1 cm2-large 

layers took two-three days before sublimating all the menthol they contained).  On 

the basis of all these investigations and considerations, the chosen SS for the 

subsequent TiOx layers nanoengineering was camphor, which offers the advantages 

of a fast sublimation rate and a high solubility in the K-TiO2 paste.  Moreover, it is 

able to deliver homogeneous and robust, yet very porous, TiOx layers. 
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Figure 5.5 - Visual aspects of TiOx nanostructures obtained by K-TiO2 (a-b), by C-TiO2 
(c-d), by M-TiO2 (e-f) and by P-TiO2 (g-h) pastes. SEM images were recorded at different 
magnifications.  
 

  

a b 

c d 
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5.2.2 First application of ASB-SANS to TiOx photoanodes. 

According to the above described study, camphor was selected as SS (sublimating 

substance) for the nano-engineering of the nc-TiOx layers. While the observation of 

the SEM images was a first assessment of the effect of ASB-SANS on the 

morphology of the nc-TiOx layer, in order to reach the objective of the thesis it is 

necessary to verify quantitatively if the ASB-SANS method allowed to obtain an 

actual increase of active sites available for dye adsorption. 

A first test in this sense was made comparing the response of sintered nc-TiOx layers 

obtained from K-TiO2 and C-TiO2 pastes (ref. Figure 5.5; four layers per type of 

paste were fabricated and measured) using the acetic acid method described in 

Chapter 4.  

As summarized in Figure 5.6, the results obtained with this method were 

contradictory.  From Figure 5.6a it is evident that a higher number of acetic acid 

molecules is adsorbed on the surface of C-TiOx photoanodes, strongly suggesting 

that a greater number of active sites may be available for the dye grafting in 

camphor-based, ASB-SANS-treated nc-TiOx layers.  In particular, basing on this 

technique it is possible to say that the ASB-SANS-nano-engineered photoanodes 

with camphor have about 20% more sites available on the surface than standard 

photoanodes.  On the other hand, Figure 5.6b shows the results of a different batch, 

as prepared as the reported in 5.6a. In this second batch, results that nano-

engineered C-TiOx photoanodes were able to adsorb 30% less acetic acid 

molecules.   Also subsequent reproducibility tests carried out with the acetic acid 

method on different batches of K-TiOx and C-TiOx photoanodes showed that in 

some cases the layers deriving from C-TiOx paste have more active sites than the 

K-TiOx-based ones, while in other cases it was vice versa.  In order to verify if this 

ambiguity was due the acetic acid characterization method or if it was a real 

phenomenological expression of the examined systems, other batches of K- and C-

TiOx photoanodes were prepared and characterized via dye desorption method.   
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Figure 5.6 - Characterization via acetic acid of K- and C-TiOx photoanodes. The 
parameter is normalized to the reference K-TiOx samples, and values are averaged over 

four samples per paste type. Different batches showed opposite trend. 
 

To the extent of the following discussion it is useful to give hereafter a thorough 

description of the TiOx layer fabrication method for both pastes (method common 

to both K-TiO2 and C-TiO2 pastes): 

• Step 1: cleaning and weighting of laboratory glass slides (used as a 

supports); 

• Step 2: preparation of the K- and C-TiO2 pastes; 

• Step 3: spreading a layer of paste on the glass slide by doctor blading; 

• Step 4: air drying; 

• Step 5: sintering at 450 ° C for 30 minutes in air flow; 

• Step 6: immersion of the so-obtained photoanodes in 0.3 mM N719 dye 

solution in EtOH/t-BuOH 3:1 chenodeoxycholic acid (chenodeoxycholic 

acid/dye N719 10:1); 

• Step 7: dye desorption via NaOH 0.1 M and UV-Vis analysis; 

• Step 8: determination of the characteristic parameters (density and 

Nmolec/nm2 applying the model of section 4.2.1. 

In order to allow the complete sublimation of camphor, the C-TiOx-based slides 

have been kept in air overnight prior to sintering (i.e. between step 4 and step 5), 

after which both the types of obtained layers have been subjected to the treatment 

described in par. 4.2. 

In Figure 5.7 it is possible to see that also the results deriving from the dye 

desorption method gave contradictory results.  In fact, again it came out that some 

C-TiOx-based samples have a higher number of active sites than the K-TiOx-based 
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ones (Figure 5.7b), while in other cases this was reversed (Figure 5.7a).  Also the 

layer density data confirmed this ambiguity (Figures 5.7c, d). 

 

 

Figure 5.7 - Characteristic parameters of standard K-TiOx and nano-engineered C-TiOx 

photoanodes belonging to different batches of preparation. Characterization have been 
carried out by dye desorption method. All values are normalized with respect to the 

lowest. 
 

These puzzling data were the subject of an intense evaluation in order to understand 

their origin, especially considering that the visual analysis of the samples 

characterized with both the acetic acid and the dye desorption methods always 

confirmed the results obtained in terms of number of active sites and layer density 

(i.e., when the layer density was lower and the number of active sites was higher 

the SEM images of the corresponding samples always showed morphologies 

confirming the results).  

After thoughtful considerations and data analysis, it was supposed that during the 

sublimation of the camphor the SS-induced nanostructure may undergo, in some 

cases, a partial or total collapse, likely aided also by the enhanced thermal energy 

a) b) 

c) d) 
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provided by the sintering process.    This may be better understood looking at Figure 

5.8. 

Before the camphor sublimes, the TiOx nanoparticles surround the camphor within 

the solid state layer (Figure 5.8a).  When the camphor leaves the system, a large 

number of pores is created and the structure is both much more porous and much 

more fragile (Figure 5.8b). 

With the subsequent sintering process the necking between nanoparticles should be 

promoted and the sample should gain an overall stiffness and structural strength.  

However, it is possible that the very porous nc-TiOx system, before the sintering 

step or even during it (i.e. during the layer fabrication steps 4 and/or 5) can collapse, 

returning to an overall nanoparticle packing similar, or even tighter, than that of a 

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

 

 

 
Figure 5.8 - Sketch of the effects of the camphor sublimation on the nanostructure stability. 
Camphor into the ASB-SANS system (a). While sublimates, camphor leaves many 
vacancies in the TiOx nanostructure (b); not connected nanoparticles collapse without a 
supporting backbone, destroying the structure (c). 

 

 

TiO2
Camphor

TiO2
Camphor

TiO2
Camphor

a) b) 
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5.2.3 Stiffening of the nc-TiOx nano-engineered layer. 

Upon the previously mentioned hypothesis, in order to preserve the effectiveness 

of the ASB-SANS method, it was necessary to modify the TM/SS/AS system 

including a further system component able to act as a nanostructure-stiffening 

agent.  

This stiffening agent must be able to create a scaffold to support the enhanced 

porosity nanostructure created by the SS before, and possibly during, the sintering 

step.  Meanwhile, the same stiffening agent should be compatible with all the 

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

fabrication conditions and it should be simply removable from the system upon 

sintering (i.e., completely degradable at 450 °C).  Luckily enough, organic 

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

can promote polymerization or organic compounds acting as radical initiators. 

The azobisisobutyronitrile (or AIBN) is one of the most used radical initiators in 

polymerization reactions [126].  Its activation occurs upon UV light exposure, by 

means of the molecule homolysis in a concerted process, with simultaneous 

breakage of the two C-N bonds, to yield nitrogen and 2-cyano-2-propyl radicals 

(Figure 5.9).  These radicals can initiate free radical polymerizations and other 

radical-induced reactions, inducing cross-linking between organic compounds 

spatially near to the activated radicals. 

 

azobisisobutyronitrile

N N + 2
N

N

N
N

N

 

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

 

In our case, the C-TiOx paste includes several organic components, like terpineol 

and different kinds of ethyl celluloses, and all these compounds can be involved in 

crosslinking reactions, leading to the formation of an extended, three-dimensional 

scaffold able to stiff and reinforce the nc-TiOx nanoparticles in the layer (Figure 
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5.9).  This stiffening scaffold is conserved during all the paste drying (step 4) and 

the initial part of the sintering process (the average thermal degradation temperature 

for organic compounds is around 150-200°C). 

The process is outlined in figure 5.10: the radical initiator enters as a new 

component in the C-TiO2 paste (Figure 5.10a); the UV exposition promotes the 

AIBN activation and the organic polymerization, creating a scaffold for the TiOx 

nanoparticles (Figure 5.10b); with the aid of this scaffold, when the camphor 

sublimes, the nanoparticle structure does not collapse on itself, but remains 

supported by the crosslinked scaffold (Figure 5.10c). 

 

 

 
Figure 5.10 - Schematic view of the AIBN effects on the TiOx nanostructures. AIBN is 
introduced in the ASB-SANS system and the resulting paste is deposed (a). After its 
activation via UV rays, the crosslinking of the organic compounds present in the paste is 
promoted (b). After the camphor sublimation, the porosity-enhanced TiOx nanostructure is 
supported by the polymeric scaffold. 

 

This approach was tested preparing two groups of photoanodes. The first one was 

obtained from K-TiO2 paste and used as references, and the second one was 

obtained from the C-TiO2 paste added by a very small percentage (about 1% in 

weight with respect to the TiOx mass) of AIBN (from now on, named “A-TiO2 

TiO2
Camphor
AIBN

UV radiationTiO2
Camphor
AIBN

TiO2
Camphor
AIBN
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paste”).  Consequently, the related nano-engineered photoanodes are named “A-

TiOx photoanodes”. 

As for the C-TiOx photoanodes, the A-TiOx ones were fabricated via doctor-blading 

together with the standard K-TiOx photoanodes (batches of 4-6 layers of each type 

were prepared) and left drying in air up to the complete evaporation of the solvent.  

The only difference in the fabrication process of the A-TiOx paste with respect to 

the C-TiOx one described in par. 5.2.2 is in the hereafter described photoactivation 

of AIBN.  The A-TiOx photoanodes have been exposed to a UV lamp (60W) for 3 

hours prior to the sintering step.  The exposure for such long time at high radiation 

power had the secondary effect to mildly heat the samples, as a pre-sintering stage. 

Moreover, the higher temperature increased the sublimation rate of camphor, which 

was completely sublimated already at the end of treatment (therefore, there was no 

need for the overnight sublimation step). 

The A- and K-TiOx photoanodes were then sintered and immersed overnight in a 

solution of N719 dye, prepared in the same way as described in section 6.2, and the 

Nmolec/nm2, Nmolec/particle and layer density for the examined layers were calculated 

(Figure 5.11).  As is visible, the A-TiOx layers have an actual a lower density with 

respect to the K-TiOx one, as expected, but the number of dye molecules they were 

able to adsorb was still lower than that adsorbed by the standard photoanodes K-

TiOx. 

 

Figure 5.11 - Relative characterization parameters of A- and K-TiOx photoanodes via dye 
desorption method (each datum is an average over 6 samples per layer type).  The 
introduction of AIBN in the system did not allow to register an increase in the number of 
adsorbed dye molecules even when A-TiOx photoanodes is less dense than the K-TiOx 
references. 
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In order to explain that inconsistency, the experimental procedure has been again 

carefully examined.  It is worth to note that both the types of photoanodes were 

fabricated using two scotch tape layers as spacers for the doctor-blading tool (see 

Figure 4.5).  Therefore, both A-TiOx and the K-TiOx group of photoanodes had 

approximately the same thickness. 

Since all the photoanodes have been fabricated with the same base area, the bulk 

volumes of the two types of layers (intended as the volume of the parallelepiped 

resulting from the layer height multiplied by the layer base area) appeared to be 

equal.  However, it must be considered that the A-TiOx photoanodes are 

considerably less dense than the K-TiOx ones.  This means that the A-TiOx layers 

contain an overall smaller number of TiOx nanoparticles per bulk volume unit, 

compared to the K-TiOx photoanodes.  In turn, this results in an intrinsically smaller 

surface area of the A-TiOx layer, although it has a lower density (i.e., a higher 

porosity).  It is then logical to find in A-TiOx layers a lower density than in K-TiOx 

ones together with a lower number of dye molecules per nm2.  

Upon this analysis, in order to match as much as possible the number of TiOx 

nanoparticles in the two types (A-TiOx and K-TiOx) of layers, new batches of nano-

engineered photoanodes were fabricated, using different thicknesses for A- and K- 

layer types.  The scotch tape used as spacer in doctor blading had about a 20 microns 

thickness, delivering about 5-6 microns-high layers.  Using two scotch tape layers 

deliver hence TiOx layers about 10-12 microns-thick.  Since the previous results 

showed that the A-TiOx layers had a layer density about 30% lower than that of the 

K-TiOx, it was decided to increase the layer thickness of about 30%, in order to 

obtain two layer (of the A- and K-type) with approximately the same overall 

number of TiOx nanoparticles.  Therefore, new batches of A-TiOx layers were 

fabricated using three layers of scotch tape, obtaining A-TiOx layers about 15-16 

microns-thick, while the K-TiOx layers were fabricated using the standard 2 layers 

of scotch tape, so to obtain about 11 microns-thick TiOx layers.  The results of this 

approach are summarized in Figure 5.12 and in Table 5.2. 

As is visible, in this case A-TiOx photoanodes show a dramatically higher number 

of dye molecules/nm2 (0,78 molecules/nm2), which is well higher than experimental 

data reported in literature by Marquet (0.31 molecules/nm2) [105] and Zukalová 
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(0.26 molecules/nm2) [106] for standard TiOx.  On the other hand, these last values 

are coherent with the number of molecules/nm2 calculated for standard K-TiOx 

photoanodes, (0.28 molecules/nm2).  This extremely positive result demonstrates 

that the use of AIBN as layer scaffolding agent is highly effective.  Moreover, the 

density data of A-TiOx quantify the porosity of the new obtained structure, 

relatively to the standard K-TiOx.  As in our expectations, it is confirmed that a 

lower density structure should be more porous, and therefore able to adsorb a larger 

number of dye molecules, which in turn should be translated into a higher 

photogenerated current when such layers are implemented within a DSSC.  

 

 molecules/nm2 molecules/
particle 

density 
(mg/cm3) 

Reference K-TiOx photoanodes 0,2779 545 1,2481 
Nanoengineered A-TiOx 
photoanodes 

0,7770 1525 0,3922 

Table 5.2 - Parameters of above illustrated hystograms. 
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Figure 5.12 - Characteristic parameters for standard K-TiOx and nano-engineered A-TiOx 
photoanodes. a) n° molecules/nm2; b) n° molecules/TiOx nanoparticle; c) layer density dl.  

The showed results are an average over 4 samples per layer type. 
 

 

5.3 Conclusions. 

Here we have reported the application of the ASB-SANS method to nanoparticles-

based TiOx structures, in order to verify its effectiveness for the fabrication of nano-

engineered photoanodes to be included in Grätzel cells. 

After a first demonstration of the effectiveness of the method in generating ordered 

nanostructures over large areas for semiconducting polymers, the method has been 

applied to nc-TiOx.  Therefore, nano-engineered photoanodes have been fabricated 
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by means of properly formulated TiOx pastes, and the number of active sites found 

in each of these tests have been evaluated and compared to standard K-TiOx-based 

layers.  After a few steps of real engineering of the ASB-SANS-based paste 

formulation, it was demonstrated that optimized pastes exploiting the sublimation 

phenomenon can deliver dramatically higher dye loadings of the final TiOx layers. 

In particular, the advantages resulting from the application of ASB-SANS to the 

fabrication of TiOx layers can be summarized as: 

i) TiOx layers built with camphor and AIBN show an amazingly higher 

(up to 280% more than in layers fabricated with conventional 

techniques) surface available for the dye; 

ii)  the much lower (again, up to almost 300% less dense layers than those 

obtained with conventional fabrication techniques) density of the layer 

could likely help in favoring the electrolyte penetration within the active 

layer of practical DSSCs.  

The achievement of these results was possible also thanks to a careful study of 

materials properties, obtained by the systematic verification of their chemical and 

physical characteristics. 

 

5.4 Experimental section. 

Materials 

P3HT, PDCB (99+%), CHCl3 (99.9+%) were purchased from Aldrich and used 

with no further purification. The Si/SiOx wafers used as substrates for the nanofibre 

deposition were purchased from ITME (Poland), with crystal orientation 100, p-

doped (B), sheet resistivity of 0.08 Ohm per square. 

All the chemical manipulations have been carried out under a fume hood. All the 

experimental procedures were carried out at room temperature and in air. 

P25 TiO2 powder, ethyl celluloses, Acetic Acid, NaOH, α-Terpineol and cis-

di(thiocyanato)-N,N’-bis(2,2’-bipyridyl-4-carboxylic acid-4’-tetrabutylammonium 

carboxylate) ruthenium(II) (N-719) dye details are reported in Section 4.6  

 

 



5. Nanostructuring nanocrystalline TiOx over large areas 
________________________________________________________________________ 

107 
 

 

Instruments 

The UV-Vis spectra were recorded on a Perkin Elmer Lambda 35 

spectrophotometer (1 nm resolution, 2 nm slit). SEM images were recorded by 

means of a SEM facility (Carl Zeiss, Mod. Supra 40 Scanning Electron Microscope) 

at IOM-INFM National Laboratory. The microscope photos were taken with an 

Olympus BH-2 microscope equipped with an Olympus camera. 

A muffle (Carbolite, Mod. CWF 11/23) was used for sintering of the samples. An 

ultrasonic bath (Elma, mod. Elmasonic S40H) was employed for the 

homogenisation of TiO2 pastes.  

A pH-meter (SevenCompact, mod pH/Ion S220) was used for the potentiometric 

measurements. 

A profilometer (KLA Tencor, Mod. Alpha Test 500) was used for the determination 

of samples’ thickness. 

 

Preparation of the P3HT spin-coated thin films.  

The samples TF-A and TF-B were prepared from a solution composed by 12 mg 

P3HT in 1mL of CHCl3. The polymer was completely dissolved by gently heating 

the solution. The solution was then spin-coated onto a glass slide at 800 rpm for 30 

sec. Sample TF-B has been annealed at 80 °C for 59 prior to recording its UV-Vis 

spectrum. 

Sample TF-C has been prepared using the same spin-coating parameters of TF-A 

and -B, starting from a solution composed by 12 mg P3HT and 1 mL CHCl3. After 

complete polymer dissolution, PDCB (180 mg) was added to the solution. The 

volume of this amount of PDCB correspond to about 0.13 mL and did not alter 

significantly the overall P3HT concentration in the solution with respect to TF-A 

and TF-B. 

 

Preparation of the Nano Fibrillar (NF)-A/E samples. 

P3HT ternary solutions according to the composition given in Table 5.1 have been 

prepared into separate vials. The vials were closed and gently warmed until 

reaching a brilliant orange color of the solution. The resulting solutions have been 
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left cooling for a few minutes, then one drop from each solution was deposed onto 

the substrate (glass/Si/SiOx) via a Pasteur pipette. 

Sublimating substances purification. 

A previous purification of the SS is needed to eliminate impurities that could 

contaminate the TiOx paste. 

The purification system was constituted by a hot plate, a petri dish (container for 

the substance to be purified), a beaker (to collect the purified substance), and dry 

ice (Figure 5.13).   

Sublimation process was facilitate and made faster by heating the substance in the 

petri dish on the hot plate. The temperature was set considering the degradation 

point and the melting point. For the used sublimating substances it has been set 

around 150 °C. 

Gaseous substances, after sublimation, condensed on the walls of the beaker, which 

were cooled from the outside by means of dry ice. The purified solid substances 

were then scraped off mechanically from the beaker walls by a spatula and stored 

in a flask. If needed, the process was repeated twice. 

 

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

 

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

TiO 2 paste). 

The method of preparation of the paste C-TiO2 follows the procedure and the 

relative amounts of the paste K-TiO2 reported in section 4.6.  

The prepared paste was transferred into a flask with a known tare; 2.2 g of ethanol 

were then removed by means of a rotary evaporator. An equal amount of camphor 

was introduced into the paste and immediately sealed.  
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The sealed flask was gently heated until the total dissolution of camphor. The flask 

could be opened only after cooling to room temperature. All necessary withdrawals 

of paste aliquots from the stored flask were conducted quickly, to avoid that a 

conspicuous sublimation of the camphor. 

 

TiO 2 paste with camphor and AIBN preparation (A-TiO2 paste). 

The A-TiO2 paste was prepared as the C-TiO2 paste, but 60 mg if AIBN were 

introduced right after the camphor. In order to solubilize all the components, the 

flask was gently heated. For the storage of the paste, an accurate sealing by 

aluminum foil and parafilm is advised. 

 

SEM sample preparation. 

Samples to be observed by SEM were prepared via doctor-blading using the 

respective pastes. Since thin layer were prepared on insulator glass slides, few nm 

Au film have been deposited by means of a sputter coater. SEM set up: Gun Voltage 

10 KV, Aperture size 30 µm 
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Chapter 6 

 

Nanostructured Dye-Sensitized 

Solar Cells 
 

The last chapter of this thesis is focused on the fabrication of dye-sensitized cells 

in which the classic photoanodes are replaced by nano-engineered photoanodes, 

obtained via the ASB-SANS method.  In particular, nano-engineered photoanodes 

were obtained using the TiOx paste containing both camphor (as sublimating 

substance) and AIBN (as 3D scaffold-stiffening agent for avoiding the 

nanostructure collapse prior to sintering), as described in the previous chapter. 

The acquisition of know-how for the fabrication of these photovoltaic devices was 

a lengthy process, firstly based on intensive bibliographic research and interaction 

with experts, and then on the fabrication and characterization of several practical 

devices.  Nevertheless, efficiency levels as high as those reported in the literature 

have not been achieved, firstly due to the fabrication conditions, and later due to 

the lack of appropriate tools and equipment. 

For example, one of the most important aspects for achieving a good efficiency is 

the TiOx thickness, that should be around 10-12 µm, in order to optimize the light 

absorption by the dye, and to minimize the charge loss due to recombination [127].  

To obtain this result, automated electromechanical devices like motorized blade 

coaters should have been available, while, on the contrary, we operated the doctor 

blading tool manually.  Another critical point was the paste fabrication step, which 
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in state-of-the-art devices is performed via automated roll milling systems aimed to 

create very homogeneous pastes with highly precise viscosity [104], while in our 

case we prepared the paste in a totally manual way.  Moreover, a very important 

point in the fabrication of the cells was the availability of inert atmosphere 

manipulation systems (like glove boxes) in order to prevent the TiOx paste to get in 

contact with the atmospheric water before being functionalized with the dyes [37], 

and we did not have such equipment available, hence all the fabrication steps were 

carried out under standard atmosphere. 

However, reasonable levels of efficiency have been achieved over the years after 

refining the fabrication procedures as reported in important literature works, such 

as: dye multidipping technique, i.e. repeated steps of dye dipping and layer washing 

for removing not well adsorbed dye molecules [96]; introduction of a compact layer 

of TiOx between the FTO glass slide and the TiOx nanocrystalline layer, in order to 

prevent undesired charge recombination at the interface between the FTO and the 

electrolyte (vide infra) [14]; optimization of the sealing and the sintering 

procedures, achieved by an extensive trial-and-characterization work.  The slow but 

steady progresses made in the fabrication of the cells are exemplified in Figure 6.1, 

which shows the development of the obtained efficiencies (under a simulated solar 

spectrum AM1.5G) for N719 dye-based DSSCs fabricated during this thesis.  The 

reported data refer to the best cells obtained for each batch.  At the moment of 

writing this thesis, the average efficiency of a cell ranges between 2 and 3%. 
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Figure 6.1 - Time evolution of the DSSC efficiency achieved during the first stages of 
know-how acquisition.  
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6.1 Fabrication of K-DSSCs. 

The DSSC fabrication procedure, as described in literature, includes the preparation 

of a TiOx paste, obtained from home-made nanoparticles usually via sol-gel 

methods [4-7], hydrothermal methods [5-8], chemical vapor deposition [133] or 

purchased as powder [104]. 

In our case, all pastes have been prepared starting from commercial nanoparticles 

(Degussa P25). The preparation procedure of the K-TiOx paste, whose composition 

and preparation method reflected the average literature description for a DSSC 

paste, is described in the experimental section of Chapter 4.  DSSCs obtained using 

K-TiOx paste have been termed as “K-DSSCs”.  

After thorough cleaning, the FTO glass slides have been immersed into a 40 mm 

TiCl4 aqueous solution at 70 °C for 30 min, and then rinsed with water and ethanol.  

Titanium tetrachloride treatment is usually adopted as pre and post-treatment for 

nanocrystalline TiOx film deposition in the dye-sensitized solar cells. Pre-treatment 

influences positively the bonding strength between the fluorinated tin oxide (FTO) 

substrate and the porous TiOx layer, blocking the charge recombination at the 

interface between the conduction glass FTO and the I3
- ions in the I-/I3

-redox couple. 

It consists of a 10-50 nm thick layer denser than the TiOx nanoparticles-based 

photoanode. The effective blocking layer obtained with the TiCl4 pre-treatment on 

the glass substrate decreases the transfer resistance (at the expense of FF) of the 

FTO and the new nanoparticles enhance the surface area to suppress the charge 

recombination. Meanwhile, the pre-treatment enlarges the contact interface and 

increases the contact points between the TiO2 film and the FTO. Consequently, the 

photoelectrons can be collected efficiently at the photoanode.  
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Figure 6.2 - TiOx compact layer creates a barrier between the triiodide ions and the 
generated electrons in the photoanode, avoiding the recombination. 

 
In addition, TiCl4 post-treatment is capable of improving the performance of dye-

sensitized solar cells, with particular reference to the photocurrent collected from 

the device, since it allows to develop novel Ti-OH moieties on the surface of the 

nanocrystalline particles, which in turn improves the grafting of the dyes [24]. 

A layer of K-TiOx paste has been spread on the FTO glass slides by doctor-blading, 

using packaging adhesive tape as vertical spacers to define the final TiOx layer 

thickness (see fig. 4.5).  

The electrodes coated with the TiOx pastes were gradually heated under an airflow 

at 450 °C for 30 min and treated with 40 mM TiCl4 solution, as above described. 

After being rinsed with water and ethanol, the photoanodes were further sintered at 

500°C for 30 min. After cooling them to 80°C, the TiOx electrodes were immersed 

into a 0.3 mM N-719 dye solution in a mixture of ethanol and tert-butyl alcohol 

(volume ratio 3:1) with chenodeoxycholic acid as co-adsorber (weight ratio 10:1 

with respect the N719 dye) and kept at room temperature overnight to complete the 

sensitizer adsorption.  When the multidip procedure was used, the already dye-

sensitized photoanodes were immersed in water for 5 minutes and again in the dye 

solution for 15 minutes for three cycles. During each cycle, weakly bound dye 

molecules desorbed upon the short exposure to water, and then a subsequent 

reorganization and increase in the dye packing density upon re-adsorption occurred. 

As reported, multidipping technique favors a higher dye adsorption, with a 

consequent increase in the final generated photocurrent in the device. [96] 
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A pre-drilled FTO glass slide provided with an ultrathin (about 6 nm) platinum layer 

was used as counter electrode, having care to carry out a mild heat treatment at 250 

°C for 10 min to eliminate possible organic impurities. 

The dye-covered TiOx electrode and Pt-counter electrode were assembled into a 

sandwich type cell and sealed with a hot-melt gasket (Figure 6.3 a).  A drop of the 

iodide/tri-iodide based electrolyte was deposed on the hole in the back of the 

counter electrode.  The electrolyte was then introduced into the cell via vacuum 

backfilling: the cell was placed in a small vacuum chamber (Figure 6.3b), which 

caused the air trapped into the cell to get out; exposing it again to ambient pressure 

caused the electrolyte to be driven into the cell by vacuum suction.  Finally, the hole 

was sealed using a hot-melt ionomer film and a cover glass slide to properly seal 

the device. Both electrodes have been covered by silver paint to improve the 

electrical contacts during measurements. 

                                                            

                     

 
 
 
 
 
 
 
 
 
 
Figure 6.3 - A schematic view of the sandwich type assembly of a DSSC: (a) in front view 
(top) and sectional view (bottom). 2x2 cm FTO glass slides are covered overboard by silver 
paint (grey rectangles). Dye-sensitized TiOx photoanode (red square) is immersed in the 
electrolyte (orange square). Cell sealing is possible by means of the ionomeric gasket (light 
blue square) and cap covering the drill. A photo of the vacuum chamber where the 
electrolyte backfilling occurs (b). 

 

6.2 Fabrication of A-DSSCs. 

The dye sensitized solar cells containing the nano-engineered TiOx electrode, 

obtained from the A-TiOx paste, were named “A-DSSCs”. 

The A-TiOx paste was obtained starting from the K-TiOx one, as follows. An aliquot 

of K-TiOx was taken, and by rotary evaporator the solvent mixture in the paste was 

2 cm

2
 cm

Meltonix cap +

glass slide 

 
b) a) 
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evaporated until reaching a total paste weight of 60% of the starting weight. The 

extracted amount of solvent was hence replaced with an equal amount of camphor. 

AIBN was also added to the resulting paste (1.2% by weight, relative to the initial 

TiOx paste).  After a proper sealing of the flask, the paste was gently heated to 

dissolve the camphor and the AIBN, then it was cooled down to room temperature. 

When the A-TiOx paste reached the room temperature, it was deposed on FTO glass 

slides by doctor blading, and allowed to dry. In order to deposit the same amount 

of TiOx on the FTO electrode, three layers of adhesive tape were used as vertical 

spacers instead of the two layer used for the K-DSSCs, in order to have in both the 

layers approximately the same number of TiOx nanoparticles (see Chapter 5 for 

details).  

In order to activate the radical polymerization initiated by AIBN, the TiOx layers 

were treated by UV radiation under a 60 W lamp for 3 hours, after which they have 

been sintered at 450 °C for 30 min. 

The other fabrication steps of these cells followed faithfully those described 

previously for K-DSSCs. 

 

6.3 Results and discussion. 

Two groups of four cells per photoanode type (K-DSSCs and A-DSSCs) have been 

fabricated and measured by J/V characterization. Measurements have been carried 

out twice: right after the assembly, and after three days.  The reason for this double 

measurement is that cells measured after three days are more efficient than those 

measured immediately, due to known issues related to the diffusion of the liquid 

electrolyte within the TiOx pores.  As is visible from Figure 6.4, the most time-

dependent operative parameter appears to be the fill factor.  In fact, in all examined 

cases the fill factor was higher when the measurement was carried out after a few 

days.  This implied an improvement in the overall efficiency, even if the registered 

current density was lower (this is most likely due to the still not optimized sealing 

procedure, that causes small but progressive electrolyte evaporation, and in turn a 

current loss). 

In fact, for the here reported example, the current density after the three days 

between the first and the second measurement decreased from 4.76 to 4.39 mA/cm2, 
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while the FF% increased from 51% to 62%. The low starting FF% value could be 

attributed to the high thermal stress applied to the materials during the fabrication, 

which was indeed recovered after a few days.  
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Figure 6.4 - Comparison of the J/V curves of a cell measured right after the assembly (a) 
and after three days (b). 

 

By analyzing the recorded J/V curves for the two groups of four DSSCs, a 

considerable improvement of the current density for the A-DSSCs is observed.  In 

figure 6.5 the comparison between a K-DSSC and an A-DSSC J/V characterization 

is shown.  Though none of the two demonstrates overall high performances, the A-

DSSC shows a current density of 2.87 mA/cm2, vs. 2.10 mA/cm2 of the K-DSSC,  

This is translated into an about 36% current increase of the A-DSSC with respect 

to the K-DSSC, which in turn is reflected in the overall device efficiency (1.48% 

for A-DSSC vs. 1.04% for K-DSSC).   

 

 

Figure 6.5 - J/V curves comparison between a nanostructured DSSC by means of nano-
engineered photoanode (A-DSSC, blue curve) and a reference cell (K-DSSC, red curve). 
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Another characteristic parameter that was improved in A-DSSCs with respect to K-

DSSCs was the open-circuit voltage (Voc), as can be seen from Figure 6.5. This is 

attributed to the optical band gap of TiOx anatase that could range between 3.2-3.7 

eV depending on the preparation and on the measurement conditions. [10-12]  

Moreover, photovoltage in this nanocrystalline porous system is affected by 

diffusion of excess charge carriers with different diffusion coefficients. Duzhko et 

al. have tried to explain the behavior of photovoltage in such system as a function 

of size of TiOx nanocrystals and its general porosity [137].  

The current density datum is confirmed by a comparison between all the 4 cells per 

photoanode type fabricated.  In Figure 6.6 the current density averaged over the 4 

DSSCs samples per cell type, normalized with respect to the to the current density 

per type, is shown.   
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Figure 6.6 - Registered current densities for the K- and A-DSSCs group. All experimental 
data comes from the average of four DSSCs per photoanode type. 
 
The clear and significant increase in current density for the A-DSSCs (equal to 

+27%, on average) compared to K-DSSCs confirms the overall higher efficiency of 

the nano-engineered photoanodes with respect to the traditional ones.  This marked 

difference in current density between the two devices is explained in light of the 

found much higher dye loading occurring in A-TiOx layers (see Chapter 6), which 

was found to be up to 280% higher than in K-TiOx, since it is well known that the 

photogenerated current density is directly linked to the dye loading.  On the other 

hand, the 280% higher dye loading for the A-TiOx photoanode with respect to the 
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K-TiOx one would suggest a much higher increase in current density occurring in 

A-DSSCs vs. K-DSSCs than that actually found.  This discrepancy is believed to 

be due to increased charge recombination phenomena occurring in A-DSSCs, due 

to i) their higher surface area which likely increases, in addition to the number of 

active sites available for dye loading, also the amount of possible recombination 

sites at the TiOx/electrolyte interface, and ii) the higher charge carrier density at the 

extended dye/TiOx interface consequent to the higher dye loading.  These points are 

under further scrutiny by the research group in which the thesis was carried out, and 

will be analyzed thoroughly in future work by means of accurate IPCE 

determinations.  Another possible cause for this difference may lie in the not 

optimal device fabrication conditions available in the lab, due to the lack of specific 

processing instrumentation. 

 

6.4 Conclusions. 

We reported in this chapter the outcomes of the application of ASB-SANS 

nanostructuring method to DSSCs fabrication, showing the effect of nano-

engineered TiOx photoanodes on the performances of actual finished devices.   

Thanks to this nano-engineering, a greater TiOx surface area was exposed to the dye 

with respect to standard photoanodes.  The nano-engineered devices, A-DSSCs, 

together with K-DSSCs used as references, have been characterized by recording 

J/V curves.  From the experimental data, we observed a significant increase (+27%) 

in the current density for A-DSSCs with respect to the reference solar cells.  This 

important result is in line with the found increase of dye loading on A-TiOx 

photoanodes found in the previous chapter, and with the fact that the current density 

of a DSSC is directly linked to its dye loading, confirming the validity of the ASB-

SANS method developed specifically for a TiOx nanoparticles system.  Although 

the current density datum is a very satisfactory one, it did not reflect the results 

about the dye loading reported in Chapter 6.  There, an improvement of +280% 

have been recorded for the dye loading, while here only a +27% increase with 

respect to the standard photoanode has been recorded for current density.  This can 

mainly be explained considering that a higher recombination probability can occur 
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in presence of a larger TiOx surface, and of a higher number of charge carriers 

consequent to the higher dye loading.  Since in our A-DSSCs a large amount of dye 

has been adsorbed, a larger number of charge carriers has been produced in light 

conditions. Another possible cause for this difference may be the not optimized 

cells fabrication conditions. These problems could be solved easily by using proper 

tools, and it is expected that the obtainable improvement in extracted current density 

can be well over 27% if the same nano-engineered photoanodes will be applied to 

optimized cells. 

Several research perspectives arise from these encouraging results, starting from 

the application of the nano-engineered photoanodes to the optimized solar cells till 

to the study of the influence of such generated porosity on the TiOx physical 

properties. Moreover, it is not excluded also the search for other sublimating 

substances showing better nanostructuring performances and characterized by 

chemical and physical properties that can reduce the effect of the collapse if a 

structuring agent such as AIBN is absent.  

In other words, the results obtained so far open to the possibility of a net 

improvement of the overall efficiency so far recorded for the Grätzel cells, 

confirming the new nanostructured photoanodes as a further step towards the 

optimization of this technology. 

 

 

6.5 Experimental section. 

Materials 

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

drilled and platinized counter-electrodes on FTO glass, Meltonix 1170-60 by 

Solaronix, 60 µm thickness gaskets and caps for sealing, electrolyte AN-50 

(iodide/tri-iodide concentration 50 mM, with ionic liquid, lithium salt, pyridine 

derivative as additives in acetonitrile) and Cis-di(thiocyanato)-N,N’-bis(2,2’-

bipyridyl-4-carboxylic acid-4’-tetrabutylammonium carboxylate) ruthenium(II) 

(N-719) dye was purchased by Solaronix, Switzerland. 
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Instruments 

J/V characterization system has been setup assembling a low-cost solar simulator 

(mod. 96000, Newport) and a digital multi-meter (Mod. 2400, Keithley). A 

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

calibration of the solar simulator. 

 

K-DSSCs fabrication. 

FTO conductive glass had been pretreated with a 40 mM aqueous solution of TiCl4 

at 70 °C for 30 min. Mesoporous titania films were prepared by K-TiOx paste (see 

Chapter 5) onto the conductive glass via doctor-blading. Two overlapped adhesive 

tape layers have been used as spacers. This resulted in a uniform fi lm after sintering 

at 450 °C for 30 min. Prior to dye adsorption, the TiOx films were again treated 

with a 40 mM solution of TiCl4 at 70 °C for 30 min followed by sintering at 500 ° 

C for 30 min. Allowed to cool down to about 80 °C, the photoanode is then 

immersed into a 0.3 mM solution of N719 in ethanol/t-butanol mixture 3:1.  The 

electrodes were left in this mixture overnight.  After extraction, the photoanodes 

have been treated by multidipping technique for 3 cycles. Drilled and platinized 

counter-electrodes on FTO glass have been slightly heating at 250 °C for 10 min.  

Dye-sensitized TiO2 electrodes and counter-electrodes were sealed together in a 

sandwich configuration Meltonix gasket.  The inter-electrode space was filled in 

the vacuum chamber using few drops of AN-50 electrolyte, and the cell was sealed 

using a small piece of hot-melt polymer and a cover glass. 

 

A-DSSCs fabrication. 

The procedure for the A-DSSCs fabrication is similar to the K-DSSCs one reported. 

Differences are about the used paste that is the A-TiOx paste (Chapter 5). During 

the doctor-blading stage, three adhesive tape layer have been used as spacers. 

 

Correct determination of the DSSCs active area  

For a correct current density determination, a precise measurement of the active 

area for each cell is needed. Therefore, in order to avoid any perspective error, 
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digital photos of active areas have been taken with the cell parallel to the focus 

plane. By means of an imaging processing software (for example, Gimp 2.0 or 

ImageJ) the area (in square centimeters) has been calculated after counting the 

pixels relative to the TiOx layer and normalizing the data with respect to the FTO 

slide (which has a known dimension of 2x2 cm). Errors in the so-calculated area 

determination are surely much lower than those coming from a manually 

measurement carried out by a gauge. In this case, the effect of glass reflection could 

affect enormously the measure. 
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Chapter 7 

 

Final Conclusion 

 
The dye-sensitized solar cell (DSSC) has been considered the “new” generation 

solar cell for the 21st century and is a fast growing multidisciplinary subject.  

However, several issues have still to be solved to achieve performances and 

industrial reliability, especially in terms of optimization of DSSC components.  In 

particular, one of the crucial challenges is to find TiOx photoanodes able to load a 

larger amount of dye molecules during its sensitization step, so to increase the final 

photocurrent.  

The aim of this PhD thesis was to develop a novel method for nanostructuring TiOx 

photoanodes and allowing them to obtain this goal, i.e. an enhanced dye loading, to 

fabricate more performing DSSCs.  

The ASB-SANS method, a novel nanostructuring technique never applied until now 

on nanoparticle systems, was used to obtain more porous TiOx nanostructures, i.e. 

exposing a higher surface for the dye molecules grafting. Its effectiveness was 

evaluated positively by SEM images of preliminary tests.  Therefore, photoanodes 

using a system including camphor as nanostructuring agent were fabricated, and 

characterized to determine the amount of active sites present on the inner TiOx 

surface.  This characterization has been carried out using both a novel method 

developed on purpose and based on acetic acid adsorption and a literature-

established method based on forced desorption of the dye molecules.  The TiOx 

layers have been engineered in various steps, obtaining in the end the remarkable 
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result of a 280%+ increase in dye loading with respect to conventionally fabricated 

TiOx layers.  This result was translated into DSSCs based on said nanoengineered 

photoanodes showing a 27% increase in current density with respect to reference 

devices fabricated on the basis of standard TiOx layers. 

Although the considered devices did not produce state-of-the-art overall 

efficiencies due to the lack of suitable technical equipment for the fabrication of 

DSSCs, this result is considered definitely remarkable. 

As an outlook, the optimization of the nanoengineered TiOx photoanode fabrication 

method could help to increase the already remarkable current density improvement.  

In addition, the application of the ASB-SANS method to other DSSC-like 

technologies, like very recently emerged perovskite-based solar cells, could deliver 

promising and exciting developments in the field of low cost solar cells. 
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