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Abstract

Nanoscale particles and thin layers are today used for a variety of applications
to make industrial products lighter, stronger or more conductive.

This study investigates synthesis, characterization and application of nanos-
tructured materials for “low-cost” photovoltaics and high frequency (microwaves)
analog electronics. Indeed, the two areas investigated demonstrate the enormous
potential for diverse applications of nanostructured materials.

The initial research stage focused on the optimization of titanium dioxide
morphology for Dye Sensitized Solar Cells (DSSCs) applications. Four different
combined sol-gel/solvothermal synthetic approaches were adopted and six different
anatase phase mesoporous titanias were prepared and tested as photoanodes in
DSSCs. Superior light scattering properties, stemming from their sub-micrometric
mesoporous structure, were proved for TiO2 beads synthesized by using the hex-
adecylamine method. An energy conversion efficiency η = 7.0 % was achieved.

The second stage of the research aimed at further DSSC performances’ improve-
ments by introducing trivalent rare earth dopants (Pr, Nd, Sm, Gd, Er and Yb)
into the “standard” TiO2 beads. Rare earth ions’ dimension was found to affect
TiO2 average crystallites size through nucleation control and ultimately electron re-
combination lifetime through TiO2 natural oxygen defectivity and electron-impurity
scattering control. While the largest (i.e. the lightest) ions of the lanthanide series
(Pr3+ and Nd3+) suppress DSSCs performances, cations heavier than Sm 3+ produce
an energy conversion increase compared to pure anatase. The best performances
were obtained for a rare earth dopants concentration of 0.2 % erbium atoms (η =
8.7 %, 20% efficiency improvement compared to un-doped TiO2).

The third research step investigated materials capable of modulating TiO2 opto-
electronic and interfacial properties at once, e.g. chirality separated Single Walled
Carbon Nanotubes (SWCNTs). Chirality selection allowed for tuning the energy
barrier at the TiO2/SWCNTs/FTO interface, electronic conductivity enhancement
and reduced SWCNTs-Ruthenium dye competition for light absorption resulting in
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a 81 % η improvement compared to mixed chirality cells. Besides, certain SWCNTs
chiralities were ruled out as useful materials for DSSCs applications.

By taking advantages of high porosity TiO2 beads, titania affinity for phosphate
based moieties and group 8 metals coordination behavior toward pyridyl ligands
(like Ruthenium in the N-719 dye used for DSSCs), a high sensitivity (0.3 ppm
by naked eye), reusable, Fe2+ colorimetric sensor was developed. A terpyridine
based ligand, L (2,2’:6’,2”-terpyridin-4’-phosphonic acid), was used as iron sensitive
molecule, whereas screen printed TiO2 beads as scaffold material. Furthermore,
L-functionalized Indium Tin Oxide (ITO) thick films were proved to be reliable elec-
trochromic materials and possible candidates for trivalent iron detection predicated
on microwaves antennas’ resonant frequency shift.

Finally, Multiwalled Carbon Nanotubes (MWCNTs) and Graphene films for
resonant frequency tuning of copper etched printed circuit boards antennas were
produced and electrically characterized over a large range of operating frequencies.
The evolution of the thesis’ path is illustrated in figure 1

Figure 1: Schematics of present research’s evolution, dashed lines represent areas
under current investigation.
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Chapter 1

Introduction

1.1 Thesis’s motivation and scope

Nanosized materials are involved in countless industrial processes dedicated
to the development of lighter, stronger or more conductive commercial products.
Everyday usage nanomaterials (and nanotechnology) based items includes: computer
hard drivers, bumpers on cars, solid state compasses, protective and glare reducing
coatings for eyeglasses and windows, automobile catalytic converters, metal cutting
tools, dental bonding agents, longer lasting tennis balls, inks, etc.
Among the innumerable nanotechnology-related research topics, renewable energies,
photovoltaics in particular, electronics, environmental and bio-science applications
have been assuming a prominent role in the academic and industrial investigations
concerning nanostructured materials.

Current photovoltaics research and market aim at developing low-cost and
efficient devices capable of working even in low light conditions [1], [2]. Dye
Sensitized Solar Cells (DSSCs) represent a valuable alternative to traditional
silicon and thin film solar cells in terms production costs and energy conversion
efficiency under low and diffuse light irradiance. Unfortunately, DSSCs’s efficiency
has been improved of only 5% in the last 25 years (from 7 to 13%) [3], and
it is still far away from commercial silicon solar cells performances (η= 25%
for monocrystalline Silicon and η= 20.4% for polysilicon devices). Nevertheless,
DSSCs continue to draw interest from scientists and technologists. In fact, raw
materials availability, relatively simple production process, moderate cost compared
to traditional photovoltaic, easy fabrication on flexible substrates and different
colors layout make DSSCs attractive for portable electronics and building integrated
photovoltaics applications. Photoanode semiconductor plays a crucial role among
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DSSCs’ different components by acting as scaffold material for dye chemisorption
and an electron diffusion medium. Anatase TiO2 allotropic phase remains the
best candidate as photoanode material because of its chemical and optoelectronic
properties:

• Low toxicity and thermodynamic stability.

• Wide band gap (3.2 eV for the anatase phase) that prevents photoelectro-
chemical degradation processes.

• Favorable conduction band edge position for electron injection form the
ruthenium based dye.

• Possibility to exploit inexpensive synthetic routes (i.e. sol-gel, hydrothermal,
solvothermal, titanium anodization, etc.) to obtain nanostructures with
enhanced dye adsorption, light scattering and electron transport properties.

However, DSSCs’ efficiency improvement remains a complicated task predicated
on the delicate balance of beneficial and detrimental effects brought about by any
photoanode, electrolyte or counter electrode materials optimization procedure.
During the last ten years the world largest DSSCs manufacturer, Dyesol (Australia)
has releasing a series of industrial reports (see references [4], [5], [6]) defining
materials and manufacturing guidelines for DSSCs’ energy conversion efficiency
improvement. Figure 1.1 provides an example of such a Dyesol’s recommendations
devoted to maximize the DSSCs’ output. By limiting the discussion to the pho-
toanode’s requirements, Dyesol’s reports emphasize the role of TiO2 morphology
in determining the dye’s light harvesting efficiency through light scattering. In
addition, photoanode doping with hetero-atoms is regarded as an effective tech-
nique for charge injection properties and open circuit voltage enhancement. In this
work, we focus on maximizing DSSC power output by synthesizing different TiO2

morphologies capable of improving light absorption by the dye, while retaining
long range structural order for fast electron transport and long recombination
lifetime. Because of the multiple effects involved (e.g. morphology and dye load-
ing modification, bands energy level shifts, traps compensation, electron-impurity
scattering, etc.) DSSCs’ energy conversion efficiency enhancement through TiO2

doping present numerous challenges both in terms of theoretical prediction and in
terms of interpretation of the experimental results [7]. Consequently, nature (alkali
metal, alkaline earth metals, transition metals, semi-metal or non metals, p-type,
n-type, etc.) and concentration of the dopants are decided on empirical basis [7].
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Figure 1.1: Key physical factors that determine DSSC’s I-V characteristics. Adapted
with permission from [4].
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Thus, we decided to undertake a systematic TiO2 doping using hetero-atoms within
the lanthanides series. This investigation was driven by two motivations:

• Provide a relatively low-cost and industrially scalable approach for dye sen-
sitized solar cells efficiency improvement predicated on titania deep traps
compensation.

• Clarify the impact of dopants’ chemical and physical characteristics on TiO2

optoelectronic properties and consequently on DSSCs photovoltaic parameters.
Needless to say, a methodical investigation on dopant size and concentration
on DSSCs performances grants the possibility to shed light on the behavior of
hetero-atoms into the TiO2 crystalline structure for further DSSC’s efficiency
increase [8].

Indeed, rare earths’ chemical properties regularity (i.e. charge density, acidity,
covalent character, etc.) and their dependence on the ionic radius along the series of
the fourteen lanthanides elements, permit to establish detailed correlations between
macroscopic (e.g. Jsc, Rs), microscopic (e.g. τrec, Ln) photovoltaic parameters and
the nature of the dopant.
Besides being a valuable low-cost alternative to crystalline silicon and thin films
(i.e. CdTe and CIGS) solar cells, DSSCs constitute also an exceptional “stepping
stone” to investigate applicability of opto-electronically engineered materials to
high efficiency solar cells such as perovskite devices [9], [10] (see Chapter 2). In
fact, DSSCs’ photoelectrochemical working principle allows to study the effect of
semiconducting materials’ work function, band gap, and electrical conductivity on
charge injection and recombination, electron transport, light absorption and overall
photovoltaic efficiency (see Chapter 3).
SWCNTs chirality separation is a relatively easy approach to select carbon nan-
otubes opto-electronic properties. Hence, we carried out HiPCO SWCNTs chirality
enrichment aiming at:

• The fabrication of TiO2/chirality selected SWCNTs hetero-structures for
switching electron transport media in DSSC photoanodes: from a highly
disordered (TiO2) to an ordered one (CNTs). Therefore, specific chiralities
possessing better electron diffusion and capable of increasing the charge
injection driving force at the TiO2/SWCNTs [11] were targeted to boost
DSSCs’ η compared to cells employing chirality mixed tubes.
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• Identifying beneficial effects stemming from chirality separation (e.g. enhanced
conductivity of bundles of single chirality CNTs, reduced competition with
photovoltaic light absorbing materials, creation of energy barriers to suppress
charge electron recombination, etc.) to be used in future researches concerning
perovskite solar cells.

As mentioned previously, the characteristics of nanomaterials allow for applications
in a variety of fields other than PV, in particular electronics and sensoring. In
this work, we have tested the properties of the nanostructures developed for DSSC
in another applications area (sensing). In particular, optimization of the porosity
characteristics (i.e. titania mesoporous beads) has proven to lead to particularly
efficient substrate material for metal ion detection [12], as described below.
Inexpensive and rapid detection and quantification of metal cations in aqueous
solutions is in high demand for a variety of environmental, industrial (e.g. waste
water and plating solutions for the PCBs industry), forensic , biological, and health
applications. Especially interesting are systems that allow colorimetric detection to
be performed by untrained personnel in field conditions by the naked eye [13]. Ions
colorimetric sensors must fulfill plenty of requirements such as stability in aqueous
solution (also in harsh pH conditions), reversibility, visible contrast between the
colored and colorless states, fast color change, low detection limit and high sensitivity
[14], [13]. Because of their intense metal-to-ligand charge transfer (MLCT) optical
transitions [15], modified terpyridine ligands-iron(II) complexes have been already
used for Fe2+ ions fluorimetric and colorimetric detection [16], [17], [18]. However,
terpyridines’ low solubility in water, chemical and photo-instability, and low specific
surface area of the polymer matrix used as ligands’ scaffold limits the large scale
applicability of such a systems [19], [20]. On the other hand, iron colorimetric in
aqueous solution detection through terpyridine complexes can benefit from the
use of large surface area and extended porosity inorganic materials like the oxides
(TiO2, ZnO, Nb2O5, NiO, etc.) employed in DSSCs. In fact, thermodynamic and
photochemical stability of nanostrucutured oxides coupled to suitable mesoporosity
for ligand adsorption, make them ideal materials for the colorimetric detection of
ions. Furthermore, “tailor made” like scattering properties stemming from sub-
micrometric particles morphology improves the terpyridine-Fe(II) complex light
harvesting (similarly to the Ru dyes in DSSCs)bringing down both the naked eye
and spectrophotometric lower detection limit to the tens of ppm levels [14]. Thus, we
investigated TiO2 hierarchical submicrometric beads previously used as scattering
layer for DSSC photoanodes as scaffold materials for phosphonic group modified



CHAPTER 1. INTRODUCTION 16

iron sensitive terpyridine. The phosphonate group bond to the terpyridine moiety
performs two functions: increases the solubility in water of the metal complex and
provides a stable chemical link to the titanium dioxide surface [21], [22].

“Smart” materials are able to reversibly change their properties in a controlled
fashion by applying an external stimulus. Electrochromic (EC) materials are a class
of “smart” materials that are designed to change their optical properties under an
applied voltage. The ability of these materials to switch between two colors, usually
to bleach and to revive the color, has resulted in their widespread applications
in smart windows/mirrors, reflective-type displays, battery charge sensors, and
electro-optic modulators [23]. EC materials are represented mostly by the products
that incorporate EC redox molecules or transition metal oxides that have a mixed
redox state at the metallic center, in conductive polymers. The properties of these
composites drastically depend on the overall composition and fine distribution of
the EC species in the polymer [24].
In contrast to well-developed polymer chemistry, organo-metallic molecular assem-
blies with EC properties have only caught the attention of researchers in the past
decade, with published reports being rare [25]. Most of these assemblies are based
on metal complexes of bipyridine and its derivatives, due to their excellent stability
and straight dependence of the light absorption properties of these complexes on
the metal oxidation state. While EC molecular assemblies are much more atom
efficient than EC polymers, their fabrication process on a flat surface requires
precise layer-by-layer deposition sequences that can be time-consuming [26], [27].
When designing materials based on EC molecular assemblies, two limitations should
be taken into account: the amount of EC molecular layers should be large enough
so that it is visible by the naked eye; and the nature of the involved molecules,
the positioning of layers, and overall thickness should permit bidirectional electron-
transfer [28].
Phosphonate modified terpyridyne ligands like the ones suitable for iron colorimetric
detection possess an extended charge delocalization that might favor the electronic
communication between the variable oxidation state metal cation responsible for the
electrochromic effect and the semiconductor scaffold. Taking this into account, we
hypothesize that the implementation of a conductive nanostructured substrate for
metalorganic EC molecules could result in controllable light-reflective devices where
high coloration efficiency (CE) and enhanced contrast ratio (significant change of
optical density) can be achieved even on a single EC molecular layer [29]. This could
have the advantage of minimizing manufacturing time and improving atom efficiency
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of the metalorganic moiety required for the EC device. Hence, we investigated
new EC material prepared on an indium tin oxide (ITO) screen-printed support by
the dip-coating deposition of phosphonate functionalized terpyridyne followed by
corresponding metal (Fe, Ru) complex formation.

Another class of smart materials is constituted by “microwave sensitive” nanos-
tructures. These materials are capable of changing their radio-frequency (and
microwaves) electrical properties under an external stimulus. Thus, if such as
materials are inserted into a microwave resonator or antenna positioned on a RFID
(radio frequency identification) tag, a reader’s signal frequency shift and attenuation
related to their electrical impedance change can be produced. In fact, microscopic
level variation of chemical and physical properties such as electronic and dipole
polarizability (i.e. dielectric constant and loss tangent), number of unpaired elec-
trons (i.e. paramagnetism and diamagnetism) electron mobility (i.e. resistivity)
generate resonator’s (or antenna’s) capacitance, or inductance or resistance changes
[30], [31], [32]. Although this detection principle has been already used for pH,
humidity, temperature and light remote sensing [33], it has never be applied to the
identification and quantification of neither bio-molecules nor metal ions. Therefore,
our approach for remote ions (i.e Fe2+ and Fe3+) relies on phosphonate modified
terpyridine ligands chemisorbed on ITO thick films. Indeed, the d5 configuration
of Fe(II) complex with strong field ligands (i.e. N-aromatic ligands) may result
into a resonator’s inductance change brought about by the unpaired electron of the
coordination compound. On the other hand, graphene and CNTs are renowned for
their tunable resistivity and capacitance in presence of surface modifying agents
[34]. Thereby, we used MWCNTs and graphene screen printed films to load copper
etched resonators to be functionalized with prostate specific antigen antibodies.

1.1.1 Publications

This thesis work has produced the following publications:

• A Comparison of the Performances of Different Mesoporous Titanias in
Dye-Sensitized Solar Cells; A. Latini, R. Panetta, C. Cavallo, D. Gozzi, S.
Quaranta. Journal of Nanomaterials (2015).
S.Q. contribution: I was responsible for synthesis and characterization of
different morphology materials (with C.C. and R.P), DSSCs assembly and
devices characterization.

• Solid solutions of rare earth cations in mesoporous anatase beads and their
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performances in dye-sensitized solar cells; C. Cavallo, A. Salleo, D. Gozzi,
F. Di Pascasio, S. Quaranta, R. Panetta, and Alessandro Latini; Scientific
Reports, 16785(5):1-15, 2015.
S.Q. contribution: I was responsible for synthesis and characterization of
lanthanides doped anatase, DSSCs assembly and devices characterization
(with C.C. and R.P).

• Effect of Single-Chirality Single-Walled Carbon Nanotubes in Dye Sensitized
Solar Cells photoanode; V.L. Davis, S. Quaranta, C. Cavallo, A. Latini, Franco
Gaspari. Accepted on Solar Energy Materials and Solar Cells.
S.Q. contribution: I was responsible for SWCNTs chirality separation and
characterization (with V.L.D.), DSSCs assembly and devices characterization.

• Rational design of a material for rapid colorimetric Fe2+ detection N.O.
Laschuk, I. I. Ebralidze, S. Quaranta, S. T. W. Kerr, J. G. Egan, Scott Gillis,
F. Gaspari, A. Latini, O. V. Zenkina Materials and Design 107: 18-25 (2015).
S.Q. contribution: I was responsible for titania synthesis and films deposi-
tion, colorimetric sensors production and characterization (with J.G.E. and
O.V.Z.).

• Monolayer Electrochromic Materials J .T. A Allan, S. Quaranta, I. I. Ebralidze,
J. G. Egan, B. Easton, F. Gaspari, O. V. Zenkina submitted to Chemistry of
Materials.
S.Q. contribution: I was responsible for bare and ligand-functionalized ma-
terials characterization, ITO films deposition, electrochromic devices assembly
and spectro-electrochemical characterization (with J.T.A)

• Multi-Walled Carbon Nanotube Thin Film Loading for Tuning Microstrip
Patch Antennas P. Savi, K. Naishadam, A. Bayat, Mauro Giorcelli, S. Quar-
anta Eucap Proceedings (2016).
S.Q. contribution: I was responsible carbon materials characterization
(with M.G.), films deposition, antenna fabrication and characterization (with
P.S.).

• Microwave Characterization of Graphene Films for Sensor Applications P.
Savi, K. Naishadam, A. Bayat, Mauro Giorcelli, S. Quaranta I2MCT Pro-
ceedings (2017).
S.Q. contribution: I was responsible for graphene characterization (with
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M.G.), films deposition and their electrical characterization, resonator fabri-
cation and characterization (with P.S.).

1.2 Nanostructured materials overview

Nanoscale materials can be defined as those whose characteristic length scale
lies within the nanometric range, i.e in the range between one and several hundreds
of nanometers (preferably between 0-100 nanometers) [35]. A nanometer (nm) is
one billionth of a meter, or 10−9m. One nanometer is approximately the length
equivalent to 10 hydrogen or 5 silicon atoms aligned in a line. On the nanoscale,
some physical and chemical material properties can differ significantly from those
of the bulk structured materials of the same composition. In fact, crystals in
the nanometer scale surface atoms or ions becomes a significant fraction of the
total number of atoms or ions and the surface energy plays a significant role in
the thermal stability, reactivity and physical-chemical properties 1. Therefore,
many material properties must be revisited in light of the fact that a considerable
increase in surface-to-volume ratio is associated with the reduction in material size
to the nanoscale, often having prominent effect on material performance. A few
examples of chemical and physical materials properties affected by materials size
and surface/volume ratio are provided below [36]:

Structural properties . Nanocrystals have a lower melting point (the difference
can be as large as 1000 oC) and reduced lattice constant compared to bulk
phase materials.

Magnetic properties . The large surface area to volume ratio results in a substan-
tial proportion of atoms having different magnetic coupling with neighboring
atoms leading to differing magnetic properties (ferromagnetism, antiferromag-
netism, diamagnetism, superparamagnetism, etc.). Bulk gold and platinum
are non magnetic but at the nano size they act as magnetic particles, how-
ever Au nanoparticles become ferromagnetic when they are capped with the
appropriate molecules such as thiols. Giant magnetoresistance (GMR) is a
phenomenon observed in nanoscale multilayers consisting of strong ferromag-
net (Fe, Co, Ni) and a weaker magnetic or non magnetic buffer(Cr, Cu). It is

1 i.e. Kelvin (nucleation kinetics) and Young-Laplace (stability of bubbles) equations represent
two well-known, everyday, examples of materials reactivity depending on the size. Furthermore,
most of the modern heterogeneous catalysis research and applications are predicated on the
enhanced reactivity of nanosized metals or oxides.
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usually employed in data storage and sensing.

Optical properties . In small nano clusters the effect of reduced dimensionality
on electronic structure has the most profound effect on the energies of highest
occupied molecular orbital (HOMO) which is valence band and the lowest
unoccupied molecular orbital(LUMO), which is essentially the conduction
band. Thus, optical absorption and emission transition energies, which
determine nanomaterials color, depend on particles’ size and shape (see Fig.1.2)
Semiconducting quantum dots devices (LED, solar cells, photodetectors, etc.)

Figure 1.2: Metallic (Gold and Silver) nanoparticles of different size. Parti-
cles’ color is related to both size and shape. From http://sciencegeist.net/
the-shape-of-things/

constitute an example of optical properties (i.e. high extinction coefficient
and plasmonic resonance) tuning based on nanoscale materials’ manipulation.
Finally, nanostructured materials can be exploited to control light scattering
properties to reduce reflection from surfaces (i.e. nanoporous silica used as
antireflective coating in solar panels).

Electronic properties The changes which occur in electronic properties as the
system length scale is reduced are related mainly to two parameters: the
increasing influence of the electrons wave-like properties (quantum mechan-
ical effects) and presence of a large amount of structural defects (i.e. ions
interstitials and vacancies, grain boundaries, etc.) due to the high surface-
to-volume ratio. For example, intrinsic electrons wave-like nature can be
exploited to achieve quantum mechanical tunnel effects between two closely
adjacent nanostructures. On the other hand, high defective surfaces can be
easily functionalized to modulate charge generation and transport properties.
These phenomena can be used to produce radically different types of compo-
nents for electronic, optoelectronic and information processing applications,

http://sciencegeist.net/the-shape-of-things/
http://sciencegeist.net/the-shape-of-things/
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such as resonant tunneling transistors and single-electron transistors, bulk
heterojunction solar cells, etc..

The size effects just described may be divided into two types, the internal and
external [37]. Internal or intrinsic size effects are determined as a change of the
properties particular to particles (i.e. lattice parameters, melting temperature,
hardness, band gap, luminescence, diffusion coefficients, chemical activity, etc.)
irrespective of external disturbances. External size effects arise inevitably and
always in the processes of interaction between different physical fields and matter
under decreasing of its building units (particles, grains, domains) down to a crucial
value, when this size becomes to be comparable with a length of physical phenom-
ena (electron diffusion length, phonons, coherent length, Debye screening length,
radiative wave length, etc.). Hence, studying the size effects in novel nanostructured
materials activated by different external fields one can hope for the discovery of
novel effects and phenomena for the development of novel nanotechnology on this
base.

Although nanotechnology is a new area of research, the history of nanomaterials
began immediately after the big bang when nanostructures were formed in the
early meteorites [38]. Nature later evolved many other nanostructures like seashells,
skeletons etc. Nanoscaled smoke particles were formed during the use of fire by early
humans. Plenty of nanomaterials uses (most of them unaware) can be found the in
Ancient World. For instance, the Chinese used gold nanoparticles as an inorganic
dye to introduce red color into their ceramic porcelains more than thousand years
ago. Roman glass artifacts contained metal nanoparticles, which provided beautiful
colors. Recently it has been found that the Maya blue paint is a nanostructured
hybrid material. The origin of its color and its resistance to acids and bio-corrosion
are still not understood but studies of authentic samples from Jaina Island show
that the material is made of needle-shaped palygorskite (a clay) crystals that form
a superlattice with a period of 1.4 nm, with intercalates of amorphous silicate
substrate containing inclusions of metal (Mg) nanoparticles. The beautiful tone of
the blue color is obtained only when both these nanoparticles and the superlattice
are present, as has been shown by the fabrication of synthetic samples. Although
studies on materials in the nanometer scale can be traced back for centuries, the
first scientific report is the colloidal gold particles synthesized by Michael Faraday
as early as 1857. Nanostructured catalysts have also been investigated for over
70 years. By the early 1940’s, precipitated and fumed silica nanoparticles were
being manufactured and sold in USA and Germany as substitutes for ultra-fine
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carbon black for rubber reinforcements. Nanosized amorphous silica particles have
found large-scale applications in many every-day consumer products, ranging from
non-diary coffee creamer to automobile tires, optical fibers and catalyst supports.
In the 1960s and 1970s metallic nanopowders for magnetic recording tapes were
developed. In 1976, for the first time, nanocrystals produced by the now popular
inert gas evaporation technique was published by Granqvist and Buhrman. Proba-
bly the most celebrated historical comment on the advancement of nanomaterials
was the public speculation by physicist Richard Feynman in 1959 at a meeting of
the American Physical Society about the effects of manipulating minuscule bits of
condensed matter in his famous talk "There’s plenty of room at the bottom" [39].
Today nanosized materials are used in numerous industries, e.g., carbon nanofibers
are used for insulation and reinforcement of composites; nano zinc oxides and titania
are used as sunblocks for UV rays, etc.. Nanoscale particles and nano thin layers
of materials are being used to make products lighter, stronger or more conductive.
Some of the products on the market using nanotechnology are (see figure 1.3):
computer hard drivers, bumpers on cars, solid state compasses, protective and glare
reducing coatings for eyeglasses and windows, automobile catalytic converters, metal
cutting tools, dental bonding agents, longer lasting tennis balls, inks, etc. Promising
applications of nanotechnology in medicine and/or biology have attracted a lot of
attention and have become a fast growing field. One of the attractive applications
in nanomedicine is the creation of nanoscale devices for improved therapy and
diagnostics [40]. Although nowadays nanomaterials are involved in every and each
aspect of materials technology, the current research of nanotechnology is still largely
driven by miniaturization of devices for the semiconductor industry. The continued
decrease in device dimensions has followed the well-known Moore’s law predicted in
1965 [41]. The trend line illustrates the fact that the number of transistor transistor
size has decreased by a factor of 2 every 18 months since 1950 (see Figure 1.4).
Examples of nanomaterials applications introduced with the (2012) 22 nm node
technology for CMOS (Complementary Metal-Oxide-Semiconductor) fabrication
are thin films (1-10 nm) [42] of high-k dielectrics2 and polymers for nano-imprint
lithography 3.

2High-k materials are insulators materials meant to overcome SiO2 limitations as MOSFET
(Metal-Oxide-Semiconductor Field Effect Transistor) dielectric. In fact, a relative dielectric
constant value higher than 3.9 (the corresponding value for thermally grown SiO2) allows for
higher drain saturation current with smaller devices and less leakage current. Most of High-k
dielectrics are Hf and Zr based oxides and silicates

3Unlike traditionally optical lithographic approaches, which create pattern through the use of
photons or electrons to modify the chemical and physical properties of the resist, Nanoimprint
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(a) Uv Sun screen. From http:
//www.vivawoman.net/2007/11/
best-sunblock-review-keys-solar-rx/

(b) Antireflective Coating. From https://en.wikipedia.
org/wiki/Anti-reflective_coating#/media/File:
Antireflection_coating_split_pic.jpg

(c) Long life tennis Wilson tennis balls. From https://www.
researchgate.net/figure/220020746_fig26

Figure 1.3: Different applications of nanomaterials in everyday life. (a) Zinc Oxide
(wide band gap semiconductor) nanoparticles are used in sun screen formulations
as UV filters. (b) Magnesium Fluoride (MgF2) thin films (refracion index 1.38) are
routinely employed as antireflective coating on crown glass. Thin film interference
(based on the refraction index matching principle) is visible when the glass is tilted.
(c) Wilson Double Core tennis balls optimized to avoid air leaking. A thin coating
of mortmollite (a clay) nanoparticles act as a sealant, making it very difficult for
air to escape the ball.
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Figure 1.4: Moore’s law graph. The actual ITRS (International Technology
Roadmap for Semiconductors, http://www.itrs2.net/) technology node is 14 nm
(he smallest feature size realizable on a chip). That corresponds to the 1.9
billions of transistors per chip. From http://www.cringely.com/2013/10/15/
breaking-moores-law/

Aside from conventional crystallyne silicon based electronics, scientific research
has been focusing on nanostructures for flexible electronics (preferebly roll-to-roll
processable) and low-cost phovoltaics. Amorphous silicon (a-Si) and nanocrystalline
silicon (nc-Si) have been extensively investigated and applied as channel materials for
thin film transistors (TFTs) to be integrated on flexible, low temperature substrates
such as polyethylene terephtalate (PET), polyethylene naphtalene (PEN), polyimide
(e.g Kapton) and polycarbonate (e.g. Lexan). New transparent conductive oxide
materials based on ZnO and SnO2 and mixed ternary and quaternary oxides have
been developed and deposited as thin film (with deposition techniques spanning from
spray pyrolysis to ink-jet printing) for ITO replacement in touch screen displays.

(soft) lithography relies on direct mechanical deformation of the resist and can therefore achieve
resolutions beyond the limitations set by light diffraction or beam scattering that are encountered
in conventional lithographic techniques. A thin resist film is mechanically modified using a
template (mold, stamp) containing the micro/nanopattern, in a thermo-mechanical or UV curing
process. Various polymeric materials, including polydimethylsiloxane (PDMS), polyurethane
acrylate (PUA), polyvinyl alcohol (PVA) and polyvinyl chloride (PVC), are used as templating
materials.

http://www.cringely.com/2013/10/15/breaking-moores-law/
http://www.cringely.com/2013/10/15/breaking-moores-law/
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Also Carbon nanotubes and graphene have been used for the same purpose and as
gate electrode and channel materials for TFTs. Conductive inks made of dispersed
metallic, carbon or conductive polymers nanoparticles have been formulated and
deposited on low cost substrate (i.e. paper) for radio frequency identification (RFID)
capacitive coupled antennas (see figure 1.5. Furthermore, many organo-metallic syn-

Figure 1.5: Schematics of an RFID tag. The copper spiral (etched and/or printed)
serves as the antenna of the device. The "chip" at the center of the tag is used to
power the device (passive RFID) by exploiting the RF signal from the reader and
also to generate a clock for the tag’s digital logic. From http://rob.sh/post/8/

thesis methodologies (Grignard reaction, organoboron cross-coupling polymerization,
Stille reaction, etc.) have been optimized to produce and dope polythiophene based
polymers, "low-frequency" (13.56 MHz) to employ in organic thin film transistors
(O-TFT) for RFID applications [43]. Besides, O-TFT can be used to fabricate back-
plane electronics for a large variety of optoelectronic flexible devices such as active
matrix liquid crystals diplays (AMLCD), electrophoretic displys, conformal "skin"
sensors for Hydrogen, sheet type Braille sensors, actuators, etc. Finally, copper
and zinc phtalochanine, pentacene, fullerenes, 3,4,9, 10-perylenetetracarboxylic bis-
benzimidazole, poly(2-methoxy-5-(3’, 7’dimethyloctyloxy)-1,4-phenylene-vinylene)
(MDMO-PPV), regioregular poly(3-hexylthiopene) (RR-P3HT), etc. have been
investigated together with nanostructured inorganic materials (ZnO, TiO2, CuO,
etc.) to realize organic or hybrid organic-inorganic inexpensive bulk heterojunction
(BHJ) solar cells.

This thesis deals with nanomaterials for two particular kinds of RFID and

http://rob.sh/post/8/
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hybrid organic-inorganic solar cells: antennas for chipless RFID systems to use in
ions detection and Dye Sensitized Solar Cells (DSSCs).

1.3 Nanomaterials classification

Numerous nanomaterials classifications have been proposed along the years.
However, the two most renowned classifications are either based on the aggregation
state of the nanomaterial or on their dimensionality. Usually, aggregation state
classification distinguishes between hard materials (in the nanoscale) and colloids
(soft) [44]. Hard materials can be further divided into three categories. The first
category is comprised of materials and/or devices with reduced dimensions and/or
dimensionality in the form of isolated, substrate-supported or embedded nanometer-
sized particles, thin wires or thin films. The techniques that are most frequently
used to produce this type of microstructure are chemical vapor deposition (CVD),
physical vapor deposition (PVD), various aerosol techniques, and precipitation
from the vapor, supersaturated liquids or solids [45]. Well-known examples of
technological applications of materials the properties of which depend on this type
of microstructure are catalysts and semiconductor devices using single or multilayer
quantum well structures. The second category is comprised of materials and/or
devices in which the nanometer-sized microstructure is limited to a thin surface
region of a bulk material. PVD, CVD, ion implantation and laser beam treatments
are the most widely applied procedures to modify the chemical composition and/or
atomic structure of solid surfaces on a nanometer scale. Surfaces with enhanced
corrosion resistance, hardness, wear resistance or protective coatings are examples
taken from today’s technology in which the properties of a thin surface layer are
improved creating a nanometer-sized microstructure. Another example of such
as materials are patterns in the form of an array of nanometer-sized islands (e.g.
quantum dots) connected by thin(nanometer-scale) wires. Patterns of this type
may be synthesized by lithography, by means of local probes (e.g. the tip of a
tunneling microscope, near-field methods, focused electron or ion beams) and/or
surface precipitation processes. Such kind of processes and/or devices are expected
to play a key role in the production of the next generation of electronic devices
such as highly integrated circuits, terabyte memories, single electron transistors,
quantum computers, etc. The third category is comprised of bulk solids with
a nanometer-scale microstructure [40]. These are solids in which the chemical
composition, the atomic arrangement and/or the size of the building blocks (e.g.
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Figure 1.6: Classification of dispersed systems according to W. Ostwald [49]. The
central column includes foams, emulsions and suspensions the are particularly
interesting for materials science synthetic applications. Adapted with permission
from [47].

crystallites or atomic/molecular groups) varies on a length scale of a few nanometers
throughout the bulk. Needless to say, those kind of materials are the most employed
in materials science research and in particular in the present thesis.
Colloidal dispersions (the second group of nanomaterials according to the aggre-
gation state classification) are two-phase systems consisting of a disperse phase
(for example a powder) finely distributed in a dispersion medium (see Figure 1.6
[46]). Sols and emulsions are the most important types of colloidal dispersions
from the industrial point of view [47]. The fine distributions of solids in a liquid
formerly known as sols (the expression sol was used to distinguish colloidal from
macroscopic suspensions) are now called suspensions or simply dispersions. Unlike
these, emulsions consist of liquid droplets distributed in an immiscible liquid dis-
persion medium. In the first place colloids are classified according to the nature of
the dispersed phase and the dispersing medium (i.e. emulsion = dispersion of two
immiscible liquids, foam = gas dispersed into a solid or liquid phase, etc.) rather
than by the size of the dispersed phase [48]. Figure 1.6 illustrates the original
classification of dispersed systems by Ostwald [44]. 4. Colloids size discrimination

4Some typical "colloidal" systems, not necessarily nanostructured, that can be encountered in
everyday life are mud, clay, and toothpaste (slurries, dispersion of solids in liquids); milk, butter,
mayonnaise, asphalt, cosmetic creams (emulsions); fog, spray, vapor, tobacco smoke, aerosol
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distinguishes between particle sizes of the colloidal dispersion state on the one hand
and those of smaller molecules and of coarse heterogeneous systems on the other.
These size ranges are only guidelines; in some special cases, such as suspensions
and emulsions, particles of diameter greater than 1 µm are generally present. The
threshold at which colloidal behavior becomes the behavior of a molecular solution
lies at about 1 nm.
Special kind of colloids, not included in the original Ostwald classification are
microemulsions, association colloids and gels. IUPAC defines microemulsion as
Dispersions made of water, oil, and surfactant(s) that is an isotropic and thermody-
namically stable system with dispersed domain diameter varying approximately from
1 to 100 nm, usually 10 to 50 nm [35]. However, the principal distinction between
a microemulsion and an ordinary emulsion is neither the size of the droplets nor
the degree of cloudiness, but the facts that microemulsions form spontaneously,
that their properties are independent of the manner in which they were produced,
and that they are thermodynamically stable. Ordinary emulsions, in contrast,
require mechanical or chemical work for their production, so that at best they are
kinetically stable, that is, the droplets are protected from coalescence. The concept
of thermodynamic stability extends to association colloids also. In fact, certain
substances can form colloidal associations spontaneously, owing to their particular
molecular structure. These association colloids (e.g. spherical micelles) are distinct
from other substances in that they are in a state of unrestricted thermodynamic
equilibrium. Solutions of surface-active substances have unusual characteristics. At
a certain concentration, some of their physical properties change abruptly, for ex-
ample osmotic pressure, electrical conductivity, and surface tension. The abnormal
behavior of the solution can be explained in terms of the formation of organized
aggregates, or micelles. The concentration at which micelle formation becomes
observable is known as the critical micelle concentration, CMC [50]. Above the
CMC, the micelle is the thermodynamically stable form, although it is in equilibrium
with single molecules and oligomers. As a result of micelle formation, the thermal
behavior of tensides differs from that of other low molecular weight compounds. At
low temperatures, the solubility changes little initially, but as the temperature rises
to a point characteristic for that substance, the Kraft point, the solubility increases
sharply as a result of micelle formation. As an example, sodium dodecyl sulphate 2
and 5 wt% aqueous solution used as mobile phase for chirality separation of CNTs

sprays, flue aerosols gases (liquid or solid aerosols); opals, pearls, colored glass, solid dispersions
pigmented plastics (solid dispersions); blood (bio-colloids), ect.
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represent a tenside system above its CMC.
A liquid phase dispersed in a solid medium is known as a gel, but this formal
definition does not always convey the full sense of the nature of the "solid". The
latter may start out as a powdery or granulated material such as natural gelatin or
a hydrophilic polymer, but once the gel has formed, the "solid" part is less a "phase"
than a cross-linked network that extends throughout the volume of the liquid,
whose quantity largely defines the volume of the entire gel. Usually, thickeners
(i.e. hydrocolloids such as gelatin, casein, pectin, gum arabic, alginic acids and
synthetic polymers suitable for stabilizing aqueous suspensions such as poly-vinyl
alcohol, polyvinylpyrrolidone, polyacrylamide, poly-styreneeoxyethylene, poly-viny1
alcohol-vinyl acetate), are added to dispersions for increasing the viscosity of the
suspension medium, and to form three-dimensional gel structures [51]. Many gels
display thixotropy, they become fluid when agitated, but re-solidify when resting.
By replacing the liquid with gas it is possible to prepare aerogels, materials with
exceptional properties including very low density, high specific surface areas, and
excellent thermal insulation properties. Unlike the thermodynamically stable asso-
ciation colloids, microemulsions (and solvated macromolecules), other colloids are
thermodynamically unstable. For instance, all the screen printing pastes formulated
and used in this thesis are ultimately thermodynamically unstable dispersions
(suspensions), kinetically stabilized by dispersants and polymers (binders). The
other classification of nanostructured materials and systems essentially depends on
the number of dimensions which lie within the nanometer range:

• 3D-systems confined in three dimensions, e.g. structures typically composed
of consolidated equiaxed crystallites.

• 2D-systems confined in two dimensions (e.g. filamentary structures where the
length is substantially greater than the cross-sectional dimension)

Three-dimensional structures or bulk materials with a nanometer-sized microstruc-
ture are assemblies of nanometer-sized building blocks or grains that are mostly
crystallites [52]. These building blocks may differ in their atomic structure, their
crystallographic orientation and/or their chemical composition. If the building
blocks are crystallites, incoherent or coherent interfaces may be formed between
them, depending on the atomic structure, the crystallographic orientation and/or
the chemical composition of adjacent crystallites. In other words, materials as-
sembled of nanometer-sized building blocks are microstructurally heterogeneous
consisting of the building blocks (e.g. crystallites) and the regions between adjacent
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(a) Schematic representation (b) SEM Micrography

Figure 1.7: (a) Schematic representation of a 3-D nanostructured material composed
of crystallites separated by grain boundaries. (b) Micrograph of SnO2-MnO
polycrystalline ceramic. Presence of Mn2SnO4 precipitates are evident at the grain
boundaries triple point. Phase separation may occur on oxide systems (or in alloys in
general) and is related to the of ionic radius and the atomic percentage of the foreign
atom introduced into the host matrix structure. From https://en.wikipedia.org/

building blocks are called grain boundaries. The schematic model and a SEM micro-
graph of a nanostructured 3-D material is shown in figure 1.7. Grain boundaries are
2D defects in the crystal structure, and tend to decrease the electrical and thermal
conductivity of the material (by electron or phonon scattering). Furthermore,
most grain boundaries are preferred sites for the onset of corrosion and for the
precipitation of new phases from the solid. They are also important to many of
the mechanisms of creep. However, the presence of grain boundaries, which means
small average crystallites size, increases the surface area available for nucleation
and chemisorption. Besides, grain boundaries, along with other crystallographic
defects (i.e. vacancies and dislocations) constitute a preferred site for catalytic
activity [52], [53].
Most of the research concerning third generation solar cells and nanostructures
for opto-electronics in general is dedicated (included the present thesis) to develop
materials possessing a high specific surface area for light absorption and retaining
good charge transport properties at the same time.

1.4 Techniques for synthesis of nanomaterials

here are two general approaches to the synthesis of nanomaterials and the
fabrication of nanostructures: the bottom-up approach and the top down approach.
The former includes the miniaturization of materials components (up to atomic
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level) with further self-assembly process leading to the formation of nanoparticles
[40]. Typical examples are quantum dot formation during epitaxial growth and
formation of nanoparticles from colloidal dispersion. Top-down approaches use
larger (macroscopic) initial structures, which can be externally-controlled in the
processing of nanostructures. For instance, milling is a typical top-down method
for making colloidal dispersions of nanoparticles. Usually bottom up approaches
belong to the materials science field, while top-down approaches are widely em-
ployed in formulation chemistry5. Sometimes, the two synthetic approaches can be
used in conjunction and it is hard to distinguish between the two methodologies.
Lithography in semiconductor industry, for example, may be considered a hybrid
approach, since the growth of thin films is bottom-up whereas etching is top-down.
Nanostructures, in particular nanoparticles, can be synthesized in many different
ways that can be grouped in three categories:

• Gas phase processes including vapor deposition (physical and chemical), flame
pyrolysis, high temperature evaporation and plasma synthesis.

• Liquid phase methods in which chemical reactions in solvents lead to the
formation of colloids or aerosols. Electrodeposition, sol-gel and hydrothermal
methods belong to this class.

• Solid phase processing: solid state reactions, grinding, milling and alloying.

1.4.1 Gas phase methods

Vapor phase methods

Vapor phase deposition can be used to fabricate thin films, multilayers, nan-
otubes, nanofilaments or nanometer-sized particles. The general techniques can
be classified broadly as either physical vapor deposition (PVD) or chemical vapor
deposition (CVD). PVD involves the conversion of solid material into a gaseous
phase by physical processes by different physical processes (cathodic arc deposition,
electron beam beam physical vapor deposition, pulsed laser deposition, thermal
evaporative deposition); the material is then cooled and re-deposited on a substrate
with perhaps some modification, such as reaction with a gas [45]. A schematics of
the steps involved in the PVD are illustrated in figure 1.8 Sputtering is a physical

5Formulation chemistry is the branch of manufacturing that addresses substances that do not
react with each other, but have desirable properties as a mixture. Paints, varnishes, cosmetics,
petroleum products, inks, adhesives, detergents, pesticides, pharmaceutical drugs are just a few
example of formulations obtained by top-down methods.
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Figure 1.8: PVD process flow diagram. The specific deposition technique (electron
beam, laser ablation, thermal evaporation, etc.) is chosen on the basis of the
particular application and volatility of the target. For example, low melting point
(high-volatile) metals such as aluminum are evaporated with resistive heating under
vacuum, whereas refractory materials group V and VI carbides are laser ablated.

vapor deposition method where materials are vaporized from a solid surface by
bombardment with ions of inert gas from sputter sources like an ion gun or hollow
cathode plasma sputter. Plasma is created by the application of a large DC or
RF potential between two parallel plates. In CVD processes, vapor is formed in
a reaction chamber by pyrolysis, reduction, oxidation or nitridation, dispropor-
tionation, hydrolysis and chemical transport and then deposited on the surface.
Countless variation have been introduced to the original Vapor-Phase Transport
(VPT) concept that constitute the base for all the CVD. VPT, sometimes called
chemical transport reaction, relies on the conversion of non volatile solids into
volatile compounds by setting the proper thermodynamic condition to favor gas
species formation and solid re-deposition. For example, in an exothermic reaction,
like the formation of refractory metals halides, the solid is converted into a volatile
compound (an iodide for instance) in the "cool" zone of the reactor; then the reaction
is "reversed" leading to solid re-deposition in the "hot" zone of the reactor. The Van
Arkel-deBoer process (dated 1925) for purification of group IV metals (Ti, Zr, and
Hf) is one of oldest and well know examples of VPT. A schematic description of
the Van Arkel-deBoer method is provided in figure 1.9 Catalytic CVD and High
pressure carbon monoxide disproportion (the Boudouard reaction) for synthesizing
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Figure 1.9: Van Arkel-deBoer VPT method for group IV metals purification.
Ti, Zr, or Hf are heated up under vacuum in presence of iodine: TiI4, ZrI4 or
HfI4 are formed and vaporized, whereas the impurities remain in the solid phase.
The reduced pressure is necessary to decrease the boiling points of the MI4 com-
pounds. The gaseous metal tetraiodide is decomposed on a white hot tungsten fil-
ament. From https://en.wikipedia.org/wiki/Crystal_bar_process#/media/
File:Van-Arkel-de-Boer-Verfahren.svg

carbon nanotubes are predicated on the same concept of unbalancing a chemical
equilibrium towards either the reactants or the products.
Nowadays, vapor phase epitaxy (VPE), plasma enhanced chemical vapor deposition
(PECVD), and metal-organic chemical vapor deposition (MOCVD), have assumed
a great deal of technological importance in the fabrication of a number of opto-
electronic and high speed electronic devices. MOCVD is particularly interesting for
his versatility and the similarities (i.e. the chemical nature of the precursors) with
solution methods such as Sol-gel. Much of the appeal of MOCVD lies in the fact
that readily transportable, high purity organometallic compounds can be made for
most of the elements that are of interest in the epitaxial deposition of doped and
undoped compound semiconductors, mostly III-V and II-VI semiconductors. In
fact, The growth of Al-bearing alloys (difficult by chloride vapor phase epitaxy due
to thermodynamic constraints)and P-bearing compounds (difficult in conventional
solid source molecular beam epitaxy, MBE, due to the high vapor pressure of P) can
be easily carried out by MOCVD. The III-V and II-VI compounds and alloys are
usually grown using low molecular weight metal alkyls such as dimethyl cadmium,
or trimethyl gallium] as the metal (Group II or Group III) source. The non-metal
(Group V or Group VI) source is either a hydride an organometallic such as trimethyl

https://en.wikipedia.org/wiki/Crystal_bar_process##/media/File:Van-Arkel-de-Boer-Verfahren.svg
https://en.wikipedia.org/wiki/Crystal_bar_process##/media/File:Van-Arkel-de-Boer-Verfahren.svg
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antimony or dimethyl tellurium. The precursors are introduced as vapor phase
constituents into a reaction chamber at approximately room temperature and are
thermally decomposed at elevated temperatures by a hot susceptor and substrate
to form the desired film in the reaction chamber. Furthermore, MOCVD permits
to use complex organic precursors such alkoxides and β-diketonate allowing for the
formation of oxides possessing different electrical properties.6 Flame pyrolysis is
widely used in the production of carbon black, fumed silica, titanium dioxide and
many other materials [54]. In this process flame heat is used to initiate the chemical
reactions. The disadvantage of this method is that it usually yields agglomerated
particles. However, the crystallites size can be easily controlled by adjusting the
percursor flow rate. Furnace flow reactors (see figure 1.10) are the simplest systems
used to produce saturated vapor for substances having a large vapor pressure (i.e.
TiCl4) at intermediate temperatures. In these systems a crucible containing the
source material is placed in a heated flow of inert carrier gas. Materials with low
vapor pressure can be fed in as suitable precursors.

Figure 1.10: Schematic diagram of a flame pyrolysis.

1.4.2 Liquid Phase synthesis

Precipitating nanoparticles from a solution of chemical compounds can be
classified into six major categories:

1. colloidal methods.
6A classical example of the MOCVD versatility for oxides systems is the praesodimium oxide

employed as dielectric for semiconductor devices. Pr6O11 is the most thermodynamically stable
oxide but is characterized by a low value of dielectric constant. On the other hand, PrO2 and
Pr2O3 possess improved dielectric properties but can be deposited only by using alkoxides and
β-diketones.
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2. sol-gel processing.

3. water-oil microemulsions method.

4. hydrothermal (or solvothermal) synthesis.

5. polyol method.

6. electrodeposition

Sol-gel and hydrothermal (and solvothermal) synthesis are described in further
details in the following sections because were used for TiO2 synthesis in this thesis.

Sol-gel synthesis

Sol-gel technology is a well-established colloidal chemistry technology, which
offers the possibility to produce various materials with novel, predefined properties
in a simple process and at relatively low production cost [55]. As explained in
section 1.3 "sol" is a name of a colloidal dispersions made of solid particles few
hundred nm in diameter, suspended in a liquid phase. The gel can be considered
as a solid macromolecule immersed in a solvent. Thus, in general terms, the sol-gel
process consists in the chemical transformation of a liquid (the sol) into a gel-state
and with subsequent post-treatment and transition into solid oxide material. Figure
1.11 shows the fundamental steps involved in a sol-gel synthesis and all the possible
routes bringing to materials of different consistence. First stage of the sol-gel
process is the preparation of the precursor solution. Precursors play a key role in
sol-gel technology directly affecting the porosity, refractive index, hardness and
other performance characteristics of the resultant material. The precursor can
be inorganic, but more often metal organic precursors are used. Common metal
organic precursors are metal alkoxides: M(OR)y), where R stands for an alkyl group.
In a typical sol-gel process, the precursor is subjected to a series of hydrolysis and
polymerization reactions to form a colloidal suspension (the sol). For example, in
the case of metal alkoxides, it is dissolved in alcohol and then the water is added
under acidic, neutral or basic conditions. The addition of the water leads to a
hydrolysis in which the alkoxide ligand is replaced with a hydroxyl (a nucleophilic
reaction) liquid:

M(OR)y + xH2O ⇒M(OR)y−xOH + xR(OH) (1.1)
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Figure 1.11: Sol-gel synthesis and its final products. From https://en.wikipedia.
org/wiki/Sol-gel#/media/File:Sol-Gel_Scheme.svg

The chemical reactivity of metal alkoxides is related to the R: the larger the R, the
slower the hydrolysis of metal alkoxides. Metal alkoxides are very moisture-sensitive
(except silicon alkoxides) and require special handling environments. There are also
more stable precursors developed like e.g. metal carboxylate, metal dialkylamides,
amorphous and crystalline colloidal sol solutions, and organic/inorganic hybrids.
They are not moisture-sensitive, easy to use, and produce good coatings. Next
stage of the sol-gel process after the preparation of the precursor solution is a
condensation reaction in which particles condense in the gel phase. For metal
alkoxides, condensation occurs when either hydrolyzed species react with each other
and release a water molecule, or a hydrolyzed species react with an unhydrolyzed
species and release an alcohol molecule. In both cases polymers composed of M-O-M
bonds are produced. Subsequent processes following gel formation involve its aging
(increasing of gel reticulation degree) and drying to remove the solvent. Gels can be
cast and molded to form a microporous pre-form and dried to produce a monolithic
bulk material (e.g. a xerogel or an aerogel) that can be used to form filters and
membranes. The interconnected nanoscale porosity in the dried gel can be filled

https://en.wikipedia.org/wiki/Sol-gel##/media/File:Sol-Gel_Scheme.svg
https://en.wikipedia.org/wiki/Sol-gel##/media/File:Sol-Gel_Scheme.svg
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via incorporation of a second material using techniques such as liquid infiltration or
chemical reaction in order to obtain nanocomposites. Sols can also be spin coated
or dipped to produce thin (typically 50-500 nm) films on substrates. Next stage is
a gelation (densification) of the layer by solvent evaporation and finally annealing
to obtain the oxide coating. Alternately, fibers can be drawn from the gel (e.g.,
silica fibers for light transmission).

Hydrothermal-solvothermal synthesis

The hydrothermal technique has been most popular, garnering interest from
scientists and technologists of different disciplines, particularly in the last thirty
years. The term hydrothermal is purely of geological origin. It was first used by the
British Geologist, Sir Roderick Murchison (1792-1871), to describe the action of
water at elevated temperature and pressure in bringing about changes in the earth’s
crust leading to the formation of various rocks and minerals. From the materials
science stand point hydrothermal syntheses are defined as reactions occurring under
the conditions of high-temperature-high-pressure (>100oC, >1 atm) in aqueous
solutions in a closed system. More generally, solvothermal reaction means any
chemical in the presence of a solvent in supercritical or near supercritical conditions.
The purpose behind using any solvent other than water in the chemical reactions is
essentially to bring down the pressure-temperature conditions. Hydrothermal (and
solvothermal) synthesis are performed in autoclaves which are pressure chambers
used to carry out processes requiring elevated temperature and pressure different
from ambient air pressure (see Figure 1.12 [56]). Under hydrothermal conditions,
the reactants which are otherwise difficult to dissolve go into solution as complexes
under the action of mineralizers or solvents. Hence, one can expect the conditions
of chemical transport reactions to the aforementioned Van Arkel-deBoer process.
Therefore, some workers even define hydrothermal reactions as special cases of
chemical transport reactions. Owing to the specific physical properties, particularly
the high solvation power, high compressibility, and mass transport of these solvents,
one can also expect the occurrence of different types of reactions like:

• Synthesis of new phases or stabilization of new complexes.

• Crystal growth of several inorganic compounds.

• Leaching of ores in metal extraction.

• Decomposition, alteration, corrosion, etching.
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• Preparation of finely divided materials and microcrystallites with well-defined
size and morphology for specific applications.

Needless to say, the last case is particularly important for the synthesis of nanos-
tructured particles. Nanopowders are normally produced by means of either high

Figure 1.12: Schematic diagram of hydrothermal-solvothermal synthesis setup: (1)
stainless steel autoclave (2) precursor solution (3) Teflon liner (4) stainless steel lid
(5)

temperature hydrolysis reactions of various compounds directly in the autoclave or
hydrothermal treatment of reaction products at room temperature; the latter case
is based on the sharp increase in the rate of crystallization of many amorphous
phases in hydrothermal conditions. In the first case the autoclave is loaded with
aqueous solution of precursor salts, in the second case, with suspension of prod-
ucts derived from solution reactions flowing under normal conditions Substantial
enhancement of the hydrothermal method facilitates the use of additional external
factors to control the reaction medium during the synthesis process. As of now, this
approach is implemented in the hydrothermal-microwave, hydrothermal-ultrasonic,
hydrothermal-electrochemical and hydrothermal-mechanochemical synthesis meth-
ods.

1.4.3 Solid state phase synthesis

Milling

One of the nanofabrication processes of major industrial importance is the
high-energy ball milling, also known as mechanical attrition or mechanical alloying.
In contrast to previous two groups (gas phase and liquid phase synthesis), where
particles were produced in bottom-up processes, mechanical methods are based
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on top-down (size reduction) processes like attrition and disintegration of larger
particles. When particle size lies in nanometer range, terms ultra-fine grinding
or nanosizing are often used for the process. Mechanical attrition methods give
very high production rates (up to tons per hour) and are widely used for industrial
production of clay, coal and metal powders. The production process often involves
wet milling in milling chamber with rotating perforated plates. Wet milling results
in suspensions that need to be stabilized either electrostatically (by adjusting the
PH for example) or sterically (by adding protective colloids for example) or both
(by adding polyelectrolytes) to prevent particle recombination due to increasing
particle-particle interactions. Although over 99% of the energy used in grinding is
lost to friction, nearly all industrial production of nanosized colloidal dispersions
and suspensions relies on comminution, usually wet grinding. The procedure of
dispersion can be split into three steps:

• wetting of the powder

• comminution and distribution of the particles (deagglomeration)

• stabilization of the particles

For optimal dispersion, the powder from which the dispersion is to be manufactured
must be completely wet. Good wetting agents must cause complete wetting (contact
angle between solid and liquid phase close to zero) with rapid equilibrium and
in low concentrations, without depressing excessively the liquid surface tension.
The concentrations in which wetting agents are used lie in the range of the CMC,
for example 0.2% for sodium dodecil sulfate. Furthermore, some wetting agent
(mostly polyelectrolytes when water is used as dispersion and grinding medium)
can act also as deflocculants. In fact, when a substance is ground, an equilib-
rium is achieved: the fine particles produced gather together into agglomerates
or flocs because of their increased surface energy. Thus, deflocculants must be
added to prevent particles from re-agglomerating. A distinction must be made
between crystalline and agglomerated materials: crystalline materials are usually
harder to pulverize and require grinding aids, such as polyacrylates, acrylamides,
polystyrenesulfonates, or abietic acid derivatives . Agglomerated powders are easier
to pulverize; the process is usually not really one of grinding but one of separation of
the agglomerated particles. The primary particles or fragments thus formed must be
prevented from reagglomerating or flocculating; this is the purpose of deflocculants.
Most deflocculants are charged tensides that adsorb onto the particles and cause
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repulsion between them. Their charge must be of the same sign as the charge
on the particles. When the charges have opposite signs, flocculation occurs. On
adsorption, the hydrophobic tails of the tensides are located in the area known as
the Stern layer (double layer theory). Both anionic (i.e. dodecylbenzenesulfonate,
isopropylnaphthalenesulfonate, diamylsulfosuccinate) or cationic (Dodecyltrimethy-
lammonium bromide, cetyltrimethylammonium bromide) deflocculants are routinely
used. Polyelectrolytes such as the condensation product of naphthalenesulfonic
acid and formaldehyde, sodium dinaphthylmethanedisulfonate and lignin can act as
wetting agents, deflocculants and dispersants. Then, after grinding, the dispersion
has to be stabilized. A "stable dispersion" is one in which the total number and
size of the particles in the dispersion does not change over time. Dispersants
are used to stabilize dispersions. Usually a dispersant is meant for electrostatic
stabilization, steric stabilization or both. Briefly, electrostatic repulsion can be
effectively exploited in aqueous solution where the high dielectric constant of the
continuous phase allows for a great extension of the diffuse double layer; conversely
dispersion stabilization in organic media mainly relies on steric repulsion. A large
number of dispersants are available for stabilization of aqueous dispersions 7. Most
of them possess multiple charges (polyelectrolytes) and a long hydrophobic chain
that preferentially adsorbs at the solid surface in aqueous suspensions. Hence,
the general rules for the design of a dispersant in water borne systems predict
the necessity of several ionic groups (multiple charges), which are distributed over
the entire molecule, and hydrophobic groups with polarizable structures such as
aromatic rings and ether groups instead of hydrocarbon chains. This is the reason
why small molecular weight tensides (alkali metals, ammonium, or chloride salts
of stearate, palmitate and oleate, morpholinium salt of fatty acids, succinnate
esters, etc.) are effective as wetting agents and deflocculants but ineffective as
dispersants. Furthermore, the usual tensides are not suitable for stabilization of
electrically charged particles. If the particles and the tenside have opposing charges,
flocculation occurs [57]. On the surface, now neutralized, a second layer can be
adsorbed. However, this results in ineffective stabilization, since the second layer
is easily removed. If the particles and the tenside have the same charge sign,
adsorption of the polar head of the tenside onto the particle surface is hindered by

7Besides the classification based the electrical charge (anionic, cationic or non-ionic) dispersants
are also classified according to their synthetic route: Natural (polysaccarides such as gum arabic
and alginic acid), semi-synthetic (cellulose ethers, esters and lignine sulfonates), and synthetic
(polyethyle glycols, polyvinyl alcohols, polyvinyl pirrolidones, polystirene sulfonates, polyacrilates,
polymetacrylates, etc.).
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electrostatic repulsion, and the non-polar groups of the tenside are oriented towards
the water. Stabilization is possible only at high tenside concentrations (like the
aforementioned 5% SDS solution used for carbon nanotubes chirality separation).
In non-aqueous dispersions with low dielectric constant coulombic repulsion is
usually ineffective (because of the small Debye screening lenght) for stabilization
and a layer of steric protection is needed. Furthermore, in organic media disper-
sions, particle size has an interesting influence on stability, in contrast to the case
wof aqueous systems, in which particle size is of only secondary importance. In
water, near the flocculation point the range of electrical forces is generally small in
comparison with the particle size, so the decisive forces and energies can come into
play in the region of the closest approach of the two particles [58]. The average
particle size is therefore only of secondary importance. In non-polar media, we can
expect electrostatic repulsion to extend over a large volume and steric repulsion
to rise sharply at small distances between particles. The electrostatic repulsion
is approximately proportional to the square of the charge on the particle. For a
constant surface potential, it decreases with particle size, and for small particles
may not be able to overcome the van der Waals force (attractive forces between
particles). Steric repulsion, on the other hand, is only sufficient to keep the particles
a certain distance apart from one another. The van der Waals force increases with
the size of the particle . It follows that, for the stabilization of coarse particles
(micron-sized), electrostatic repulsion is more effective than steric, whereas for very
small particles (submicron range) the relationship is reversed. Most dispersants for
non-polar media are specific to a particular system. There are no generally effective
dispersants suitable for stabilization of a wide variety of solids in organic media
like, say, lignin sulfonates or dinaphthylmethanedisulfonates in aqueous systems.
Effective dispersants for non-aqueous dispersions must meet the following criteria:
they must interact strongly with both the particles and the dispersion medium,
that is, adsorb strongly onto the particle surfaces and be readily soluble in the
solvent. Therefore, they must have anchor groups that adsorb onto the solid and
solvated groups that, in the form of loops and trailing tails, create a sufficiently
thick layer to prevent attraction between the particles. There should also be a
mechanism for charge transfer between the dispersant and the particle surface
so that, on top of the steric repulsion, electrostatic repulsion is active. A wide
variety of tensides and polymers are suitable for use as dispersants for dispersions
in organic media, depending on the solid (polycaprolactones, polyureas, block
copolymers such as polystirene-polybutylstirene, polystirene-polyacrylonitrile, etc.).
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When it is necessary to prepare colloidal dispersions of metal oxides or sulfides
alkyl modified polyvinil pyrrolidones, block copolymers of propylene oxide and
ethylene oxide (Pluronics) and a class of "hyperdispersants" going under the name
of Disperbyks (from Byk corporation) come into consideration. Disperbyks (but
also Solsperse by Avecia) are called hyperdispersants because they provide multiple
anchor groups to bind on particles surface. Disperbyk family includes ammonium
salts of acrylate co-polymers, solutions of hydroxyfunctional carboxylic acid esters,
block co-polymer polyesthers of phosporic acid, etc. In our case, for example, we
used a Pluronic dispersant for directing the structure formation and stabilizing
TiO2 nanoparticles in ethanol; whereas a Disperbyk dispersant was used to stabilize
ITO and aluminum doped zinc oxide in an ethanol/terpineol screen printing paste.
Finally, a thickener is usually added to the stable colloidal dispersion either to avoid
sedimentation (caking) or to confer special rheological properties to a dispersion (i.e.
make a dispersion printable with a specific printing technique). Thickeners increase
dispersions’ viscosity (compensating for the density difference between the particles
and the disperding media) thus preventing particle settling. A countless number of
thickeners have been developed over the years and they span from cellulose and
starches derivatives to ethoxylated castor oil to gums (locust bean gums, xanthan
gum, guar gum etc.), to clays (mortmollite and betonite derivatives) to polyvinil
alkyl aldehyde resins (like the polyvinyl butyral used for the ITO dispersions in the
present thesis.)

Solid state reaction route

Reactions between or within solid reactants to yield a solid product are proto-
typical of solvent free reactions. The all rely on the synthesis of polycrystalline
(because of the high temperatures involved, from 800 to 1500 oC) from a mixture
of solid reactants [53]. The main difference with liquid phase syntheses is that
diffusion of the precursors is hindered in the solid state. Thus diffusion rate is
improved by:

• increasing the temperature

• introducing defect by starting with reagents that decompose prior or during
the synthetic reaction such as carbonates and nitrates.

Furthermore, intimate contact between crystallite (usually achieved by pelletizing
the reaction mixture) is required. Although of great importance for the industrial
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synthesis of ceramics, solid state synthesis will not discussed in further details
because not directly related to this thesis.



Chapter 2

Photovoltaics cutting edge

2.1 Photovoltaics: definitions

2.1.1 Renewable energy

Among the many energy production and interconversion systems, renewable
energy has been gathering interest since the 1970s energy crisis. Renewable energy is
defined as energy collected from resources that are naturally replenished on human
timescale. The interest in renewable energy has been sparked by the following
reasons:

• Most of the G7 (world’s most advanced economies) countries and many
developing nations have reached and surpassed the peak oil. This term
identify (according to the Hubbert’s theory) the maximum extraction rate of
petroleum (and fossil fuels in general) after which it is expected to decline.

• Fossil fuels price is profoundly affected by political and military events in
"unstable" areas of the planet (Middle East, Central Asia, South America,
see figure 2.1). The 1973 oil embargo by the OAPEC (Organization of Arab
Petroleum Exporting Countries) 1 following the Yom-Kippur war is credited
for being the beginning of large scale scientific research and commercialization
of renewable energy systems.

• Environmental issues connected to fossil fuel extraction, delivery and con-
sumption. For instance, the explosion of the BP Deepwater Horizon drilling

1The OPEC (Organization of Petroleum Exporting Countries) is an international organization
founded in 1960 in Baghdad and group 14 of the major oil producers (i.e. Saudi Arabia, Venezuela,
Iraq, Iran, etc.). The OAPEC is comprised of the Arab countries belonging to the OPEC together
with Egypt and Syria.

44
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Figure 2.1: Crude oil price (1947-2011). Barrel’s price peaks overlap with political-
military crises (i.e. Yom-Kippur war, Iran Revolution, first Persian Gulf War, etc.)
in the Middle East. The price per barrel is normalized for the 2010 U.S. dollar
stock exchange value. Brent crude’s cost (oil extracted in the North Sea) serves
as main benchmark price for international oil purchase. From http://www.wtrg.
com/prices.htm

rig, in 2010, is estimated to have spilled 4.9 million of crude oil barrels into
the Mexican Gulf. Furthermore, combustion of fossil fuels produces large
amounts of gaseous pollutants. A typical coal power plant produces every
year:

3.5 million tons of CO2, which is the principal greenhouse gas largely re-
sponsible for the global warming effect.

720 tons of CO (short-lived greenhouse gas) aggravating general health
conditions of people suffering from cardiovascular diseases.

14,100 ton of sulfur oxides (SOx) or 7,000 tons if flue gas desulfurization
is performed. Sulfurous anhydride (SO2) in particular, is one of the main
causes of acid rains.

500 tons of particulate matter causing respiratory system’s pathologies.

http://www.wtrg.com/prices.htm
http://www.wtrg.com/prices.htm
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10,300 tons of nitrogen oxides (NOx) stemming from both atmospheric
nitrogen oxidation during high temperature combustion processes and
nitrogen containing residues (mainly heterocyclic compounds) in the
coal. NOx undergoes to photochemical degradation increasing the ozone
ground levels with harmful effects on human respiratory system (i.e.
alveoli inflammation) and certain materials (synthetic and natural rub-
bers).

220 tons of uncombusted hydrocarbons that are released as volatile or-
ganic compounds (VOCs) and promote NOx photodegradation.

150 Kg of heavy metals (As, Cd, Pb, etc) stemming form ashes.

• Finally, energy interconversion through fossil fuel belongs to the thermoelec-
tric power generation systems. It implies that electrical power is produced
through the following steps:

chemical energy ⇒ heat ⇒ mechanical energy ⇒ electrical power

The first two step constitute the "bottleneck" of the all process. In fact,
limitations on the calorific value of the fuels and the Carnot limit for the heat
conversion into mechanical energy restrain fossil fuel power plants efficiency
to 20-30 %.

However, power generation from fossil fuels has some advantages compared to
renewable energy:

1. Technologies and infrastructures for fossil fuels based electrical power gener-
ation are largely available all over the world and are accessible even to the
developing countries.

2. Fossil fuels energy density is larger than renewable energy sources and storage
devices (i.e. batteries, capacitors, supercapacitors, ect. see Figure 2.2).

3. The actual cost of one watt/peak (Wpeak) of electrical power produced from
fossil fuels is immensely lower than any renewable energy. This point is one of
the advantages of Graetzel cells compared to traditional photovoltaics devices.

The main renewable energy sources are (see Figure 2.3):

• Wind power
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Figure 2.2: Energy density graph for some strategic energy materials and energy
storage devices. Energy density is defined as the amount of energy stored per
volume (MJ/L) or mass unit (MJ/Kg). It is worth to notice that silicon and
hydrogen (the fundamental materials for solar and fuel cells respectively) own a
relatively high energy density. From https://en.wikipedia.org/wiki/Energy_
density#/media/File:Energy_density.svg

• Hydropower

• Biomass (Biofuel)

• Geothermal energy

• Solar energy 2

the last item of the list deserves some further clarification. Indeed, there are two
different kind of "solar" energy technology use: solar thermal energy (STE) and
photovoltaics (PV). The former collects (through simple mirrors, Fresnel lenses,
solar towers,etc.) the thermal energy released by sun irradiation to increase the
enthalpy content of fluids possessing special heat capacity and thermal conductivity
characteristics (see figure 2.4). The latter involves the direct conversion of solar

2Although nuclear energy is considered clean energy its inclusion in the renewable energy list
is a subject of major debate. In fact, the low carbon emission aspect of nuclear energy as its
major characteristic could bring it to be defined as renewable energy. However, being uranium
availability limited nuclear power shouldn’t be considered a renewable energy unless thorium
(largely more abundant than uranium) based energy production systems are used. Also the clean
aspect of nuclear power is questionable since radioactive waste is produced.

https://en.wikipedia.org/wiki/Energy_density##/media/File:Energy_density.svg
https://en.wikipedia.org/wiki/Energy_density##/media/File:Energy_density.svg
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Figure 2.3: Percentage distribution of energy sources (2010). Although fossil fu-
els remain the principal energy source, alternative energies have been growing in
interested because of their low environmental impact and their perpetual avail-
ability. From https://en.wikipedia.org/wiki/Energy_development#/media/
File:Total_World_Energy_Consumption_by_Source_2010.png

radiating energy into electrical power. Since photovoltaic energy conversion does
not involve any transformation of heat into mechanical energy, it does not abide by
the Carnot theorem (that stands for fossil fuels based power plants, nuclear plants,
internal combustion engines, Diesel engines, etc.)3. The following discussion will
deal only with PV devices (solar cells) because DSSCs (or Graetzel cells) belong to a
particular kind of PV devices: hybryd-bulk heterojunction solar cells. DSSCs relies
on both physical phenomena concerning conventional solar cells (carrier diffusion,
Fermi levels splitting and rectifying junctions) and photoelectrochemical processes.
Usually solar cells are classified according to the kind of manufacturing technology
and materials used (see figure 2.5). Thus, first generation (monocrystalline and
polycrystalline silicon, GaAs, multijunction solar cells), second generation (thin
film solar cells: CdTe, copper indium gallium selenide, amorphous silicon) and third
generation (DSSCs, organic solar cells, quantum dots solar cells, perovskite solar
cells) are the currently used definition to classify solar cell technologies. Regardless
of the particular technology used for their manufacture, electrical power generation
from light in solar cells involves the three following steps:

1. Electron-hole pairs generation (see next chapter for complete explanation
about the term).

2. Electron-hole pairs separation. Strongly bound electron-hole pairs are known
as excitons. Electron-hole pairs right after their generation, when they are

3Solar cells energy conversion efficiency limitations are described by the Schockley-Queisser
limit

https://en.wikipedia.org/wiki/Energy_development##/media/File:Total_World_Energy_Consumption_by_Source_2010.png
https://en.wikipedia.org/wiki/Energy_development##/media/File:Total_World_Energy_Consumption_by_Source_2010.png
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(a) Domestic application. (b) Large Scale application.

Figure 2.4: Two different applications STE applications (solar thermal energy). (a)
Water heating system for a building not connect to the a power supply grid (from
https://en.wikipedia.org/wiki/Odeillo_solar_furnace. (b) Solar furnace
in Odeillo (eastern Pyrenees, France; from https://en.wikipedia.org/wiki/
Odeillo_solar_furnace). Such a solar energy collector is capable of producing
temperatures up to 3800 oC.

still coloumbically bound, are known as geminate pairs.

3. Charge transport toward the metallic contacts and the external load.

What really distinguishes third generation solar cells from the "conventional" devices
are step 2 and 3. In conventional solar cells (first and second generation) the charge
separation and collection is at least partially assisted by an electric field and part
of the carriers transport occurs by drift. On the other hand, most of the third
generation solar cells are composed of nanostructured materials (TiO2 nanoparticles,
quantum dots, fullerenes, etc.) that make the accommodation of an electrical field
[59] unfeasible. Hence, charge separation relies on interfacial kinetics, energy steps
at the interfaces (heterojunctions) and the charge transport is completely diffusion
driven. The two following sections illustrate the operative principles of these two
different types of solar cells and prelude to the detailed explanation of the DSSCs
working principle in the next chapter.

2.1.2 "Conventional" PV technologies

The three main PV technologies currently available on the PV market (monocrys-
talline Si, polycristalline Si and thin film CdTe) are all devices based on minority
charge carriers that result into a photogenereated current given by:

Iop = egopA(Lp + Ln +W ) (2.1)

https://en.wikipedia.org/wiki/Odeillo_solar_furnace
https://en.wikipedia.org/wiki/Odeillo_solar_furnace
https://en.wikipedia.org/wiki/Odeillo_solar_furnace
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Figure 2.5: NREL (National National Renewable Energy Laboratory (a research
structure affiliated to the U.S. Department of Energyhttps://www.nrel.gov/pv/)
graph relating different solar cells "generations" to their efficiency. First generation
cells are characterized by high efficiency achieved either by using low defectivity
materials (monocrystalline silicon) or by overcoming the Shockley-Queisser limit
through multilayer structures (epitaxial multijunctions solar cells, i.e. GaAs/InP/Ge
structures). Second generation devices are comprised of thin film solar cells. Instead
of p-n junction obtained by different crystal growth methods (Czocharalski, zone
floating, etc.) and doping (diffusion, ion implantation, etc.) this technology relies
on thin (1-5 µm) films of semiconductors (p-type CdTe, n-type CdS, n-type CIGS,
etc.) deposited on a transparent conductive substrate (i.e. ITO). The p-n junction
can be formed between two different compounds (i.e. p-type CdTe and n-type CdS)
and the cost is much lower than first generation solar cells, although the efficiency is
less. Third generation solar cells (or new generation solar cells) are characterized by
low manufacturing cost and by charge separation mechanisms that do not involve
a depletion layer formation. In fact, the traditional of p-n junction is replaced by
different kind of interfaces (i.e. semiconductor-electrolyte, electron donor-electron
acceptor, etc.. From https://en.wikipedia.org/wiki/Photovoltaics#/media/
File:Best_Research-Cell_Efficiencies.png

Where A is there area of the p-n junction; e is the elementary charge, gop is the
optical generation rate of the electron-hole pairs; Ln and Lp are the electron and
holes diffusion length respectively, W is the depletion layer thickness (see below).
To completely understand equation 2.1 is necessary to analyze figure 2.6 shows
the energy diagram for a p-n junction. The equalization of the Fermi Level on

https://www.nrel.gov/pv/
https://en.wikipedia.org/wiki/Photovoltaics##/media/File:Best_Research-Cell_Efficiencies.png
https://en.wikipedia.org/wiki/Photovoltaics##/media/File:Best_Research-Cell_Efficiencies.png


CHAPTER 2. PHOTOVOLTAICS CUTTING EDGE 51

Figure 2.6: Schematic representation of p-n junction energy levels (conventional solar
cells). From http://wanda.fiu.edu/teaching/courses/Modern_lab_manual/
pn_junction.html

both sides of the junction (that can be a homojunction like for Si solar cells or
an heterojunction like for CdTe based devices) brings about the formation of
of a depletion layer (or space charge layer) across the junction. No free charge
(electron or holes) is present inside the depletion layer. The only charge within
the depletion layer at the thermodynamic equilibrium are the the ionized acceptor
dopants (negative charge) on the p-side of the junction and the ionized donor
dopants (positive charge) on the n-side.NA− and ND+ are the concentration of the
acceptors and donor dopants respectively. This electrical double layer 4 prevents
further electron and holes diffusion once the electrochemical potentials of the two
different charge carriers are equalized. V j is the contact potential stemming from

4By solving the Poisson equation in conjunction with the electrical neutrality conditions for the
p-doped and the n-doped regions the following formula for the depletion layer width is obtained:
W =

√
2εrVj

e ( 1
ND

+ 1
NA

). Thus, the depletion layer width is inversely proportional to the dopants
concentration. A similar behavior (and the Debye screening length is a parameter valid for both
semiconductors and electrolyte solutions) occurs at the electrode/electrolyte interface in batteries,
DSSCs and colloids.

http://wanda.fiu.edu/teaching/courses/Modern_lab_manual/pn_junction.html
http://wanda.fiu.edu/teaching/courses/Modern_lab_manual/pn_junction.html
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the Fermi levels equilibration and is given by the formula:

Vj = KT

e
ln NAND

n2
i

= KT

e
ln pp
pn

(2.2)

where K is the Boltzmann constant and T the thermodynamic temperature; n1

is the concentration of intrinsic carriers (thermally generated); pp andpn are the
concentration of holes (majority carriers) and electrons (minority carriers) in the
p-doped material, respectively. Hence, when a photon with an energy higher
than the semiconductor band gap (eVg = Eg) strikes on the neutral region of the
semiconductor or the material is provided with a thermal energy (KT) larger than
the band gap energy value, an electron is promoted to the conduction band and a
hole is left into the valence band. Light or thermal excitation leave the majority
carriers concentration unchanged but increase the minority carrier concentration
and moves the Fermi levels from the equilibrium position. This is the essence
of the photovoltaic effect: an electric potential difference appears across the p-n
junction following the generation of minority carriers in the bulk of the material.
This electrical potential diminishes the contact potential of the junction (equation
2.2) and it is equivalent to applying a forward bias to the junction itself. The
relatively high dielectric constant of inorganic semiconductors (11.6 for Si and
10.2 for CdTe) is enough to separate the geminate pairs (electron and holes right
after their generation). The total current crossing the junction is comprised of two
terms: the diffusion current of majority carriers (i.e. electrons on the n-doped side
surmounting the potential energy barrier stemming from the contact potential)
and a minority carrier drift current (i.e. electrons on the p-doped side which
wander into the depletion layer and are swept to the n-doped side by the junction
electrical field). Under forward electrical bias the drift current is negligible because
thermal energy is insufficient (except for low band gap semiconductors like Ge) to
generate minority carriers. On the other hand, photons with an energy hν higher
than the semiconductor band gap can produce minority carriers and results into
a generation current given by equation 2.1. However, outside the depletion layer
carriers motion is diffused controlled. Therefore, most of the recombination in first
and second generation solar cells occurs after the initial separation of the geminate
pairs during carriers’ diffusion path. Carriers recombination occurs either by direct
the electron-hole annihilation (radiative recombination) or by trap and defects
mediated recombination. (Shockley-Reed-Hall non-radiative recombination). This
has an impact on first and second generation manufacture, in particular on silicon
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solar cells 5.

1. Silicon solar cells realize the narrow base condition.

2. A silicon solar is assembled using the p-doped material as base and the
n-doped as emitter (see Figure 2.7).

Photovoltaics parlance defines the base of a solar cell like the material dedicated to
light absorption carriers photogeneration. It is usually made of a direct band gap
semiconductor and is thick up 200 µm for silicon solar cells. The top semiconductor
constitute the other side of the p-n junction, it has to be thin ( 1 µ <) to allow
light to pass and it is known as emitter. A narrow base device satisfies the following
condition:

Ln >> Wp − xp (2.3)

where Wp is the depletion layer width on the p-doped side and xp is the total
base width. Hence, if for example an electron-hole pair is photogenerated within a
diffusion lenght Ln from the into the p-doped side, the electron can diffuse to the
junction without recombining with a hole and can be swept down the energy barrier
to n-side by the depletion layer electric field. Equation 2.3 ia a general principle.
In fact, even in a DSSCs, where the particles size is to small for a depletion layer
to exist [60] the electron diffusion length has to be greater than the TiO2 film
thickness for charge collection to be effective [61]. That sets the optimum TiO2

mesoporous film thickness to 10-15 µm.
Figure 2.7 shows the complete schematics of an assembled commercial Si solar
cell. The base is made of p-type monocrystalline or polycrystalline Si wafer6. This
configuration ascribes the longest diffusion travel toward the depletion region to
the minority electrons into the p-type material. Consequently, the larger electrons
diffusion coefficient, related to the lower effective mass of the electrons compared
to the holes brings about a higher charge collection efficiency. A similar principle is
involved also involved in DSSCs fabrication. One of the reason why anatase is the

5For CdTe based solar cell the lower effective mass of electrons, see below, in p-type CdTe
is just one of the reasons for having a p-doped base. Indeed, p-type CdTe is used as excitons
generating material because of his favorable band gap (≈ 1.4 eV) and because n-doped CdTe is
hard to obtain.

6Recently, academic and industrial research has been focusing on development and commer-
cialization of n-type Si solar cells. The aim of those efforts is to eliminate the LID (light induced
degradation) that consists of a reduction of electrons life time after the first hours of operation.
Boron-oxygen complexes formed during the Czochralski crustal growth are responsible for this
detrimental effect. N-type phosphorus doped bases cut down the LID [62]. To compensate for the
lower holes mobility compared to electrons a lighter doping of the base is used.
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preferred TiO2 polymorph for DSSCs photoanodes is the lower electron effective
mass (higher diffusion coefficient) of the metastable phase (anatase) compared
to the thermodinamically stable one (rutile) [63], [64] Fundamental photovoltaic

Figure 2.7: Complete structure of a standard screen printed silicon solar cell (with
back surface field,SiOx passivation layer, Si3N4 anti-reflective coating and contacts).
Ti and Ag are are used as fillers for the front contacts screen printing paste because
they create ohmic contacts on Si through the formation of silicides. Pd is added to
the front contact screen printing paste formulation to prevent silver electromigration.
The p+ areas on the bottom of the cell constitute the back surface field (BSF),
that are heavily p-type doped regions obtained by diffusing Al dopants at high
temperature after the back contact has been screen printed. The BSF keeps the
holes from recombining with the electrons at the back contact. The top surface
of the cell is chemically textured to increase the amount of light coupled to the
cell (a similar effect is shown in this thesis through the synthesis of light scattering
structures for DSSC photoanodes. From https://commons.wikimedia.org/wiki/
File:Silicon_Solar_cell_structure_and_mechanism.svg

parameters are used to characterize photovoltaic devices regardless of the typology
of solar cell, and their cell-specific meaning (i.e. although the dark current takes into
account all the solar cell recombinative processes, it comes from different sources:
HOMO-LUMO quenching in organic bulk heterojunction solar cells, Shockley-Reed-
Hall recombination in silicon solar cells, electron transfer to the electrolyte in DSSCs,
etc.). Therefore, some "universal" relation that allow to understand solar cells I-V
curves (see Figure 2.8) can be stated. The first of these relations is the Shockley
equation for solar cells current output:

I = Isc − I0

(
exp q(V − Vj)

KT
− 1

)
(2.4)

Equation 2.4 establishes two crucial concepts:

https://commons.wikimedia.org/wiki/File:Silicon_Solar_cell_structure_and_mechanism.svg
https://commons.wikimedia.org/wiki/File:Silicon_Solar_cell_structure_and_mechanism.svg
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Figure 2.8: I-V (and power) characteristic of a solar cell.

• A photovoltaic device represent a current photogenerator that produces short
circuit current Isc (see Figures 2.8 and 2.9 ). In the specific case of a p-n
junction is given by equation 2.1.

• Recombination phenomena in a solar cells are due to the rectifying behavior
of the interface between two different carriers conductive media (p-n junc-
tion, electron-donor, semiconductor-electrolyte, perovskite-holes conductive
polymer, etc.). I0 is the saturation dark current of the "diode", that is the
rectifying interface. I0 is the current that passes through the cell in absence of
light and with no electrical bias applied and that is due to thermal generation
of carriers.

Furthermore, Schockley equation allows a qualitative understanding of efficiency vs
temperature behavior of photovoltaic devices. In fact, the higher the temperature,
the higher the thermal generation of minority carriers, the higher the recombination
current, the lower the current output 7.

7Actually, different thermal effect have to be taken into account for a complete description of
solar cell performances with respect to temperature changes. A temperature increase brings about
semiconductor band gap narrowing and an increase of the carriers diffusion coefficient. However
the dominant effect in first and second generation solar cells is the increased recombination that
diminishes the open circuit voltage and the fill factor of the device. Conversely, for DSSCs an
optimum operative temperature (around 40 oC) exists. In fact, below the optimum temperature
the effect of increased ions mobility due to a temperature increase reduce the losses due to the
electrolyte resistance. Above the optimum temperature the effect of the increased recombination
rate becomes dominant.
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Recombination processes affects also the open circuit voltage of the cell, VOC ,
which is the intersection of current with the voltage axis in figure 2.8 and is the
electromotive force of the cell. The relationship between VOC and the recombination
current is given by:

VOC = KT

q
ln
(
ISC
I0

+ 1
)

(2.5)

The power delivered by the solar cell to the external load is the area underneath
the I-V curve, and the maximum power output of the device corresponds to the
"knee" of the polarization curve (MPP, maximum power point). Another parameter
connected to the power (and energy conversion efficiency) of the cell is the fill factor
(FF) that is a measurement of the "squareness" of the I-V:

FF = MPPVOCISC
PinA

100 (2.6)

where A is the area of the device and Pin is the incident sun irradiance. The fill
factor is related to the energy conversion efficiency, η through the formula:

η = FFVOCISC
PinA

(2.7)

The parasitic resistances of the (that are equivalent to the overpotentials for an
electrochemical device like DSSCs, see appendix A) make the power output deviate
from the ideal value given by the product of the Isc and VOC and depresses the fill
factor. Parasitic resistances are explained in the next section.

2.1.3 Additional photovoltaic parameters

Besides the aforementioned parameters (open circuit voltage, short circuit
current, dark current, etc.) the overall energy conversion efficiency of a solar cell is
affected even by other optoelectronic characteristics. Since quantum efficiency, series
and shunt resistance are fundamental parameters concerning DSSCs’ recombination,
charge injection and transport processes, a brief explanation of their meaning is
provided here.

Parasitic resistances

As already mentioned, parasitic resistances affect solar cells efficiency in terms of
fill factor. Two kind of parasitic resistance exists: series Rs and shunt Rsh resistance.
Series resistance, Rs, losses are caused by the same factors regardless of the solar
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Figure 2.9: Equivalent circuit for a silicon solar cell (one diode model) predicated
on equation 2.4. The model does not take into account generation of carriers inside
the depletion layer. Although quite simple, the same equivalent circuit can be
applied (with some modification concerning the diode ideality factor) to DSSCs.
On the other hand, bulk heterojunction solar cells require a two-diodes model. Rsh

is placed in parallel to the current photogenerator, hence a high value of the shunt
resistance is necessary to prevent power losses.

cell design: the contacts, screen printed grid, or transparent conducting oxide ohmic
losses, and semiconductor resistivity. DSSCs have an additional non-ohmic series
resistance contribution from the electron transfer at the platinum counter electrode.
Rs manifests its effect by decreasing cell’s FF and, for very high values, the VOC

also (see figure 2.10. Rsh brings about a local increase of the dark forward current of
the cell. A “shunt” can be thought as a short circuit between the emitter and base
contacts. Plenty of reasons can prompt low shunt resistance values and they depend
on the particular solar cell under consideration: insufficient junction insulation,
silicon nitride inclusions in the base in silicon solar cells, recombination at the
scaffold material-perovskite interface in perovskite solar cells [65], electron transfer
from the the photoanode FTO to the electrolyte in DSSCs, etc. Regardless of the
source shunt resistance reduces the fill factor first and, for low values, the ISC also.
Two examples of how the parasitic resistances can drastically affect solar cell
performances will be presented in the present thesis: the high series resistance (due
to the high contact resistance between the FTO the the porous TiO2 film) of DSSCs
prepared with anatase obtained by "hard" templating agents that limits the energy
conversion efficiency; the very low shunt resistance of DSSCs with single chirality
CNTs, that affected both the fill factor and the open circuit voltage.
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(a) series resistance (b) shunt resistance

Figure 2.10: Effect of Rs and Rsh on a solar cell polarization curve. They both affect
the fill factor. When the series resistance dominates the ISC decreases, whereas if
Rsh is the most important effect the VOC drops.

Quantum efficiency

Quantum efficiency or IPCE (incident photon to current efficiency) gives the
number of electrons collected under short circuit conditions per a given number of
incident photons. The IPCE is measured for each wavelenght of the solar spectrum
(see figure 2.11). Thus, the short circuit current of the cell is the integrated IPCE
over all the wavelengths:

ISC =
∫

λIPCE(λ, V )φ(λ)dλ (2.8)

Where φ(λ) is the incident photon flux. IPCE’s voltage dependence stems from the
following formula:

IPCE = ηabsηharvηgsηcc (2.9)

where ηabs, ηharv, ηgs, ηcc are the light absorption, electron-holes harvesting, geminate
pairs separation, and charge collection efficiency, respectively. Being the last two
terms of equation 2.9 affected by charge injection level the whole IPCE becomes a
function of the voltage. For DSSCs, where there is no electron-holes pair generation
(at least when an electrolyte is used for dye’s regeneration) the second and third
term are replaced by the electron injection efficiency (ηinj) from the dye LUMO to
the TiO2 conduction band. ηcc depends on the balance between carrier transport
and recombination processes. Ideally, the quantum efficiency graph against the
wavelength should resemble of a rectangle delimited by the semiconductor absorption
edge (see figure 2.12). However, recombination decreases the IPCE that then
deviates from the ideal shape. For example, carriers generated by blue light (where
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Figure 2.11: "Standard" (American Society for Testing and Materials, ASTM) solar
spectrum employed to determine the performances of photovoltaic devices. Since
the solar spectrum (in terms of wavelength and irradiance) changes according to
the location and time of the day three standards are defined. AM 0, AM 1.5 D and
AM 1.5 G. The first one refers to the solar spectrum in the space where there is no
light absorption by the atmosphere and is characterized by an irradiance of 1366.1
W/m2. AM 0 is the most used standard to characterize high efficiency/high cost
multijunction solar cells for aerospace applications. AM 1.5 D and AM 1.5 G are
the solar spectra, with an integrated irradiance of 1000 W/m2 scaled by attenuation
factor given by light absorption due to molecules in the atmosphere, the air mass
AM factor. Absorption bands in the AM 1.5 D and AM 1.5 G belong to oxygen,
water, carbon dioxide and ozone present in the atmosphere. The AM factor depends
on the sun incidence angle with respect to the azimuth. Thus, AM =1 at the earth’s
poles and AM = 1.5 in North America and Europe. D and G stands for direct and
global, respectively. The former indicates the light reaching the sea level without
being scattered (direct light). The latter take into account also the diffuse light
(included the soil albedo) and this is the reason why the maximum emission of the
AM1.5 G is slightly blue shifted compared to the AM 1.5 D. Being silicon almost
unresponsive to diffuse light, most of the silicon solar cells I-V curves are collected
under AM 1.5 conditions. On the other hand DSSCs and perovskite solar cells are
capable of charge generation and transport even under diffuse light conditions. From
http://pveducation.org/pvcdrom/appendices/standard-solar-spectra

the radiation penetration depth is limited to the top surface of the cell) are subjected
to surface recombination. Whereas, green light generates carriers in the bulk of
the material where the main recombination mechanism is the electron-hole pair
annihilation through the defects (impurities, vacancies, grain boundaries, etc.).
Similarly, the IPCE under green light for a DSSC corresponds to the maximum
light ruthenium dye light absorption (i.e. 530 nm for the N-719) and maximum

http://pveducation.org/pvcdrom/appendices/standard-solar-spectra
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Figure 2.12: Quantum efficiency curve for silicon solar cells. From http:
//pveducation.org/pvcdrom/quantum-efficiency

electron injection rate to the TiO2 conduction band. Thereby, ηabs and ηinj can be
considered close to 1. Consequently, IPCE in the green range of the solar spectrum
constitutes an estimation of TiO2 conduction band electrons diffusion length (which
is diminished by trapping and electron-electrolyte recombination).

2.1.4 "New generation" PV technologies

Third generation solar cells encompasses multiple PV technologies: DSSCs,
perovskites, and organic (polymer) cells. DSSCs will be treated in details in the
next chapter, perovskite solar cells represent the natural evolution of DSSCs [10],
whereas organic solar cells share some characteristics with DSSCs because the
charge is generated by organic molecules or polymers and because of the high
interpenetration level of the hole and electron conducting media (in a DSSC the
"holes" are carried either by an electrolyte or by a a holes conducting polymer, see
next chapter.).

Perovskites solar cells

Perovskite solar cells are photovoltaic devices based on organometal halides
of general formula CH3MNH3X3 (X= Br, I, Cl; M = Pb, Sn, Ge) possessing the
crystal structure of the perovskite materials (ABX3 where X is either a halogen or

http://pveducation.org/pvcdrom/quantum-efficiency
http://pveducation.org/pvcdrom/quantum-efficiency
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Figure 2.13: Crystal structure of CH3NH3PbX3 perovskites (X=I, Br and/or
Cl). The methylammonium cation (CH3NH+

3 ) is surrounded by PbX6 octahe-
dra. From https://en.wikipedia.org/wiki/Perovskite_solar_cell#/media/
File:CH3NH3PbI3_structure.png

oxygen, A the larger cation occupying the cubo-octahedral sites and B the smaller
cation occupying the octahedral sites, see figure 2.13). Methylammonium lead
halides perovskite have been used instead of ruthenium based sensitizers to enhance
TiO2 light absorption properties in a conventional electrolyte-based DSSC structure
[66]. However efficiency comparable to standard DSSCs (9.7 %, in 2012) have been
achieved only by replacing the electrolyte with a solid state hole spiro-OMeTAD
conductor [9] 8. Hence, the base technology for perovskite solar cells is solid-state
sensitized solar cells that are based on dye-sensitized Graetzel solar cells. Then,
perovskite solar cells (PSC) evolved from the original "sensitized" architecture
(see figure 2.14). PSCs configuration evolution has also helped to understand the
fundamental principles of their charge generation and separation mechanisms. In
fact, the high performances achieved ([67] 10.9 % energy conversion efficiency in
2012) by using Al2O3 instead of TiO2 as scaffold material for CH3PbNH3I2Cl have
demonstrated that organo-metal halides do not require any nanostructured n-type

8Being the Methylammonium lead halides very polar structures, electrolytes tend to solubilize
and degrade the light absorbing material. Thus, although perovskite own tunable band gaps
suitable for photovoltaic energy conversion (ranging from 1.5 to 2.3 eV depending on the halide
counter-ion.) these materials do not match the stability and band edges requirements for electrolyte
based DSSCs. HTM (hole transporting materials) solved the stability problem. Spiro-OMETAD
is the preferred hole transporting material for perovskite solar cells assembled in the "sensitized"
configuration because completely infiltrate the mesoporous TiO2 to induce a heterojunction for
charge separation. Conventional p-type CuI and CuSCN are also used as HTM but with lower
perfomances

https://en.wikipedia.org/wiki/Perovskite_solar_cell##/media/File:CH3NH3PbI3_structure.png
https://en.wikipedia.org/wiki/Perovskite_solar_cell##/media/File:CH3NH3PbI3_structure.png
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semiconductor to accept electrons injected from the perovskite conduction band 9.
Since there is no need for a nanostructured semiconductor, PSC could be fabricated
without involving typical high temperature sintering stages (that are required for
the mesoporous oxides used in DSSCs). PSCs seem to rely on a classical p-i-n
junction heterojunction for charge separation (like an amorphous silicon thin film
solar cell for example). The ambipolar nature of perovskites absorbers [68] has
brought to high efficiency (17-18 %) planar p-i-n structures (see figure 2.14) that
can be produced with standard evaporation methods [69]. The physico-chemical
process involved in a p-i-n perovskite-based solar cell can be summarized as follow.
Electron-holes pair are created by the light driven promotion of a electron into
the perovskite conduction band (the instrinsic layer with a thickness of 200-300
nm). Perovskite high permittivity and the low binding energy are sufficient to
separate the geminate pairs at least at room temperature. Then electrons diffuse
within the perovskite to n-type contact (a compact, planar layer of TiO2, 30-50 nm
thick, that acts as a blocking layer to keep the spiro-OMETAD from touching the
FTO) and holes diffuse towards the spiro-OMETAD. The two n-type an p-type
contact materials (compact TiO2 and spiro-OMETAD respectively) possess conduc-
tion and valence band positions favoring electrons and holes injection at the two
heterojunctions (CH3NH3PbX3/compact TiO2 and CH3NH3PbX3/spiro-OMETAD,
respectively). Finally, electron are collected at the FTO contact and holes at an
evaporated (Au or Ag) contact.
The highest energy conversion efficiency to date (March 2016) is 22.1% (NREL
certified). However two major challenges remain for commercialization of per-
ovskites based solar cells: materials stability and devices’ performance hysteresis.
Organo-metal halides perovskites present thermodinamyc stability issues. Besides
the obvious problem of the decomposition a highly polar structure like the per-
ovskites when exposed to moisture, ethylammonium-lead halide perovskites start
decomposing to the corresponding solid lead (II) halide and gaseous methylamine
and hydrogen halide at moderate temperatures (60oC) [70] precluding any long
term operation under solar light. Finally, the I-V response of the perovskite solar
cells demonstrate anomalous dependence on the voltage scan direction/rate/range,
voltage conditioning history, and device configuration [71]. The hysteresis behavior
is not fully understood and accumulation of ions at the perovskite/HTM interface,

9The alumina scaffold "forces" electron transport to occur into a ordered matarial, the perovskite
rather than into the disordered TiO2A similar concept has been used even in the present thesis:
the CNTs/TiO2 heterojunction employed in our DSSC photoanodes forces the electron diffusion
into an ordered medium: a thin film of CNTs.
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Figure 2.14: Schematic of a sensitized perovskite solar cell and its architecture
from the "sensitized" (a) to the thin film structure (b). Sensitized: the active
layer consist of a mesoporous TiO2 film coated with the perovskite absorber. The
active layer is contacted with an n-type material for electron extraction (usu-
ally a compact thin layer of TiO2 deposited by spray pyrolysis) and a p-type
material for hole extraction (spiro-OMETAD). Thin film: a flat layer of per-
ovskite is sandwiched between to selective contacts and function as both light
absorber and carrier transport material. (c) charge generation and extraction in
the sensitized architecture. After light absorption in the perovskite absorber the
photogenerated electron is injected into the mesoporous TiO2 through which it
is extracted. The concomitantly generated hole is transferred to the HTM.(d)
Charge generation and extraction in the thin-film architecture. After light ab-
sorption both charge generation as well as charge extraction occurs in the per-
ovskite layer. From https://en.wikipedia.org/wiki/Perovskite_solar_cell#
/media/File:Perovskite_solar_cell_architectures_1.png

ferroelectric effects and light induced electronic accumulation confined within the
Debye length in the vicinity of contacts are usually invoked as explanations.

Organic solar cells

Organic photovoltaics is a general definition that sometimes includes also per-
ovskites solar cells and DSSCs because of the HTM, methylammonium salts, or
light absorbing dyes used for their fabrication. Nevertheless, organic solar cells
are primarily intended for low-cost devices on flexible substrates and that limits

https://en.wikipedia.org/wiki/Perovskite_solar_cell##/media/File:Perovskite_solar_cell_architectures_1.png
https://en.wikipedia.org/wiki/Perovskite_solar_cell##/media/File:Perovskite_solar_cell_architectures_1.png
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the discussion to polymer solar cells 10. Deposition of organics by techniques such
as screen, sprinting, doctor blade, inkjet printing, spin coating, dip coating, spray
deposition lends itself to incorporation in high-throughput low-cost roll-to-roll
coating systems. These are low temperature deposition techniques that allow the
organics to be deposited on plastic substrates such that flexible devices can easily
be made. However the power conversion efficiency of organic solar cells is currently
limited to 10 % because of the huge impact of recombination processes on charge
collection.
The efficient conversion of a photon absorbed by an organic chromophore to an
electron-hole pair extracted and driven through an external circuit involves many
steps. Upon photon absorption a strongly bound electron hole pair (exciton) is
formed. At this point the main difference between organic solar cells and all the
other photovoltaic has to come into consideration. In fact, electrical permittivity
of polymers and organic molecules is not sufficient to separate the exciton. Thus,
excitons have to migrate to an interface where there is a sufficient electrochemical
potential drop to drive exciton dissociation into an electron-hole pair that spans the
interface across (material with low electron affinity) and the acceptor (material with
high electron affinity) [72]. This geminate pair is still coulombically bound [73] and
must be separated. After exciton dissociation and geminate pair separation each
charge must be transported through the device, avoiding trapping or biomolecular
recombination to the contacts. Hence, organic solar cells suffer from low energy
conversion efficiency because of low ηharv, ηgs, and ηcc. In a planar (see figure
2.15) heterojunction polymer cell, less than half of the incident photons over the
absorption spectrum are absorbed and ultimately converted to free electrons and
holes. The primary reason for this is low exciton harvesting. In fact, excitons
typically migrate distances of only 3-8 nm[74] before decaying. Consequently, most
excitons created in the organic films do not arrive at the heterojunction before
decaying [75]. Excitons short lifetime is the main peculiarity of organic solar cells;
even in DSSCs, that still possess a relatively low charge collection efficiency because
of trap mediated recombination, "exciton" (the electron in the TiO2 and the oxidized
Ru3+ in the dye) is a very efficient process (see chapter 3) Exciton harvesting can
be increased by using a bulk heterojunction, which is an intimately mixed blend of
two materials (acceptor and donor) that has a high internal junction interfacial area.
This random blend can be composed of small domains such that an exciton can

10Although plenty of research has been dedicated for the last 20 years to the development of
flexible DSSCs and perovskite cells they are mostly meant for application on TCO coated glasses.
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Figure 2.15: Structures of an organic solar cell: planar thin film and bulk het-
erojunction. (a) electron donor-acceptor pair: P3HT (poly-3-hexyl thiophene-2,5-
diyl)-PCBM (Phenyl-C61-butyric acid methyl ester). Regioregular (RR) P3HT and
and non-functionalized C-60 can be used as electron donor-acceptor pair also. (b)
the electron-donor pair can be arranged in a thin film or in bulk heterojunction
configuration. The transparent contact is usually ITO, for glass encapsulated
cells, or PEDOT:PSS (poly(3,4-ethylenedioxythiophene) polystyrene sulfonate) for
plastic encapsulated devices. From http://www.ngsf.org/multimedia-archive/
loo-group-princeton-university/

easily migrate to a heterojunction before decaying. In many bulk heterojunction,
improved exciton harvesting comes at expenses of poor charge collection (like for
example in a DSSCs increased surface area, which means increased light absorption
comes at expenses of electron collection efficiency). Therefore new organic cells’s
designs are looking at the synthesis and optimization of ordered bulk heterojunction
[76].
The materials employed as electron acceptor and donors for organic solar cells have
been already mentioned in section1.2. Although a large availability of materials
exist, fullerene derivatives and P3HT (poly-3-hexyl thiophene-2,5-diyl) derivatives
are the most employed electron acceptor and donor, respectively (see figure 2.15).

After this general view on solar cells, the next chapter will focus on DSSCs’
structure, components and operative principles. As an anticipation of the topics,

http://www.ngsf.org/multimedia-archive/loo-group-princeton-university/
http://www.ngsf.org/multimedia-archive/loo-group-princeton-university/
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it can be said that DSSCs represent a unique device compared to the other kinds
of solar cells. Indeed, no geminate pairs are generated and charge separation
and transport is driven by energy band position at the different heterojunctions
(Dye/TiO2, TiO2/electrolyte, Dye/Electrolyte, FTO/TiO2) and by the different
kinetics of the process involved.



Chapter 3

DSSCs

3.1 Introduction

Dye sensitized solar cells (DSSCs) are unusual photovoltaic devices because they
exploit a metallo-organic molecule for light absorption and carriers generation (i.e. a
bipyridine Ru dye), a nanostructured wide bang gap semiconductor for the electron
transport, and a semiconductor-electrolyte interface for charge separation [77] (see
figure 3.3). Although concept of using an illuminated semiconductor-electrolyte
junction to generate a photopotential can be back-tracked to the 19th century 1,
stable and efficient photoelectrochemical cells (PEC2) have not been developed until
materials technology has permitted to synthesize nanostructured wide band gap
semiconductors at the beginning of the 1990s [2]. In fact, traditional "low" band gap
semiconductors (n-type an p-type Si, n-type GaAs, p-type Inp, n-type CdS, etc.) are
subjected to photocorrosion when in contact with an electrolyte. On the other hand,
using wide band gap semiconductor oxides (ZnO, TiO2, Nb2O5, WO3) can result in
a "catch-22" situation: the large band gap produces a sufficient band bending at
the semiconductor-electrolyte interface preventing charge accumulation and then
photocorrosion; but it incapacitate carriers photo-generation by the semiconductor.
Thereby, an oxide needs to be "sensitized" by light absorbing materials like organic
chromophores or quantum dots. The sensitizer absorbs photons in the visible range,
promotes an electron to its LUMO (lowest unoccupied molecular orbital) and injects
the e− (if a favorable bands’ alignment exists) into the oxide conduction band (CB).

1The first ever photovoltaic device by Bequerel was a photoelectrochemical device. It was
comprised of an AgCl electrode immersed into an electrolyte solution and Pt counter-electrode

2PEC is a general definition that includes both DSSCs and photogeneration cells. The latter
is basically an electrolyzer activated by light. The photocurrent generated by the light absorbed
by the semiconductor is used to split water in a electrolysis cell

67
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However, the first sensitized electrochemical devices (fabricated in the 1970s) used
mono or polycrystalline materials limiting the amount of sensitizer adsorbable on
the photoelectrode surface. Furthermore, the original dyes used to sensitize wide
band gap semiconductors (i.e. Rodamine B, fluorescine or chlorophyll) covered only
a small portion of the solar spectrum. Thus, two main breakthrough in the field of
sensitized PEC have been:

• The synthesis of photoactive metal-polypyridine (based on 2,2’-bipyridine,
2,2’;6’2"-terpyridine and 1,10-phenanthroline, see figure 3.1 moieties) capable
of intense (high molar extinction coefficient, ε ≈ 10000 M−1 cm−1) metal-to-
ligand charge transfer (MLCT) optical transitions.

• high specific surface area oxides capable of linking dyes through carboxylic or
phosphonic bonds.

Figure 3.1: N-containing aromatic rings moieties of metal complexes capable of
light absorption in the visible spectra. Metal ions (especially Ru) are coordinated
by bis- and tris-bipyridine, bis-terpyridine and tris-phenantroline ligands in a
octahedral coordination. Usually three types of chemical modification are introduced
to the basic bipyridine, terpypiridine or phenatroline structures. Alkyl, aryl,
heterocyclic substituents on the N-aromatic ring to improve, by the enhanced
electronic delocalization, the charge injection into the TiO2 CB (better overlapping
between the π∗ ligands orbitals and the 3d Ti4+ orbitals); thiocyanate (SCN) metal
coordinating groups to reduce the HOMO-LUMO gap extending the dye absorption
spectrum into the red region; carboxylate or phosphonate groups on the N-aromatic
rings to anchor oxide surfaces

Those improvements have brought to the fabrication of the first (7% efficient) DSSC
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[2] by Graetzel and O’Regan in 1991. The use of ruthenium based bis-bipyridine
complexes and nanostructured TiO2 (see the following section for the reason of this
particular combination of materials) has increased the quantum efficiency to values
comparable to conventional solar cells (the IPCE for the most efficient DSSCs is
around 80-85 %). Thus, the innovation introduced by Graetzel and O’Regan and
additional efficiency improvements achieved in the last 25 years have made DSSCs
competitive with standard silicon solar cells from the cost/efficiency standpoint.
In fact, although DSSCs are less efficient than polycrystalline and monocrystalline
silicon solar cells (14.7 % [78] vs 18% of poly- and 25 % of mono- crytalline Si),
their manufacture cost is immensely lower. Indeed, DSSCs do not require any high-
vacuum or materials purification steps (like zone refining for example). Furthermore,
material properties tunability (TiO2 morphology, dye light absorption properties,
etc.) makes DSSCs more versatile than Si devices (where most of the optoelectronic
properties are controlled only by doping). Moreover, DSSCs are capable to operate
under low-irradiance and diffuse light exposure (like cloudy days conditions). On
the other hand energy conversion efficiency of silicon solar cells is strongly reduced
in those conditions. Finally, DSSCs’ transparency make them ideal for building
integrated applications.

3.2 DSSC mechanism: energetics

Sometimes DSSCs are defined either as an artificial equivalent of natural pho-
tosynthesis or as light activated electrochemical batteries. The reasons for these
comparison is the fact that light absorption and charge generation occur in the dye
(equivalent to photosystem I and photosystem II for plants photosynthesis), whereas
charge transport occurs in a different media. The nanostructured semiconductor
functions like the cytochrome b6f complex in the photosynthetic electron transfer
chain, it carries electrons. In addition, the presence of redox mediators to achieve
high levels of charge separation resemble the working principle (and the structure,
see Figure 3.3) of an electrochemical battery

Although plenty of modification have been implemented to the original DSSCs
configuration (i.e. metal-free dyes, different oxide semiconductors, solid state
electrolytes and hole transport materials), we limit our discussion to the initial
technology form of Graetzel cells: a ruthenium(II)-based dyes (see figure
3.2) adsorbed on a high surface nanostructured TiO2 film and an iodide-
iodine based liquid electrolyte as redox mediator. This is also the cell
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configuration used in the present thesis.
Changes to the primary DSSCs structure will be mentioned when instrumental
to a better understanding of DSSCs internal mechanisms (i.e. the modification
related to the introduction of D-π-A dyes [79]). Figure 3.3 shows the structure
of a "classical" DSSC and its operative principle. From left to right, the cell is
comprised of a transparent conducting oxide coated glass, usually fluorine doped tin
oxide (F:SnO2, FTO). Although other TCOs such as ITO, AZO (aluminum doped
zinc oxide), ATO (antimony doped tin oxide) possesses a lower sheet resistance
(Rsheet) and transparency than FTO, fluoride doped tin oxide is the preferred
transparent contact for DSSCs because its (Rsheet) remains relatively low even at
the high temperatures needed for the photoanode’s particles sintering step [81]. In
addition, the FTO/TiO2 interface owns a low energy barrier for the electron transfer
from the nanostructured semiconductor to the transparent contact [82]. A porous
nanostructured TiO2 layer thick 10-15 µm is deposited on the TCO providing
the electrode with high specific surface area for the sensitization. Ru-based dye,
for example N-719 which is the most used for DSSCs, is chemisorbed (through
an ester bond due to dye’s the COO− groups) onto the TiO2 surface forming a
monolayer. The photoanode is joined to a Pt-coated FTO glass that serves as
counter electrode. A liquid electrolyte composed of an organic solvent (acetonitrile
[83], methoxypropionitrile [84], valeronitrile [85] or benzonitrile [86]), Iodine (I2),
lithium iodide (LiI) and a series of additives like alkyl-imidazolium iodide salts (i.e.
1-ethyl-1-methylpyrrolidinium iodide, 1,2-dimethyl-3-propylimidaz olium iodide,
1-methyl-3-propylimidazolium iodide, etc.) and tert-butylpiridine. The I−3 /I− pair
is the redox mediator of the electrolyte. The role of the additives will be clarified
later in the discussion.
When light strikes on the cell from the photoanode side, photons are absorbed by
the Ru-based dye and a Laporte permitted MLCT transition occurs. The MLCT
consists in a charge transfer form the metal center to the ligands and corresponds
to the promotion of one electron from the dye HOMO (the Ru d-orbitals) to
the LUMO (the NCS group π∗ orbitals). Then, the e− is injected from the dye
LUMO into the the TiO2 CB. This step relies on the electronic interaction of the
N-aromatic bipyridine rings (having a large degree of electronic delocalization) with
the TiO2 acceptor states through the carboxylate bi-chelating groups anchored on
the semiconductor surface. Afterwards, the electron diffuses through the disordered
TiO2 network, is collected at the FTO contact and is routed to external circuit.
This initial stage has generate a photocurrent but has also produced a Ru3+ ion
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Figure 3.2: Ru containing dyes based on the moieties illustrated in figure 3.1. N-3,
N-719, N-749 (black dye) and Z-907 (a para position alkylated bis-pyridine not
reported in the figure) are the most common metal based dyes employed in DSSCs.
Since DSSCs’ function mechanism is predicated on the relative energy difference
between the dye LUMO, the semiconductor CB, and the potential of the redox
mediator (RE), the composition of the electrolyte solution and the semiconductor
band structure have to optimized accordingly to the particular dye used[80]. For
example, N-719 dye possesses the same structure of the N-3 dye but the former has
two TBA+ ions instead of H+ at two carboxyl groups over four. N-3 can provide at
most four protons per dye molecule, the protons can adsorb on the TiO2 surface
basic sites and can shift the semiconductor conduction band (and Fermi level)
energy to more positive values (closer to the redox couple potential) decreasing the
VOC of the cell (see text). Usually, ruthenium-bypirydine and terpyridine complexes
produces high electron injection efficiency and high regeneration rate when used in
conjunction with TiO2 and an electrolyte containing the I−/I−3 redox pair.
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Figure 3.3: Structure an operative principle of a DSSC.

center in the dye that has to reduced back to Ru2+ to avoid the degradation of the
sensitizer. At the Pt counter electrode the e− is transferred to the electrolyte where
the redox mediator is reduced according to the reaction:

I−3 + 2e− → 3I− (3.1)

Then, the electron is transferred back to the dye HOMO and the oxidation state
of the sensitizer is replenished. The diffusion of the oxidized redox shuttle (I3−)
to the Pt counter electrode either by Stokes diffusion or by Grotthus jumping
assisted by the imidazolium salt [87], [88] completes the cycle and closes the circuit.
The driving force of the whole process is the favorable position of the energy
states involved in the charge generation, injection and transport, see
Figure 3.4. In fact, no electron injection can be carried out from the dye to the
semiconductor unless the dye LUMO is positioned at more negative potentials
(higher energy level) than the TiO2 CB. Similarly, no dye regeneration can occur
unless the redox shuttle potential (RE) is situated at more negative potentials than
the dye’s HOMO. This simple explaination helps to understand why high efficiency
cells can be obtained with the following combination: anatase, Ru-based dyes (with
proper ligands) and I−3 /I− redox shuttle (with proper electrolyte additives). Indeed,
anatase is the only TiO2 polymorph with a CB edge position suitable for electron
injection from Ru dyes. For example, iron [90] and osmium [91] polypirydine
complexs show low quantum efficiency when absorbed on TiO2 surfaces because
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Figure 3.4: Energy Diagram and charge transfer processes in a DSSC. The figure
reports only the forward processes. Recombination mechanisms and kinetics are
discussed in the next section (3.3). The potential scale is referred to the standard
hydrogen electrode (SHE). Adapted with permission from [89].

their LUMO is located close to the anatase CB edge generating an insufficient
energy difference to drive the e− injection. The small "push" for the electron toward
the TiO2 causes the dye excited state to decay (see 3.3)3.
Most of the research on DSSCs is dedicated to shift in a proper direction the dye’s
HOMO and LUMO, TiO2 CB and redox mediator RE to increase cells JSC and VOC .
The short circuit current depends on the dye’s ability to absorb light, consequently,
the HOMO-LUMO energy gap reduction is a suitable strategy the exploit the
part of the spectrum above 700 nm (red and infrared). High quantum efficiency
for injection is achieved when the dye LUMO is both energetically matched and
reasonably strongly coupled with the underlying semiconductor. Since the dye’s
excited state cannot be shifted to more positive potentials (lower energies) without
impairing the electron injection efficiency into the TiO2 CB, the dye’s ground state
can be shifted up (to more negative potentials) by adjusting the orientation of the
thiocynate ligands [93] and by changing the bipyridyl ligands [94]. However, those
modification move Ru dyes HOMO closer to the I−3 /I− pair redox potential slowing
down the dye regeneration by the redox shuttle and lowering the driving force for
the reaction [95], [96]. Furthermore, to compensate for the relatively low molar
extinction coefficient of Ru-polypyridine complexs [97], co-adsorbants [98], [99] may
be used to improve the e− injection into the TiO2 CB.

3Recently (November 2015) good IPCE for modified N-heterocyclic carbene-Fe(II) complexs
adsorbed on anatase has been proved [92].
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Figure 3.5: Example of a D-π-A sensitizer

An alternative approach to increase JSC is to use prototype dipolar architectures
donor-π bridge linker-acceptor (D-π-A) (see figure and 3.5) as sensitizers
instead of ruthenium dyes. D-π-A dyes possess molar extinction coefficients (ε)
higher than 50000 M−1 cm−1 that allow for maximization of light absorption at
longer wavelengths [100]. Moreover, larger ε permits to work with thinner TiO2

reducing, see next section (3.3) the electron transport-recombination competition.
D-π-A dyes for DSSCs applications are metal-free organic dyes [101], [100] where
electrons are excited through an intramolecular charge transfer (ICT). Metal-free
sensitisers are classified on the basis of their chemical structure: porphyrines
[80] [79], phenothiazine based [102], quinoxanile (π linker)-indoline (donor) [103],
triarylamine (donor)-cyanoacrylic acid (both electron acceptor and anchoring group)
[104], etc. Besides the high molar extinction coefficient, another advantage of metal-
free organic dyes is the possibility modify the donor and the acceptor moieties
to match their HOMO position to the RE of high VOC redox shuttles like cobalt
polypiridine complexes [105]. As stated before, for the dye regeneration to occur
the dye HOMO has to be at more positive potentials than RE [106]. However, see
figure 3.4 the cell VOC is set by the energy difference between the titanium oxide
Fermi level EF and the electrolyte RE that depends on the redox standard potential
and concentration of the redox species. Co(II)/Co(III) polypyridine complexes
allow for good energy bands matching with most of the D-π-A sensitizer, while
keeping a sufficient energy offset with respect to the TiO2 Fermi level. [107], [108],
[109]. On the other hand for the I−/I−3 there are two way to increase the shift
the RE to more positive values and consequently increase the VOC . The first one
exploits the Nernst equation:

RE = E ′0 + RT

2F ln CI−

CI−
3

(3.2)
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Where E′0 is the formal potential of the redox couple and CI− and CI−
3

are the
concentration of iodine and triiodide respectively. Although might be reasonable to
decrease the triiodide concentration to shift down (positive potentials with respect
to the SHE) RE, that causes mass transport issues being I−3 the main charge carrier
in the electrolyte. Therefore, low triiodide concentration hinders also the dye’s
regeneration process [110].
The second approach relies on large cations released in the process of dye anchoring
on the TiO2 surface, the TBA+ for the N-719, and on the imidazolium salt ions, for
example the DMP+, present as additives into the electrolyte. Bulky positive ions
[111] modulate the TiO2 flat-band potential. In particular large cations like TBA+

and DMP+ shift the TiO2 Fermi level to more negative potentials (toward the
vacuum level) [110], [112]. Furthermore, ion adsorption at the TiO2/dye/electrolyte
interface brings about different "kinetic" effect that will be treated in the next
section (3.3), and next chapter.

3.3 DSSCs’mechanism: kinetics

The previous discussion has considered only the energy states diagrams and
the driving forces leading to the charge injection. However, the kinetics of forward
(generating photocurrent) and reverse (recombination) processes has not been dealt
with yet. Charge transfer reaction rates affect the electron collection efficiency ηcoll,
which means the IPCE (see Chapter 2.1.2) and through the dark current also the
VOC (see equation 2.5). The competition between forward and reverse processes
can be expressed in terms of characteristic time constants [113]:

ηcoll = 1−
(
L

Ln

)2
(3.3)

where L is the TiO2 film thickness and Ln the the electron diffusion lenght given by
the equation:

Ln = L

√
τr
τtr

(3.4)

where τr and τtr are the electron recombination life time and the electron diffusion
time into the photoanode, respectively. Hence, improving DSSC implies prolonging
electron lifetime by reducing the recombination, lowering the electron
diffusion time, that means increasing electron diffusion length. In addi-
tion, equation 2.5 establishes that to increase the VOC the electron injection ( the
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direct process that generates JSC) has to be more favorable than the recombination
process occurring in dark conditions.
Figure 3.6 shows whole sequence of electron injection and charge transfer processes
that result in photovoltaic device function. Forward electron transfer and charge

Figure 3.6: Kinetics of charge transfer and electron transport in a DSSC. Sky-blue
arrows indicates the forward electron injection steps necessary for cell’s operation.
Black arrows refer to the reverse charge transfer: recombination processes. Adapted
with permission from [114]

transport (process 1-4) are in competition with three loss pathways: decay of the
dye excited state to the ground state (5), electron recapture by the oxidized dye
from the TiO2 CB (6) and recombination of electron into the TiO2 (not necessarily
in the CB, see next chapter section) with the I3− . ions (7). The first loss pathway
is negligible because the electron injection from the dye LUMO to the TiO2 (CB)
occurs immediately after (pico to femto seconds) the photoexcitation [94]. The
reason for such a fast e− transfer can be found in the Fermi golden rule equation
that gives the kinetic constant for electron injection reactions, Kinj, in quantum
mechanical terms:

Kinj = 4π
h
| V |2ρ(E) (3.5)

where h is the Plank constant, ρ (E) is the conduction band density of state and |
V | (E) is a parameter used to describe the degree of overlapping between the dye
excited state and the acceptor states in the TiO2. The high values of | V | stem
from the large overlapping between the unoccupied 3d orbitals of the Ti4+ ions and
the π∗ orbitals of the dye’s ligands. On the other hand, ZnO electron accepting
level are composed of the empty 4s orbitals of the Zn2+ that overlap only partially
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with the dye’s π∗ orbitals. This is the main reason of TiO2 outstanding performance
in DSSC with Ru-based dye compared to other oxides (CdO, SnO2, Nb2O5. etc.)
[115], [116], [117]. Furthermore, ruthenium dyes are prone to intersystem crossing
from a singlet state to a triplet state. Lifetime of the latter is longer than the former
one (from nano to millisec for the triplet; from tents of picosecconds to nanoseconds
for the singlet, [114]). Hence the decay of dye’s excited state to his ground state is
highly improbable because comparatively slower than electron injection into the
TiO2 CB.
Process (6) is in direct competition with dye’s regeneration (electron transfer (3)).
Being the the concentration of oxidized dye molecules sparked by light (compared
to their thermal generation) electron recombination through the sensitizer becomes
important under high illumination or when the electron transport through the
nanostructured TiO2 is extremely slow .4 The high dielectric constant of TiO2

, coupled with the high ionic strength of the electrolyte, is generally thought to
result in negligible coulombic interactions between the sensitizer dye cation and the
injected electron. Thereby, no significant geminate decay (recombination between
the electron immediately after the injection into the TiO2 CB and the oxidized
dye) occurs in DSSCs [118], [119]. This is the main difference between DSSCs
and other hybrid cells (i.e. bulk heterojunction polymer solar cells where high
surface nanostructured oxides are employed either as electron acceptors or scaffold
materials). Moreover, process (6) can be controlled by selecting a particular dye (i.e.
N-3 instead of N-719) and by the electrolyte additives. In fact, Li+ and H+. or small
cations in general (i.e. guanidinium) adsorbed at the TiO2/dye/electrolyte interface
screen the electrons into the TiO2 CB from the positive charged oxidized dye because
of their high charge density. Furthermore, high charge density cations adsorb at
the TiO2/electrolyte interface forming an electrical double layer that increases
the local concentration of I− ions speeding up the dye regeneration [120] and
consequently reducing the electron recombination route through the dye. However,
the Fermi level shift to positive potential caused by small cations adsorption has to
be compensated by tert-butylpyridine addition to keep the VOC at high levels [121],
[122]. The regeneration reaction rate depends also on the iodide concentration,
electrolyte charge transport ability, and counter electrode capacity to re-convert
the redox shuttle oxidized form into the reduced one. For the N-719 sensitizer dye,
coupled with a Pt cathode, and employing either a low-viscosity solvent electrolyte

4Notwhitstanding the fact the the recombination through the dye requires light, this thesis
will present a case where recapture of electrons by the oxidized dye may become important even
in absence of light and becomes the main source of saturation dark current I0.
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or higher viscosity electrolyte (i.e. benzonitrile) characterized by a fast Grotthus
mechanism [86] the regeneration reaction take approximately 0.4 µs [123]. This is
sufficiently fast to compete effectively with the competing recombination reaction
and ensuring that the regeneration reaction can be achieved with unity quantum
efficiency. Therefore, the recapture of electrons by the oxidized dye molecules does
not usually constitute an issue in DSSCs [121], [110], [124].
Efficient charge collection to the external circuit requires the electron transport
(τtr) through the nanostructured TiO2 toward the FTO contact to be faster than
charge recombination of injected electrons with the triiodide ion. In other words,
process (4) in figure 3.6 has to be faster than process (7). The latter reaction is
known as interception and represent the main source of dark current in DSSCs,
but contributes to cells recombinative loss also under illumination. In fact the
saturation dark current (no electrical potential applied) is given by the formula:

I0 = Kint[I−3 ]nCB0 (3.6)

where Kint is the kinetic constant for the interception reaction, [I−3 ] the concentration
of triiodide ions and nCB0 the conduction band electron concentration in dark and
at the thermal equilibrium. When the TiO2 Fermi level is shifted to more positive
potentials (EF get closer to ECB, the energy of the conduction band edge) either by
applying a forward bias to the cell or by providing the photoanode with radiation
the e− concentration in BC is perturbed from is equilibrium value according to the
equation

nCB = ρ(E) exp−ECB − EF
KT

(3.7)

Consequently, more electrons populate the TiO2 CB and recombination increases
5. Thus, the interception mechanism is active not only with no illumination but
even during the cell’s photovoltaic operation and adds up to the the recombination
through the dye. Equation 3.6 is a first order kinetics reaction which is favored by
large concentrations of triiodide ions. Even if [I3− ] is not high (a standard electrolyte
formulation contains 0.05 M of I2) the great interpenetration level between the
nanostructured semiconductor and the electrolyte favors the availability of triiodide
ions close to the TiO2 conduction band. Presence of large-sized cations (like TBA+

and DMP+) or bulky molecules (like the tert-pyridine) impedes the the access
5The macroscopical result of a polarization, either optical or forward electrical, applied to the

DSSC in terms of recombination current is its exponential dependence on the voltage as given by
the Shockley equation 2.4 for conventional solar cell.
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of triiodide ions to the TiO2 e− (but due to the smaller I− can still penetrate
the TiO2/dye interface to regenerate the sensitizer). When D-π-A dyes are used,
π spacer steric hindrance can be raised by adding alkyl or alkoxyl substituents
and the dark current is suppressed (see figure 3.7 as an example [125]). This

Figure 3.7: Example of bulky substituent (Triphenylammine, TPA) bond on a
D-π-A structure. Adapted with permission from [125]

method has been proved to be effective for D-π-A dyes coupled with Co(II)/Co(III)
based electrolytes where the interception reaction of the e− in the TiO2 CB by
the redox shuttle is favored by the single-electron charge transfer mechanism that
does not involve any molecular bond breaking [125], [103], [126], [109]. On the
other hand, the reduction of I3− to I− is a two electron, multistep process that
requires breaking the triiode molecule [122], [127]. Thus, Kint should be low
because of the high activation energy of the process [124], [127] and the interception
reaction should occur on a longer time scale than the electron diffusion through the
TiO2. Nevertheless, TiO2 nanostructured nature, which is indispensable
for dye adsorption, accelerate the interception reaction and slows down
electron diffusion. In fact, large specific surface area is associated with high
degree of morphological, structural and electronic disorder. The first one is identified
with random distribution of irregular shaped particles arranged in a 3-D network.
Structural disorder is brought about by two dimensional crystallographic defects:
dislocation and grain boundaries [128]. Finally, electronic disorder is caused by intra-
gap electronic states known as traps. The effect of morphological disorder is simple
to understand: the lack of long range orientation for the charge transport hinders
the electron diffusion through the photoanode compared to ordered structures [129].
Grain boundaries and dislocations are electron scattering locations that decrease
the electron diffusion current. Indeed, scattering raises the τtr rendering the e−-I3−

more probable.
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Mesoporous TiO2 and nanostructured titanium dioxide in general are full of lattice
point defects that arise during synthesis or from the DSSC assembly, resulting in a
multitude of electronic sub-band gap states that are able to trap charges. Defects
arising from TiO2 synthesis are positively charged oxygen vacancies generated by
the thermodynamically favored reaction:

TiO2 → TiO2−x + VO.. + x

2O2 (3.8)

Interstitial Ti 3+ [7] are created to compensate for the oxygen vacancies. Being the
trivalent titanium atoms donor defects, TiO2 is a natural n-type semiconductor.
Thus, oxygen vacancies are the cause of TiO2 n-type conductivity, but not the
primary source of donors defects. In fact, since the TiO2 valence band is made up of
O2− 2p orbitals, oxygen vacancies are located near the valence band (VB) edge. A
similar effect is instigated by the addition of lithium salts in the electrolyte: since Li
is a strong reducing agent Ti 3+ ions on the TiO2 surface are generated. Other ions
adsorbed on the TiO2 surface and dangling bonds can also act as traps [130]. Under
cell’s working conditions more than 90% of electrons in TiO2 are trapped and <10%
in the conduction band [131], [132]. Trap states can be distinguished into shallow,
which are located near the TiO2 CB and deep, which are positioned in the middle
of the TiO2 energy gap or close to the VB. The two natural (intrinsic) shallow and
deep traps in the TiO2 are Ti 3+ ions are oxygen vacancies, respectively [133], [134].
Different effects are induced by shallow and deep traps formation. In this section
we limit the discussion to the two natural shallow and deep traps postponing the
discussion on doping induced traps to section 4.3. The first effect influences the
TiO2 energy levels. (EF ) is shifted upward (more negative potentials) by shallow
traps. As a consequence VOC increases. However, TiO2 conduction band edge is
shifted close to the dye’s LUMO, hence the driving force for electron injection is
lowered and Jsc decreases. On the other hand deep traps provoke the opposite
effect (higher short circuit current and lower open circuit voltage) because EF shifts
downwards. The second effect concerns the electron transport and recombination.
Semiconductors’ conductivity is given by the formula:

σ = nCBµe (3.9)

where µ is the electron mobility. As stated before (see equation 3.7) the closer EF
to ECB, the higher the electron population in CB. Since deep traps shift the EF
downwards TiO2 film conductivity is low. Nevertheless, this does not represent a
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major liability because under cell’s operation conditions TiO2 CB is "flooded" with
electrons injected by the dye [135]. A more crucial problem is that electrons falling
into deep traps cannot be thermally re-emitted into the CB. Oxygen vacancies,
are located at the TiO2/electrolyte interface like suggested by the strong pH
dependence of traps density [131], [128], [136]. Therefore, once an electron is
permanently trapped in a deep defect on the surface it recombines with the triiodide
ion. Furthermore, it is well known from catalysis technology that surface point
defects are preferred sites for dissociative chemisorption of small molecules [137],
[138], [139]. Thus, the enhanced catalytic activity of the oxygen vacancies increases
Kint by facilitating the I3− splitting. In such a manner the interception reaction
rate is accelerated.
Shallow traps are directly responsible for the slow, i.e., ms, electron diffusion in
the TiO2. Indeed, e− diffusion in the photoanode is controlled by trapping and
detrapping events between the CB and the shallow traps [140], [141], [142], although
a small electron tunneling contribution between shallow traps cannot be completely
excluded [143]. Since the electron diffusion is trap mediated unless high level of
irradiance or electrical bias shift EF into the TiO2 saturating all the traps [144], the
charge transport through the photoanode is extremely slow (trap-diffusion limited
mechanism) [145]. Consequently, electrons have plenty of time to recombine with
the electrolyte causing Ln to shorten.

To be able to effectively modify trapping states it is important to know their exact
energy and spatial distribution. Open circuit photovoltage decay, intensity modu-
lated photocurrent spectroscopy, intensity modulated photovoltage spectroscopy,
time resolved charge extraction and above all measurements of chemical capacitance
(Cµ) vs voltage through impedance spectroscopy, have been used to determine
of intragap states over certain ranges of VOCs [146]. Cµ, for example, increases
exponentially in certain photopotential ranges indicating an exponential energy
distribution of traps. Unfortunately, the correlation of energy (shallow or deep)
with spatial location (bulk or surface) of the intra-gap trap state remains hard to
be established precisely. First of all because most the measurement techniques are
limited to narrow ranges of photopotentials that do not overlap with the potential
range in which certain defect (i.e. dangling bonds) are involved in the electron
transport or recombination process [146]. Secondly, because the TiO2 synthesis
method heavily affects defect locations and type [7]. This makes it difficult to
modify the TiO2 keeping intact the electronic properties.

Our approach to maximize the forward DSSCs’ power generation processes
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and minimize the recombination consists in decreasing the morphological disorder
by different TiO2 morphologies obtained with different synthetic methods. Once
identified the best performing morphology, the electronic disorder is modified
through doping to prevent recombination and injection properties by shifting TiO2

CB edge and compensating for deep traps. Finally, heterostructures are used to
switch electron transport media: from a highly disordered (TiO2) to an ordered
one (CNTs).



Chapter 4

Morphology, doping and
heterojunctions

4.1 Introduction

The current chapter presents the general effects introduced by the three (mor-
phology optimization, doping, heterojunction formation) approaches we used to
improve DSSCs performances. The description of beneficial effects and issues con-
nected to each methodology should help to understand the reasons of the particular
kind of morphology (TiO2 mesoporous hierarchical beads), dopants (lanthanide
cations) and heterojunctions (TiO2/chirality selected SWCNTs) we used to achieve
three general goals:

A. Developing ordered mesoporous structures able to maximize light collection
efficiency and charge generation without penalizing excessively the electron
transport properties.

B. Doping anatase with ions capable of controlling the charge injection properties
by tuning TiO2 energy bands’ positions and reducing the electron-electrolyte
recombination by suppressing the electronic defectivity (disorder).

C. Improving charge injection, electron transport and recombination by using a
high surface, high light scattering capability medium for light absorption and
charge generation while exploiting a high electron mobility medium for charge
collection.

Since modifying even a single property of the photoanode material (i.e. the
specific surface area) affects multiple DSSC photovoltaic parameters, a detailed

83
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description of the consequences of morphology change, titanium dioxide doping and
heterojunction fabrication are described in details in each section.

4.2 Morphology control

The ultimate goal of any TiO2 morphology optimization procedure is to couple
high specific surface areas to allow for the adsorption of large amounts of dye
without jeopardizing the electron transport properties. Besides, extended porosity
and suitable band gap are desirable for intimate contact between the dye and the
electrolyte and to control charge injection processes, respectively.
Ideally, an anatase mesoporous single crystal would match all the requirements.
Such a structure can be obtained by growing an anatase single crystal and by
inducing porosity on its surface by a focused ion beam source (FIB). However, two
complications arise when this approach is used. First, the most reactive anatase
crystallographic facet for N3 and N-719 adsorption is the <001> [147], [148], [149],
[150] but the most thermodynamically stable is the <101> because of surface energy
minimization [151], [152]. Therefore, it is difficult to grow a <001> oriented single
crystals in order to maximize the dye adsorption. Secondly, DSSCs are meant for
low cost applications and employing FIB techniques would prohibitively raise the
production costs.
The "benchmark" TiO2 for DSSCs are commercially available P25 and P90 Degussa-
Evonik nanoparticles. These materials, obtained by TiCl4 flame pyrolysis, are
comprised of non-agglomerated nanoparticles with size ranging from 10 to 30 nm
and characterized by a specific surface area of approximately 100 m2/g for the
P90 and 60 m2/g for the P25 [153]. Therefore, P25 and P90 represent a textbook
case of 0-D nanostructures (see chapther 1.2). Needless to say, their high surface
area and the fact that particles are well-separated are beneficial for dye adsorption.
Furthermore, the low degree of particles agglomeration leads to high performances
screen printing pastes by using small amounts of low molecular weight dispersants
easily removed at relatively low temperatures[154]. Finally, the small particle size
brings about high reactivity that is fundamental for particles’ sintering during the
phototoanode thermal treatment. However, they suffer from several drawbacks:

• Both P25 and P90 contain approximately 20% (by mass) of rutile. Although,
this TiO2 allotrope is desirable for photocatalytic applications [155], [156],
[157] it is detrimental for DSSCs photoanode structures (see section 3.2).
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• The small particles (and crystallites) size, that is responsible for the high
reactivity during the sintering stage also contribute to increase the amount of
rutile in the final annealed photoanode.

• P25 and P90 printed films are transparent[154]. Hence, a layer of larger
particles (400-500 nm) has to be subsequently deposited in order to scatter
photons back into the transparent film (increasing the optical path) and
enhance red and near-IR light harvesting [154],

• P25 and P90 nanoparticles are not porous.

The limited porosity is an issue shared with other nanoparticles structures [158],
[159], [160]. Furthermore, because of their zero dimensional morphology P25, P90
and TiO2 nanoparticles in general are subjected to the limitations stemming from
the high degree of morphological disorder. In fact, a titanium dioxide nanoparticles
photoelectrode is a random network of crystallographically misaligned crystallites,
and lattice mismatches at the grain boundaries that favor enormously electron scat-
tering, trapping and ultimately recombination [161], [162], [163]. One-dimensional
TiO2 structures such as wires [164], tubes [165] and rods have a relatively small
amount of grain boundaries and can act as single crystals, which are able to reduce
the grain boundary effect and provide fast electron transport [166], [167], citeorder3.
For example, the electron recombination rate in TiO2 nanotubes has been found to
be 10 times slower than in nanoparticles because of the directional electron trans-
port that efficiently subtract charge from the recombinative routes[168], [94]. The
more the mono dimensional structure is spatially oriented, the faster the electron
transport (i.e. Ln is larger for vertically aligned nanotubes compared to randomly
oriented nanorods). In addition, it is more difficult for the liquid electrolyte to
penetrate into one dimensional titania than into nanoparticles network, because
the one-dimensional titanias have usually relatively low surface areas. This leads to
a large interfacial charge-transfer resistance that further impedes the interception
reaction by the I−3 ion. However, the lack of intimate contact between the dye and
the electrolyte causes slow sensitizer regeneration’s rates consequently increasing
the recombination process through the oxidized dye. Furthermore, the absence
of morphological (i.e. pores) and structural (i.e. exposed Ti4+ ions) defects in
conjunction with the low surface area brings about lower dye loadings for 1-D
structures compared to nanoparticles [164], [165]. Charge generation improved
quantum efficiency combined with decent electron transport properties has been
proved for "hybrid" hierarchical structured 1-D materials comprised of tubes and
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particles [169].
Previous discussion suggests that a morphology optimized TiO2 photoanode should
be made out of a material capable of combining: a) the high specific surface
area of nanometric particles, b) the light scattering properties of submicrometric
particles, c) the electron transport directionality provided by monodimensional
structures. For the three properties to co-exist it is necessary to further increase the
dimensionality of TiO2 nanostructures and introduce mesoporosity to achieve 3-D
ordered mesoporous titania. The fundamental component to synthesize powders
characterized by an ordered porosity with pore sizes between 2 and 50 nm (that is
the IUPAC definition of mesopore) is the templating agent that acts as a scaffold
to spatially direct the TiO2 growth during the synthesis. Template-free methods
can also produce mesoporous TiO2 (see figure 4.1 but generally with disordered
mesostructures, which derive from the irregular packing of building blocks. The
templated material is a (see figure 4.1) a 1:1 (but inverted) copy of the structure
directing agent and no change in order or length scale of the template structure
occurs. Templating can therefore be an effective approach to form mesoporous
materials, as size and shape of the resulting pores can be tuned by choosing the
appropriate template structure. Templating agents can be either soft or hard. The
former are typically soft materials such as micelles, gels, nature-derived scaffolds
(i.e chitin), affording the formation of globular or spherical systems that serves
as template for the final 3-D, typically spherical, templated material. On the
contrary, in the case of hard structure directing agents, hard inorganic materials
(pre-formed) such as alumina or silica are employed as negative replica of the
targeted material. In both cases, the removal of the templating agent allows for
the formation of a material displaying a morphology which is the replica of the
templating scaffold. Hard structure directing agents have to be removed by treating
the obtained material either with HF or concentrated NaOH. Thus, TiO2 has to
grow within the template to easy remove the structure directing agent. On the
other hand, the critical issue for preparing mesoporous TiO2 under the guidance of
surfactant templates is controlling the hydrolysis and condensation rates of titanium
dioxide precursors to effectively match the cooperative assembly with the templates.
In addition, the recovery of mesoporous TiO2 without framework collapse should
be paid much attention to during the soft template removal and crystallization.
While hard templates simply act as a "cast" for the TiO2 growth, soft templating
exploits the cooperative assembly between titanium dioxide intermediates and
surfactants. The sol-gel process of titanium precursors is characterized by their
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(a) Disordered porosity

(b) Ordered mesoporosity

Figure 4.1: Pictorial representation of disordered (a) and ordered porosity (b).
The latter can be achieved only by using either soft or hard templating agents.
The figure shows a particular case of soft templating agent: micelles formed by
surfactants. Adapted with permission from [170].
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high chemical reactivity resulting from the low electronegativity of titanium and its
ability to exhibit several coordination states so that coordination expansion occurs
spontaneously upon reaction with water or even moisture. Thus, titanium dioxide
precursors tend to fast hydrolyze and form dense precipitates, which overwhelm the
cooperative assembly with surfactants, leading to undesired phase separation. For
example, the hydrolysis rate of titanium alkoxides is about five orders of magnitude
faster than that of silicate ones [171].
The chemical composition of the surfactant used as templating agent is also one of
the crucial parameters. For example, in aqueous solutions, surfactants containing
phosphate head groups are very effective in co-assembly with small sized oligomers
owing to their strong interactions with titanium 1. Small dimensions oligomers can
be obtained by performing titanium’s precursors hydrolysis in presence of a ligand
(i.e acetylacetonate) that regulate the rate of condensation of titanium containing
precursors (i.e. titanium isopropoxide, TIPO) [172]. However, the phosphorus from
the template cannot be fully removed by either calcination or solvent extraction.
Therefore, these materials are better designated as titanium oxo-phosphates rather
than titania and their energy bands’ position do not match with the dye and the
electrolyte. Furthermore, because of the high reactivity of titanium precursors,
it is difficult to control their hydrolysis and condensation rates and enable the
cooperative assembly with templates in an aqueous solution. Thus, the resultant
mesoporous TiO2 generally exhibit wormhole-like mesostructures rather than or-
dered regularity over large domains. High quality TiO2 films with a long range
ordering can be successfully synthesized via sol-gel process in non-aqueous solvents
coupled with the EISA (evaporation induced self assembly) method [173], [174],
[175]. In this case, an acid regulated sol-gel chemistry of titanium containing
precursors in a non-aqueous solution (i.e. in ethanol) first proceeds, which leads to
the formation of titanium hydroxides or oligomers. Subsequent deposition of the
sol solution on a substrate (commonly a Petri dish) induces the evaporation of the
solvent. Then, with the increase of concentrations of both titanium species and
templating agents (usually block co-polymers), the cooperative assembly is enabled.
Furthermore, when TiCl4 is used either as a precursor or as PH adjuster (and
TIPO as precursor for example) the HCl generated from its hydrolysis inside the
mesoporous structure is simultaneously removed under evaporation. This prevents
the HCl from disrupting the cross-linkage of TiO2 frameworks and allows to form

1Actually, the affinity of oxides, in particular TiO2 for phosphate groups has been exploited
for colorimetric sensors in the present thesis
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Figure 4.2: Schematic representing the various stages for the synthesis of ordered
mesoporous TiO2 via an EISA process. Adapted with permission from [176].

highly ordered mesostructures [177], [176]. Needless to say, the long range ordering
of mesoporous TiO2 structures synthesized by the templating approach favors
the electron diffusion and increases the charge collection efficiency compared to
a disordered network of nanoparticles. In addition, vast specific surface area and
consequently adsorption of large concentration of dyes and penetration of I−3 into
the photoanode are then ensured by the, possibly monodipersed, mesoporosity.
Being the size of N-719 and I−3 /I− redox couple 1.8 and 4 nm respectively, it is
possible to accommodate many dye molecules into the mesopores and avoid mass
transfer limitations due to the electrolyte diffusion [178]. This is the resaon why
mesoporosity is preferred over microporosity (pore size below 2 nm) for DSSCs’
applications.
Light scattering properties in ordered mesoporous materials can stem from two
sources: light trapping effect caused by the pores of the mesoporous nanoparti-
cles and size dependent Mie Scattering [179]. The former is characteristic of all
mesoporous materials and is widely exploited in silica antireflective coatings for
photovoltaic glasses [180]. The latter occurs only if the mesoporous nanoparticles
are arranged into a submicrometric (i.e. 800 nm) or micrometric structure [181].
In other words, a hierarchical structure of mesoporous particles is needed to benefit
from the Mie scattering. Hence, improved dye loading and light scattering can be
achieved by synthesizing nanosized crystallites assembled into mesoporous nanopar-
ticles in turn assembled into a micrometric structure. Alterantively, nanometric
crystallites can be packed into non-mesoporous particles allowing for multiple con-
tacts between neighboring crystallites with the next level of structural organization
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made out of those particles arranged into a mesoporous micrometric structure.
Our morphology optimization procedure consists of identifying the best photo-

voltaic performing photoanode TiO2 synthesized by using four different templating
agents:

Hard templating agent: monodisperse silica nanosphere differing by diameter
(20 and 50 nm) [182].

Soft Polymeric (block co-polymers) templating agents: Brij58 and Pluronic
123. The former is employed in a "classical" sol-gel synthesis in which the
crystallization and organization of TiO2 nanoparticles into three-dimensional
assembled mesostructures occur together [183]. The latter is exploited for a
combined sol-gel/EISA synthesis [184], [185].

Soft non-polymeric templating agent: hexadecilamine. This approach leads
to the formation of monodispersed mesoporous titania beads with tunable crys-
tallite and pore size [186], [181] by combining sol-gel synthesis and solvother-
mal treatments.

For all the samples the photovoltaic parameters have been correlated to morpho-
logical and structural properties through FE-SEM analysis, XRD, UV-vis diffuse
reflectance spectroscopy (DRS) and surface area/porosity analysis (BET/BJH).
The most suitable material for DSSCs application (TiO2 mesoporous beads) has
been used for further studies predicated on the electronic and charge transport
properties optimization.

4.3 Doping: electronic properties control

An approach to moderate electron trapping and control electronic properties
is doping the TiO2 with heteroatoms. Doping is routinely exploited to control
electronic properties (mainly conductivity) in silicon solar cells where the principal
effect is an increase of free charges by the donation of electrons from dopants with a
valency higher than that of the native material (n-type doping), or holes for dopants
with a lower valency (p-type doping). In the case of TiO2 the mechanism is much
more complicated. In fact, doping acts on both trap states and TiO2 band edges
position and DSSCs efficiency improvements can be achieved even by doping with
of equal valency as the host TiO2 ions [187]. A further complication stems from the
fact that, as mentioned before, is hard to determine the traps distribution within



CHAPTER 4. MORPHOLOGY, DOPING AND HETEROJUNCTIONS 91

the TiO2 energy gap. Therefore, when a specific kind of dopant is introduced in the
TiO2 structure at a certain concentration is not trivial to understand if deep or a
shallow trap [188], [7] are produced. In addition, there are effects going beyond the
electronic properties modification to be taken into account when doped titanium
dioxide is used for DSSCs. Usually, five different effects have to be considered:

1. Energy position trapping states generated by the dopant (deep or shallow).

2. Valency of the doping ions with respect to the ion to be replaced in the host
structure (Ti4+ or O2−). In both cases a p-type or n-type can be performed.

3. Crystal ionic radius and concentration of the the dopant with respect to the
size of the ion to be substituted.

4. The effect of the dopant on the TiO2 structures growth rate. In fact, different
dopants can produce different crystallite size [189] (usually it is reduced).
Because the dopant is inserted into the TiO2 during the synthesis the nature
of the dopant precursor also influences the crystallites size [190]. Charge
transport is affected by electron scattering from the grain boundaries and the
dye loading on the TiO2 film by the different surface area stemming from
the different crystallites size. Besides, since the dye linking on the TiO2

surface occurs by forming an esther bond between the carboxylate group of
the sensitizer and the titanium, the replacement of Ti with another cation
also affects dye adsorption due to different binding strengths between the dye
and the dopant [191], or because the dopant induces oxygen vacancies [192].

5. Dopants can favor or inhibit the anatase-rutile phase transition [193].

The final beneficial or detrimental outcome on the DSSCs efficiency is the combina-
tion of the five effects.

Doping of titanium dioxide can be achieved by either replacing the Ti4+ cation
or the O2− anion. Since the lower edge of the TiO2 CB is made up of Ti4+ 3d
orbitals (see previous section), replacing Ti by a different cation is thus expected
to heavily affect the CB structure. The upper edge of the VB consists of O2−

2p bands and replacing O2− by a different anion affects the VB energy. Anionic
dopants are non-metals such as sulfur, nitrogen and carbon. Cationic dopants are
typically metal ions (alkaline and alkaline earth metals, transition metals, p-block
metals such as aluminum, indium, gallium, tin, etc.) or metalloids (boron, silicon,
germanium, antimony). Because our goal is to investigate the effect of lanthanide
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Figure 4.3: Effect of dopants on TiO2 CB and EF . The doping induced states are
shown in red. Adapted with permission from [7]

dopants on the photovoltaics characteristics of TiO2 photoanodes the following
discussion will be limited to the effect of transition metals (the d-block metals and
the f-block lanthanides).
A general view of the effect of transition metals doping on TiO2 energy levels is the
illustrated in figure 4.3. As mentioned before, a dopant can induce shallow or deep
trap levels, both of them, or none of them [188], [194], [195]. Pristine (undoped)
TiO2 (see figure 4.3 (a)) possesses a band gap of approximately 3.2 eV and a bulk
resistivity of 1015 Ω cm. Ti3+ interstitials are located roughly 0.5 eV below the
TiO2 CB edge and act as n-type defects by being oxidized to Ti4+ ions and excting
electrons to the CB. Otherwise, charge transport can occur through e− from one
Ti3+ ion to the other with a mechanism that resembles the Grotthus transport for
protons in electrolyte solutions. However, when a TiO2 electrode is part of a DSSC
charge injection from the ruthenium dye to the CB occurs and the Ti3+ contribution
to the free carriers concentration and transport becomes negligible. Besides, now
trivalent titanium ions can act as trapping sites increasing the electron transport
time through the photoanode and the probability of recombination with the oxidized
dye or the I−3 ion. On the other hand, VO.. states associated with Ti3+ ions can
act as deep traps (see section 3.3) and surface sites for the electron interception
reaction by the triiodide. In both cases the effect is a less efficient charge collection
that causes JSC and VOC to drop. One method to control the oxygen defectivity
and passivate surface traps in pristine TiO2 is by thermal treatment and material
exposure to oxygen or inert atmospheres, [196], [197], [198].
When dopants induce shallow states that are sufficiently close to the CB (4.3 (b))
trapping and subsequent electron re-excitation into the CB is fast enough to avoid
a substantial increase of τtr. Furthermore, shallow traps can decrease the deep trap
density resulting in a upward (higher energy) EF shift that increases the VOC . The
elimination of deep traps retards recombination and boosts the VOC even further.



CHAPTER 4. MORPHOLOGY, DOPING AND HETEROJUNCTIONS 93

Thus, the overall effect is a VOC increase (stemming from the Fermi level shift to
higher energies and from the recombination depression/suppression) and a longer
electron diffusion length (i. e. better charge collection efficiency). Nevertheless, the
TiO2 CB is shifted towards the dye LUMO and JSC is expected to be lowered.
When doping contributes to the formation of deep traps (see figure 4.3 (c)), the
conduction band edge and EF are shifted downwards. In combination with the
increased recombination through the deep trap states VOC decreases. Because of
the larger offset between the CB and the sensitizer LUMO, electron injection is
then improved and the JSC increases. Ideally, DSSCs efficiency improvement can be
achieved by introducing dopants that eliminate deep traps and introduce new states
close to the TiO2 CB to ensure a fast trapping-detrapping transport mechanism. In
addition to the energy position of the traps inside the TiO2 forbidden gap, also the
effect of the dopant valency has to be considered. The change in the concentration of
trivalent titanium ions and oxygen vacancies (and the consequent CB and EF shift)
induced by the introduced impurities depends on the nature of the dopant: p-type
or n-type. Being the titanium ions into the anatase (or rutile) structure tetravalent
any transition metal ion with a valance lower than 4+ constitute a p-type dopant.
A p-type dopant shifts the EF closer to the VB (i.e. to more positive potentials,
lower energies) causing VOC to decrease and the JSC to increase because of the
enhanced driving force for the electron injection from the dye. Notwithstanding the
EF downwards shift, the open circuit voltage of the cell can be still improved by
the reduced dark current brought about by the p-type doping. Indeed, the lower
valency of the ion substituting the Ti4+ creates hole into the TiO2 valence band.
To preserve the electroneutrality, VO.. concentration is decreased. Being oxygen
vacancies the main responsible for electron deep trapping and recombination with
the I3− ion, the dark current of the cell is partially suppressed and the VOC loss
due to the EF shift is compensated. This approach has been proved to be effective
for many low valency transition metal ions such as Fe3+ [199], Cr3+ [200], Zn2+

[201], [202] Ni2+ [203] [204], Mn2+ [205], Sm3+ [206], Y3+ [194], and Sc3+ [188].
Transition metal ions with a valency greater than 4+ acts as n-type dopants. Nb+5

and W6+ are the most studied (and efficient) n-type dopants. Their insertion into
the TiO2 photoanode benefits from both electronic and structural effects. Niobium
has been initially employed as pulsed laser deposited compact film sandwiched
between the FTO glass and the porous TiO2 network because of the difficulty to
evenly distribute the Nb5+ ions into the anatase structure [207]. The result was
the formation of an heterojunction (see section 4.4) improving the JSC and slightly
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decreasing the VOC because of the EF downwards shift and the improved catalytic
activity of Nb2O5 for the interception reaction [208]. Then, the direct inclusion
of Nb5+ ions into the anatase lattice, allowed by the implementation of niobium
containing water soluble precursors [209], boosted the performances of Nb:TiO2

through different effects. First, the crystallite sizes can be enlarged compared to the
pure anatase [210]. Consequently, the electron transport showed an improvement
due to reduced e−-grain boundaries scattering. Nevertheless, the dye loading is
not affected. No satisfactory explanation regarding this effect exists. However,
the reason can be speculated on the basis of Bronstead acid sites on the doped
TiO2 surface. One of the interactions between the dye and the oxide surface take
place through the Bronsted acid sites (i.e OH groups bound to the Ti that bind
the dye’s carboxylate group through a dehydration reaction). Hence, differences in
dye loading might stem from the different number of acid Bronsted sites on the
surface of the doped and undoped TiO2 (that is synthetic route dependent also).
Niobium doping have been proven to increase the number of Bronsted acid sites on
the TiO2 surface [211]. The main drawback of niobium doping is that Nb5+ is prone
to introduce traps within the TiO2 energy gap decreasing the VOC by shifting down
EF . Thus, the amount of dopants has to be "tailor made" accordingly to the TiO2

level of electronic disorder. In fact in low-defectivity titania, a small amount of
niobium dopant produces a beneficial effect on the VOC by passivating the surface
oxygen vacancies traps and thereby decreasing the dark current and improving τr.
This implies that only a few Nb5+ sub-band gap states are formed and that the
TiO2 CB shift to lower energies caused by these states on is compensated by a
reduction in recombination, while they increase JSC by enhancing electron injection.
For lower quality TiO2 much higher doping concentrations are needed to passivate
the oxygen traps, resulting in more sub-band gap states, which lower VOC more
than can be compensated through recombination suppression [212], [213], [195]. A
similar effect has been observed for tungsten doping [214]. However, W6+ shows
the opposite behavior of Nb5+ in terms of crystallites and particles size. Tungsten
doping produces smaller crystallites and smaller particles. Surprisingly, no dye
loading improvement manifests [215], [216], [217]. In addition to the acid Bronsted
sites the TiO2 surface possesses also hard Lewis acid sites that are constituted
by the exposed Ti4+ ions. Being the dye’s carboxylate groups a hard Lewis base,
the formation of an ester bond is favored. When hexavalent tungsten ions are
introduced in TiO2 the excess positive charge is compensated by the generation of
Ti3+ ions with the consequence that a hard Lewis acid site is removed from the
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TiO2 surface. This is a possible explaination of why an increase of the specif surface
area for W doped TiO2 does not correspond to a higher dye uptake.

Besides the electronic properties modification, there are different effects related
to the ionic radius of the dopant that affect TiO2 photoanodes photovoltaic behavior.
In fact, the dopants’ ionic radius should not differ much from the Ti4+ to form
a solid solution and prevent phase separation or excessive lattice distortion that
creates crystallographic defects hampering the electron transport. For example
the good performances shown by Nb and W doped titania photoelectrodes are
partially due to the proximity of their crystal ionic radii to the Ti4+ one (ionic
radii: Ti4+ = 0.745 Å and Nb+5 = 0.780 Å W6+ = 0.740 Å). In this manner crystal
structure distortions are avoided. The difference in the crystal ionic radius also
limits the amount of dopant that can be introduced, usually from 0.1 to 3 at%.
Furthermore, the level of lattice distortion depends on the kind of solid solution
formed: substitutional or interstitial. The former occurs when the dopants occupy
the original lattice sites of the ion to be replaced (Ti4+). The latter occurs if the
dopant enters one of the holes or interstitial sites between the original ions. It
is predicted that substitutional doping causes less distortion of the TiO2 lattice
resulting in higher charge collection efficiency than interstitial doping. This has
been verified not only for transition metals [188], but also for p-group cations
like B3+ [218] and for alkaline earth metals like Mg2+[219]. Finally, any impurity
introduced into the TiO2 crystal lattice constitute a scattering center that can
delay the electron transport. The intensity of electron-impurity scattering strongly
depends on the ionic radius of the dopant[188], [220], [194].

Among all the transition metal ions suitable for TiO2 doping we have picked
out lanthanides (in particular six of them whose isopropoxide precursors are com-
mercially available: Pr3+, Nd3+, Sm3+, Gd3+, Er3+ and Yb3+) for two reasons:

• They possess only one stable oxidation state: 3+. Thus, they are all supposed
to induce a p-type doping in the TiO2. The only exceptions are cerium
(that can be tetravalent) and europium (that can be bivalent) which are not
investigated in the present study.

• Their ionic radius decreases from the lighter (Ce3+) to the heavier (Lu3+) ion
with a trend dictated by the lanthanide’s contraction: an increase of the ion
nuclear charge not compensated by the electron shielding of the 4f orbitals.
Since chemical reactivity of transition metal ions depends on their charge
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density, in the case of lanthanides this is determined by the atomic radius
that follows a well defined trend through the series of fourteen elements from
cerium to lutetium. As mentioned before, chemical reactivity of the dopants
affects both the TiO2 growth during the synthetic stage (i.e. the number of
grain boundaries) and the amount of dye adsorbed on the photoelectrode
surface.

The main drawback stemming from the use of lanthanides as dopants is that small
amounts can be employed because of the ionic radii difference with respect to the
Ti4+ ion [221].

Numerous techniques can be used to investigate the effect of doping on TiO2

structural and electronic properties. We employed FESEM to detect any morpho-
logical change. XRD to determine the crystallite size of lanthanides doped sample
together with the elementary cells parameters too see the degree of lattice distortion
induced by the trivalent ions. Dye loading measurements together with BJH and
BET surface characterization to identify the amount of sensitizers adsorbed on
the doped mesoporous TiO2 beads’ surface. DRS to investigate samples band gap
changes that are associated to the band edges positions shift and valence band
holes formation induced by the dopants. Then, the photovoltaic characterization
has been carried out in conjunction with I-V curves in dark. Finally, the recombina-
tion/transport properties have been investigated through impedance spectroscopy
by using the electron diffusion length as charge collection efficiency significant
parameter.

4.4 Heterojunctions: transport properties con-
trol

Besides doping another way to control TiO2 electronic properties and in par-
ticular charge injection is to fabricate heterojunctions. The simplest kind of
heterojunction that can be exploited for DSSCs photoanodes is a TiO2/ Noble
metal (Pd, Pt, Ag, Au, etc.) or CNTs Schottky junction [153], [222], [223]. Figure
4.4 shows the energy levels of a metal/n-type Schottky junction. Basically, for a
Schottky barrier contact to exsist the metal work function Φm has to be larger than
the n-type semiconductor one Φs. This is the reason why either CNTs or noble
metals are used to create Schottky junctions with TiO2). The work function is
defined as the potential required to remove an e− at the Fermi level to the vacuum
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Figure 4.4: Schottky junction formation for an n-type semiconductor/metal contact.

outside the metal or semiconductor. When the metal and the semiconductor are
brought in contact charge transfer occurs until the Fermi levels align at the equi-
librium. For this to happen, the potential of the semiconductor has to be raised
(i.e. electron energy must be lowered). Hence, an electron transfer from the n-type
semiconductor to the metal takes place. At the two materials’ interface the positive
charge due to uncompensated donor ions on the semiconductor side matches the
negative charge on the metal. The equilibrium contact potential Vbi which prevents
net electron diffusion from the semiconductor conduction band into the metal is the
difference in work function potentials Φm - Φs. The potential barrier height ΦB for
electron injection from the metal into the semiconductor CB is Φm - χs, where χs
is the semiconductor’s electron affinity that corresponds to the potential necessary
to remove one electron from the CB bottom to the vacuum level.
If a Schottky barrier composed of anatase and metal nanoparticles is employed in a
DSSC photoanode VOC , JSC and ηcoll are affected. In fact, since TiO2 EF is shifted
down with respect to the vacuum level the open circuit voltage of the cell decreases
and JSC increases because of the higher driving force for the electron injection from
the dye into the anatase CB. Besides, charge injection from the dye when the cell
is illuminated decreases the barrier for the electron transfer from the TiO2 to the
metal. Consequently, e− diffusion occurs into a medium where electron transport is
highly favored. Furthermore, ΦB keep the electrons from returning into the TiO2

where they can be trapped and ultimately recombine with the oxidized dye or the
electrolyte.
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Three different Schottky barrier configurations are usually employed into TiO2

photoanodes :

1. Composite comprised of metal nanoparticles or CNTs dispersed into the
TiO2 photoanode [224], [225]. For concentrations above the the percolation
threshold a continuous conductive path from the top to the bottom of the
photoelectrode is generated. Metals nanoparticles are more conductive than
CNTs that are comprised of a mixture of metallic and semiconducting struc-
tures (see further below). However, the large aspect ratio of CNTs allows for
lower percolation thresholds compared to metal nanoparticles. In addition,
the 0-dimensional nanoparticles are hard to sinter unless high temperatures
are used with the consequence of reducing the TiO2 specific surface area.

2. Films of CNTs, possibly vertically aligned, pre-deposited on the FTO substrate
before being coated with the nanostructured TiO2. Again, electrons are
transferred into the nanotubes and diffuse toward the FTO contact without
encountering grain boundaries. [222], [223].

3. TiO2 (or ZnO) tubes coated with noble metal nanoparticles (i.e. Au, Ag, etc)
capable of plasmonic excitation [226], [227], [228].

Case (3) is not straightforward to understand because τr improvements rely on Vbi

rather than ΦB. Figure 4.5 helps to clarify what happens for configuration (3) by
using gold nanoparticles and ZnO nanotubes. The electrons generated from the

Figure 4.5: Schematics (configuration (3)). Adapted with permission from [226].

photoexcited dye molecules could be transported directly to the ZnO conduction
band. Alternatively, the generated electrons could also be transferred indirectly
to the deposited Au Nanoparticle first and then onto the ZnO nanotubes surface.
The charge transfer from the metal to the semiconductor cannot occur by classical
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thermionic emission because as stated before a Schottky barrier for the electron
injection into the ZnO nanotubes exists. Thus, electrons can be transferred to the
semiconductor by tunneling rather than by surmounting the Schottky barrier. The
tunneling mechanism takes advantage of a resonant interaction of photons with
the collective motion of free charge carriers in a metallic nanoparticle, referred to
as localized surface plasmon resonance (LSPR). A "surroundings induced" LSPR
relaxation channel is the mechanism that allows the forbidden electron transfer
from the metal nanoparticle to the semiconductor [229]. In fact, if the nanoparticles
are chemically linked to the semiconductor electrons generated by plasmonic exci-
tation can tunnel through the chemical bond. Electron back transfer to the gold
nanoparticles and then to the oxidized species into the d ye or the electrolyte is
prevented by Vbi and fast charge transport ensured by monodimensional structures
such as the ZnO nanotubes.
Since our goal is to investigate the effect of chirality separated SWCNTs on in-
jection, recombination and transport properties of DSSCs photoanode further
discussion will be limited to the "Schottky" junctions created by CNTs in contact
with nanostructured TiO2.

Carbon nanotubes (CNTs) are considered remarkable materials owing to their
unique structural and mechanical properties such as high electrochemical stability,
low resistivity, and high surface-to-volume ratio [230], [231], [232]. In general,
carbon nanotubes can be divided into two categories: single-wall carbon nanotubes
(SWCNTs) and multi-wall carbon nanotubes (MWCNTs). SWNTs generally have
fewer defects and a higher degree of crystallinity than MWNTs, giving rise to
superior performance in most applications. Depending on the folding angle and
the diameter, SWCNTs may be metallic, insulating or semiconducting , [233], [234].
MWCNTs are constituted from a random alternation of semiconducting and metallic
layer and are conductive on the average. The kind of CNTs (single or multiwalled)
and their band gap structure (metallic or semiconducting) determine the most
suitable photoelectrode configuration (case (1) or (3)) to use, the kind of barrier
at the TiO2/CNTs interface, the light absorption properties with respect to the
ruthenium based dye, the kinetics of electron-electrolyte recombination reaction,
and the rate of electron diffusion through the photoanode. In composite electrodes
CNTs have to be: (i) non-agglomerated; (ii) evenly distributed inside the the
photoanode and (iii) uniformly coated by TiO2 particles. Conditions (i) and (ii) are
needed to ensure reasonable films conductivities in conjunction with low percolation
thresholds (see below). Requirement (iii) is necessary to avoid the presence of
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"naked" tubes into the electrode. In fact, CNTs show catalytic activity toward the
reduction of the triiodide ion to iodide [235], [236], [237]. Indeed, tubes directly
exposed to the electrolyte increase the interception reaction rate. Furthermore,
naked CNTs are not able to adsorb dye molecules causing the photoanode dye
loading to drop compared to pristine TiO2 electrode. In addition, exposed tubes
can compete with the dye for light harvesting [238]. CNTs homogenous coating
can be achieved only by CNT’s functionalization with with carboxylic groups
[238], [239], [240], [241]. However, the acid treatment necessary to functionalize
the CNTs damages their walls and shortens them resulting in decreased electron
diffusion coefficients. When SWCNTs are employed in a composite electrode acid
functionalization could even destroy some of the tubes rendering the amount of
CNTs introduced into the photoanode uncontrollable and then unreproducible. For
the beneficial effects (improved electron injection from the dye to the TiO2, grain
boundaries-free electron transport, reduced trapping and recombination because of
the effect of the Schottky barrier) to prevail on the detrimental effects (competition
with the the dye for light absorption and catalytic effect on the interception reaction)
CNTs concentration has to be accurately controlled. Usually less than 0.5 wt %
with respect to TiO2 is employed in composite electrodes [242], [243], [244]. For
CNTs thin film thickness between 50 and 100 nm are used [223], [?].
One method to favor beneficial effects over the detrimental ones is to control, during
the growth, the CNTs aspect ratio. In fact, the conductance (G) of a percolating
network (like pure thin films of CNTs or a TiO2/CNTs photoelectrode) is given by:

G ≈ (N −NC)α (4.1)

where N is the density of CNTs per unit area and Nc is the critical density known
as percolation threshold and is given by:

Nc = 5.7
L2
T

(4.2)

where LT is the tubes length. α is an exponent depending solely on the dimension of
the percolating space (1.33 for two dimensions and 1.99 for three dimensions [245]).
Hence longer tubes allow for higher conductivities at lower concentration reducing
the competition with the dye for light harvesting for both thin film and composite
electrodes. However, high aspect ratios are not determining in suppressing the
interception reaction and "tuning" the height of the barrier at the CNTs/TiO2

to maximize the charge injection by the dye and minimize the the back transfer
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to the nanostructured titanium dioxide where the probability of trapping and
recombination with the dye and the electrolyte are higher than in the CNTs.
An alternative way to control photoanode electronic properties at once by CNTs
introduction is the use of chirality selected SWCNTs.

The starting point to understand the electrical and electronic properties of CNTs
is the graphite structure. Quantization present in nanoscale graphitic fragments
results in electronic properties which cannot be duplicated by nanowires composed
of normal metals or semiconductors. Graphite has a layered structure composed
of parallel planes of sp2 bonded carbon called graphene layers. These layers are
0.34 nm apart and only interact via weak Van der Waals forces. A single electron
is assumed to travel through a perfectly periodic lattice, like the graphite one.
Because of the wave nature of electrons the electron wave function is assumed
to be in the form of a plane wave moving, for example, in the x direction with
propagation constant k, also called wave vector. The valence and conduction bands
of all materials are drawn as continuous but are actually composed of closely spaced,
discrete states. These states have a regular separation ∆k inversely proportional
to L, the macroscopic length of the sample, and for large L (compared to the
atomic lattice spacing) the states are effectively continuous. For nanometer-scale
materials, ∆k can increase to the point where very few k values are allowed and
the bands of states become quite scarce. Under these conditions, electrons no
longer freely hop from one state to another, the change in either momentum (wave
vector) or energy becomes too great for the available thermal fluctuations, and
the material is considered to be strongly quantized. Of course, a sample can be
quantized in one of its dimensions and not another. A suitably thin film will retain
a continuum of allowed states kx and ky in the plane of the film, even if only a few,
well-separated wave-vectors kz remain accessible perpendicular to the plane. On
the other hand, 3D graphite possesses allowed states in the direction perpendicular
to the graphene sheets and this is the reason why it is categorized as a semi-metal,
exhibiting a relatively high conductivity perpendicular to the basal plane and a
non-linear current-voltage dependence. In a nanowire, one of the wavevectors
remains quasi-continuous while the two wave-vectors perpendicular to the wires
longitudinal axis become strongly quantized. To visualize the available electronic
states for a nanoscale 2D film or 1D wire, it often suffices to extract a plane or a
line, respectively, out of the materials 3D band structure. For a typical metal or
semiconductor, this extra quantization rarely results in dramatic electronic effects:
bulk metals tend to produce metallic nanowires, and bulk semiconductors produce
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Figure 4.6: graphene sheet showing indexed lattice points (n,m). ~a1 and ~a2 are the
unit cell vectors of the two-dimensional lattice and Θ the chiral angle. Θ is defined
as the angle between the chiral vector and zig-zag axis. Adapted with permission
from [246].

semiconducting nanowires, though with possibly modified band gaps. THis does
not happen for graphitic materials.
Graphene begins as a 2D material, but it may be further quantized by slicing a
narrow strip from the sheet. In this case, the allowed electronic states constitute a
line of points, or band, sliced from the graphene 2D band structure. A slice in a
direction K, where K is the edge of the first Brillouin zone is metallic, whereas a
slice in a different direction may not. Accurately describing a 1D graphene strip
therefore requires two independent parameters: both the width of the strip as
well as the angle of the strip with respect to the atomic lattice. Only with both
parameters the electronic properties of the strip can be completely specified. Being
SWCNTs isoelectronic with graphene similar considerations can be applied to single
walled carbon nanotubes if we think of them like a single folded graphene sheet. It
is convenient to specify the circumference of a SWNT as a vector composed of the
two primitive lattice vectors (see figure 4.6):

~C = n~a1 +m~a2 (4.3)

where ~C is the chiral vector or simply chirality. The two parameters specifying
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the SWCNT are the chiral vector indices (n,m) instead of the magnitude of the
circumference and an angular orientation. The use of chiral vector and its "roll-up"
indices n,m permits to define the concept of chirality and its implications for the
specific case of SWCNTs. According to IUPAC nomenclature chirality is defined
as "the geometric property of a rigid object of being non-superposable on its mir-
ror image". Thus, SWCNTs can be classified on the basis of their chirality into:
armchair, zig-zag and chiral tubes. All the SWCNTs with n = m (armchair
SWCNTs) are non-chiral. Armchair tubes are metallic because one of the allowed
subbands of states runs directly from k = 0 to k = K. Zig-Zag tubes possess n =
integer number and m =0 and are non-chiral. Chiral tubes are characterized by the
following roll-up indices: n 6= m 6= 0. A geometric construction proves that when
the difference between n and m of zig-zag or chiral tubes is divisible by 3 one of
the various allowed sub-bands intersects the K causing the SWCNT to be metallic.
This leads to the result that 1/3 of all possible carbon SWCNTs are metallic and
2/3 are semiconducting. It is believed that the effects of curvature may introduce
very small gaps in the metallic SWCNTs with n 6= m, but these gaps have energies
well below room temperature. The SWCNTs which are not metallic have direct
semiconducting Eg the magnitude of which follows a straightforward rule. Because
graphene’s energy dispersion near EF is linear in k, the energy gap between states
is directly proportional to the separation ∆k between sub-bands. ∆k is itself solely
determined by the width of the graphene strip (or of an unrolled SWCNT) and the
lattice constant a. Thus, all SWCNTs of a given diameter D will have the same
semiconducting band gap Eg, regardless of the precise value of n and m and will be
Eg = (0.85 eV -n∗m)/D. Typical experimental SWCNT diameters of 0.7 1.0, 1.4,
and 2.0 nm give optical bandgaps of approximately 1.02 0.85 eV, 0.60 eV, and 0.43
eV, respectively.
Since chiral tubes are comprised of equal amount of the both enantiomers (namely P
and M) if in addition to the n,m chirality separation also an enatiomeric selection
is performed circular dichroism and optical activity can be observed. However,
since the polarization state of light does not affect the performances of DSSCs,
the phenomena stemming from chiral tubes enantiomers separation are not further
discussed here. On the other hand, separation of semiconducting from metallic
tubes and the selection of specific semiconducting chiralities is of crucial importance
for DSSCs opto-electronic properties optimization. Although in theory [11] metal-
lic tubes facilitate electron transport through the photoanode, they carry plenty
of drawbacks. Since metallic tubes are characterized by continuous absorption
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Figure 4.7: Experimental (from our lab) absorption spectrum of N-719 in anydrous
ethanol.

spectra in the Uv-visible region, eliminating or at least minimize their amount in
DSSCs photoanodes limits the competition with the dye for light absorption [?].
Furthermore, the greatest level of optimization in terms of light harvesting can be
achieved if among semiconducting SWCNTs only those whose absorption bands
do not overlap with the N-719 absorption spectrum are used. Hence, selecting
chiralities possessing optical transitions away from 540 and 390 nm (the two MLCT
transitions) and 313 nm the intraligand (π-π∗ internal charge tranfer) transition)
helps improving charge generation by the dye.
Another effect related to the presence of metallic tubes is the fastest rate of the
interception reaction. Indeed, it is reasonable to assume that metallic tubes have
more catalytic activity toward the breaking of the triiodide ion than semiconducting
tubes [247], [248], [11], [249], [250], [251] . Thereby, reduced amounts of metal-
lic tubes into the photoanode are supposed to slow up the electron-electrolyte
recombination. To compensate for the conductivity loss due to the exclusion of
metallic tubes pure single chirality semiconducting tubes have to be used. In fact,
bundles of same chirality semiconducting tubes are expected to show less intertube
resistance than mixed-chirality SWCNTs networks [43], [252], [253]. Furthermore,
cutting down the quantity of metallic tubes diminishes the probability of creating
metallic-to-semiconducting tube junctions possessing a high energy barrier for the
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electron diffusion. Finally, chirality influences the nature and the height of the
energy barrier at the TiO2/SWCNTs interface through nanotubes work function.
As stated before when SWCNTs and TiO2 are brought into contact a Schottky
barrier is built, which means that the SWCNTs will act as an electron sink resulting
in the TiO2 behaving similar to a p-type semiconductor as the holes in its valence
band travel to the surface [222], [223], [254]. Hence, DSSC’s VOC becomes the
result of a balance between the detrimental effect caused by the TiO2 EF shift and
the improved recombination both stemming from the Schottky barrier creation
[254], [223], [255]. Most likely the Schottky barrier formation occurs because 1/3
of SWCNTs are metallic. Once metallic tubes are almost completely removed and
only semiconducting tubes or chirality specific semiconducting tubes are in contact
with the TiO2 an heterojunction between two semiconductors is formed. When
semiconductors of different band gaps, work functions, and electron affinities are
brought together to form a junction, we expect discontinuities in the energy bands as
the Fermi levels line up at equilibrium. In "conventional" semiconductor physics the
energy levels alignment for heterojunctions produced by the contact of two different
semiconductors is determined by the Anderson’s affinity rule [256]. Anderson’s rule
is applicable to both anysotype and isotype heterojunctions. The former refers to
junctions comprised of two different semiconductors with different doping type;
the latter indicates a junction between to different semiconductor possessing the
same doping type. Figure 4.8 depicts the application of the Anderson’s affinity rule
to a p-n heterojunction of two similar semiconductors: n-type Al0.3Ga0.7As and
p-type GaAs. In this case the heterojunction is called p-N (small p for the small
band gap and large N for the large band gap). The band diagrams of Al0.3Ga0.7As
and GaAs by themselves (figure 4.8 a) and after the junction formation (figure
4.8 b) are shown. For this material pair, the conduction and valence bands of the
smaller bandgap semiconductor lie completely within the band gap of the wider
band gap semiconductor. Heterojunction pairs which line up as illustrated in figure
4.8 are know as type I heterojunctions. The discontinuities in the conduction band
∆Ec and the valence band ∆Ev accommodate the difference in band gap between
the two semiconductors ∆Eg. In an ideal case, ∆Ec would be the difference in
electron affinities q(χ2 - χ1), and ∆Ec would be found from ∆Eg - ∆Ec. This is the
Anderson’s affinity rule. In terms of charge transfer a type I heterojunction requires
that both types of carriers, electrons and holes, possess energy (∆Ec and ∆Ev
respectively) to change from the material with the smaller band gap to the one with
the larger gap. Hence, electrons will transfer and accumulate on the smaller band
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Figure 4.8: Al0.3Ga0.7As-GaAs/N-p heterojunction. (a) before contact. (b) after
contact. Type I heterojunction.

gap semiconductor by thermionic emission over the junction barrier if the junction
is abrupt, by drift-diffusion mechanism if the junction is graded or by tunneling if
the junction is heavy doped [256]. Therefore, once electrons are injected from the
wide band gap semiconductor into the smaller gap semiconductora barrier of ideal
height ∆Ec prevents them from returning into the large band gap material.
The energy levels discontinuity at the TiO2-semiconducting SWCNTs interface
should be treated as an heterojunction between a wide band gap n-type semiconduc-
tor (the TiO2) and a narrower band gap p-type semiconductor (the semiconducting
SWCNTs). SWCNTs are naturally p-type semiconductors because of their exposure
to O2 species [257]. Thus, the case illustrated in figure ?? should fit the semi-
conducting SWCNTs-TiO2 interface that then behaves as a type I heterojunction
favoring the electron injection from the dye to the TiO2 and from the TiO2 to
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the carbon nanotubes. In reality, plenty of complications arises from the fact that
the work function and electron affinity of chirality specific semiconducting tubes
are not known. In fact, the experimental determination of the carbon nanotubes
conduction band edge (i.e. electron affinity) and Fermi level (i.e work function)
with respect to the vacuum level (vacuum or absolute scale) is hard to perform.
Also the band edges position of the nanostructured TiO2 are difficult to locate. For
example, by considering the valence band edge located at -5.1 eV, the conduction
band edge at -3.9 eV on the vacuum scale [258] for the (6,5) chirality and a con-
duction band edge at -4.21 eV with a 3.2 eV [188] band gap for the anatase we
obtain a staggered or type II heterojunction see figure 4.9. In a staggered junction
either the conduction band edge of the smaller gapped material might lie above
that of the larger gapped material or its valence band might lie below the wider
band gap semiconductor valence band. The case reported in figure 4.9 for the
(6,5)/TiO2 interface corresponds to type II heterojunction where the p-type small
gap semiconductor conduction band lies above the wide gap semiconductor one.
Thus, according to data reported in literature electrons should remain into the

Figure 4.9: Type II (staggered) heterojunction structure for the (6,5)/anatase
interface inferred from data reported in [258], [188]

TiO2 without being transferred to the (6,5). However, the work function reported
in reference [258] is derived from DFT calculations and does not take into account
some experimental parameters. In fact separation of SWCNTs by any technique
(see further below) never produces 100% single chirality pure tubes. Thereby,
contamination by other semiconducting and metallic chiralities may lead to changes
in the work function, especially in tubes smaller than 1 nm where the work function
strongly depends on the diameter [259]. Besides, SWCNTs work function depends
on the treatment to which SWCNTs have been subjected during their dispersion
and junction fabrication. For instance, dispersion with anionic surfactants can cause
intercalation of the tensioactive counter-ion into the tubes (especially alkali metals)
leading to dramatic modifications of the tubes work function [260]. In addition,
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SWCNTs work function depends on the concentrator of defects on the tube walls.
Finally, for the specific case of DSSCs electrode fabrication the sintering step of
TiO2 has to be performed either in a inert gas or under vacuum to keep the smaller
diameter tubes from being completely destroyed by the thermal treatment. Vacuum
behaves as a slightly reducing atmosphere that can change the "doping" level of
the SWCNTs and consequently modify the work function. As stated before, also
experimental determination of single chirality tubes work functions is problematic.
First because it requires to have a sufficient amount of single chirality material to
perform ultraviolet or X-ray photoelectron spectroscopy. Besides the CoMoCAT
growth method that produces (6,5) [261] chirality enriched tubes other SWCNTs
synthesis techniques result in a mixture of different chiralities each of them in very
small amounts. Thereby, the determination of semiconducting chiralities’ work
function other than (6,5) is almost precluded. Second, work function measure-
ments by photoelectron spectroscopy or scanning tunnel microscopy require almost
epitaxial, uniform and smooth SWCNTs film deposited on noble metals which is an
unrealistic situation for the real life application of SWCNTs to devices. Finally, the
other main method to measure SWCNTs work function, the thermionic emission
current, is very difficult to apply to chirality separated tubes [262].
Besides the SWCNTs work function also the band edges position of TiO2 deter-
mination is challenging. Indeed, most of the methods use to obtain ECB in TiO2

are based on photoelectrochemical measurement (like in reference [188]) such as
Mott-Schottky curves, photocurrent onset, open circuit photovoltage, etc. rely on a
semiconductor-electrolyte contacts and on the flat-band potential (VFB) formalism.
When a semiconductor is brought into contact with an electrolyte, its EF is adjusted
to the Fermi Level of the electrolyte. This equilibration happens through electron
transfer across the interface which results in the formation of a depletion layer
(analogous to the Schottky or p-n junction case) since the surface region of the
semiconductor is depleted of its majority carriers. In an n-type semiconductor,
this interfacial charge transfer process produces an excess of positive charges in
the semiconductor (immobile charges of ionized donors) and an excess of negative
charges in the electrolyte. As a consequence, the semiconductor bands are bent
upwards, which can be understood in terms of a continuously growing barrier for
interfacial electron transfer when moving from the bulk of the semiconductor to
the interface due to the continuously less efficient screening of the negative charges
in the solution by the positive charges in the depletion layer. The height of the
barrier is the energy difference between the conduction band edge in the bulk (ECB
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and he conduction band edge at the surface ECBs and corresponds to the potential
drop in the depletion layer Vs. The potential at which Vs = 0 and the bands
in the semiconductor are flat is VFB. Hence, VFB gives a direct information on
the position of the conduction band edge. In other words, the determination of
the conduction band edge of a thin compact TiO2 film often translates into the
measurement of the flat band potential. However, it should be emphasized that,
in the context of nanomaterials, the above described formalism applies only to
thin compact highly doped TiO2 films that behave in a manner similar to compact
crystalline semiconductors. In contrast, in small TiO2 particles and in highly porous
nanocrystalline electrodes, the formation of the space charge layer is improbable
due to the very small crystallite size (see chapter 2 [263]) and the potential drop
occurs mainly in the electrolyte Helmholtz layer. Finally, in a nanostructured
semiconductor EF can be "pinned" to the energy level of its surface defects and the
contact with another material (metal, electrolyte or another semiconductor) may
not produce the expected band shift.
All these factors make difficult to predict the kind of heterojunction created at the
chirality selected tubes-anatase interface and to choose the semiconducting chirality
with a suitable energy gap that would facilitate electron injection from mesoscopic
TiO2 and impede the reverse process.

Being the growth of single chirality SWCNTs (besides the (6,5)) hard to achieve,
different techniques have been developed over the years to separate by chirality
batches of synthesized tubes [264]. They span from density gradient ultracentrifuga-
tion (DGU) [265], to electrophoresis [266]. All these methods rely on non-covalent
functionalization of SWCNTs with synthetic [267] or bio-polymers (i.e. DNA) [268],
or low-molecular weight surfactants [269] for both tubes dispersion and chirality
selection. Indeed, different chirality tubes possess different electronic density that
results into different Van der Waals interactions with the same polymer for instance.
Then, electronic specific SWCNTs batches can be obtained by exploiting particular
physical properties stemming from the polymeric or surfactant functionalization.
For instance, sedimentation coefficient into a density gradient medium (i.e. Iodix-
anol) in DGU [270], charge density deriving from deprotonated backbone phosphate
groups on the DNA wrapped around the tubes in ion-exchange chromatography
[271], [272] or electrophoretic mobility [273], [274] coming from cationic or anionic
surfactants functionalization.
Size exclusion gel chromatography (SEGC) is an effective chirality separation tech-
nique that can be used to separate metallic from semiconducting tubes, single
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chiralities of semiconducting tubes, and enantiomers of single chirality metallic
tubes [275]. It takes advantage of two principles involved into the formation of
SWCNTs/surfactant micelles: size exclusion and chemical affinity for a bio-polymer
based gel. The most used gel for SEGEC is Sephacryl, which is composed of allyl
dextran chains cross-linked by N,N’-methylene bis-(acrylamide), with dextran being
a biopolymer and chiral compound (it is α-D-glucan, that is a D-glucose polysac-
caride with the glycosidic bond in the α form). When SWCNTs are dispersed into
an aqueous solution of a surfactant such as SDS or sodium cholate (SC) above the
CMC at a temperature higher than the surfactant Kraft point (see chapter 1.2),
micelles of surfactant forms around the tubes. The size of the micelles depends
on the SWCNTs diameter. Hence, smaller tubes [276], [277], [278] have a smaller
coverage of SDS (or SC) molecule than larger tubes and are more prone to penetrate
into the gel pores. It means that smaller tubes have more chances of interacting
with the gel because they spend more time inside the stationary medium pores while
traveling down the chromatographic column. Besides the level of SWCNTs pene-
tration into the gel, a further diameter/chirality dependent discrimination occurs
because of the different SWCNTs charge density. In fact, different chiralities means
different (n,m) chiral indices, that means different diameter and chiral angles, that
means different radii of curvature. Those chirality peculiar geometric parameters
in conjunction with the different distribution of π electrons (i.e. semiconducting
or metallic, different band gaps) causes the charge density on the SWCNTs to be
different for each chirality with the consequence of diverse interaction strength
between the gel and the tubes. One of the proofs that a real interaction between
SWCNTs and the gels exists and that the chirality selection is not merely based
on the size exclusion principle is provided by the separation of enantiomers within
the same chirality that is possibile only because of the interaction with the chiral
dextran moieties of the gel.

The general SEGC chirality selection procedure reported in ref. [279] is a two-
pass process that results in the chirality separation of SWCNTs [278]. The main
drawback of such a two-steps chromatographic process is the decrease in CNT con-
centration after each pass. Obtaining as much as possible of the enriched-chirality
CNTs in one pass is mandatory for PV devices fabrication. Thus, we modified the
original procedure to achieve chirality pure SWCNTs in a single pass by exploiting
the concept of gel "overloading" (see chapter ??). That allows to collect a sufficient
amount of chirality separated tubes to be used in DSSCs’ photoanodes.
Five different samples have been investigated: a mixed chiralities (30 chiralities)
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sample, two samples containing mixtures of two different semiconducting chiralities
((6,4)/(6,5) and (6,4)/(7,3)), and two single semiconducting chirality samples
((7,3) and (6,5)). Samples have been investigated by absorbance Uv-Vis. spec-
troscopy and visible photoluminescence spectroscopy for chirality purity. SWCNTs
thin films have been characterized by sheet resistance and optical transmittance
measurements to identify the effect of chirality separation on electron transport
and competition with the dye for light harvesting. Photoanodes containing single
chirality (or dual chirility or mixed chirality) tubes have been used in in a three
layered (CNTs/P90/Mesoporous anatase beads) structure. These photoelectrodes
have been employed in DSSCs and tested for photovoltaic parameters.



Chapter 5

Colorimetric sensors

This chapter goes into the “state of art” of metal ions colorimetric sensors
based on terpyridine derivatives. The intent of the chapter is to provide a general
knowledge concerning iron ions colorimetric sense and reaffirm the extensibility
of particular materials used for DSSCs (i.e. TiO2 mesoporous beads to other
fundamental and applied research field. In fact, the close similarity between DSSC’s
Ru-based dyes and iron-terpyridine coordination complexes [21], [22], [280] make
TiO2 thermodynamical, morphological, and optical properties desirable for Fe
colorimetric detection. Similar colorimetric systems relying on mesoporous titania
have been already used in literature for Bi(III) detection [12]

5.1 "Terpy-based" complexes

Bi-, Ter-pyridine and poly-N-aromatic compounds in general (i.e. 1, 10 phenan-
throline) constitute a class of polydentate chelating agents capable of forming
coordination complexes with almost all metals of the periodic table. Poly-N-
aromatic moieties belong to the group of strong-field ligands in the spectrochemical
series. Hence, their metal complexes benefit from high CFSE (crystal field sta-
bilization energy) coming from the large (especially for octahedral coordination
compounds) crystal field d-orbitals splitting parameter (∆). Polypyridine-metal
complexes own their stability (high CFSE, large ∆) to two effects:

1. The presence of multiple nitrogen electron lone pairs able to coordinate the
central metal ion (chelating effect).

2. π-backbonding, that is the electron donation from the occupied t2g metal

112
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orbitals 1 to the ligands π∗ anti-bonding molecular orbitals.

Since π-backbonding is the main contributor to ∆, polypyridine ligands tend to
stabilize electron-rich, transition metals low oxidation states.
From the photophysical properties standpoint, the most studied polypyridine
complexes are: the d6 ions (Re1+ [281], Fe2+ [282] [283], Ru2+ [284], [285] Os2+

[286] [287], Rh3+, Ir3+ [288]) octahedral, d10 (Cu+1 [289], [290]) octahedral, and
the d8 (Pt2+ [291], Pd2+ [292], Au3+ [293]) square-planar coordination compounds.
In fact, long-lived and intense luminescence, high molar extinction coefficient for
the MLCT transitions, sinthetically tunable absorbance and emission wavelengths,
have triggered plenty of research over polypyrydine-metal complexes for DSSCs,
photocatalysis, OLEDs, phosphorescent gas sensors and bioimaging applications
[294], [295], [296].
Among the countless polypyridines ligands, "terpy" (2,2’:6’,2"-terpyridine) mioeties
and their derivatives have found a specific application as colorimetric and fluorimetric
sensors for anions and metal cations. Fluorimetric detection of cations relies on
photons absorption by the metal-terpy complex and radiation re-emission to a longer
wavelength with respect to the energy of the absorbed photon (i.e. the principle is
similar to the collection of PL maps for single chirality SWCNTs). The fluorescence
emission stems from the radiative relaxation of the metal-terpy complex excited
state. The shift between the absorption and the emission frequency is called Stokes
shift. Modified terpy-metal coordination compounds have been extensively used
for fluorimetric detection of Fe3+ [16], Fe2+ [17], [18] Zn2+ [297], Cd2+, Hg2+[298].
Although terpy-metal dyes luminescence based sensors are selective and sensitive
and allow to detect and quantify even spectroscopically (or magnetically, see ??)
silent ions (i.e. d10 metal cations like Zn2+), they require expensive and dedicated
equipment (the spectrofluorimeter).
A terpy-metal coordination compound has to fulfill the following requirements to
be employed as a colorimetric sensor.

• The terpy-metal ion complex must possess an intense optical transition visible
to the naked eye.

• The metal complex has to be incorporated into a polymer or an inorganic
matrix that permits the fabrication of a solid state device. Moreover, the terpy

1Since polypyridine moieties are strong-field ligands, tethraedical complexes where the electron-
filled (low-energy) states is comprised of the eg orbitals do not form. Indeed, tethraedical
coordination compounds usually exist for weak-field ligands (i.e. halogens), where the CFSE loss
(δt ≈ 4/9 δo) is not crucial.
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moiety that acts as linker (probe) for the metal cation has to be water-soluble
to avoid absorption peak shifts caused by the nature of the organic solvent.

• The color change should be selective, reversible, and sensitive to different
concentrations of a specific metal ion.

Intuitively, deep colored sensing responses can be achieved by exploiting electronic
transitions not restricted by spin and Laporte selection rules. Hence, charge transfer
transitions are the most indicated for metal ions colorimetric detection. Thus, visible
metal-to-ligand charge transfers characteristic of group 8 d6 cations (in their low
oxidation state (II)) are suitable for colorimetric detection. In fact, terpyridine (or
ferroin-like indicators) chelating agents have been used as colorimetric reagents
for homogeneous (i.e. not involving adsorption on solid surfaces) sensing of Fe2+

in solution since the 40s [15]. Since Fe(II)-terpyridine moieties complexes absorb
in the green range of the visible sprectrum, their formation is detected by a color
change from colorless or pale colored (ligand only) to reddish-purple solutions. One
inconvenient related to total iron determination by using tepyridine complexes is
that if Fe3+ is present in the solution it has to be converted into iron(II) by using
reducing agents (i.e. hydroxilammine, stannous chloride, formaldehyde, sodium
hypophosphite, etc.). Nevertheless, simultanous spectrophotometric detection of
Fe(II) and Fe(III) can be accomplished by exploiting the LARVA (light absorption
variation approach) technique [299]. Such a methodology is predicated on the
analysis of ligand-to-metal charge transfer transition (LMCT) rather than MLCTs.
In general, intensity of LMCT bands depends on the central metal ion ability to
polarize the ligands and induce electron transfer from π (or σ) orbitals of the ligand
to the partially filled d orbital of the metal (conversely an MLCT transfers electron
from the metal d orbitals to the empty anti-bonding orbitals of the ligand). Therby,
Fe3+ ions coordinated to terpy moieties favor the electron tranfer from the ligands
compared to Fe2+. The reason is the higher charge density of the trivalent ion
and the larger accessibility of empty d orbitals (Fe3+ allows for charge transfer to
both the eg and the t2g orbitals). For instance, Liang et. all [299] have used the
absorbance ratio between two LMCT transitions in the Uv range (318 and 366
nm) to spectrophotometrically titrate the amount of Fe(III) and Fe(II) in aqueous
solutions. In fact, the intensity ratio of the two LMCT bands doesn’t change by
adding Fe2+ while varies as Fe3+ concentration is increaseed. The "standard" MLCT
at 560 nm is then used to colorimetrically discriminate between the two iron ions
and the other cations. Unfortunately for an LMCT transition to lie in the visible,
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the ligand has to be extremely polarizable (i.e. large radius alogens like I− and
Br−) [300]. Otherwise, like in the case of terpy-iron complexes, the charge transfer
bands from the ligands to the metal lie in the UV region that is not profitable for
colorimetric detection. LMCT transitions are exploited also for Hg2+ colorimetric
detection based on Hg(II) binding to terpyridine derivatives [301]. Furthermore,
Hg2+ "indirect" colorimetric detection can be performed by a LARVA-like detection
system relying on square-planar Pt(II)-terpy complexes such as [Pt(terpy)(Cl)][Cl]
or [Pt(terpy)(Cl)][ClO4] (where (Cl) occupies the fourth binding site of the square-
planar complex, while [Cl] is the counter-ion). Typically, these metal complexes
possess multiple optical transitions such as MLCT and ligand-to-ligand (ICT,
internal charge transfer) in the visible region [302]. The binding of protons or
cations perturbs the charge density in the binding unit and subsequently induces
optical signal switching between different energy states to achieve the desired optical
responses. Chung et. all [303] tuned the optical properties of Pt(II)-terpy complexes
by modifying the [Pt(terpy)(Cl)][Cl] coordination compound with the insertion of
a dithiaazacrown-functionalized stilbene unit on the para position of the central
pyridine ring. Such a complex possesses two charge transfer absorption bands in the
visible: an ICT at about 500 nm given by π → π∗ transition within the molecular
orbitals with ligands character and a MLCT at about 420 nm stemming from the d
→ π∗ transition. The ICT to MLCT intensity ratio decreases (causing the color
of the solution containing the Pt-terpy complex to switch from pale pink to pale
yellow) by addition of Hg(II) perchlorate. Intuitively, the encapsulation of Hg2+

into the to the dithiaazacrown moiety suppresses the ICT process but enhances the
MLCT transition. Finally, also d-d transitions for tetragonally distorted Cu2+ (d9

external shell electronic configuration) have been used for colorimetric detection
through terpy derivatives ligands [304], [19]. In fact, Jahn-Teller distorsion due
to unevenly occupied eg orbitals and most importantly ligands’ vibrations reduce
the complex symmetry causing the Laporte selection rule to relax and the d-d
transitions to be relatively intense (in the red region).
Most of the research concerning terpy-metal complexes has been performed in DMF,
DMSO, methanol, acetonitrile, because of terpyridine poor solubility in water.
Thus, for instance, Fe2+ visual detection systems rely on color change reactions
occurring upon the formation of the Fe(II)-terpyridine complex in solutions made
out of organic solvents or their mixtures with water [16], [305], [306], [307]. A main
issue stems from this approach: limited applicability to waterborne systems (i.e.
bio-fluids, irrigation, waste water, etc.). Besides, solvatochromic effects have to be
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taken into account [308]. Therefore, a widespread technique to use terpy based
molecules for colorimetric detection of Fe2+ (or Cu2+ and Co2+ [19]) [17] in aqueous
environment, is to substitute one of the terpyridyl ring positions with with polar
functional groups to improve terpy solubility in water and possibly create anchoring
sites for adsorption on solid surfaces. For instance, Sis et. all [17] prepared aqueous
dispersions of graphene oxide flakes functionalized with 2-4-[(2,2’:6’,2"-terpyridin)-
4’-yl] phenoxy ethyl-3-[(2-hydroxyethyl)amino]propanoate and employed them for
iron(II) colorimetric detection. In fact, water dispersions of graphene oxide flakes
functionalized with the modified terpy motif become purple colored upon addition
of 200 ppm of Fe2+ (and yellowish if Co2+ is added). On the other hand, Trigo-
Lopez et. all [19] implemented a full-solid state colorimetric sensor by modifying
the terpy structure with with a polymerizable methacrylamide group. Then, the
terpy-monomer compound is radically co-polymerized with 1-vinyl-2-pyrrolidone
and methyl metacrylate monomers to obtain solid membranes with surface exposed
terpy ligands. The membranes have been successfully used for Sn(II), Fe(II), Cu(II)
and Fe(III) colorimetric detection.
Our approach aims at terpy-functionalizing inorganic surfaces and use them as solid
state colorimetric sensor for the Fe2+ ion [12]. The strong affinity of phosphonate
groups (C-PO(OR)2, where R can be an H atom, an alkyl or an aryl group) for
metal oxides [309], [310], [310] in general and for TiO2 [311] [12] in particular,
makes titania sub-micrometric beads an ideal supporting material for 2,2’:6’,2"-
terpyridin-4’-ylphosphonic acid (ligand (L)) and its hexacoordianted Fe(II) complex
((bis)2,2’:6’,2"-terpyridin-4’-ylphosphonic acid-Fe(II) or (bis)L-Fe(II) or Fe-(L)2). In
fact, material’s high specific surface area and mesoporosity allow for chemisorption
of large amounts of (L) creating a monolayer of coordination sites for the Fe2+

ions. Furthermore, the phosphonic group renders the terpy motif water soluble
(up to 66mM) permitting the pre-forming of the Fe(II) complex both in aqueous
solutions and on the TiO2 surface. Moreover, the non-hydrolysable nature of the
Ti-O-P bond, the high light harvesting provided by submicrometric titania beads
(see Chapter 9) and the intense MLCT transition of the Fe(II)(L)2 complex, makes
our methodology ideal for low-detection limit and reusable iron colorimetric sensors.
In addition, if screen printing (or any other thick film deposition technique) is
used for the deposition of the TiO2 (or any other oxide) scaffold the sensitivity of
the colorimetric detection system can be adjusted and improved (see Figure 5.1).
Indeed, by controlling the thickness of the printed film (i.e. by changing the screen
mesh size, the paste composition, the substrate’s surface treatment procedures and
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Figure 5.1: Pictorial representation of the iron-(L)) complex colorimetric sensor op-
erative principle. The phosphonate groups on the N-aromatic terpyridine structure
assure molecule water solubility and a stable chemisorption onto oxides surfaces.
Like in the N-719, the group 8 trivalent cation is hexacoordinated with two nitrogen
atoms from the terpyridine replacing the two thiocyanate ligands (see also figure
3.1). The sensor can be used to detect iron contamination in different water envi-
ronments (irrigation, drinking, waste water, etc.). Before come into contact with
trivalent iron the 2,2’:6’,2"-terpyridin-4’-ylphosphonic acid is chemisorbed on the
TiO2 surface and is colorless. When Fe2+ is coordinated by the the two terpyridine
ligands the TiO2 screen printed film color changes from white to purple because of
the MLCT optical transition (at about 560 nm). Ethylenediaminetetraacetic acid
(EDTA) can be used to regenerate the sensor.

the number of printed layers) it is possible to adsorb more or less terpy linker,
that is different Fe(II) surface concentrations, that is different color intensities. In
essence, thickness control corresponds to a device sensitivity modulation. Finally,
the colorimetric detection should be as much selective as possible. Usually, chelating
π acceptors ligands tend to form complexes with any metal ion creating interfering
effects for the colorimetric detection of the targeted ion(s). Colorimetric sensors
response selectivity is predicated on two principles:

1. The larger the thermodynamic stability (or formation) constant of a specific
metal-ligand complexes, in a specific geometry, the higher is the driving force
leading to its formation.

2. The higher the molar extinction coefficient of an optical transition, the more
vivid is the color of the metal-ligand complex.

Hence, when various ions compete for binding (L) (either in solution or adsorbed
on the titania surface) preferential coordination of the metal cation giving the
most stable complex occurs. Generally many parameters affect the thermodynamic
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stability of a metal ion-terpy complex. First, high charge density ions possessing
empty orbitals of suitable energy are prone to form complexes. Second, complex’s
stability benefits form an effective atomic number (EAN) matching the electronic
configuration of a noble gas. In other words, the metal atom tends to surround itself
with sufficient ligands that the resulting effective atomic number is numerically
equal to the atomic number of the noble gas element found in the same period
in which the metal is situated. When applied only to the valence shell electrons
the EAN rule is often named "18 electrons" rules: the stability of a metal complex
improves if the number of valence electrons reaches 18. Finally, high values of CFSE
stabilize the metal-ligand coordination compound. Needless to say, Fe(II)-(L)2

satisfies all the three conditions. In fact, Fe2+ is a relatively small ion (it belongs
to the first series of the transition metals), is a d6 (when it is coordinated by the
six (bis) terpy nitrogen atoms it completes the 18 electrons valence shell) and the
complex benefits from a high CFSE (-2.4 ∆terpy) due to the six electrons paired
in the t2g orbitals. Thus, Fe(II)-(L)2 is supposed to be (and it is) a very stable
coordination compound. Unfortunately, it is difficult to theoretically predict if
a metal cation interferes with the colorimetric detection of Fe(II) because the
d-orbitals splitting parameter depends on the ion charge and on on its periodic
table position (i.e it increases as the metal charge increases and by descending the
group). Nonetheless, large ions such as alkali metals, alkaline earth metals and
lanthanides can be usually ruled out as interfering ions because their complexes
are immensely less stable than transition metal complexes [312], [313]. Moreover,
even though many different transition metal ions can be chelated by the terpy
motif, only cations capable of changing the sensor color intensity can be considered
actual interfering species. For instance, metal ion-terpy complexes possessing low
molar extinction coefficient optical transitions (i.e. d-d) or intense bands in the UV
region are unlikely to interfere with the detection of ions owning charge transfer
transitions in the visible (like Fe(II)).



Chapter 6

Nanomaterials for microwave
sensing devices

Radio frequency identification (RFID) tags have been proposed as a low cost
item-level tracking system supplementing or replacing printed bar codes [314], [315],
[316]. Usually a standard RFID system is comprised of a reader (or interrogator),
and the tag itself that is usually referred as the transponder. RFID tags can be
either active or passive. Active tags contain a battery, while passive tags draw their
power from the RF signal broadcast by the tag reader. Regardless of the power
source, an RFID tag is composed of an "antenna" (see below for the specific meaning
of this term) and an integrated circuit chip containing the digital logic necessary
for data processing (see figure 1.5). The kind of IC employed to implement the
digital data acquisition, storage and transmission depends on the tag’s operation
frequency. Five carrier frequency bands are currently used for RFID tags:

Low Frequency < 135 kHz band . The near field of an electromagnetic wave
occurs at distances less than λ/2π. The far field occurs at larger distances.
Therefore, the antenna for an RFID tag operating in this band does not
function as a conventional radio antenna, communicating with the reader
via a propagating electromagnetic wave. Instead the antenna is a coil that
provides magnetic coupling to a coil in the reader, like the coupling between
primary and secondary windings of a transformer. Wound wire coils with
many turns are typically used to achieve high inductance with low resistance
(high Q-factor). These coils are expensive and this type of tag is not considered
for low-cost, item-level tags. Neverthelsess, low-frequency, low-cost RFID
tags can be produced by using OTFT-based (organic thin film transistor)
digital logic in conjunction with capacitive rather than inductive coupling. In

119
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fact a capacitive coupling antenna can be printed 1 at low cost and it is easy
to integrate with flexible, organic-based electronics. Carbon or conductive
polymer inks can be used to fabricate such a device exploiting low-cost
printing techiniques (i.e. flexography, screen printing, ink-jet printing, etc.)
to produce the capacitive antenna, the conductive traces and the OTFTs.
However, the are significant disadvantages to capacitive coupling. Nearby
conductive objects disrupt the electric field. Furthermore, RFID tags typically
use an inductor and a capacitor in parallel at the input to form an LC tank
circuit with resonance at or near the carrier frequency, in order to boost the
voltage generated by the carrier to a level that can drive the tag electronics.
But since the goal of the capacitive coupling approach is to eliminate the
expensive coil, an on-tag resonant circuit is not practical, and the tag’s read
range is limited by low induced voltages.

High frequency: 13.56 MHz band . Tags operating in this band also operate
in the near field of the reader, since the near field is found at distances closer
than λ/2π or 3.5 m. The higher operating frequency permits a planar inductor
rather than a wound wire coil to be used for magnetic coupling to the reader,
significantly reducing the cost. The planar inductor is typically fabricated by
copper or aluminum etching, copper plating, or silver ink printing and posseses
a reduced number of coils. Although attractive because of their low costs
and applicability to flexible substrates 13.56 MHz RFID tags challenge the
reliability of electronics components fabricated using the OTFT technology

1Usually in electronic engineering the term "printed" is prone to misleading. Often, the
definitions of "printed electronics" refers to devices assembled by using Printed Circuit Boards
(PCB)s manufacturing techniques. However, PCB technology relies on conductive copper traces
obtained by etching (i.e with FeCl3, CuCl2, or an alkaline ammonia solution) copper sheets
laminated onto an insulating substrate. Hence, the process is intrinsically subtractive. The copper
traces intertconnect different devices (capacitors, inductors, resistors, silicon integrated circuits,
etc.) that are surface mounted on the board. The metal pattern to be etched is defined by using
photolithography. Hence, printing is not instrumental to PCB fabrication. Nevertheless, in the
early days of modern electronics (at the end of the 50s) the copper traces would be etched by
using a negative screen printed pattern made out of an etchant-resistant ink. This is the origin
of the adjective printed in the acronym PCB. Since screen printing is still used today (together
with ink-jet, spray and curtain coating) to deposit the photo-imageable etch-resist and the photo-
imageable solder mask, the expression printed circuit boards remains in the electronic engineering
parlance to indicate the interconnection of electronic components by exploiting copper etched
tracks on the insulating board. However, nowdays printed electronics means also the technology
involving dielectrics, conductive and semiconductive inks to create electronics components on
different substrates (usually flexible) without employing neither photolithography nor etching.
Thus, the process is completely additive. To avoid confusion we will use the word printed referring
only to the deposition of electronic components (i.e. conductive traces or transistors) by using an
ink and a suitable printing technique (ink-jet, flexo, screen, etc.



CHAPTER 6. NANOMATERIALS FOR MICROWAVE SENSING DEVICES121

because of the relatively high operation frequency.

Ultra high frequency (UHF): 860-960 MHz . Within this range only certain
frequencies are assigned for RFID applications. The operative RFID tags
frequencies in the UHF range vary from one country to another (i.e. 865-868
MHz in Europe, 917-922 MHz in China, 902-928 in North America). Mi-
crowaves RFID tags operating in the 2.45-5.8 GHz and 3.10-10.00 GHz bands
are usually grouped together with UHF tags. In fact, transponders operating
in the UHF and microwaves bands share common features differentiating
them from low and high frequency tags:

• The tag’s antenna is coupled to the reader neither inductively nor
capacitively but radiatively (back-scattered, see figure 6.1). The back-
scattered coupling is instrumental to the RFID tag operation in the far
field of the reader. Typically an etched or printed (by ink-jet or screen
printing) dipole or microstrip antenna [317] is used to receive the signal
transmitted by the reader and to reflect back a modulated wave.

• A silicon ASIC (Application Specific Integrated Circuit) is required for
data storage and processing.

• The reading performance of UHF and microwave tags is severely depen-
dent on the working environment. At these frequencies electromagnetic
signals are incapable of penetrating materials such metals and liquids.

In some applications, RFID tags need to be mounted on the surface of metallic
objects such as steel plates or steel containers. However, when an etched or printed
dipole-like antenna is placed on a metallic surface it suffers severe performances
degradations due to shift in operating frequencies, distorted radiation pattern and
impedance mismatch that quickly reduce its reading range or even cannot be read
[319], [320], [321]. In order to mitigate this problem, microstrip transmission line
geometry can be used [322], [323]. A microstrip is a type of electrical transmission
line which can be fabricated using printed circuit board technology, and is used
to convey microwave-frequency signals (see figure 6.2). The core of any microstrip
device is a "strip" feeding line fabricated by etching one side of an FR-4 board
coated with copper on both sides. The intact copper plate provides a ground
plane shielding the device from electromagnetic interference. Besides the feeding
microstrip, such a device can be comprised of different copper etched patterns
arranged as RF filters, antennas, resonators, couplers, etc.. A main drawback of
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Figure 6.1: Inductive (left) and back-scattered (right) antenna coupling between an
RFID tag and its reader. Inductive (and capacitive) coupling can be used in the
reader’s near field. Back-scattered coupling is meant for far field communication
between the transponder and the interrogator (reader). Adapted with permission
from [318]

microstrips structures is their high power dissipation (signal attenuation). This is
the reason, for example, why for high frequency applications (i.e the 3GHz-10 GHz
RFIDs band), PTFE-based laminated are preferred to FR-4 based printed circuit
boards. FR-4 is a composite made out of fiber glass-reinforced (usually E-glass
with a low percentage of alkaline metals oxides) epoxy resin. The FR-4 polymer
(the epoxy resin) possesses a dielectric dissipation factor 2 at least one order of
magnitude higher than high frequency optimized materials such as Teflon-ceramic
composites, hydrocarbon thermoset resins-aramyde fibers, cyanate esthers-woven
fiber glass, etc. (i.e. DfFR−4 ≈ 0.0180; DfPTFE−ceramic ≈ 0.0013). Residues of cross-
linking catalyst, bromine based flame retardants, high polarizability of the epoxy

2Dielectric dissipation factor, Df is usually expressed as loss tangent, tan δ, which is defined
as: Df = tan δ = ε′′

ε′ ; where ε′ and ε′′ are the real and imaginary component of the dielectric
constant (permittivity), respectively. Being tan δ the ratio between the dielectric capability
to dissipate (ε′′) and store energy ε′, it is deeply connected to the equivalent (lumped) circuit
model used to represent dielectric materials. In fact, any dielectric material can be visualized, in
terms of equivalent circuit, as a capacitor connected in series to a resistor. Thus, the equivalent
capacitance gives an estimation of the ability of the system to store energy through different
dielectric polarization mechanisms (electronic, molecular dipoles, atomic, ionic), whereas the
equivalent series resistance (ESR) represents the energy losses comprised of both conductivity and
dielectric relaxation losses. The latter occurs when an AC electric field oscillates at a frequency
too high for the particular polarization mechanism to contribute to the dielectric constant and it
"relaxes" by generating heat.
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(a)

(b)

Figure 6.2: (a), schematics of a microstrip device. The top side of the device is
constituted by a copper etched feeding line of width w. The dielectric constant (εr)
and the loss tangent (tan δ) of the insulating substrate determine the speed (in digital
applications) and the attenuation (in analog applications) of the electromagnetic
signal used to feed the microstrip. (b), a complex microstrip device used as a filter.
The copper etched conductive traces define a pattern that can be used to filter RF
(or microwave) signals.

bond capable of relaxing at the microwave frequencies, coupling agents to promote
adhesion between the epoxy resin and the fiber glass, and moisture adsorption
contribute to the high Df of FR-4 . High dielectric losses produces strong signal
attenuation. As the microstrip circuit operates, the dielectric medium absorbs
energy from the input signal. Attenuation of the signal by the dielectric is directly
proportional to the square root of the real part of the dielectric constant and directly
proportional to the loss tangent. Moreover, substrate dielectric constant is one of
the parameters determining the speed of high frequency digital circuits. In addition,
dielectric losses increase as the frequency increases consequently decreasing the
bandwidth (see below for the meaning of the term) of the propagating microwave
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signal. Furthermore, additional signal attenuation stems from conductors resitive
losses [317].
An RFID tag’s antenna operating in the UHF or microwave bands should be capable
of functioning at a particular resonant frequency and have a large bandwidth.
This last statement requires some further clarification. When dealing with "high
frequency" transmission lines is useful to refer to electrical signals as propagating
waves instead of using lumped parameters (voltage, current, etc.). The term "high
frequency" means that the AC voltage frequency feeding the transmission line
corresponds to a wavelength comparable to the physical dimensions of the circuit.
Thereby, the return loss (RL) of an UHF or microwave device is defined as:

RL(dB) = 10 log Pr
Pi

(6.1)

Where Pi and Pr are the power of the wave impinging on the device and reflected by
the device, respectively. Hence, the more negative is the return loss at the resonant
frequency, the more power is available to an antenna for being radiated through the
space. RL is related to the concept of impedance mismatching. Any kind of power
generator, also in the microwaves, is characterized by an internal impedance ZG.
Any device (or load) is characterized by an impedance ZL. If the microwaves power
source is connected to an antenna (or any other device operating in the microwaves)
the maximum power transfer from the generator to the radiating device occurs
when ZG = Z∗L, where the second term is the complex conjugated of ZL. Thus,
RL can be rewritten as:

RL = 20 log |Γ| (6.2)

where Γ is the reflection coefficient and is defined as:

Γ = ZL − ZG
ZL + ZG

= VR
VI

(6.3)

VR and VI are the amplitude of the reflected and incident wave, respectively.
Alternatively, the impedance mismatch can be described in terms of mismatch loss
coefficienct (ML) defined as:

ML = 1− (Γ)2 (6.4)

Thereby unless the antenna impedance is matched to the one of the generator,
part of the power delivered to the transmitting device is reflected back. Electrical
impedance is given by:

Z = R + jX (6.5)
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Figure 6.3: Schematics representation of a microstrip patch antenna. The patch
width W (or its length) define (along with substrate’s dielectric constant) the
resonant frequency.

where the real part is the resistance (R) and the immaginary part (X) is the
reactance than can be either capacitive (XC = 1

ωC
) or inductive (XL = ω L). Since

impedance’s reactance term depends on the angular frequency ω, it will exist a
particular resonant frequency, fres corresponding to a minimum in the return loss,
that virtually goes to -inf, or to ML =1, when ZL is matched with ZG. RF and
microwaves sources and coaxial cables possess a 50 Ω impedance. Thereby antennas’
materials and geometry are designed to match a 50 50 Ω input impedance allowing
for the maximum power transmission to the rediating device. Therefore, antenna
maximum power radiation occurs at the resonant frequency, which constitute the
antenna operative frequency Antennas’fres is expressed in mathematical terms as:

fres =
√

1
2πLTCT

(6.6)

where LT and CT are the inductance and the capacitance of the whole antenna ,
respectively. The simpliest microstrip antenna configuration is the patch antenna
(see figure 6.3). Considering that standard PCB substrates are non-magnetic, the
patch antenna resonant frequency expression reduces to:

fres = 1
2W

√
εr+1

2 ε0µ0
(6.7)

where as illustrates in figure 6.3 W is the patch width and εr, ε0, µ0 are the substrate
relative dielectric constant, the free space dielectric permittivity (8.85 x 10−12 F/m),
and the free space magnetic permittivity (1.256 x 10−6 H/m), respectively.
The bandwidth of an antenna is defined as the range of frequencies where the
RL is more negative (higher) than -10 dB. Unfortunately, conventional microstrip
antennas are narrow bandwidth systems especially when they become small with
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respect to the wavelength. Furthermore, since the operative frequency is set by
the metal pattern defined on the PCB, a limited number of accessible frequencies
available to the reader for communicating with the transponder. Nevertheless,
microstrip antennas frequency tuning by inserting dielectric, magnetic materials
[324] or liquids [325] on a small area of the PCB has already been proved. Hence,
one of the aims of the present thesis is to demonstrate that carbon materials printed
films can be used in conjunction with standard copper etched microstrip devices to
achieve a resonant frequency shift and bandwidth improvements. Indeed, loading an
etched microstrip structure with a printed film of carbon materials should produce
a variation in the surface impedance of the device leading to a frequency shift
of the resonance and a bandwidth enhancement. This shift is dependent on film
composition (i.e.kind of carbon material and film’s binder).

One of the advantages of adding printed layers to etched microstrip structures,
or using fully printed antennas is that the printed layer can be used to produce
either chipless chemical RFID transponders or sensor-enabled RFID tags. Chemical
RFID transponders are meant to eliminate the most expensive part of an RFID tag:
the ASIC. The major reason why RFID tags havenÓť replaced barcodes yet is the
higher cost including the expenditure of chips, batteries, antennas, and assembly
processes [326], [327]. By eliminating the use of silicon IC chips, chipless RFID
tags can offer more competitive price than normal silicon IC based tags [328],
[329]. Besides, chipless tags possess longer communication range since they do
not necessitate the use of transistors as silicon based tags that require a threshold
voltage to power up IC circuits [330]. Furthermore, developing printable chipless
RFID tags seems a very attractive topic given the fact that printing techniques are
high throughput processes. Additionally, printing technologies are fully additive
processes, solely depositing material on the demanded positions of substrates,
offering a potential pathway to save a large amount of expensive electronic materials
during the fabrication. Also, printing techniques are compatible with cheap flexible
substrates including plastic and paper sheets, holding high possibility to further
drive down the tag costs.
Among the countless types of chipless RFID tags a prominent role is occupied by
chemical transponders. Their operation operation principle is based on the use of
printing inks comprised of nanomaterials exhibiting different degree of magnetism
[331], and when electromagnetic waves impinge on them they resonate with distinct
frequencies, which are picked up by the reader. Hence, the different frequency
features stemming from the magnetic materials can be used for data encoding: each
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particular resonant frequency represents a bit.
Sensor-enabled RFID tags allow for two options:

Chipless sensing . This approach aims at integrating printed sensing nanomate-
rials capable of changing their conduction, dielectric or magnetic properties
according to specific chemical or physical conditions (i.e temperature, strain,
light irradiance, humidity, pH, presence of gasses) direcly into a microwave
resonators. The change of sensor electrical impedance as a consequence of the
environmental stimulation produces a change in the scattering properties of
the antenna. The change in the scattering properties of the antenna appears
as a modulation in the back scattered signal amplitude. The reader uses a
continous signal for the interrogation of the tag and detects the change in the
back scattered signal amplitude.

Chipped sensing . In this case, sensing does not necessarily require a variation
of sensor’s electrical impedance in the RF and microwaves range as long as
the measured physical parameter involved in the detection mechanism can be
converted into an electrical current. Then, the IC on the tag processes the
signal which is finally transmitted to the reader through the antenna.

Although conceptually simple, chipless sensor enabled RFID tag is a quite compli-
cated multicomponent system. In fact, at least five components are required: one
printed or etched receiving antenna and one printed or etched transmitting antenna;
an etched (or printed) microstrip line connecting the two antennas; a microwave
resonator circuit (printed or etched) and a printed film of a "smart" material. The
purpose of the antennas and microstrip line is quite straightforward to understand:
the antennas allow for communication with the reader and the microstrip line
permits the communication between the receiving and the transmitting ends of
the tag. Numerous geometries have been developed for the microwave resonator
to be integrated onto the RFID tag. They span from slot ring resonators, to
spiral shaped, to stepped impedance resonators to ELC (electric field inductor
couple capacitor) resonators, CPW (co-planar waveguide resonator), etc. (see figure
6.4). Regardless of their particular shape microwave resonant circuits are always
comprised of gaps between the etched (or printed) copper traces and resonate at
a frequency determined by their inductance (L) and capacitance (C) equivalents
components. One of the most diffused to integrate the resonators onto the RFID
tag is to built a cascade of etched resonator coupled through a gap to the microstrip
line connecting the receiving and the transmitting tag’s antennas 6.4 (b). The
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(a)

(b)

Figure 6.4: Example of microwave resonant circuit used for chipless RFID sensing.
(a) ELC resonator and its equivalent circuit. The geometrical parameters of the
copper etched traces (i.e. g, b, d) determine the capacitance of the middle planar
capacitor and the inductance of the two parallel loops. (b) Cascade of resonators.
The single resonator can be an ELC or another structure. Resonators are "gap
coupled" to the microstrip line that connects the RFID tag receiving and the
transmitting antennas. Adapted with permission from [331]

multiresonator circuit is designed to resonate at specific frequencies given by the
inductive snd capacitive components of the single resonator (i.e ELC, SIR, split
ring, U-shaped, etc.). At these frequencies, the stop band effect is created on the
interrogation signal. The stop band effect is predicated on different current distribu-
tion at different frequencies. Current distribution is greatest in the resonator at its
resonant frequency [331]. At resonance, the resonator creates a low impedance path
to ground which absorbs the majority of the current propagating from port 1 to port
2 of figure 6.4 (b). When not at resonance, the resonator couples almost none of
the surface current propagating between port 1 to port 2. Therefore, at the output
of port 2, the interrogation signal becomes modified by magnitude attenuations at
different frequencies determined by the resonances of the resonators. Hence, if the
transmitting antenna is connected to port 2 (and the receiving antenna to port1)
the tag’s response signal to the reader will contain magnitude attenuations at
fixed frequencies due to the multi-resonator circuit on the tag, which creates a
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unique spectral signature. However, when a "smart" material is incorporated in the
resonator (i.e. a sensing dielectric material in the capacitive gap of figure 6.4 (b) or
a resitive material at the end one of a SIR structure) the response signal will have
a amplitude attenuation which can shift in frequency and is not fixed. A smart or
functional nanostructured material is capable of changing its electrical properties
upon a chemical or physical environmental change in the RFID tag’s surroundings
[33]. Example of such a materials are CdS (because of its photoconductivity),
phenantherene (because of its dielectric constant discontinuity at the sublimation
temperature), PEDOT (pH sensitive electrical conductivity), Nitinol alloys (because
of their shape memory effect) CNTs and transition metal oxides (because of their
gas-sensitive resistivity), just to mention a few. For instance, if a film of CdS
nanoparticles is placed into a stepped impedance resonator an attenuation of the
signal sent back to the reader is observed at different light intensisty. In fact,
CdS nanoparticles act as a photoresistor in the RF range (although their light
sensitivity is lower compared to DC operation mode). Hence, the CdS nanoparticles
resistivity change produces an impedance variation in the SIR that reflects into
a reader signal attenuation [332]. Another example of smart materials applied to
chipless sensor-enabled RFID tags is the phenanthrene: a sublimation substance
from the polycyclic aromatic hydrocarbons group. Phenanthrene sublimates at 72
oC generating a drastic increase in the dielectric constant (from 2.7 to approximately
80) that becomes permanent if the vapor is not de-sublimated [333]. When phenan-
threne is used as superstrate for a microwave resonators, a temperature change
produces a resonance frequency shift, of the signal transmitted back to the reader.
In fact, a variation of the real part of the dielectric permittivity (i.e. the relative
dielectric constant) of the smart material is associated with a change in the reactive
component of resonator impedance. Thus, a change in resonator’s capacitance
change produces a corresponding resonant frequency shift. Needless to say, this
effect (that result into a frequency shift of the signal sent back to the reader) can
be exploited in temperature threshold sensors for sensor-enabled chipless RFID
tags [33]. Other smart materials used for chipless RFID sensing respond by varying
multiple electrical properties upon a single environmental stimulus. For instance,
PVA (polyvinyl alcohol) shows both a resonant frequency shift and magnitude
attenuation in presence of moisture. In fact, PVA dielectric constant and loss
tangent shows opposite trends [32] between 2 and 20 GHz(εr’ increases and εr"
peaks above 5 GHz) with increasing water content caused by the breaking and
reforming of hydrogen bonds of water molecules with -OH groups present in PVA
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chain. Hence, a change in εr’ causes a resonant frequency shift, whereas a variation
of εr" results in a resonance power drift at a particular frequency. Furthermore,
PVA composite films conductivity show a linear dependence on relative humidity
[334]. Thus the reader will receive back a magnitude attenuated and frequency
shifted signal.
Although attractive because of their low manufacture cost, chipless sensor-enabled
RFID tags present numerous technological challenges on both the fabrication and
testing sides. Practically all smart materials are semiconductors or dielectrics,
or conductors (i.e. CNTs or graphene) exhibiting a resistivity higher than pure
conductors. Hence, they are deposited on a small area of the resonator rather
than being used as the main component of the circuit. Furthermore, fully printed
(smart material, resonators, conductive traces, receiving and transmitted antenna)
is impractical especially for what concerns the two antennas. In fact, silver or copper
conductive inks, regardless of the printing technology employed, never match the
conductivity values of etched metals traces preventing suitable antennas resonance
(i.e. return loss close to zero throughout the frequency spectrum) and bringing about
low radiation efficiency (see Chapter 7) 3. The problem is aggravated in (polymer
thick film) antennas where the conductive metal is deposited by screen printing [335].
Indeed, after the deposition the thermoset or thermoplastic binder remains as a
matrix for the Cu or Ag nanoparticles. Thus, particles interconnection relies only on
solvent evaporation, for the thermoplastic binders, or on thermal (or UV) curing for
the thermoset PTFs. The second issue related to chipless sensor-enabled RFID tags
regards discrepancies between field application and lab tests. Indeed, the "real life"
complete system requires the reader and the tag equipped with the aforementioned
five components. Readers architectures are quite complicated to implement because
they require: a digital section (microprocessor, analog-to-digital converters, memory
block, etc.) an RF section (local oscillators, directional couplers, demodulator,
modulator, demodulator, etc.) and the antenna. Therefore, lab test methodologies
for sensor-enabled chipless RFID do not involve the direct testing of the whole
wireless system. In fact, usually only the microwave resonator functionalized with
the smart material or the antenna connected to the smart material are tested with
a network analyzer. Basically, the return loss or the insertion loss 4 of the resonator

3The radiation efficiency of an antenna is defined as the ratio of the radiated power to the total
power delivered to the antenna. The radiation efficiency is an indication of how much incident
power is dissipated as heat in the antenna. Thereby, high ohmic losses stemming from excessive
resistance of the antenna’s conductors result in low radiation efficiency, see chapter 7

4Similarly to the return loss that is a measure of the power reflected in a single port system,
the insertion loss is a measure of the power transmitted in a two port system
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are measured by connecting it to one port (or two ports for the insertion loss)
of a network analyzer. Then, return (or insertion) loss attenuation or frequency
shift upon the change of the smart material electrical impedance in response to
the environmental stimulus is monitored through the network analyzer. The same
principle is exploited when the smart material is connected to an antenna.

When a chemical (or physical) sensor is not incorporated into the microwave
resonator (or directly into the antenna), electrical (and high frequency) character-
istics of the sensing printed film do not play a key-role in transmitting the signal
back to the reader. Thus, chipped sensor-enabled RFID tags allow to exploit any
kind of environmental-dependent physical property of the material used as a sensor.
The electronic circuitry of the film sensor on the tag controls the measurements
and the communication to the reader by transmitting data through the antenna.
Among suitable detection systems, color change (i.e. light absorption measurements)
represents a low cost, simply implementable (i.e through colorimetric pH indicators)
sensing tool for a wide range of chemical analytes. Furthermore, colorimetric sensors
are relatively easy to be integrated on a RFID tag. "Gas-chromic" sensors have been
developed and integrated on RFID tags fabricated on FR-4 PCBs (see figure 6.5) at
the Fraunhofer Institute for Physical Measurement Techniques (IPM) (Germany)
by Pannek at al [336]. The principle of the sensor is based on a color change of
the gas sensitive layer when it comes into contact with the target gas. The IPM
group has developed different color dyes for CO, NO2 and NH3. Granulated dyes
(a di-nuclear aromatic rhodium complex for CO, a quinone derivative for NO2 and
bromophenol blue pH indicator for NH3) have been mixed with suitable polymer
matrixs (PVC, EC, PMMA) and deposited on a half of a microscope glass slide
by spin coating or by other low cost techniques. The authors suggest that screen
printing represent the most suitable deposition technique for the "lab on a chip"-like
production of RFID tags. In that case, a single glass substrate (i.e a thin flexible
glass sheet) acts as support for the sensing material, for the conductive traces,
for the printed organic digital logic and as planar waveguide (see below). The
color change material coated glass slide has been placed on the surface of a planar
waveguide [337], [338]. Light from a LED, coupled into the front of the waveguide,
passes by total internal reflection and is focused on a photodetector at the opposite
side. A change in color of the gas sensitive material corresponds directly to the
change in absorption of the light. The particular color change is associated to the
specific reaction between the gas and the analyte sensitive dye. For instance, the
oxidation of the quinone derivative by NO2 produces the Wurster’s blue compound
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(a) (b)

(c)

Figure 6.5: Gas-chromic sensor developed at the IPM-Fraunhofer Institute in
Freiburg, Germany.(a) Sketch of the gas-chromic sensor consisting of a microscope
slide with the lower half covered with the color changing material film. The light
of an LED is coupled into one end of the waveguide and travels through it by
total internal reflection before being focused onto a photodetector. Depending
on the specific gas adsorbed of the sensor different colors (that is different light
absorption levels) are generated (b) The actual gas-chromic device. (c) the sensor
integrated on a 13.56 MHz RFID transponder. The tag is an active one (the battery
is clearly visible in the center of the transponder). The device’s electronics is
comprised of different surface mounted IC on a standard FR-4 PCB (the green
color of the substrate is due to the solder mask). The inductively coupled antenna
for to communicate with the reader is placed on the rear side of the tag and is not
visible. Adapted with permission from [336].

generating a sensor’s color change from brown to blue. The color change detected
by the photodetector is processed by the RFID microcontroller (by also using an
EEPROM). Finally an output electromagnetic signal is forwarded to the reader by
using a printed inductively coupled antenna placed on the RFID tag’s back and
meant for the 13.56 MHz band operation.
The operating principle proved at the Fraunhofer institute allows to extend

remote sensing also to different systems. In fact, a colorimetric sensor based on
the TiO2/L/Fe2+ configuration (see figure 5.1) is now being integrated by our
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Polytechnic of Turin research partners on a 2.45 GHz RFID transponder. In ad-
dition, the great flexibility of L-functionalized oxides surface opened up two new
RFID-related investigations in our lab: (i) electrochromic devices; (ii) iron sensing
through microwave resonators. The former application relies on an electrical current
driven color change on L-functionalized ITO thick films capable of coordinating
Ru(II/III) and Fe (II/III) ions. An electrochromic device is also suitable for RFID
transponders integration and can act as a visual indicator of the operative state of
the RFID tag. Such a visual indicator may be human readable and/or machine
readable, and may provide visual indication that is dependent on a change in an
operative state of the device. The operative state that triggers the visual indica-
tion may include a state in which the chip has temporarily or permanently been
rendered inoperative or disabled, that is, in which the chip no longer responds to,
or otherwise interacts with, ordinary incoming RF signals such as from a device
reader [339]. Furthermore, for active RFID tags (like the one shown in figure 6.5
(c)) an electrochromic device can act as battery charge sensor.
Fe3+ colorimetric detection cannot be accomplished by using (L) because the result-
ing complex doesn’t show any MLCT transition in the visible. Nonetheless, iron(III)
identification through microwaves resonant frequency shift is under investigation
because is predicated on the magnetic properties of L-iron(II/III) complexes rather
than on their optical properties. In fact, If Fe(III)-terpy complexes chemisorbed on
ITO thick films are inserted into a microwaves resonator structure a shift in the an-
tenna resonant frequency due to the d5 electronic configuration of the Fe3+ ion may
occur. Indeed, even low-spin complexes like the Fe(III)(L)2 possess one unpaired
electron occupying the t2g orbitals. Hence, the paramagnetic nature of the complex
should affect the magnetic permeability (see Chapter 7 of the film producing a
change in the inductive component of the antenna impedance. Consequently, the
device’s resonant frequency should shift with respect to the case without Fe(III) 5.
Electrochromic devices and microwave resonator for iron detection are still under
investigation by our group, hence they will only briefly discussed in the III part.

5This concept shouldn’t be confused with the principle employed in the electron spin resonance
(ESR) spectroscopy of paramagnetic metal coordination compounds. In that case a static magnetic
field is used to remove the unpaired elctrons spin degeneracy by Zeeman’s energy levels splitting
and a microwave radiation is exploited to promote an electronic transition between the two
spin states. In the experimental practice a monochromatic microwave radiation is used and the
magnetic field is swept until the resonance condition for the low level to high level energy spin
transition is reached provoking the absorption of the radiation.



Chapter 7

Carbon based microwave devices

7.1 Carbon Materials for RF and microwave sap-
plication

Although carbon materials (i.e. CNTs, graphene, graphite, carbon black, car-
bon fibers, etc.) lend themselves to execute numerous functions in fully printed
electronic circuits (see chapter 6 for the specific meaning of the term) their use
for high frequency (RF and microwaves) electronics is limited to a small handful
of applications. In fact, carbon materials inks and pastes deposited with flexible
electronic, roll-to-roll compatible printing techniques (flexography, ink-jet, gravure,
rotatory screen printing) are mostly used for low frequency (from DC to tens of
MHz) applications such as membrane switches, PTCs (positive temperature co-
efficient) polymer resistors, supercapacitors, solar cells, electrochemical sensors,
TFTs, emittors for field emission displays, HF or LF inductively coupled antennas,
LF or HF electromagnetic shielding, etc. [231], [340], [341], [342], [43], [343], [?],
[344], [345], [346], [347]. The conductive component of the deposited films can be
either the carbon material or its mixture with silver. In the latter case two inks
are blended together and the carbon component is used as low-cost alternative to
palladium to prevent silver electromigration [335].
Carbon materials, and conductive inks in general, applicability to electronic de-
vices becomes rare and rarer as the operative frequency is increased unless high
thermal budget, non-flexible LTCC (low temperature co-fired ceramics) or HTCC
(high temperature co-fired ceramic) 1 technologies are used. However, in UHF or

1LTCC technology is predicated on stacks ceramic tapes (usually Al2O3) amalgamated with
organic adhesive, glass frits (based on SiO2-B2O3-CaO systems) and screen printable pastes of
dielctrics, resistive and conductive materials for printing of resistors capacitors and inductors.

134



CHAPTER 7. CARBON BASED MICROWAVE DEVICES 135

microwave LTCC (or HTCC) circuits dielectric (i.e BaTiO3, ZnO, etc.), conductive
(Ag, Ag-Pd, W, Ta, etc.), resistive (i.e. RuO2) or sacrificial (i.e. graphite) inks
are employed for the printing of capacitors, resistors, and conductive traces, but
usually are not used for the antenna fabrication that is generally a copper structure
etched on PCB substrates (i.e. FR-4 or high frequency substrates, see chapter 6)
and integrated by surface mounting either on the LTCC/HTCC substrate or on
a standard PCB guesting the co-fired ceramic circuit. Hence, in the last 30 years
there has been a large commercial availability of carbon, silver, and copper inks for
LF and HF fully printed antennas, a large expansion of the silver inks market for
antennas operating in the UHF region [348], [349], and practically no alternatives to
copper etched antennas for the microwaves frequencies. To understand the reasons
of such a market (and research) trend it is necessary to explore two topics:

• Conductive inks parameters affecting the electrical resistance of a printed
film in the UHFs and microwaves. For the sake of simplicity, only screen
printing pastes (which are the most employed for deposition of conductors)
will be discussed. Nevertheless, most of the considerations standing for screen
printing pastes are applicable to other inks. In fact, the main screen printing
pastes distinguishing feature concerns the presence of higher relative amounts
of binders and rheological modifiers compared to flexografic, ink-jet or gravure
inks. The reason for such a special kind of formulation is the higher viscosity,
η, required for paste transfer on the substrate through the screen mesh (i.e. η
= 500-5000 cP for screen printing; η = 50-500 cP for flexography; η = 10-20
cP).

• Antenna’s materials properties affecting two paramenter: the return loss RL
and the gain. Every back-scattered (radiative) antenna, that is used for trans-
mitting signals through propagating electromagnetic waves, is characterized
by a parameter named gain (G) combining antenna’s electrical efficiency and
directivity (see below).

When the circuit pattern and components have been defined by printing, the tape is fired at
800-900 oC, producing sinterization of both ceramic tape and circuit components embedding into
the ceramic substrate. HTCC is a similar technology but meant for higher processing temperatures
(from 1600 to 1800 oC). The main difference between HTCC and LTCC technologies lies in the
passive components and metal traces to be integrated on the ceramic substrate. Indeed, materials
with relative dielectric constant higher than 100 require such as perovskites (i.e BaTiO3) sintering
temperature above 1200 oC for their densification and can be applied only to HTCCs. On the
other hand LTCCs circuit’s capacitors rely on HfO2, TiO2, ZnO, etc. that are compatible with
"low-temperature" sintering. Similar considerations stand for the conductive traces: Ag, Pd, and
Au are employed in LTCCs whereas W, Mo, or Ta are used for HTCCs
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Conductive inks’ industry uses the DC volume resisistivity (ρvdc) of inks in Ω/�/mil2

to link the printed film conduction properties to the ink’s formulation and the
sheet resistance (i.e. thickness dependent) to determine if a printed conductor is
meeting a performance spec. ρvdc depends on multiple factors. The intrisic bulk
resistivity ρ of the conductive powders and their wt% used for inks formulation
are the first parameters to be taken into account. In fact ρ varies from 1-2x10−8

Ωm for Ag, Cu and graphene (i.e. ρAg=1.58 10−8 Ωm, ρgraphene =1.17 10−8 Ωm
[?]), [350] to 3-60x10−5 Ωm for graphite, to the 1.6 x10−5 Ωm ballistic limit for a
single CNT [43]. Needless to say, the higher the wt% of conductive filler in the
screen printing paste the lower ρvdc. However, filler’s content limits are set by the
dispersants, binders, and inks manufacturing techniques capability of dispersing
uniformly, prevent re-agglomeration and avoid settling of filler’s particles or low
dimensional structures. Usually the conductive filler wt% are: 60-90 for silver and
copper particles (50% for flakes), 0.1-40 for graphene flakes and CNTs, 30-40 for
graphite and carbon black. The percentages are predicated on the dispersions
stability for three roll mill-processed pastes, the printing rheology [335] and on the
application-dependent required sheet resistance and adheranche to the substrate
[351].
A prominent role in determining inks volume resistivity is played by film’s post-
deposition thermal treatment. In fact different processes occur during the film
curing3. Provided that printing on FR-4, high frequency and flexible (i.e. PEN,
PET, PI, etc,) substrates precludes binder’s removal, heat treatment in the 70-
300 oC temperature range is responsable for solvent evaporation and particles
sintering assisted by either oligomers cross-linking (for thermoset binders such as
epoxy, phenolic, thermoset alkyds resins etc. ) or polymer chains reorganization in
proximity of the thermoplastic binder Tg (i.e PVC, polyester, cellulose ethers and
esters, acrylates, thermoplastic polyuretans, etc). Solvent evaporation is generally
required for thermoplastic binders that are dissolved into the paste’s solvent or
pre-solubilized into a low boiling point solvent. On the other hand, thermoset
pre-polymer ingredients (monomers, oligomers, and polymerization initiators) are
usually liquid and don’t require their dissolution in a solvent. Besides conventional
diffusion based particles sintering, a new family of metallorganic reactive (MOR)
pastes based on Ag (I) and Cu (II) organic precursors instead of metal nanoparticles

2Mil is a thickness unit commonly employed in the electronics industry to specify films thickness,
etched copper profile and dielectric substrate height. 1 mil is 1/1000 of a inch and corresponds to
25.4µm.

3Solvent-free UV curable inks excluded from the actual discussion
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has been developed [352], [353] [354]. However, copper based MORs pastes are
far away from their commercial application because an N2 or 3% H2 atmosphere
heat treatment treatment is needed for precursor’s conversion and to avoid copper
particles oxidation.
Commercial "standards" volume resitivity of silver inks for UHF printed antennas is
0.006-0.05 Ω/�/mil (which corresponds to a 6-50 mΩ/� sheet resistance for a 25 µm
thick film). Sheet resistance of 1.4 mil thick (36 µm, corresponding to a standard 1
oz. copper clad laminate) etched copper traces is 0.5 mΩ/�. Furthermore, copper
etching doesn’t involve any thermal treatment and the resulting metal pattern can
be easily protected from oxidation by immersion silver or ENIG (electroless nichel
immersion gold) finishes. Although graphene, CNTs, graphite, and carbon black
high conductivity pastes for DC applications would be attractive for UHF antennas
because they don’t suffer from oxidation problems, their minimum achievable ρvdc is
10 (graphene), 30 (CNTs), 25 (graphite) ,20 (carbon black) Ω/�/mil. Even though
is possible to decrease the printed film sheet resistance by increasing the number of
depositions , carbon materials pastes won’t never match the conductivity neither
of silver pastes nor etched copper traces. In addition, increasing the number of
prints without raising the heat treatment period doesn’t result into signficant sheet
resistance drops. Moreover, DC sheet resistance, or ρvdc does not take into account
the effect of the film’s skin depth that further increases the effective resistance.
Hence, copper etched antennas remain the only practical option for frequencies
higher than the UHFs (300 MHz-1GHz) such as the microwaves S (2-4 GHz) or C
(4-8 GHz) bands. In fact, the low sheet resistance provided by copper traces allows
for

1. High return losses at the resonant frequency.

2. High gains.

The first condition defines the suitable resonance (and thus the antenna’s operative
wavelength) frequency to be used for signal transmission or reception. An accepted
rule of thumb sets the "benchmark" minimum |RL| to 10 dB for a resonant frequency
to be useful. Furthermore, theoretical and experimetal studies carried out on
carbon materials thin and thick films antennas have proved that 40 Ω/� is the
sheet resistance limit value to appreciate a resonance [355]. When the film’s sheet
resistance exceeds 40 Ω/� no power is absorbed by the antenna because of the
impedance mismatch (ML ≈ 0, RL ≈ 0 at the resonant frequency, all power delivered
to the antenna is reflected back). On the other hand, when film’s sheet resistance
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is < 3 Ω/�, the dielectric constant mismatch between the substrate and the air
becomes the main source of impedance mismatch (low ML values).
Thus, the higher sheet resistance (at least one order of magnitude) of printed films
compared to copper etched antennas leads to impedance mismatch and consequently
decreases the absolute value of the return loss for antennas operating in the S or C
bands.

The gain (GA) is defined as the antenna’s capability to convert input power
into radio waves headed in a specified direction. GA’s expression is comprised of
two terms: the antenna’s electrical efficiency, or simply the efficiency εA, and the
directivity DA(θ, φ) expressed in spherical coordinates. In other words, εA is the
ratio of the power irradiated by the antenna with respect to the power delivered
(available) to the antenna (Prad

Pin
) by the feeding source whereas DA is the antenna’s

ability to direct the power radiated toward the RF receiver. In mathematical terms:

G = εADA(θ, φ) (7.1)

Usually the gain is normalized for a lossless isotropic antenna and is given in dBi
where i stands for isotropic. For instance, G = 3 dBi means that the power accepted
by an RF receiver placed in the antenna’s far field will be 3 dB higher (twice as
much) than what would be received from a lossless isotropic antenna with the same
input power. Similarly, a -3 dBi antenna gain means that the power received in the
far field of the antenna is 3 dB shy of the power received from a lossless isotropic
antenna. Because of electromagnetic reciprocity, the the gain of any antenna when
receiving is equal to its gain when transmitting and the distinction between the
two cases becomes immaterial.
εA in equation 7.2 contains in turn two terms:

εA = MLεrad (7.2)

where εrad is the antenna radiation efficiency, that is the power radiated by the
antenna relative to the feeding line power accepted by the antenna (εrad = Prad

Pacc
).

The return loss and consequently ML are the ties between the power delivered to
and accepted by the antenna. Thus, all the power accepted by the antenna (not
reflected because of impedance mismatch) which is not radiated is dissipated into
heat. Hence, dielectric and resistive losses result into εrad < 1. To semplify the
discussion a radiation efficiency εradα taking into account only the resistive losses is
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oftern used:
εradα = Rrad

Rohm +Rohm

(7.3)

where Rohm is the ohmic resistance (i.e. the sheet resistance) of the antenna
conductors and Rrad is the self-induced resistance created by the antenna’s own
dynamic electric field [356], [355], [357]. When an AC electric field is impressed
on the antenna electrons will radiate electromagnetic waves. These waves carry
energy that is taken away from the electrons. Therefore, the electrons’ loss of
energy appears as an effective resistance their movement. This is the meaning of
Rrad. Thereby, εradα evaluates how much power is "dissipated" as radiated power
(useful to transmit signals) and how much is dissipated as heat. The relatively
high ρvdc of carbon materials based conductive inks is the main responsible for low
εradα values of fully printed antennas. In addition, equation 7.3 doesn’t take into
account dielectric losses. For thick films printed antennas power heat dissipation
is aggravated by the binder component of the film. Indeed, common polymer
resins employed as binders are characterized by dielectric losses (in terms of loss
tangent) comparable to FR-4 substrates (i.e. tan δ is 0.008-0.01 at 3 GHz for an
ordinary FR-4 substrate, 0.01-0.05 for phenolic-formaldehyde resins, and 0.02-0.09
for cellulose derivatives depending on the polarity of groups substituting one of the
OH positions in the glucose units [358]). Thus, even if their contribution to power
dissipation through heating is smaller compared to the one brought about by the
substrate, dielectric losses caused film’s binder still generate εrad drops. Finally,
large amounts carbon materials embedded [359], [360], [361], [362] in polymeric
matrices causes the loss tangent of the composite material to raise conspicuously in
the 1-30 GHz range further reducing the radiation efficiency.
The second term of equation 7.2, the antenna directivity, is defined in spherical
coordinates as:

DA(θ, φ) = 4π Pθ,φ
Prad

(7.4)

where Pθ,φ is the power radiated per unit solid angle in a specific direction and
Prad total power radiated by antenna. DA(θ, φ) depends on antenna’s geometry
and for dipole antennas may depend on particular orientation of mono-dimensional
structures such as CNTs [363], [364]. However, CNTs embedded in a thick film
binder matrix are intrinsecally disoriented and any effect on the directivity vanishes.
Because of the DA(θ, φ) component GA is directly connected to the antenna radiation
pattern measurements. The radiation pattern is defined as a mathematical function
or graphical representation of radiation properties of the antenna as a function of
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the space coordinates. Radiation properties include power, radiation intensity, field
strength, directivity phase or polarization, and gain. The radiation pattern may
be displayed in variaty of 3-D or 2-D formats. Figure 7.1 illustrates an example
of 3-D (gain) radiation pattern for a simple microstrip patch antenna. Each two-
dimensional radiation pattern taken at an increment of φ is called "pattern cut". If
the radiation pattern is collected along the φ = 0o or φ = 90o planes it is named
"principal cut" [356], [357]. For antennas radiating a linearly polarized field (like
microstrip patch antennas), the principal planes are those chosen to be parallel and
perpendicular to the electric field vector of the antenna. A E-plane or electric-plane
radiation pattern records the electric field magnitude or power at φ = 0o, whereas
the magnetic plane or H-plane pattern is recorded at φ = 90o. By referring to the
antenna’s orientation of figure 7.1 (fed along the y axis) the E-plane is the YZ
plane and the H-plane is the XY plane. Being the electrical current direction the
Y axis, the electric field oscillates in the YZ plane and the antenna is vertically
polarized. Experimentally antennas’ radiation pattern are collected as follows. First

Figure 7.1: Example of 3-D gain radiation pattern for a microstrip patch antenna. θ
is the vertical or elevation angle and φ the azimuthal or horizontal angle. For linearly
polarized antennas (like microstrips patch antennas) the elevation or azimuthal
planes coincides either with the the H or E-plane depending on the antenna
polarization state (see main text).

the measurement frequency (usually corresponding to antenna’s resonant frequency)
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is set. Then, a value of angle φ can be chosen and the electric field magnitude or
power recevived or transmitted by the antenna under test (AUT) are measured
for increments of θ. The angle φ is then increased and the process is repeated.
The required equipment for antennas’ radiation pattern measurements includes a
transmitter coupled to a source antenna (usually a horn antenna), a bolometer
connected to the AUT to measure, a positioning system that controls the orientation
of the AUT and produces the angular displacement with respect to the source.
Although conceptually simple, radiation pattern collection is complicated by two
experimental difficulties:

• The power receviced or transmitted by the AUT depends on its relative
orientation with respect to the source antenna.

• The pattern has to acquired in the AUT’s far field.

Assuming that the AUT is tested in the receiving mode (same consideration apply
to the transmitting mode because of electromagnetic reciprocity) the source antenna
can possess either the same (i.e. vertical if we refer to figure 7.1) or the opposite
polarization state of the AUT. The former case (same polarization) leads to the
co-pol radiation pattern, while the latter case generates a cross-pol radiation pattern.
Needless to say the power measured in the co-pol mode is larger than the one
measured in the cross-pol mode. A distinction concerning the AUT’s far field
definition exist for "electromagnetic short" and "electromagnetic long" antenna.
The former class is constituted by antennas shorter than half of the wavelength
of the radiation they emit and the far field is characterized by a distance r �
2λ. Electromagnetic long antennas are physically longer than a half-wavelength
of the radiation they emit and two conditions define the far field: df � D; df �.
D is the largest physical linear dimension of the antenna and df is the far-field
distance. An anechoic chamber (see figure 7.3) is the only facility allowing for indoor
radiation pattern measurements in the microwaves S and C-bands. Besides, a 3-5 m
distance between the source and the receiving antenna ensures that the microwaves
impinging on the AUT are plane waves. Anechoic chambers comprised of walls,
ceiling and floor lined with special electromagnetic wave absorbing material such as
a carbon black loaded polyurethane foam. The material is often jagged in shape
(see figure 7.3). The jagged triangle shapes are designed that electromagnetic waves
reflected from them tend to spread in random directions and to add incoherently.
Even though is possible to calculate GA by integrating the radiation pattern, the
gain is usually measures by the substitution (or comparison) method [356]. Unless
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Figure 7.2: "Non-normalized" radiation pattern reported on a rectangular Cartesian
plot. Very often the radiation pattern is normalized for the power corresponding to
the direction of maximum emission of the antenna. Hence, a normalized radiation
pattern ahows (-dB) on the Y axis (with 0 dB) corresponding to the antenna’s
main lobe. Principal planes’ received power (or electric field strength) can be
reported either in the co-polarization or cross-polarization mode. The graph shows
the radiation pattern dependence on the patch width/length ratio. Adapted with
permission from [365].

otherwise specified, GA is usually taken to be the power gain in the direction of its
maximum value. The comparison method exploits a standard antenna with gain
exactly known. the same source antenna is used for measuring the power received
by both the standard and the AUT.

Nanostructured carbon materials such as CNTs and graphene are potentially
attractive for microwave devices application because of their tunable electrical
properties (adjustable by doping, by controlling the aspect ratio, printing vehicle
composition, etc.) mechanical strength and chemical stability. However, the
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Figure 7.3: Example of an RF anechoic chamber for antenna testing. The AUT
far-field can be expressed as:(rsource−AUT � λ). Where rsource−AUT is the distance
between the source’s antenna and the AUT. In the microwaves S and C-bands the
condition is satisfied for chamber’s sizes larger than 3m.

aforementioned restrictions dictated by the resistive and dielectric losses (affecting
the impedance mismatch factor and the radiation efficiency) make full printed
(thick film) or thin film graphene or CNTs antennas unsuitable for microwaves
applications [366], [?], [?], [367], [355]. Hence, nanostructured carbon materials
films are usually deposited on a limited area of a resonant microwave structure for
two kind of applications:

• Shifting the copper etched microstrip antennas’ operative frequency and in-
crease the antenna bandwidth without excessively penalizing the gain. Further-
more, the "rheostat-like" nature of graphene (voltage dependent conductivity)
is under investigation for microwaves passive components (i.e. filters and
attenuators) [368], [368]. Besides, the plasmonic nature of their conductivity
in the THz range, allows to use graphene films "varactor-like" materials to
reconfigure antennas [369], [370].

• Sensors for chipless RFID tags as mentioned in chapter 6. In fact, CO2

[31], NH3 [371], humidity [372], and NOx detection by exploiting microwave
resonators’ (microstrip antennas, dual split ring resonators, etc.) signal
attenuation due to CNTs resistivity change upon gas adsorption or frequency
shift stemming from sensor’s dielectric properties variation [373], [374], [375],
[30]. On the other hand, graphene and reduced graphene oxide have been used
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for more "exotic" wireless sensors such as deposition on biosorbable silk to
stick to teeth for detection of bacteria [331] or wearable Uv semi-regenerable
NH3 and CO sensors [376].

On the basis of the topics and issues discussed above the following sections will
present the experimental procedures and the characterization of two types of
microwaves devices predicated on copper etched microstrips loaded with screen
printed nanostructured carbon materials films:

• A graphene microstrip patch resonator (provided with the same copper stub
shown in figure 8.8 loaded with two different amounts of of graphene (12.5
and 25 wt% before thermal treatment). Return loss and "low-frequency"
(0.1 Hz-32 MHz) impedance measurements were performed to try to relate
the resonant frequency shift brought about by the graphene thick film to
the microscopic materials’ properties. In addition, in order to understand
graphene films’ microwave properties, scattering parameters of a microstrip
feed line loaded with different graphene concetrations were measured.

• A microstrip copper stub-modified patch antenna containing a 12.5 wt%
(before thermal treatment) MWCNTs film. Radiation properties (i.e. gain
and radiation pattern) were collected to verify the device’s feasibility as
C-band transmitting (or receiving) antenna.

Furthermore, functionalization and responsivity to prostate specific antigen (PSA)
of both graphene and MWCNTs loaded devices are currently under investigation at
the Lausanne Lausanne EPFL.
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Chapter 8

Materials and Methods

The present chapter describes all the experimental procedures used for the
synthesis of the nanostructured materials employed in this thesis and their morpho-
logical (FE-SEM, SSA measurements, porosimetry), chemical (TGA/DTA/DSC
ans XPS), structural (XRD, Raman Spectroscopy), optical (UV-vis. spectroscopy,
photoluminescence spectroscopy), electrical (Rsheet measurements, EIS, microwaves
scattering parameters determination). The chapter is organized in sections and
subsections specific for each kind of material, characterization technique and appli-
cation. Furthermore, a detailed description of fabrication and characterization of
the optoelectronic devices assembled with the produced nanostructured materials
(DSSCs, colorimetric sensors, electrochromic devices, microwaves resonators and
antennas) is provided.

8.1 Materials

• Titanium (IV) isopropoxide (TIIP) (Vertec, 97+%), lithium iodide (ultradry,
99.999%), potassium chloride (ACS, 99.0-100.5%) erbium isopropoxide, yt-
terbium isopropoxide, tetrafluoroboric acid (48% in water) and ethylene-
diaminetetraacetic acid disodium salt dihydrate were purchased from Alfa
Aesar.

• Praseodymium, neodymium, samarium and gadolinium isopropoxides were
purchased from Strem Chemicals.

• titanium (IV) chloride (99.9%), titanium (IV) n-propoxide (98%), iodine
(99.999%), 4-tertbutylpyridine (TBP) (96%), acetonitrile (absolute, 99.5%,
over molecular sieves), ditetrabutylammonium cis-bis(isothiocyanate) bis(2,2’-
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bipyridyl4,4’-dicarboxylate) ruthenium (II) (N719 dye, 95%), tetrabutylam-
monium hydroxide 30-hydrate (TBAH), ethanol (absolute, 99.8%), hydrogen
peroxide solution (34.5-36.5%), acetic acid(99-100%), ammonium hydroxide
solution (30-33%), hydrochloric acid (37% wt), anhydrous terpineol, 5-15
mPa·s ethyl cellulose (48.0-49.5% w/w ethoxyl basis), 30-70 mPa·s ethyl
cellulose (48.0-49.5% w/w ethoxyl basis), 1-hexadecylamine (HDA) (techni-
cal, 90%), tetraethyl orthosilicate (99.0%), Pluronic P123, Brij 58, guani-
dinium thiocyanate (GuSCN) (99%), benzonitrile (99.9%), sodium dodecyl
sulphate (SDS, 99%), indium tin oxide nanopowder (ITO NPs, particles size
< 50 nm), polyvynil butyral (Butvar-88 PVB, molecular weight 40000-70000
g/mol determined by GPC), hexane anhydrous, 95%), propylene carbonate
(PC, 99.7%), poly(methyl methacrylate) (PMMA, MW ≈ 120000 by GPC),
trifluoromethylsulfonamide lithium salt (99.95%), 2-(2-Butoxyethoxy)ethyl
acetate (≥ 99.2), castor oil (meets testing specifications per USP), ferric
chloride (FeCl3, 95%), Fe(II)perchlorate hydrate (Fe(ClO4)xH2O), cobalt
nitrate hexahydrate (Co(NO3)2 6H2O and isopropanol were purchased from
Sigma-Aldrich.

• Hydrogen hexachloroplatinate (IV) hydrate (40% Pt by weight) was purchased
from Chempur.

• 3mm thick FTO glass slides with sheet resistances of 10 Ω/� and 15 Ω/�
were purchased from XOP Fisica (Spain).

• ITO-coated glass slides 15x25x1.1 mm, Rsheet = 5-15 Ω/� were purchased
from Delta Technologies (Canada)

• Aeroxide VP P90 fumed titanium dioxide was kindly given as a free sample
by Evonik.

• Cerasolzer CS186-150 soldering alloy was purchased from MBR Electronics
(Switzerland).

• Kynar PVDF 502-CUH-HC film was used as antireflective and UV blocking
layer (<400 nm) and was kindly given as a free sample by Arkema Inc.

• HiPCO SWCNTs were purchased from NanoIntegris.

• MWCNTs (diameter 25-45 nm, length > 10 µm) were purchased from Nan-
othinx (Greece).
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• Sephacryl size exclusion gel (200HR) was purchased from GE-Helathcare.

• Graphene nanoplatelets were kindly provided by Nanoinnova (Spain).

• 2-[2-(2-methoxyethoxy)-ethoxy] acetic acid (pH 1.8 100 g/L in H2O) and
2-butoxyethanol were purchased from EMD Milli-pore (U.S.).

• N-methyl pyrrolidone (≥ 99.5) and linoleic acid (99%) were purchased from
Acros Organic (U.S.).

• Cellulose Nitrate membranes (pores size 0.2 µm, diamter 20 mm) were kindly
provided by Whatman (U.S.).

• Disperbyk-111 (a polyester co-polymer functionalized with acid groups kindly
provided by BYK Additives and Instruments, Germany)

• Double sided copper clad FR-4 laminates (εr = 4.35, tanδ = 0.018, copper
thickness 34 µm, insulator thickness 1/16th “) were purchased from MG
Chemicals (U.S.)

• All chemicals were used as received with the exception of 4-tert-butylpyridine,
which was vacuum distilled before use. Benzonitrile and acetonitrile, were
used after prolonged drying (>72 h) over activated 3 Å molecular sieves.

8.2 Materials’ synthesis and preparation meth-
ods

8.2.1 Titanium dioxide synthesis

The present section describes the experimental procedures used to obtain dif-
ferent titania morphologies. Each sample preparation methodology is classified
according to the kind of structure directing agent employed: SiO2 (MSC-1 and
MSC-2), soft-polymeric(Pluronic P-123, Brij-58) and hexadecylammine. Because
of its particular morphology, this last sample is referred as titania (anatase) beads
(consistently with the definition reported in [188], [220], [280], [181], [186]). Three
different synthetic approaches were used: hydrothermal (for the silica templated
samples), sol-gel (for the soft-polymeric materials), and hybrid sol-gel/solvothermal
(for the titania beads).
The ultimate goal of the current investigation stage was to identify the most suitable
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(in terms of DSSCs’ energy conversion efficiency) TiO2 morphology to be used for
lanthanides doped and chirality selected SWCNTs photoelectrodes.

TiO2 synthesis by hard templating methods

As mentioned in Chapter 4, TiO2 mesoporous single crystal (MSC) are particu-
larly attractive as DSSCs’ photoanode materials because are capable of coupling
large surface area with long-range electron connectivity. Such a structure is achieved
by using hard template materials, usually Al2O3, SiO2 or zeolites and the synthetic
approach employed is known as "hard nanocasting". Regardless of the kind of
templating agent, titania MSCs synthesis is always accomplished by infiltrating of
the TiO2 precursor into the template mesopores where the hydrolysis occurs. Hard
nanocasting procedures leading to MSCs titania structures requires two fundamental
conditions:

• The reaction environment leading to single crystalline structures has to be
comprised of a dilute non-aqueous solution containing a stabilized TiO2

precursor to ensure slow nucleaction rates [377], [378], [379].

• The growth of TiO2 has to be confined to the guiding template to achieve an
ordered mesoporosity.

Unfortunately, these requirements struggle against each other. In fact, low titania’s
precursor concentrations favor homogenous (in the bulk solution) over heterogeneous
nucleation (within the scaffold material) [380], [379]. Crossland et. all [182] solved
this issue by "seeding" mesostructured silica with microscopic nucleation sites for
crystal growth. Their approach relies on the following four steps:

1. Synthesis of a closed packed, particles size tunable, array of silica beads by
controlled TEOS hydrolysis.

2. Pre-treatment of the silica template with a TiCl4 solution (seeding).

3. Hydrolysis of the TiF4 precursor performed under hydrothermal conditions in
presence of the SiO2 scaffold and a stabilizing agent (1-methylimidazolium
tetrafluoroborate, imi-H-BF4).

4. Template’s removal by selective etching in aqueous NaOH.

Since this methodology has been proved to be effective to produce TiO2 thick
films with improved electronic mobility compared to nanoparticles [182], [381], we
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followed through the procedure reported in [182] and synthesized two MSC titanias
to use as DSSCs photoanode materials. Experimental details concerning each step
are reported in the next paragraphs.

SiO2 templating agents synthesis Silica templates were produced by an am-
monia catalyzed TEOS hydrolysis-condensation synthetic procedure (see Figure
8.1) in ethanol. Two different SiO2 (particles size 20 and 50 nm) were targeted by
hydrolyzing the TEOS at different NH3/H2O ratios. In fact, an empirical equation
originally formulated by Bugosh [382] and later perfected by Razink [383], allows
to predict silica particles size under different reaction condition:

d = A[H2O]2 exp
(
−B[H2O] 1

2
)

(8.1)

where the particles size (the diameter d) is given in nm. A and B are to be calculated
by using the equations:

A = [TEOS] 1
2 (82 + 151[NH3] + 1200[NH3]2 − 366[NH3]3) (8.2)

and
B = 1.05 + 0.523[NH3]− 0.128[NH3]2 (8.3)

Hence, 333 mL of absolute ethanol, 14.2 mL of milli-Q water, 8 mL of NH4OH
(total ammonia concentration 0.3M), 44 mL of TEOS (0.5 M concentration in the

Figure 8.1: General reaction mechanism for a base catalyzed TEOS hydrolysis and
condensation. R represent the ethyl (CH3CH2-) group.
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Figure 8.2: Functionalized surface of SiO2 with TiO2 nuclei before and after
sinterization

reaction mixture) were used for the synthesis of the 50 nm sized silica beads. On
the other hand, no water addition was needed for the 20 nm sized SiO2 scaffold
(929 mL of ethanol, 33mL of NH4OH, 38 mL of TEOS). In both cases the solutions
were stirred for 24 h and the solid product was collected by ultracentrifugation
(3000 rpm for 5h). Once separated from the supernatant the solid was calcined for
30 minutes at 500 oC (ramp rate 5 oC)

SiO2 seeding The two calcined SiO2 templating agents were functionalized with
TiO2 nuclei by following the procedure described below. An aqueous TiCl4 stock
solution (2M) was diluted down to 30 µM. Then, 5g of each template were treated
with 33 mL of the 30 µM TiCl4 solution at 70 oC for 60 minutes. After rinsing the
sample throughout with 1L of Milli-Q water the dried samples were annealed at
500 oC (ramp rate 5 oC) for 30 minutes. The high temperature thermal treatment
was instrumental to dehydrate the Ti-OH functionalized silica surface and generate
Ti-O-Ti bonds (see figure 8.2).

TiO2 MSCs hydrothermal synthesis Before the hydrothermal hydrolysis of
TiF4 could be carried out a pre-step dedicated to the preparation of the imi-H-BF4

(1-methylimidazolium tetrafluoroborate) stabilizer was required. Imi-H-BF4 is an
ionic liquid that acts as morphology controlling agent and favors the formation of
the <001> crystalline facets [378] [379], which are the most reactive toward the
N-719 adsorption (see 4.2). The substantial role of fluorine in stabilizing <001>
facets has been extensively demonstrated in various aqueous synthesis routes [384],
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[385]. It is theoretically predicted that the different surface coverage fractions can
greatly affect the surface energy and thus the percentage of <001> facets during
the growth of crystals. Although the fluorine may be released from different sources
such as hydrofluoric acid, ammonium fluoride, ammonium bifluoride and the TiF4

precursor itself, imi-H-BF4 produces a higher fluorine surface coverage on the TiO2

nucleii assisting the growth of the <011> facets [386].
11.8 mL of tetrafluoroboric acid (48% water solution) were added drop-wise to 7.5 g
of 1-methylimidazolium under vigorous stirring and ice bath cooling. The reaction
mixture was kept under stirring for 2h. After vacuum evaporating the residual
water (at 80 oC) a colorless oil (the imi-H-BF4) was obtained.
For the the MSCs titania hydrothermal synthesis a 40 mM titanium tetrafluoride
aqueous solution was prepared by dissolving 1.098 g of TiF4 in 220 mL of Milli-Q
water. The solution pH was adjusted to 2.1 by adding 0.176 mL of 37% HCl. 50
mL of solution were added in a 125-mL-volume Teflon-lined autoclave together with
1.67 mL of imi-H-BF4 and 0.650 g of silica template. The sealed vessel was kept in
a oven for 12 h at 170 oC. The reaction product (a white powder) was collected
at the bottom of the autoclave, rinsed with milli-Q water and vacuum filtrated on
a 1.2 µm mesh size paper filter (by Whatman). The silica template was removed
by selective etching with a 2 M NaOH aqueous solution at 80oC for one hour in
a polypropylene becker. The remaining TiO2 was collected by ultracentrifugation
. The whole synthetic procedure was performed for both the 50 nm SiO2 beads
(sample TiO2 MSC-1) and the 20 nm template sample (TiO2 MSC-2).

8.2.2 TiO2 synthesis by soft-polymeric templating method

Polymeric templates

Two different kind of block, non-ionic, co-polymers with tensioactive properties
were used to synthesize ordered mesoporous TiO2 by the sol-gel method: Pluronic
P-123 and Brij-58. The former is a tri-blocks co-polymer made out of polyethilene
glycol and polypropylene glycol (PEG-PPG-PEG, MW = 5,800 g/mol) chains; the
latter is a two-blocks co-polymer comprised of ethoxylated (20 -CH2-CH2-O units)
cetyl (C-16) group (MW = 1124 g/mol).

TiO2-Pluronic P-123

1g of Pluronic P-123 was pre-dissolved by stirring in 25 mL of ethanol. 0.350
mL of TiCl4 and 2.7 mL of TIIP were added to the solution which was stirred
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for 2h in a capped round-bottom flask. TIP constitutes the main Ti source while
TiCl4 was employed as PH adjuster 1. The reaction mixture possessed a pH of
approximately 1.2. The effect of gelation time on the final TiO2 morphology was
investigated by producing two samples: namely TiO2-P123A and TiO2-P123B. In
the former case the sol was kept at 40 oC for 24 h in a Petri dish. In the latter case,
the sol was left in the uncapped reaction flask for one week at 40 oC by an oil bath.
Both samples were calcinated at 350 oC (ramp rate 5oC/min) for 5 hours.

TiO2-Brij-58

A single sample was prepared through this classical surfactant (supramolecular)
assisted sol-gel methodology by reproducing the procedure reported in [183]. Briefly,
1 g of Brij-58 was dissolved in 11 mL of absolute ethanol along with 0.175 mL of
TiCl4 and 0.450 mL of titanium n-propoxide under vigorous stirring. The aging of
the yellow colored solution was carried out 40 oC over a period of 7 days at . After
a multistep thermal treatment (12 hours at 100 oC, 6 hours 260 oC) the resulting
gel was calcined in air for 4h at 350 oC to remove the polymeric templating agent
and to induce particles crystallization and interconnection.

8.2.3 Anatase beads

Hexadecylammine (HDA) was used as soft, non-polymeric, templating agent
in a combined sol-gel/solvothermal synthesis. This preparation method is a well
established procedure of TIP controlled hydrolysis in a hydroethanolic solution
of HDA (structure directing agent) and KCl (ionic strength regulator) for the
production of mesoporous anatase beads [181], [188], [186]. The whole synthetic
procedure can be divided in two parts: (i) the preparation of the amorphous pre-
cursor beads through the sol-gel method and (ii) the solvothermal process leading
to mesoporous, crystalline and monodispersed, anatase submicrometric hierarchical
structures. During the first stage of the synthesis 3.98 grams of HDA were dissolved
in 400 mL of absolute ethanol along with 1.60 mL of 0.1 M KCl aqueous solution.
9.05 mL of TIP were added to this solution under vigorous stirring. The white
milky sol was let settling for 18 h before being filtrated. The amorphous beads
precursor were washed three times with ethanol and dried at room temperature.
The conversion of the amorphous product into a highly crystalline framework was

1Although the amount of TiCl4 is negligible compared to the TIP one, a mixed condensation
mechanism between Ti-O-R and Ti-Cl groups leading to the formation of Ti-O-Ti bridges has
been reported [387] by other groups.
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performed by dispersing it into a solution comprised of ethanol and Milli-Q water in
a 2 to 1 v/v ratio in presence of ammonia (0.22 M concentration in the dispersing
solution). The resulting mixture was thermally treated in a sealed Teflon-lined
autoclave for 18 h at 160 oC. After filtration, ethanol washing and air drying the
product was calcined at 500 oC for 2h in air to remove organic residues and produce
the mesoporous anatase beads.
A similar procedure was applied to the synthesis of lanthanides doped TiO2 meso-
porous beads. The six lanthanides trivalent ions (Pr3+, Nd3+, Sm3+, Gd3+, Er3+,
and Yb3+) were inserted into the anatase structure by replacing the proper amount
of TIP with the corresponding lanthanide’s alkoxide. Dopant concentrations equal
to 0.1, 0.2 and 0.3 at% (the percentage of lanthanide relative to the total number
of metallic atoms) were used. Since lanthanide isopropoxides are solid at room
temperature, a pre-dispersion step (by sonication in mL of absolute ethanol) before
mixing with the TIP in the hydroalcoholic solution containing KCl and HDA was
required.

8.2.4 SWCNTs Chirality separation procedures

SWCNTs purification

Raw HiPCO (High Pressure Carbon Monoxide) CNTs were purified using the
organic-aqueous phase separation procedure outlined in [277]. Briefly, one gram of
HiPCO tubes was sonicated for 5 min in 20 mL of Milli-Q water and transferred
into a separation funnel. Hexane was added to the SWCNTs/H2O mixture to purify
the carbon material by phase separation. The procedure was completed when the
aqueous phase did not contain any carbon flakes and turned yellow because of the
presence of impurities (amorphous carbon, catalyst residues, etc.). Hexane was
removed form the organic phase (a mixture of hexane and SWCNTs) by rotatory
evaporation. Then, a SWCNTs coarse suspension was created at 1 mg/mL in an
aqueous solution of 2% wt. sodium dodecyl sulphate. The mixture was put first in
an ultrasonic bath for 5 min to break up the large CNTs agglomerates before being
placed under a tip sonicator (Sonifire 450D, Branson, U.S.) with a 0.5 inch flat
tip at 20 W/cm2 for 20 hours. Before sonication, the tip was set 1 cm away from
the bottom of the beaker and placed in a temperature-controlled bath held at 10
oC. Immediately following tip ultra-sonication the sample was ultra-centrifuged at
197,000 G for 15 minutes at 10 oC. The top 90% of the supernatant was removed
from each ultracentrifuge tube and directly poured into the gel column described
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Figure 8.3: Schematics of the original procedure for SWCNTs chirality selection by
SEGC.

in the following section.

Chirality separation by SEGC

The general procedure, introduced and outlined by Liu et al. [279] , is a two-
pass process where chirality separation was performed using the size exclusion gel
chromatography (SEGC) method. In this method a number of 10 mL syringes
were connected vertically in series and filled with 1.4 mL of allyl dextran-based
size-exclusion gel beads (Sephacryl S-200 HR or S-300 HR, GE Healthcare). An
illustration of the separation process is presented in Figure 8.3. After the columns
were equilibrated with a 2 wt% SDS solution, 5-10 mL of SWNTs, held in an
aqueous suspension and ultracentrifuged, were added to the top column. After the
SWNT solution had gone through the column, the column was then taken apart
and 6 mL of a 2 wt% SDS aqueous solution was added to each syringe to elute the
unbound nanotubes. The semiconducting tubes that were trapped inside the gel
were eluted with 4 mL of a 5 wt% SDS solution. In order to separate the majority
of the semiconducting tubes from the metallic ones, the column was equilibrated
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with 2 wt% SDS solution. After the column was equilibrated, the procedure was
repeated by loading the unbound tubes into the column until there were no more
semiconducting tubes trapped in the gel leaving only highly enriched metallic tubes.
In order to get an enriched single chirality, a second pass of the previously filtered
tubes was required. Prior to secondary separation, each of the samples were diluted
to a 2 wt% SDS solution. Again, a number of 10 mL syringes were arranged
vertically in a series and equilibrated. The diluted semiconducting fractions were
then added to the top column and allowed to flow through the syringes. The column
was then disassembled and the unbound tubes eluted with a 2 wt% SDS solution.
The semiconducting tubes that were absorbed into the gel were eluted by inserting
4 mL of 5 wt% SDS solution. The result was a solution with an enriched single
chirality.

One disadvantage of requiring two passes through the column is a reduction in
CNTs concentration following each pass. As the separated CNTs are to be used
in a DSSC, it was necessary to obtain as much of the enriched-chirality CNTs in
one pass as possible. In our study, we modified the original procedure to maximize
the collection of enriched single-chirality in a single pass. Similar to the original
procedure, a number of syringes were vertically arranged in series and plugged with
glass wool (see Figure 8.4). The number of syringes arranged depended on the
chirality we were targeting to separate from the rest. 1-2 mL of gel was injected
into each syringe and equilibrated with 10 mL of 2 wt% of SDS solution. Unbound

Figure 8.4: Apparatus for single pass SWCNTs chromatographic separation
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tubes were eluted with 1.8 wt% SDS solution. The number of syringes arranged
depends on the specific chirality to be isolated. 1-2 mL of gel have been injected
into each syringe and equilibrated with 10 mLs of 2 wt% of SDS solution. Unbound
tubes have been eluted with a 1.8 wt% [388] SDS solution. The chiralities targeted
in this study are (6,5) and (7,3). It was found that in order to separate only
those chiralities in a single pass, different ratios of gel/SWNTs were to be used
according to the different affinity of specific chiralities for the allyl-dextran gel. In
fact, smaller diameter tubes ((7,3) diameter = 0.696 nm [270]) strongly interact
with the gel requiring a lower degree of gel "overloading" [389]. Thus, to separate
enriched (7,3) 11 mLs of SWNT/SDS solution have been injected into the top
column with 1.4 mL of gel in each syringe. The (7,3) chirality came out in the first
three columns; however the most pure sample has turned out to be in the first. On
the other hand, by injecting 17 mLs of SWCNTs-SDS solution into 1.4 mL of gel
into the top column of a 4 columns stack has resulted in the separation of highly
enriched (6,5) (diameter = 0.747 nm [270]) in the fourth column.

8.3 Materials Characterization

8.3.1 Scanning Electron microscopy

Scanning electron microscopy images of the TiO2, graphene and MWCNTs
samples were collected by using a Zeiss Auriga FE-SEM microscope.

8.3.2 X-ray diffraction

Powder X-ray diffraction analysis was used to investigate phase composition,
crystallite size, lattice parameters and ordered porosity (i.e. low angle scans) of
the produced titanium dioxide solids (different morphology TiO2 and lanthanides
doped titania beads samples). XRD pattern were collected with a Bragg-Brentano
reflection geometry by using a Panalytical X’Pert PRO MPD diffractometer em-
ploying a Cu Kα source (λ = 0.154184 nm) and a X’Celerator ultrafast RTMS
detector. The angular resolution (in 2θ)was 0.001o. A 0.04 rad Soller slit, a 1o

divergence slit, and a 20 mm mask were used on the incident beam path, while a
6.6 mm antiscatter slit and a 0.04 rad collimator were used on the diffracted beam
path. Low angle scans (0.5-10o) were performed on TiO2-P123-A, samples by using
a beam knife, 20 mm mask, a 1/8o divergent slit, and a 5 mm antiscatter slit. The
soller slit and the collimator were the same as above.
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Structural parameters (unit cell’s lattice constants) and crystallite size were ob-
tained by the Rietveld refinement procedure performed with the MAUD [390], [391]
software. The Rietveld method uses a least squares approach to refine a theoretical
line profile until it matches the measured profile [392]. Rietveld refinement is
predicated on the following equation:

yic = yib +
∑
φ

Sφ
∑
k

Gφ(2θi − 2θk)Ik (8.4)

where yic is the calculated diffraction intensity at point i of the diffraction pattern,
G is the normalized profile shape function, Ik is the intensity of the kth reflection, θi
and θk are the angles at point i and of the kth reflection, respectively; S is the scale
factor of phase φ and the summation is performed over all phases φ and over all
the k reflections. The intensity of the Bragg reflections Ik is given by the equation:

Ik = mkLk
∣∣∣F ∣∣∣2PkAk(8.5)

where mk is the kth reflection multiplicity (the number of symmetry-equivalent
reflections contributing to the single observed peak); Lk is the Lorentz polarization
factor; |F |2 is the structure factor; Pk is the preferential orientation factor; Ak is
the absorption factor. Each parameter in equations 8.4 and 8.5 is affected by both
material’s and instrumental parameters. For instance, Lk depends on the sample
volume, x-ray beam size, sample angular positioning, whereas |F |2 depends on the
unit cell volume and on the Debye-Waller temperature factor that quantify atoms
displacement from their equilibrium position due to thermal motion. The Rietveld
refinement is an iterative procedure to minimize the residual the XRD intensities
residual function:

yres =
∑
i

wi(yobsi − ycalci )2 (8.6)

where wi = 1/yobsi , yobsi is the observed intensity at the ith point of the diffraction
pattern and ycalci is the calculated one.

8.3.3 Thermal Analysis

Thermal analysis for multiple purposes:

• Verify the removal of the structure directing agents in the TiO2 samples
prepared through the organic polymeric templating route (TiO2-P123-A, TiO2-
P123-B, and TiO2-Brij). Simultaneous TG-DTA analyses were performed
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on the samples before calcination. The measurements were performed in
air between room temperature and 800 oC with a scan rate of 5 oC/min. A
Thermal Analysis Apparatus by Netzsch (Germany), model Model STA 409
PC Luxx, was used for the measurements.

• Investigate HipCO SWCNTs thermal stability. In fact, the thermal treat-
ments necessary for DSSCs photoanode sintering may lead to smaller CNTs
combustion. Consequently, TGA on the HipCO tubes was instrumental in
determining the maximum annealing temperature and atmosphere for the
photoanodes containing chirality separated SWCNTs. Thermal analysis was
accomplished by using a Q Series SDT Q600 Model (TA Instruments) by
burning the samples in air, with a flow rate of 50 mL/min. SWCNTs samples
of approximately 3 mg were gradually heated in air from 30 oC to 1000 oC at
a rate of 5 oC/min.

• Verify the formation of an (L) monolayer on the screen printed ITO films
employed for the electrochromic devices. In this case, 40 mg of annealed
(see Section 8.4) ITO nanopowder scratched off the screen printed electrodes
was used. Measure ments were made in the 30-800 oC temperature range
(heating ramp of 5 oC/min) by using a under a Q Series SDT Q600 Model
(TA Instruments). A flowing of air stream was used as atmosphere.

• Screen printing pastes (ITO, graphene, MWCNTs) and FR-4 substrates were
characterized for thermal stability by using the same equipment. DSC and
thermogravimetric analysis was performed in air in the 30o-800oC temperature
range with a scan rate of 5 oC/min. The purpose purpose of this characteri-
zation was to determine the maximum heat treatment temperatures for the
carbon materials screen printing pastes compatible with the FR-4 substrate
decomposition temperature.

8.3.4 UV-Vis. spectroscopy

UV-vis. spectroscopy, both in transmittance and in reflectance mode, was
involved in the:

• TiO2 powder samples (i.e. different morphologies and doped TiO2 beads)
optical characterization. The band gap of the powder materials was calculated
by using the UV-Vis diffuse reflectance spectra of the samples. The spectra
were collected in the 250-800nm (5.64-1.55eV) range, by using a double-beam
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spectrophotometer (Shimadzu, Japan, model UV2600) equipped with a diffuse
reflectance integrating sphere accessory. Baseline spectra (100% reflectance)
were collected using pressed BaSO4 powder compacts that were positioned
in the sample and reference beams. Data were collected at a scan rate set
in slow mode and a slit width of 0.5 nm. Band gap values were determined
through the Kubelka-Munk (K-M) function:

F (R′) = (1−R′)2

2R′ = κ

α
(8.7)

Where R’ is the reflectance corrected for the background, κ and α are sample’s
scattering and absorption coefficient, respectively. When sample’s particles
size is monodispersed, the K-M function is directly proportional to the absorb-
ing species concentration. Hence, K-M function reported against the incident
photons energy can be used to extrapolate the band gap energy from a Tauc’s
plot. Being TiO2 an indirect semiconductor [393] 1/2 is used as exponent
for the [F(R’)hν] function. An example of such a procedure is reported in
Figure 8.5) for the mesoporous titania beads obtained by the HDA templated
synthetic route.

• Chirality separated SWCNTs purity analysis. CNT solutions, before and
after the chromatographic chirality separation were analyzed using a Perkin
Elmer Lambda 750S UV-vis Spectrometer with a 60 mm Integrating Sphere
with wavelengths ranging from 200 nm to 1350 nm. Data were collected in
transmittance mode. The UV- Vis resolution of the instrument was from
0.17 to 5.00 nm and the resolution of the NIR ranged from 0.20 to 20.0 nm.
Furthermore, The UV-vis-NIR transmittance spectra of CNTs film deposited
on FTO glasses were collected in the 1350-250 nm to evaluate the competition
between SWCNTs and N-719 dye for light absorption.

8.3.5 Raman spectroscopy

Structural characteristics (i.e graphitization degree) of the carbon materials used
for devices fabrication (HipCO SWCNTs, MWCNTs, graphene) were investigated
by Raman spectroscopy Raman spectra were acquired with a Renishaw Raman
microscope equipped with a 514 nm wavelength argon laser.



CHAPTER 8. MATERIALS AND METHODS 161

Figure 8.5: Example of Tauc’s plot for the anatase beads synthesized through the
HDA soft templating approach. "Shoulder peaks" are usually found in proximity of
the semiconductor absorption edge because of the large amount of surface defects
of nanostructured materials. When the concentration of point defects (i.e. oxygen
vacancies) is high enough to shift EF inside the conduction band an apparent shift
to higher energies of the measured Eg (i.e. absorption edge) occurs because of the
semiconductor’s degeneration (Moss-Burnestein shift).

8.3.6 Photoluminescence Excitation (PLE)
Spectroscopy

Photoluminescence Excitation (PLE) Spectroscopy provides a useful tool for
confirming the chirality separated SWCNTs’ purity. In fact, samples containing
more than a single chirality, the peaks in the UV-vis-NIR spectra can be very
broad. This is aggravated if two species in the same sample have similar band
gaps (i.e. close wavelength of the absorption band). To detect and specify the
semiconducting species in the sample, UV-vis. absorption specta can be corrobo-
rated by a photoluminescence map (see figure 9.31). To excite the nanotube for PL
characterization, transitions involving the second van Hove singularity are gener-
ally used. Photoluminescence excitation spectroscopy (PLE) is used to determine
all of the semiconducting chiralities in the sample. This technique records the
photoluminescence emission spectra while scanning the wavelength of the exciting
radiation. From this one can create a 3D map of the PL intensity vs. the emission
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and excitation wavelength. Each spot in the map represents a single (n, m) species.
Since metallic tubes do not luminesce, having a large amount of metallic species in
the sample will dilute the semiconducting species causing them to be less intense
in the map. Therefore, to produce the desired results, it is important to limit the
amount of metallic tubes in the sample.
PLE spectra on chirality selected tubes solutions were obtained with a Jobin-Yvon
SPEX Fluorolog 3.22, equipped with 450 W Xe lamp and an InGaAs detector using
a 10 mm quartz cuvette. Slit widths for both excitation and emission were set to a
10 nm band-pass, and correction factor files were applied to account for instrument
variations. Photoluminescence maps were obtained at 25 oC, with 5 nm intervals in
both excitation and emission.

8.3.7 Specific surface area determination and porosimetry

The surface area of hard and polymeric-templated titania samples was deter-
mined by using a Quantachrome Monosorb single point BET (Braunaur-Emmet-
Teller) system. Specific surface area (SSA) and pore size distribution of the
mesoporous anatase beads (and lanthanide doped samples) were further investi-
gated by acquiring the complete N2 adsorption-desorption isotherm with a with
Quantachrome Nova 1200e surface analyzer. The additional surface characteriza-
tion for the titania beads was required because it is the reference materials for
lanthanides doped photoanodes and the scaffold used for phosphonate modified
terpyridine metal complexs used employed in colorimetric sensors. SSA and pore
size distribution were determined by the BET method (in the 0.05-0.3 relative
pressure range) and from the N2 adsorption isotherm hysteresis loop by the BJH
method [394], respectively.
As mentioned in section 4 doping can bring about specific surface area and mor-
phology modifications (because of the dopant effect on the TiO2 nuclei generation
and growth) and can affect the dye loading on the the photoelectrode surface (by
changing the number and "strength" of Bronsted or Lewis acid sites on the titania
surface). Thereby, complete N2 adsorption isotherm, porosimetry and dye loading
measurements (see section 8.3.8) were performed on the lanthanides doped titania
mesoporous beads.

The specific surface area of ITO nanpowders’ used for the electrochromic devices
was also determined by acquiring the complete N2 adsorption-desorption isotherm
with a with Quantachrome Nova 1200e surface analyzer. Measurements were carried
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out before and after the ITO screen printed films annealing. The purpose of such a
investigation is to find out the level SSA shrinkage (or increase) due to the paste’s
processing (see Section 8.4.1) and film’s thermal sintering (see section 8.4.4). ITO
annealed powders SSA is needed to calculate L packing density on the screen
printed film and prove the formation of a ligand monolayer on the nanostructured
material surface.

8.3.8 Chemisorption studies

Dye loading determination for DSSCs’ photoanodes

The amount of dye absorbed by the TiO2 mesoporous beads films was mea-
sured photometrically after chemical desorption of the dye with a 0.02M NaOH
solution in a ethanol/water (ratio 1:1) solvent. A Shimadzu UV2600 double-beam
spectrophotometer was used for the absorbance determination of the 530 nm peak
of the N-719 dye. Similar measurements were carried out on the lanthanides doped
films to investigate the effect of doping on the chemisorption equilibrium of the
N-719 on the TiO2 surface.

L packing density determination on ITO powders

Because of the high stability of the Ti-O-P bond, the amount of ligand (i.e.
concentration) chemisorbed on the ITO powders cannot be determined by the
standard desorption technique described in the previous section and routinely
employed for DSSCs photoanodes. Hence, a kinetic chemisorption study by means
of Uv-vis. transmittance spectroscopy was carried out.
To estimate the packing density of L on ITO nanopwders, 5.0 mg of L were
dissolved in 140 mL of DI water and the Uv-vis spectrum of the starting solution
was recorded. To a 100 mL of this solution, containing 1.14x10−5 mol of L, 400
mg of ITO NPs were added and the suspension was stirred. After one hour, 2.5
mL aliquot of the suspension was taken, sonicated for 5 min to remove potentially
physisorbed molecules from the NPS, and centrifuged. The Uv-vis spectrum of
the clear solution was recorded. The aliquots were taken and processed every hour
for 5 h. There is no changes in Uv-vis after 2 h of L deposition. According to the
Beer-Lambert law, the concentration of L in the solution is proportional to the
absorbance of the solution:

C1 = A1

εxd
;C2 = A2

εxd
→ C2 = C1xA2

C1
(8.8)
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Where C1 and A1 are the initial concentration of L in the solution, and the
absorbance of the initial solution, respectively. C2 and A2 are the concentration
and absorbance of the solution after deposition. Since the concentration, C (mol/L)
is proportional to the amount of substance, n (mol), the equation can be re-written
as follows:

n2 = n1xA2

A1
(8.9)

Hence, the number of moles of L chemisorbed on the ITO nanopowder can be
found from the amount of L remaining in solution. Then, the packing density
(molecules/m2) of L on the nanostructured conductor by knowing the ITO powder’s
SSA.

8.3.9 Scanning Tunnel Microscopy

STM images of bare and (L)-functionalized hydrophilic quartz and FTO glasses
were recorded with a Nanosurf NaioSTM using Nanosurf Naio 3.4.0 software. All
STM images were obtained in the constant current mode by applying a tunneling
current, It from 70 to 250 pA and a sample bias, Vt, from 200 to 800 mV. The STM
tips were mechanically cut from Pt/Ir wire (80/20, diameter 0.25 mm, Nanoscience).
The calibration of the piezoelectric positioners was verified by atomic resolution
imaging of graphite.

8.3.10 Profilometry

The thickness of DSSCs’ photoanodes was measured by using a stylus profilome-
ter (model MAP3D-25, A.P.E. Research, Italy) with a nominal resolution of 10
nm. Photoanodes thickness was instrumental to the dye loading (see section 8.3.8)
and electron diffusion length determination through impedance spectroscopy (see
section 8.5.1).
A Tencor Alpha-Step-200 profilometer equipped with a standard stylus of 12.5 µm
radius was used for the colorimetric sensor films’ thickness measurements. Sample
leveling was automatically computed after each scan and digitized using GetData
Graph Digitizer 2.24 software. Typical scan lengths were 10,000 µm.

8.3.11 X-ray Photoelectron Spectroscopy

XPS measurements on the phosphonic acid-modified terpyridine ligand (L)
and FeL2 functionalized hydrophilic quartz and mesoporous TiO2 beads were



CHAPTER 8. MATERIALS AND METHODS 165

performed using a Thermo Scientifc K-Alpha surface analysis system equipped
with a monochromated Al Ka X-ray source (1486.7 eV). Ultrahigh vacuum (UHV)
conditions (10−9 to 10 −10 Torr) were maintained during the experiment. The
instrument is fitted with an electron flood source for an effective charge compensation.
The Ti4+ 2p3/2 peak of TiO2 at 458.6 eV was used as an internal reference peak
for calibrating the binding energy. A Shirley algorithm was used for background
subtraction and a Powell peak-fitting algorithm for data analysis [22], [395], [396].
The elemental ratio was determined using Wagner atomic sensitivity factors [22].
In fact, conversion factors are needed for XPS quantitative analysis because peaks’
area depends on both the number of atoms in the detected volume and on the
on the degeneracy of each spin state due to spin-orbit coupling. For instance, the
area ratio for the two spin orbit peaks (2p1/2:2p3/2) will be 1:2 (corresponding to 2
electrons in the 2p1/2 level and 4 electrons in the 2p3/2 level). These ratios must
be taken into account when analyzing spectra of the p, d and f core levels. When
quantifying XPS spectra, Relative Sensitivity Factors (RSF) are used to scale the
measured peak areas so that variations in the peak areas are representative of the
amount of material in the sample surface. Wagner atomic sensitivity factors (Si)
are special RSF tabled for a wide range of experimental conditions. Indeed, (Si)
take into account the RSFs and instrumental parameters to relate the XPS peaks’
area(Ii) to the number of atoms per cm3 (ni):

ni = Ii
Si

(8.10)

where Si is given by the equation:

Si = fσφyAT (8.11)

where f is the X-ray flux density, σ is the photoelectric cross-section, φ is an angular
correction factor, y is a photoelectric ground state factor, A is the area from
which photoelectrons are detected, and T is the efficiency of detection of emitted
photoelectrons of that energy by the analyzer.

8.4 Devices Fabrication

8.4.1 Screen Printing pastes preparation

Screen printing pastes were formulated and used for six different kind of devices:
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• DSSCs and iron colorimetric sensors (TiO2 pastes).

• Electrochromic devices and iron sensitive microwaves resonators (ITO pastes).

• Microwave patch resonators and antennas (graphene and MWCNTs pastes).

TiO2 pastes

TiO2 screen printing pastes preparation was based on the procedure described by
Ito et all. [154] concerning the formulation of glass-frit free inks for DSSCs electrodes
(see figure 8.6 for all the steps involved). α-terpineol was employed as paste non-

Figure 8.6: Fabrication scheme of screen printing paste from a TiO2 nanocrystalline
powder. Adapted with permission from [154].

volatile solvent. Absolute ethanol was used as vacuum heating removable solvent for
the TiO2 powders and binder (ethyl cellulose) dispersion. A combination of acetic
acid and Milli-Q water were used as dispersing agent (with a CH3COOH/H2O
volume ratio of 1:5). A modification was introduced to the original procedure: a 80
oC thermal treatment (4h) to improve long term storage stability [194]. Furthermore,
titanias powders synthesized by the hard templating route were mixed with a
small amount of P90 titania (10 wt % based upon TiO2-MSC-1 and TiO2-MSC-2
amount). The reason for such a modification stems from the low SSA of the silica
templated samples (see section 9.1.1). Indeed, a small percentage of P90 favors the



CHAPTER 8. MATERIALS AND METHODS 167

high temperature particles sintering ensuring the formation of an interconnected
framework throughout the photoanode.

ITO paste

ITO based screen printing paste was prepared as follows. ITO NPs were
dispersed in anhydrous ethanol by using a PQ-N04 planetary ball milling (by Across
International, U.S.) system equipped with 75 mL agate jars and 6mm agate beads.
The milling time and speed were 24 h and 200 rpm, respectively. A mixture of
2-[2-(2-methoxyethoxy)-ethoxy] acetic acid surface treating agent and in a ratio
4.7:1 was used as dispersing agent during the milling. The dispersing agent had
been previously diluted with anhydrous ethanol. The mass ratio of dispersing
agent to ITO NPs has been set to 1:3.5 (5.0 wt% Dispebyk 111 and 23.3 wt% of
2-[2-(2-methoxyethoxy)-ethoxy] acetic acid based upon ITO solid). Disperbyk 111
amount was kept relatively low to avoid an excessive viscosity reduction during the
printing step. Besides, further steric stabilization of the dispersion was achieved by
adding a mixture of high boiling point solvents (α-terpineol, 2-butoxyethanol, 2-(2-
Butoxyethoxy)ethyl acetate) along with a proper amount of Butvar 98 Polyvynyl
butyral (PVB, molecular weight 40000-70000 g/mol determined by Size Exclusion
Chromatography, Sigma Aldrich) . PVB had been pre-solubilized in anhydrous
ethanol (48 h at 50oC) to obtain a 15 wt% binder solution. The stabilized ITO
dispersion showed negligible settling after ball milling. and was evaporated under
reduced pressure for 2 h at 40oC to remove the excess of ethanol and obtain a
printable paste.

Graphene and MWCNTs pastes

Graphene and MWCNTs screen printing pastes were prepared through a high
energy homogenization procedure. Briefly, ethyl cellulose (9.4 wt %), which acts as
a binder and dispersion steric stabilizer, a 80:20 wt% α-terpineol/NMP mixture,
castor oil (5.2 wt%), linoleic acid (3.3 wt%), Co(NO3)2 6H2O(0.05 wt%) and
graphene (or MWCNTs), were dispersed in 80 mL of ethanol by stirring (2 hours)
and sonication (15 hours by using a Ti horn). Ethanol was evaporated under
reduced pressure in order to produce a printable paste. Two formulation differing
for the graphene amount (25 and and 12.5 wt%) were prepared, whereas a single
12.5 wt% paste was used for MWCNTs deposition.
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8.4.2 DSSCs’ assembly

Photoanodes’ active area (about 3.5x3.5 mm2) was patterned on the FTO
glass by screen printing the ethyl cellulose-based pastes in α-terpineol with a
manual screen printing table (model 60-90, Mismatic, Italy) equipped with a 34
T polyester mesh screen. The printing process was repeated in order to achieve a
TiO2 electrode thickness after thermal treatment of 10-15 µm (corresponding to 2-3
layers depending on the screen printing paste composition). Titania films annealing
in air was performed through different stages to avoid film cracking caused by
the thermal expansion coefficient difference between FTO and TiO2: 325 oC for 5
minutes, 350 oC for 5 minutes, 450 oC for 15 minutes, and then finally 500 oC for
15 minutes. The furnace temperature was ramped up at a rate of 5 oC/min. The
main goal of this first thermal treatment was to burn off the organic components of
the screen printed film. Following the first heat treatment, the glasses were soaked
again in a TiCl4 solution at 70 oC for 30 minutes and then rinsed with deionized
water and ethanol. The second TiCl4 treatment aims at the hydroxylation of the
TiO2 electrode surface which is instrumental to promote particles sintering during
the second thermal annealing carried out a 500 oC in air for 30 minutes.
The photoanodes were sensitized for 15 min by using a 20 mM solution of N719
with 25 mM tetrabutylammonium hydroxide 30-hydrate (TAAH) in acetonitrile,
according to the procedure of Nazeruddin et. all [397]. TAAH serves as dye’s
solubilizer in acetonitrile.
Pt (as 50 mM hydrogen hexachloroplatinate (IV) solution in absolute ethanol) was
"painted" on a drilled (1 mm diameter hole) FTO glass to serve as DSSCs cathode.
Pt-coated FTO glass slide was thermally treated at 450 oC for 30 minutes. The
two electrodes were sandwiched together by means of a 25 thick Surlyn gasket
cured for 30 min at 120 oC. The electrolyte was injected into the cell’s structure
with a vacuum syringe. The electrolyte composition used was 0.6 MEMII, 0.5 M
TBP, 0.1 M GuSCN, 0.1 M LiI, and 0.03 M I in benzonitrile [86]. The hole in the
counter electrode was sealed with a 60 µm thick Surlyn gaskets covered with a thin
microscope glass slide by melting the gasket with a hot solder tip. Copper wires
were fixed on both electrodes by using a MBR Electronics USS.9210 Ultrasonic
Soldering System with Cerasolzer CS246-150 as soldering alloy. Kynar antireflection
and UV-blocking film was applied over the cell on the photoanode side by fixing it
using 3M bi-adhesive tape.
The original procedure was modified for the cells employing chirality selected DSSCs
photoanodes. In fact, the photoanodes’ structure was comprised of a thin layer (50-
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Figure 8.7: DSSCs assembled with photoanodes comprising of SWCNTs films. Left:
a cell assembled by printing the anatase beads directly on the SWCNTs film, lack
of adherence of TiO2 on the CNTs is evident. Right, DSSCs with a three layered
photoanode: SWCNTs/P90/titania beads. The TiO2 adherence on the CNTs film
was considerably improved.

100 nm) of SWCNTs deposited on the FTO substrate. Mixed and single chirality
SWCNTs films were prepared by vacuum filtrating of SDS-SWCNTs solutions
obtained from the chromatographic process on 0.2 µm pore size cellulose nitrate
membranes. Isopropanol has been used as wetting agent to prevent films’ cracking.
The CNTs accumulated on the cellulose nitrate filter were washed many times to
remove any SDS residue. SWCNTs films were transferred to the FTO coated glass
by decomposing the cellulose nitrate filter in a acetone vapors bath [398]. The
FTO/SWCNTs substrate was then coated with a thick layer of P90 TiO2 and a
scattering layer composed of anatase mesoporous beads. Although, as mentioned
in Chapter 4, ordered mesoporous titanias possess desirable properties for DSSCs
applications (high specific surface area, light harvesting due to radiation scattering,
long range order for electron transport, etc. see also Sections 9 and 9.1.2) their
direct printing on SWCNTs presents adherence issue coming from the porous nature
of the material. Hence a 10 µm layer of P90 nanoparticles was printed on top
of the CNTs as buffer layer. Finally, a 4-5 µm thick layer of titania beads was
screen printed to complete the photoelectrode structure. Furthermore, photoanodes
annealing was also modified: 325 oC for 5 minutes in air, 350 oC for 5 minutes in
air, 350oC for 5 minutes in vacuum, 450 oC for 15 minutes in vacuum, and then
finally 500 oC for 15 minutes also in vacuum. TiO2 sintering steps (450-500 oC)
were carried out in vacuum to prevent the SWCNT films from combusting.
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8.4.3 Iron colorimetric sensors

2,2’:6’,2"-terpyridin-4’-ylphosphonic acid, (L), was synthesized according to the
procedure reported in [21] and [22]. A detailed compositional (NMR) and structural
characterization (single crystal XRD) is provided in reference’s [21] supporting
information. (L) and its Fe(II) complex were anchored on three morphologically
different supports:

(1) "Flat", non-nanostructured surfaces : FTO coated soda-lime glasses and
hydrophillic quartz slides. These two systems represent the prototypes of thin
films substrates. Quartz slides had been functionalized with -OH groups by
the RCA treatment as described in [280].

(2) Nanostructured oxide : anatase nanopowder.

(3) TiO2 thick films : P-90 and TiO2 mesoporous beads screen printed films.
These structures constitute the actual colorimetric sensor.

(L) and Fe(L)2 self assembled monolayers (SAMs) anchored on hydrophilic quartz
or FTO surfaces were characterized by scanning tunnel microscopy (STM) and
Uv-Vis. spectroscopy. (L)-SAMs were formed on the FTO (or OH functionalized
quartz) by immersing the substrates into a 1.3 mM (L) aqueous solution for 8
hours. To test the formation of the Fe(L)2 complex from the ligand chemisorbed on
FTO or hydrophilic quartz, the substrates were immersed in a 0.1 mM Fe(ClO4)2

solution. Furthermore, Fe(L)2 coordination compound was pre-formed in solution by
combining 4.5 10−5 M (L) aqueous solutions with a 4.5 10−5 M Fe(ClO4)2 solutions
to verify the formation of complex SAM on flat surfaces. 2 UV-vis spectroscopy
was used to determine the molecular density of monolayer films deposited on 1 mm
thick quartz substrates as previously reported [399]. The instrument used for these
experiments was a dualbeam Varian Cary 50 UV-vis spectrophotometer, with a
modified sample holder for thin film measurements. Assuming uniform distribution
of Fe(L)2 complex molecules on the surface and also that the extinction coefficient
in solution and in a monolayer is the same, we can relate the absorbance spectra

2Although this approach is easy to implement other complexes besides [Fe(L)2](ClO4)2 can be
created. For instance hydratation water or perchlorate counter ions can penetrate the metal ion
coordination sphere and replace one of the two terpyridine ligands. A similar effect can occur
when the ligand is chemisorbed on a solid surface and is sensitized with a solution containing the
metal ion. This is the reason why, for example, the whole metal-polypyridine complexes have to
be obtained as pure powders by organic chemistry synthetic approaches when they are employed
as dyes in DSSCs.
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with a calculated surface concentration, rewriting the Beer-Lambert law as follows:

Γmonolayer[molecules · cm−2] = A10−3[cm−3]Nav[molecules ·mol−1]
2ε[M−1cm−1] (8.12)

where Γmonolayer is the complex surface concentration, A is the monolayer absorbance
Nav is the Avogadro number and ε is the molar extinction coefficient for the 560 nm
MLCT band (11970 M−1 cm−1 for the complex in solution). The factor 2 in the
denominator was employed because the quartz slides were functionalized on both
sides. The monolayer absorbance for Fe(L)2 was 0.0029. Γmonolayer turned out to be
approximately 0.7 molecules/nm2, which corresponds to a molecular cross section
(area) for the Fe(L)2 complex of 1.43 nm2. The value is close to the 1.21 nm2

per molecule determined by X-ray crystallography [21]. The peak at 313 nm (the
ligand ICT transition) was chosen to estimate the surface coverage of (L). Peak’s
extinction coefficient is 4910 M−1 cm−1 (in solution). (L) monolayer absorbance
was 0.002. (L) area was found out to be 0.81 nm2 per molecule.

Pristine and (L)-functionalized anatase nanopowders (and P-90 powders as well)
were morphologically characterized by transmission electron microscopy (with an
Hitachi H7000 TEM). (L) was immobilized on the anatase nanopowder by creating
a suspension of anatase (200 mg) in a 0.127 mM ligand solution in DI water (40
mg of (L) in 40 mL of water. The mixture was kept under stirring for 24 hours
before being centrifuged and the liquid supernatant removed. The solid residue
(the (L)-functionalized anatase nanopowder) was thoroughly washed with DI water
(50 mL for three times), centrifuged, decanted, washed with ethanol (50 mL for
three times) and vacuum dried for 24 h.
L-nanoanatase compound was once again used to create a suspension in 40 mL of
DI water containing 45 ppm of Fe2+ ions (from Fe(II)(ClO4)22H2O). The mixture
was stirred for 24 hours. However, the color change (from white to deep pink) of the
nanoanatase powder occurs within 30 s and longer stirring times have no influence
on the light absorption. The suspension was separated by centrifugation. The
resulting deep magenta solid was washed six times with 50 mL of DI water, and
three times with 50 mL of ethanol, centrifuged and decanted. The solid precipitate
was then dried in vacuum for 24 hours.

P-90 and TiO2 mesoporous beads were screen printed on RCA treated soda-lime
microscope glass slides. Paste composition was based on the α-terpineol ethyl
cellulose solvent binder combination . Since film uniformity is instrumental to the
color change appreciation and there is no specific film thickness to be targeted
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(like the 10-15 µm needed for the DSSCs photoanode), a 90T (230 mesh) mesh
count screen was used for printing the titanium dioxide films (instead of the 34 T,
86 mesh, employed for the DSSCs). Higher mesh count leads to lower thickness
per printed layer but less surface indentation. Consequently, films’ color appears
more uniform. Films geometrical area was 1 cm2. Different number of layers were
deposited on the glass substrate to enhance sensors sensitivity. The screen printed
TiO2 films were "activated" for colorimetric detection by immersing them into a
0. 065 mmolar (L) aqueous solution for 30 minutes. Then, the films were washed
with DI water and isopropanol and finally dried by a stream of air or N2. The same
procedure was used for films regeneration.

8.4.4 Electrochromic devices

Screen printing of the ITO based paste on ITO glass was performed with a 90 T
polyester mesh screen (by Mismatic, Italy). The printing procedure was repeated
3 times to achieve a suitable thickness of the porous ITO support. A drying step
of 5 min at 120 oC was performed between each layer print-ing. To anneal the
screen-printed film, it was placed into the Fisher Scientific Programmable Muffle
Furnace and the temperature was increased (5 oC/min) to 500 oC and held at that
temperature for 1 h, after which the temperature was (5 oC/min) to 600 oC, and
held at 600 ÂřC for 1 h. Screen printed and annealed ITO films were functionalized
by immersing the plate in an aqueous solution of L (1 mM). The plates were left
in the solution for 2 hours then removed, washed with isopropanol, and dried by
an N2 stream. The FeL/ITO complexes were formed by adding known volumes
of 10 ppm FeCl2 solution onto the L/ITO plates. The electrolyte used for the
electrochromic devices was synthesized following a procedure by Shankar et al. [400]
Polymethylmethacrylate (700 mg), trifluoromethylsulfon-amide lithium salt (300
mg), dry acetonitrile (8.9 mL), and dry propylene carbonate (1.7 mL) were added
to an oven-dried glass vessel under a nitrogen atmosphere. The weight percent of
each component was maintained at 70:20:7:3 wt% respectively. The electrolyte was
stirred vigorously overnight, at which point it was viscous liquid. Approximately
0.2 mL of this electrolyte was drop cast onto a modified ITO plate to ensure full
coverage of the modified section of the ITO. The plate was placed into an oven at
60ÂřC for 10 minutes before a second unmodified ITO plate was placed onto the
electrolyte to create an electrochromic device.
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8.4.5 Microstrip devices (Microwaves resonators)

Iron sensitive antenna

Standard double sided FR-4 (εr = 3.8, copper thickness 1 oz., i.e. 34 µm,
dielectric thickness 1.57 mm) was used as substrate for the device fabrication.
Copper antenna’s pattern was defined by the toner transfer method. Antenna’s
pattern (see figure 8.8 a)) was printed on Konica Minolta Photo Quailty Matte
paper (Konica Minolta Inc., Japan) by using a high resolution laser printer. Then,
the "mask" was transferred on one side of the copper laminate by a clothes iron.
Metal etching was performed into a 40 wt% FeCl3 aqueous solution. Finally, the
antenna structure was washed with a mixture of water, sodium carbonate, and
2-buthoxyethanol [317] to remove the printer toner from the intact copper traces.
The device was "loaded" with a 3x3 mm screen printed ITO nanoparticles film
inserted into a gap on a stub opposite to the feeding line (opposite to the patch
wings, see Figure 8.8 b)). Screen printed paste’s curing (i.e. solvents evaporation)

(a)

(b)
Figure 8.8: (a) schematics of microstrip (etched) patch antenna loaded with an
ITO film across the gap in the copper etched traces. The ITO film is comprised of
indium tin oxide nanoparticles (with dispersing agent functional groups adsorbed
on the surface) and a thermoplastic binder: PVB. (b) picture of the actual device.
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was performed in a muffle furnace at a temperature of 160 oC for 3 hours.
The ITO film was sensitized with a 0.064 mM aqueous solution of (L). Fe3+ uptake
was performed with 25 µL of a 10 ppm ferric chloride solution.

Graphene and MWCNTs loaded antennas

Microstrip patch antennas (i.e resonators) were fabricated as described in the
previous section. However, the bare (not loaded with carbon materials films)
microstrip patch rectangular resonator (and antenna) was designed to operate at 4.9
GHz, which is within the microwaves C-band. Since the antenna shown in Figure
8.8 resonates at around 7.9 GHz, the patch W/L ratio needed to be changed for
the resonance to occur in the low frequency part of the C-band. Hence, the patch
dimension was set to 15x12 mm2 and the feed line width to 3 mm (to match a 50 Ω
impedance input RF cable). On the other hand, the length of the stub opposite to
the feeding line, where 3 mm gap for the carbon materials films insertion is located,
was kept to a 15 mm like in figure 8.8. Furthermore, a 1 mm hole was drilled into
the PCB to short circuit the antenna with the copper ground plane. Three different
carbon materials loadings were used: (i) 25 wt and 12.5 wt % for the graphene
loaded antenna; (ii) 12.5 wt % MWCNTs (for the microstrip patch antenna). The
amount of carbon materials refers to the the total mass of ink formulation. In each
case the ethyl cellulose binder concentration was kept at 9.5 wt% with respect to
the total ink’s mass. Additionally, 2x1 cm graphene films were deposited deposited
on bare FR-4 substrate, after previous copper etching on both sides, for sheet
resistance measurements and low frequency impedance characterization. Moreover,
3x3 mm graphene films were deposited also into a 2.6 mm gap photo-etched out
of a 3mm wide microstrip feed line fabricated on 1.57 mm thick FR-4 substrate
(see figure 8.9). All films were cured at 180 oC for 3h. Such a temperature is
insufficient to promote complete particles diffusion and sintering. On the other
hand, the bi-dimensional nature of graphene sheets (and monodimensional shape
of MWCNTs) ensures electrical connectivity throughout the film (how verified by
the sheet resistance measurements). In addition, as shown in Figure 8.10, a 180
oC curing temperature is about 35 oC higher than the ethyl cellulose binder glass
transition temperature and largely above the FR-4 glass transition mid-point. Thus,
polymer chains’ reorganizzation occurring at Tg should favor conductive filler units
contact and embedding into the substrate.
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Figure 8.9: Microstrip line with graphene thick film deposition in the gap. An
identical but graphene-unloaded transmission line was used as reference. The
ground plane is located on the rear part of the device and is not visible.

Figure 8.10: DSC thermogram of ethyl cellulose binder (EC) and FR-4 substrate.
Glass transition mid-point temperatures are reported.
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8.5 Devices characterization

8.5.1 DSSCs

I-V curves

Current-Voltage characteristics (under dark and illumination) were acquired by
a 1286 electrochemical Interface from Solartron Analytical, U.K., using full combo
Zplot/corrware software by Scribner Associated Inc., U.S.A. During irradiation
measurements, the cell was placed underneath an Asahi Spectra HAL-320 Sun
Simulator measuring 1 sun at AM 1.5 G. Prior to experiments, calibration was
performed with an Asahi Spectra sun checker to verify the intensity of the irradiance
to be within ± 1%. DSSCs VOC , ISC , FF, Rs and Rsh were obtained from the
cells polarization curves under illumination. Rs and Rsh were obtained through the
graphical procedure depicted in Figure 8.11. In fact, It is possible to approximate
the series and shunt resistances from the slopes of the I-V curve at VOC and ISC ,
respectively [256]. The resistance at VOC , however, is proportional to the series
resistance but it is larger than the series resistance. Nevertheless, the method is
an effective technique to estimate Rs without collecting I-V curves at different
irradiances [256]. On the other hand, dark polarization curves allow for the
determination of cell’s saturation dark current Io by using the following procedure
predicated on the single-diode model for solar cells (see Figure 8.12):

Idark ≈ I0 exp qV

mKT
(8.13)

where the approximation stands at intermediate voltages (high enough to ne-
glect the -1 term in the Shockley equation but not too large to be affected by
the series resistance effects). Furthermore, since the cell VOC is used as voltage
reference the term Vj (the built-in potential of the junction) is already taken into
account. The "diode" junction, in the specific case of DSSCs corresponds to the
TiO2/dye/electrolyte interface. Hence, plotting ln |Idark| vs voltage permits to
extrapolate I0 from the intercept and m from the slope. Figure 8.12 reports the
special case of a DSSC (from our lab) containing (6,5) chirality SWCNTs in the
photoanode. For this cell two junctions are present: the one corresponding to
the TiO2/dye/electrolyte interface, located between 0.3 and 0.5 V, and the one
belonging to the TiO2/chirality separated SWCNTs interface located between 0.1
and 0.2 V [153]. As explained in Chapter 4 the thermionic emission model for
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Figure 8.11: Extrapolation of Rs and Rsh from DSSCs I-V under illumination.
DSSC containing (6,5) chirality SWCNTs is reported in figure as an example. The
low Rsh effect due to the contact between CNTs and the electrolyte results into
high values of the slope at the ISC point.

the charge transfer between the TiO2 and the CNTs can be applied. Hence, the
“Schottky-like” barrier height ΦB is then obtained through the thermionic emission
current equation:

ΦB = kBT

e
ln aAT

2

Io
(8.14)

where kB is the Boltzmann constant, T the temperature, e the elementary charge,
A the Richardson constant for TiO2 (6.71x106 AK−1m−2) and a the area of the
junction. Quantum Efficiency (IPCE) IPCE was measured in DC mode by a custom
made apparatus between wavelengths of 400-800 nm and a scan interval of 5 nm.
The instrument was assembled with a 250 W halogen lamp 84 (Newport-Oriel),
a Spectral Products CM110 1/8 m monochromator with variable resolution slits,
a Newport broadband beam splitter, a calibrated poly-Si detector, and all of the
necessary lenses to focus the beam of light. Data were collected with a National
Instruments NI 9219 24-bit universal analog input, and the control software was
written by LabView.
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Figure 8.12: Example of the extrapolation procedure to calculate of I0 from a DSSC.
DSSC containing (6,5) chirality SWCNTs is reported in figure as an example. Two
junction, and consequently two saturation dark currents and two ideality factors
are present. I0 belongs to the TiO2/dye/electrolyte interface, whereas I0B refers to
the SWCNTs/TiO2 interface. I0B allows to estimate the Schottky-like barrier at
the anatase/CNTs junction (see text).
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Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy characterization (by means of a So-
lartron 1260 analyzer) was carried out with the specific aim of determining the
electron diffusion length as parameter indicative of transport to recombination com-
petition for lanthanides doped TiO2 mesoporous beads photoanodes (see Chapter 4.
The EIS spectra were acquired under 1 sun illumination provided by a white light
led with a DC bias of ≈ 0.5 V. Measurement frequency range was 0.1-105 Hz. The
spectra were fitted by using the ZView software and adopting the transmission line
model [401]. A schematics of the equivalent circuit employed for the fitting of the
data and typical DSSCs’ impedance spectra are provided in figure 8.13. Each cells’

Figure 8.13: Impedance (Nyquist) plots for typical DSSCs, adapted with permission
from [401]. Experimental impedance spectra of a DSSC with an ionic liquid
based electrolyte under 50 mW/cm2 illumination at (a) 0.40 V and at (b) open
circuit conditions, 0.65 V. (c) The Gerischer impedance spectra appearing in
a "defective" cell, which presents lower values of recombination resistance than
transport resistance. Data are taken at 0.45 V under 100 mW/cm2 illumination.
(d) The complete equivalent circuit model to fit experimental data of (a) and (c).
(e) Simplified equivalent circuit model that is valid for the spectra measured at
high voltage as in (b). In (a) to (c) experimental data are represented by dots
and fits to models (c) and (d) are represented by lines. Adapted with permission
from [402]
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component can be modeled by a proper combination of resistance and capacitance
elements connected either in series or in parallel:

Pt-cathode/electrolyte interface . A parallel RC circuit represents the combi-
nation of the electron transfer from the Pt to the electrolyte (RPt) and the
Helmholtz capacitance (CPt) at the electrode/electrolyte interface. Cathode
impedance is usually seen at high frequencies (in the order of the KHz). RPt,
in the limit of low over-potentials is given by the linear approximation of the
Butler-Volmer equation:

RPt = RT

nFi0
(8.15)

where n is the number of electrons exchanged during the charge transfer
reaction (i.e. 2 for the reduction of the iodide to triiodide) and i0 is the
exchange current. 3.

Electrolyte . Usually, for "standard" electrolyte formulations, in which [I−] » I3−],
the impedance can be expressed by the equation:

ZN = Z0

(jω)α tanh (jτdω)α (8.16)

The N subscript indicates that the I3− concentration gradient is limited to the
Nernst layer (where the mass transport is impeded) that usually corresponds
to TiO2 pores depth. j is the imaginary unit, τd the triiodide diffusion time
(related to their diffusion length and coefficient), ω the AC electric field
angular frequency and α is an exponent related to the type of ion diffusion
(infinite, semi-infinite, finite). When α = 0.5 (infinite diffusion) equation 8.16
reduces to the the Warburg formula

Z0 = ZW = RT

n2F 2c0
√
DI3−

A (8.17)

where A is the photoanode area, co is the triiodide concentration in the
bulk of the electrolyte solution, and DI3− is the triiodide diffusion coefficient.
Electrolyte impedance can be appreciated at low frequencies (< 1Hz).

TCO (Transparent conducting oxide) glass. FTO glass is represented by the
charge transfer resistance (to the interception reaction) of the thin TiO2

3The exchange current reflects intrinsic rates of electron transfer between the electrode and the
electrolyte. Indeed, it is the current at zero overpotentials, when the cathodic current is balanced
by the anodic one
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blocking layer (RBL), its Helmholtz double layer capacitance (CBL), and the
series (sheet) resistance of the FTO coating (RS).

TiO2 photoanode . The mesoscopic network of titania particles is modeled as a
transmission line. This means that every single photoanode TiO2 particle is
schematized as a transport resistance (r tr) stemming from the diffusion of
electrons through the titania film, connected in series to a parallel RC circuit
comprised of a charge transfer resistance (rr the resistance to the electron-
triiodide recombination) and a chemical capacitance (cµ, describing the TiO2

density of states and the occupancy of the intra-gap electron traps). These
microscopic quantities are related to the macroscopic photoanode transport
and recombination parameters through the formulas: Rtr = r tr L, Rr = r tr/L,
Cµ = cµ/L. Where L is the TiO2 nanostructured film thickness (see figure
8.14 for height profile of the titania beads screen printed electrodes.)

Thus, the electron diffusion length can be calculated by equation 8.18

Ln = L

√
τr
τtr

= L

√
Rr

Rtr

(8.18)

Where, as explained in section 3.3 τr and τtr are the electron recombination lifetime
and transport (diffusion) time, respectively. Hence, equation 8.18 states that the
higher the resistance to the recombination with the electrolyte and the smaller the
diffusion resistance through the photoanode, the longer the electron diffusion length,
that is higher charge collection efficiency. The (see figure 8.13) Rr to Rtr ratio
also determine the DSSCs’ Nyquist plot shape. High efficiency cells (i.e. Rr » Rtr)
present an impedance spectra (Zimm. vs Zreal) as shown in figure 8.13 (a) and (b).
The difference between the two graphs lies on the experimental data acquisition
condition. In fact, (a) has been collected by applying a DC voltage close to the
maximum power point of the DSSC (≈ 0.4 V), while (b) has been collected with
VDC = VOC . The former case requires a complete transmission line model to fit the
experimental data, whereas under open circuit voltage conditions (high voltage) the
equivalent circuit is simplified. In fact, at high voltages the Fermi level of electrons
approaches the conduction band of TiO2 and a very high concentration of electrons
is present in the semiconductor. As a consequence, the TiO2 resistance becomes
negligible, Rtr ≈ 0, which reduces the complexity of the impedance spectrum. The
equivalent circuit of figure 8.13(d) can then be simplified as shown in 8.13(e), with
the transmission line reduced to a simple RC parallel combination, which is the
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Figure 8.14: Profilometry of titania screen printed photoanodes after particles’
sintering. The thickness of the TiO2 depends on the screen-mesh size(34T for the
DSSCs study) substrate chemical composition and treatments, screen printing paste
viscosity and thermal treatment procedures. For DSSCs the optimum thickness for
the beneficial effects (high dye chemisorption) to prevail on the detrimental effects
(charge recombination) is 10-15 µm. TiO2 is necessary to calculate Ln.

model shown in fig. 8.13(e). Regardless of the experimental conditions the central
arch of the Nyquist plot always corresponds, for high efficiency DSSCs, to the TiO2

contribute.
Low efficiency cells (η < 2%) are characterized by Nyquist plots like the one in
figure 8.13 (c). This case corresponds to Rtr » Rr (or equivalently L » Ln) and
the equivalent circuit for the TiO2 film is predicated on the Gerischer impedance
equation:

Z =
√

RtrRr

1 + jω/ωr
(8.19)

The main issue related to the Gerischer impedance is that it is complicated to
distinguish between the recombination and the transport components [403]. Indeed,
it is not possible to appreciate the maximum of the Nyquist arch belonging to the
titanium dioxide electrode.
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8.5.2 Iron Colorimetric sensors and electrochromic devices

Iron colorimetric sensors

Iron lower detection limit concentration of L-fiunctionalized titanium diox-
ide mesoporous beads thick films was carried out by Uv-vis. diffuse reflectance
spectroscopy. measurements have been performed on the bare, N-aromatic ligand
sensitized and iron adsorbed films. The latter sample was obtained by treating
the screen printed device with 150 µL of aqueous Fe2+ solution with different iron
concentrations (0.2, 2, and 45 ppm). The diffuse reflectance spectra were collected
in 280-1200 nm the range using a double-beam Lambda 750S spectrophotometer
(Perkin-Elmer, U.S.) equipped with a 60 mm Spectralon integrating sphere.

Electrochromic devices

ITO/Fe2+/3+L2 based devices assembled as described in section 8.4.4 were tested
for electrochromic effect. A Perkin Elmer Lambda 750S Uv-vis with the integrating
sphere 60 mm was used as the UV-instrument. Spectralone was used as a 100%
reflectance standard. The sample was placed into the solid state clamp in such a
way the modified surface would interact with the UV-light first. A Pine Wavedriver
10 potentiostat was used to change the potential from -1V to 3V during the cycling
experiment. First, a scan of a modified sample was performed between 320 nm to
800 nm holding the potential at -1V. Afterwards, the potential was held at 3 V,
with the scan repeated. Afterwards, the wavelength was held at the wavelength at
which the MLCT was strongest (561 nm). The cycling time was held at 60 s and
1500 cycles were performed

8.5.3 Microstrip devices (microwaves resonators)

Iron sensitive antenna

The microstrip patch antenna modified with the screen printed ITO film was
characterized for microwaves scattering parameters. Reflection coefficient (return
loss) was determined at the device feed port by measuring the S11 scattering
parameter with a Network Analyzer (Agilent E8361A). Data were collected for the
device containing only the ITO film functionalized with the terpyridine ligand (ITO
+(L)) and for the Fe(III) exposed device (ITO +(L) + Fe3+).
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Graphene and MWCNTs loaded antennas

Both the microstrip patch resonator loaded with the two different graphene
wt% (25 and 12.5) and the microstrip patch antenna loaded with the 12.5 wt%
MWCNTs film were tested for return loss in the 1-10 GHz by using a vector network
analyzer (Agilent E8361A). Devices’ resonant frequency behavior was simulated
by using ANSYS HFSS software. Furthermore, sheet resistance and impedance
measurements were performed on graphene thick films (see Section 8.4.5) with a
Solatron 1286 electrochemical interface and a Solartron 1260 Frequency response
Analyzer, respectively. Impedance data were collected in the range 0.1 Hz-32 MHz
frequency range (Vrms = 10 mV, Vdc = 0 V). Impedance data were fitted by using
Z-view software by Scribner. Graphene loaded microstrip lines (see Figure 8.9)
were also characterized for microwaves transmission coefficient (i.e. insertion loss,
S21; see Chapter 6) in order to develop a material (graphene + binder) microwaves
frequencies equivalent circuit model. Data fit and and equivalent circuit modeling
were performed by means of ADS software by Keysight Technologies.
MWCNTs microstrip patch antenna radiation pattern ang gain measurements were
performed in a anechoic chamber with a double ridge horn antenna. The AUT
was the receiving antenna and the ridge horn the transmitting one. The distance
between the ridge horn antenna and the AUT was 2.7 and 5 m for the unloaded and
loaded antenna, respectively. A Pasternak WR-284 Standard Gain Horn Antenna
Pasternak Enterprise in, US; nominal gain 10 dBi) was used as a GA standard.
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Chapter 9

Materials for DSSCs

9.1 TiO2 morphology optimization

9.1.1 Materials characterization

Figures 9.1, 9.2, and 9.3 show the XRD patterns of the samples synthesized
through the three different templating approaches. Samples’ spectra refers to the
materials collected after calcination and are compared with the reference diffraction
pattern of tetragonal anatase from the JCPDS database. Both materials obtained
by means of silica nano-spheres are comprised of a single phase: anatase. Similar
considerations stand for the TiO2-P123(A), TiO2-P123(B), TiO2-Brij-58 and TiO2

beads. They all are monophasic being anatase the only titanium dioxide allotrope
detected from the XRD patterns. Hence, the calcination procedure did not convert
the TiO2 synthesis products into the thermodynamically stable rutile phase and
the metastable anatase, which is the desired TiO2 allotrope for DSSCs applications,
was obtained.
Among the titania synthesized by the soft polymeric approach, ordered mesoporos-

ity was identified by low-angle XRD scans (0.5-10o in 2θ) only on the TiO2-P123(A)
sample before calcination (see figure 9.2 (b)). Two large peaks were detected. These
peaks are centered at 0.711o and 4.353o, respectively, corresponding to two distribu-
tions of mesopores centered at 124 Å and 20 Å, respectively. In the inset of Figure
9.2 (b), a magnification of the sample before calcination in the lowest angle region
(up to 1.6o) is given to better appreciate the peak centered at 0.711o. The peaks
disappear after the calcination step, most likely due to a structural reorganization
of the sample stemming from thermally induced crystallization. Indeed, during the
thermal treatment, the tetrahedral coordination of Ti4+ in titanium isopropoxide

186
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Figure 9.1: X-ray diffraction pattern for the TiO2-MSC1 and MSC-2 samples. The
bottom panel illustrates the diffraction pattern of pure (tetragonal) anatase (JCPDS
database, http://www.icdd.com/.

evolves in the typical octahedral coordination in the structure of anatase.
Structural differences among samples can be detected by analyzing the lattice

fundamental parameters and average crystallites size calculated from the Rietveld
refinement algorithm (see table 9.1. Although no significant differences concerning
the a and c axis unit cell parameters, the mean crystallites size substantially varies
between the hard-templated TiO2 samples and the soft-templated ones. In fact,
TiO2-MSC1 and MSC-2 are comprised of large crystallites typical of a closed-packed
morphology resembling a single crystalline structure (see FE-SEM images, Figures
9.4, 9.5, 9.6 ). On the other hand, TiO2-P123(A), TiO2-P123(B) and TiO2-Brij-58
crystallites are considerably smaller than the MSCs’ ones. An explanation to this
can be found in the different size of the structure orienting agents used as templates.
Pluronic-123 and Brij-58 act as scaffolds for the growing TiO2 by forming micelles.
Their micelles’ size in polar solvents (i.e. the ethanol used for the synthesis) is
10-15 nm for Pluronic 123 [404] and 4-10 nm for the Brij-58 [405]. Conversely, SiO2

spheres possess 20 and 50 nm diameters (see also figures 9.4 and 9.5). Hence, it is
reasonable to infer that the soft-polymeric templates produced a smaller crystallite

http://www.icdd.com/
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(a) X-Ray diffraction pattern for soft-polymeric TiO2 samples

(b) Low angle XRD scan for TiO2-P-
123(A)before and after calcination

Figure 9.2: XRD characterization (complete scans (a) and low angle diffraction for
the TiO2-P123(A) (b)) of the polymeric-templated titanias.
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Figure 9.3: XRD spectrum of titania beads from the HDA synthetic approach. The
diffraction pattern does not show presence of either rutile or brookite.

size because of the low micelles "hydrodynamic diameter" during the synthesis stage.
Also the lower crystallite sizes of the TiO2-Brij-58 compared to the Pluronic based
samples seems to confirm this hypothesis. The smaller crystallites dimension for
the TiO2-Brij-58 sample is also due to its more compact morphology (see figure 9.6)
Figures 9.4 and 9.5 show the FE-SEM micrographs of titanias obtained from the

Sample a/Å c/Å d/nm
TiO2-MSC-1 3.794 ± 0.002 9.502 ± 0.008 ≈ 66
TiO2-MSC-2 3.790 ± 0.001 9.505 ± 0.002 ≈ 90
TiO2-P123-A 3.788 ± 0.002 9.506 ± 0.008 ≈ 13
TiO2-P123-B 3.791 ± 0.002 9.513 ± 0.008 ≈ 13
TiO2-Brij-58 3.778 ± 0.002 9.51 ± 0.01 ≈ 10
TiO2-beads 3.782 ± 0.001 9.492 ± 0.003 ≈ 25

Table 9.1: Rietveld refinement parameters for TiO2 synthesized by means of different
templating agents.

two silica hard templates. The presence of a well-defined (anisotropic) mesoporous
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crystal structure is evident especially for the TiO2-MSC-1 sample (fig. 9.4 (a)). In
both cases the TiO2 final products are the negative replica of their silica templates.
Figure 9.6 presents the SEM images of the three samples synthesized through the

(a)

(b)

Figure 9.4: FE-SEM micrographs of TiO2 MSC-1 sample (b)and its silica template
(a).

soft-polymeric approach. All the samples show a nanocrystalline texture. However,
TiO2-Brij-58 presents a more compact structure compatible with its lower SSA
compared to the Pluronic derived samples (see below). TiO2 beads appear as
hierarchically structured spherical particles, with an average diameter around 600
nm, made of randomly oriented nanocrystals (see figure 9.7). Table 9.2 reports the
SSA values for all samples. Specific surface area data are in good agreement with
the observations derived from the Rietveld analysis and from electron microscopy.
In fact, TiO2-P123(A) and (B) open structure and their small crystallites size
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(a)

(b)

Figure 9.5: SEM micrographs of TiO2 MSC-2 (a) compared to its silica template
(b).

Sample SSA/m2/g
TiO2-MSC-1 13 ± 2
TiO2-MSC-2 16 ± 2
TiO2-P123-A 120 ± 5
TiO2-P123-B 120 ± 4
TiO2-Brij-58 75 ± 3
TiO2-beads 79 ± 3

Table 9.2: Specific surface area values of the different mesoporous titania samples.
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(a) (b)

(c)

Figure 9.6: FE-SEM micrographs of (a) TiO2 P-123 (A), (b) TiO2 P-123 (B), (c)
TiO2-Brij-58.

Figure 9.7: TiO2 mesoporous beads obtained with the aid of HDA template. These
beads are comprised of a large number of nanoparticles randomly oriented but
organized into a spherical shape to minimize the surface energy.
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justifies the high SSA (120 m2/g). On the other hand, the large d values of the
of the silica templated samples are compatible with the small surface area. By
looking to table 9.1 TiO2-Brij-58 should possess a high SSA value. However, its
closed-packed structure brings about crystallites aggregation reducing the sample
exposed area and leading to an SSA close to the one of the TiO2 beads. As
mentioned in section 8.3.7 this last sample was also characterized by complete
N2 adsorption/desorption isotherm and by porosimetry. Figure 9.8 illustrates the
results of the beads’ surface characterization. The hysteresis loop in the adsorption
isotherm denotes the presence of mesopores [394] (see figure 9.8 a)) with a pore
size distribution peaking at 18 nm. These properties make the material ideal for
the chemisorption of large amounts of N-719 dye. Polymeric-templated samples
before calcination were subjected to thermal analysis investigations (see figure 9.9).
All samples show three distinct weight losses as well as three thermal events: an
endothermic at lower temperature and two exothermic at higher temperature. The
first weight loss (Room temperature to 150-200 oC) can be ascribed to moisture
and/or solvent loss. The other two losses (a more pronounced one up to about 300
oC and another up to 400-450 oC) can be attributed to two combustion events. After
solvent evaporation, the polymeric templating agents remain the only combustible
materials. Hence, the two distinct combustion peaks (figure 9.9 b)) belong to the
templating agents burning off in two different regions of the samples: the outer
surface (the most reactive, easily accessible to oxygen) and the inner pores (the
least reactive and accessible to oxygen). This provides an indirect proof of the
porosity of the samples analyzed.

Band gap measurements were performed (through diffuse reflectance Uv-vis
spectroscopy) on all titania samples. Since charge injection from the dye and
DSSCs’ VOC depends on the TiO2 Fermi level and conduction band position, Eg
values for titanias possessing different morphologies and crystallites size could be
used as a parameter to compare the JSC and VOC among different photoanodes.
Eg values are reported in table 9.3. Quantum size effect is supposed to affect the
band gap values of the samples. Thus the lower the crystallite/particles size, the
higher the band gap. However, table 9.3 show the opposite trend with the MSC-1,
MSC-2 and titania beads samples having the wider band gaps (3.154, 3.190, 3.179
eV, respectively). A similar band gap vs particles size dependence reported for
nanostructured TiO2 have been already reported [406], [407].
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(a)

(b)

(c)

Figure 9.8: TiO2 mesoporous beads’complete surface characterization: a) N2
adsorption isotherm, b) BET fit and c) pore size distribution for TiO2 mesoporous
beads.
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(a)

(b)

Figure 9.9: Weight-loss (a) and differential thermal analysis for polymeric templated
samples (b).

9.1.2 DSSCs characterization

I-V curves for DSSCs assembled with different morphology materials are illus-
trated in figures 9.10. Graphs are presented in the form of current density vs voltage
(J-V) both in dark and under AM one sun 1.5 G irradiance. Table 9.4 reports cells’
salient photovoltaic parameters under illumination conditions. Rs was estimated
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Sample Eg (eV)
TiO2-MSC-1 3.154 ± 0.002
TiO2-MSC-2 3.190 ± 0.002
TiO2-P123-A 3.123 ± 0.003
TiO2-P123-B 2.997 ± 0.002
TiO2-Brij-58 3.065 ± 0.002
TiO2-beads 3.179 ± 0.003

Table 9.3: Band gap values of different morphology TiO2 samples extrapolated from
the Tauc plots of the Kubelka-Munk function calculated for the indirect inter-band
transition.

from the slope of the polarization curve at the VOC . TiO2-MSC-1 and MSC-2

Sample JSC (mA/cm2) VOC (V) η (%) FF Rs (Ω)
TiO2-MSC-1 12.5 ± 0.01 0.7311 ± 10−4 6.0 ± 0.1 0.65 ± 0.01 104 ± 3
TiO2-MSC-2 10.9 ± 0.01 0.7422 ± 10−4 5.7 ± 0.1 0.70 ± 0.01 94 ± 3
TiO2-P123-A 13.4 ± 0.01 0.7121± 10−4 6.7 ± 0.1 0.70 ± 0.01 84 ± 2
TiO2-P123-B 14.5 ± 0.01 0.7088 ± 10−4 6.8 ± 0.1 0.66 ± 0.01 86 ± 2
TiO2-Brij-58 13.5 ± 0.01 0.7122 ± 10−4 6.4 ± 0.1 0.66 ± 0.01 76 ± 2
TiO2-beads 13.9 ± 0.01 0.7155 ± 0.00301 7.0 ± 0.1 0.70 88 ± 1

Table 9.4: Fundamental photovoltaic parameters (at one sun A.M. 1.5G)

Sample J0 (nA/cm2) m
TiO2-MSC-1 108 ± 3 2.41 ± 0.01
TiO2-MSC-2 90 ± 4 2.78 ± 0.01
TiO2-P123-A 1.7 ± 0.1 1.76 ± 0.01
TiO2-P123-B 0.61 ± 0.004 1.59 ± 0.01
TiO2-Brij-58 1.3 ± 0.1 1.66 ± 0.01
TiO2-beads 0.7 ± 0.3 1.31 ± 0.01

Table 9.5: Saturation dark current and diode’s ideality factors of DSSCs containing
morphology specific photoanodes

show the lowest short circuit current (and the lowest efficiency) because of their
reduced SSA. Low specific specific surface area are associated with small amounts
of dye adsorbed on the TiO2 resulting in limited short circuit current. Furthermore,
silica templated samples show the highest Rs values. The presence of SiO2 residues
in the MSC-1 MSC-2 was ruled out as a cause of high series resistance by EDX
spectra that shows no Si signals. Besides, the large Rs is a characteristic common
to all photoanodes. Since all samples present good crystallinity and satisfactory
levels of particles interconnection, a possible reason accounting for the high series
resistance values is the FTO/TiO2 contact resistance. Indeed, the porous nature of
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(a)

(b)

Figure 9.10: J-V curves under illumination and dark for cells assembled by using
hard (a), soft-polymeric templated (b), and TiO2 beads materials

the photoelectrode does not provide an optimal contact between TiO2 particles and
the FTO substrate. Another parameter that depresses the efficiency of TiO2-MSC-1
and MSC-2 cells is the abnormally high (≈ 2 order of magnitude higher compared
to the other morphologies) saturation dark current (combined with an ideallity
factor > 2, see table 9.5). These parameters indicate a high level of charge transfer
from the TiO2 to the triiodide ion. In fact, the insufficient electrical contact caused
by the TiO2-MSCs photoanodes reduced surface area limits the electron transfer
between the titanium dioxide and the FTO-coated glass. Thus, the electrons remain
trapped into the TiO2 nanostructure increasing the rate of the e− interception
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reaction by the I−3 .
A correlation between DSSCs’ VOC and Eg values measured on the powders can be
established. Indeed, wider band gaps corresponds to a Fermi level shifted closer to
the dye’s LUMO and to a larger energy difference with respect to the I3−/I− redox
couple. Thus, the TiO2-MSC-1 and TiO2-MSC-2 cells have the highest open circuit
voltage. Besides these two photoanodes benefit from the presence of a small amount
of P90 (see Section 8.4.1) added to promote particles’ sintering (P90 Eg is about
3.2 eV). On the other hand, the higher band gap brings about detrimental effects
on the charge injection from the dye to the TiO2. Thereby lower JSC of the MSC
titanias can also be partially justified by the higher position of the conduction band
edge. The devices employing TiO2-P123 (A) and (B) and TiO2-Brij-58 present
similar efficiency and comparable photovoltaic parameters. This achievement is
consistent with the similar structural and optical properties emerging from pre-
vious characterization. TiO2-P123 (B) cell owns an energy conversion efficiency
slightly higher than the of the other the polymeric-templated materials (η =6.8 %).
Probably, TiO2-P123 (B) takes advantages of the larger JSC stemming from both
large surface area and narrower band gap (favored charge injection).
Notwithstanding the lower SSA compared to P-123 (A) and P-123 (B) samples,
titanias beads are still capable of maintaining a high JSC . To understand the
performances of the TiO2 beads (in terms of short circuit current and overall energy
conversion efficiency) it is necessary to investigate the quantum efficiency (IPCE)
behavior of the six DSSCs assembled for the morphology study (see Figures 9.11
and 9.12). All cells except the one fabricated with the TiO2 hierarchical spheres
present IPCE curves peaking around 530 nm, which corresponds to the MLTC
dye’s transition. Titania beads quantum efficiency increases towards the lower
wavelengths (below 500 nm) indicating superior light harvesting properties. Indeed,
its sub-micrometric mesoporous morphology allows for excellent light scattering
properties permitting light absorption and charge generation also to the lower layers
of the photoanode. Moreover, the enhanced light scattering characteristic allow to
compensate for the lower driving force for electron injection due to the relatively
high band gap.
TiO2 beads are used in the second stage of the research: doping the TiO2 with
trivalent lanthanides.
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(a)

(b)

Figure 9.11: IPCE curves of DSSCs assembled by using hard (a), soft-polymeric
(b) templated and TiO2 as photoanode materials.
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Figure 9.12: IPCE curves of DSSCs assembled by using TiO2 mesoporous beads as
photoanode materials.

9.2 Lanthanides doped TiO2 beads

9.2.1 Structural, morphological and optical characteriza-
tion

Powder X-ray diffraction was used to determine the crystalline phases and
estimate the crystal size of the resulting doped titania beads. As an example, figure
9.13 illustrates the XRD pattern of the 2% at Er2+ doped sample (TiO2:Er2+).
Because of the small amount of dopants inserted into the TiO2 lattice no phase
other than anatase can be detected. Thus, doped samples are real solid solution
with no phase separation (i.e. absence of the Er2O3 phase). However, XRD does not
allow to discriminate between substitutional and interstitial solutions. Nonetheless,
an indication of the lattice position of the RE dopants can be inferred by the
unit cell parameters calculated by the Rietveld refinement procedure (see table
9.6) The dopant nature and concentration have no substantial effect on the unit
cell parameters because of the low amount used. In fact a and c are close to the
corresponding values for pure anatase beads (3.782 Å and 9.492 Å, respectively, see
9.1.1). Thereby, the lack of lattice strain suggests that the rare earth ions occupy a
substitutional position. Moreover, similar findings have been reported for scandium
doped TiO2 [188] where the substitutional position of the dopant have been proved
by EXAFS. Thus, we expect to find the same situation for the case of RE dopants
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(a)

(b)

Figure 9.13: (a) XRD spectrum of TiO2:Er2+ beads sample. Reference JCPDS
diffraction pattern of pure tetragonal anatase.

because of the strong similarity they have with the Sc3+ cation. The substitutional
hypothesis is also supported by other works for trivalent cations in general [194].
It is noteworth that plotting the crystallite mean size vs. the RE 3+/Ti4+ radius
ratio for the best photovoltaic performing compositions, i.e. 0.2% metal atoms,
result into a satisfactory linear fit with negative slope (see figure 9.14). A possible
explanation of this trend lies in the Fajans’s rules [408]. Indeed, cations of equal
charge form compounds with less ionic character as the ionic radius decreases
(charge density increases). Consequently, their compounds with basic anions (i.e.
hydroxides, alkoxides, etc. [409]) become less basic as the ionic radius decreases
1. Thus, lighter (and consequently larger because of the lanthanide contraction)

1Before the introduction of ion exchange chromatography, the different basicity of lanthanides
hydroxides, caused by their different ionic radius used to be employed as a separation technique to
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Sample a/Å c/Å d/nm
Pr 0.1 % 3.7832 ± 0.0003 9.4937 ± 0.0008 26.5 ± 0.2
Pr 0.2 % 3.7834 ± 0.0002 9.4945 ± 0.0005 26.0 ± 0.1
Pr 0.3 % 3.7833 ± 0.0002 9.4943 ± 0.0005 26.9 ± 0.1
Nd 0.1 % 3.7834 ± 0.0002 9.4942 ± 0.0005 25.8 ± 0.2
Nd 0.2 % 3.7843 ± 0.0002 9.4977 ± 0.0005 25.4 ± 0.2
Nd 0.3 % 3.7848 ± 0.0002 9.4994 ± 0.0005 25.5 ± 0.1
Sm 0.1 % 3.7835 ± 0.0002 9.4963 ± 0.0005 27.1 ± 0.2
Sm 0.2 % 3.7835 ± 0.0003 9.4953 ± 0.0008 25.5 ± 0.2
Sm 0.3 % 3.7835 ± 0.0005 9.496 ± 0.001 26.3 ± 0.2
Gd 0.1 % 3.7832 ± 0.0002 9.4954 ± 0.0006 26.5 ± 0.2
Gd 0.2 % 3.7829 ± 0.0002 9.5002 ± 0.0006 26.2 ± 0.1
Gd 0.3 % 3.7838 ± 0.0002 9.4964 ± 0.0005 26.8 ± 0.1
Er 0.1 % 3.7842 ± 0.0001 9.4972 ± 0.0004 27.0 ± 0.1
Er 0.2 % 3.7842 ± 0.0001 9.4990 ± 0.0006 27.1 ± 0.2
Er 0.3 % 3.7843 ± 0.0002 9.4975 ± 0.0006 25.9 ± 0.1
Yb 0.1 % 3.7844 ± 0.0002 9.4984 ± 0.0005 27.1 ± 0.2
Yb 0.2 % 3.7848 ± 0.0003 9.4997 ± 0.0008 27.6 ± 0.2
Yb 0.3 % 3.7849 ± 0.0002 9.4986 ± 0.0005 25.9 ± 0.1

Table 9.6: Rietveld refinement unit cell constants for TiO2 beads doped with
different amounts of lanthanide ions.

Figure 9.14: Mean crystallites size of RE doped titania beads as a function of the
lanthanide ions size (reported as rRE3+/rT i4+).

cations form more basic alkoxides capable of catalyzing the hydrolysis reaction. As

extract the 14 elements of the lanthanides series. In fact, the addition of OH− ions to a solution
of different lanthanide nitrates leads to the selective precipitation of the lanthanide hydroxides.
For instance, Lu(OH)3, which is the weakest base of the series, is the first one to precipitate;
La(OH)3 (the strongest base of the series) precipitates last.
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a result, more nuclei are generated in the initial stage of the beads growth leading
to smaller particles.

SEM micrographs of the 0.2% at doped titania beads are illustrated in figures
9.15 and 9.16 for Pr, Nd, Sm Gd, Er, Yb in panel a, b, c, d, e, f, respectively.
Doped samples retain the same morphology of the undoped titania beads (see

Figure 9.15: SEM micrographs of synthesized bead particles with 0.2% of dopant
in anatase. panels (a), (b), (c), (d), (e), and f refer to Pr, Nd, Sm, Gd, Er, Yb,
respectively.

figure 9.7). Thereby the low RE dopants’ percentage keep the good light scattering
properties (but improves the photovoltaic parameters, see below) of titania beads.
No evident differences are detectable among the various samples with different RE
cations. The mesoporous structures with different RE concentrations are practically
identical. The beads appear as nearly monodispersed, submicrometric porous
spheroidal conglomerates of crystallites with dimensions in agreement with those
determined by XRD.

Table 9.7 summarizes SSA values obtained by the BET method and mean pores
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Figure 9.16: High magnification SEM micrographs of synthesized bead particles
with 0.2% of dopant in anatase. Panels (a), (b), c, (d), (e), (f) refer to Pr, Nd,
Sm, Gd, Er, Yb, respectively.

diameter derived from the BJH algorithm for the 0.2% at samples. The results show

Sample SSA (m2 g−1) average pore size (nm)
Pr 0.2 % 76.3 ± 0.3 15.6 ± 0.1
Nd 0.2 % 60.1 ± 0.3 16.9 ± 0.1
Sm 0.2 % 73.9 ± 0.3 14.6 ± 0.1
Gd 0.2 % 72.2 ± 0.3 15.6 ± 0.1
Er 0.2 % 105.4 ± 0.3 15.6 ± 0.1
Yb 0.2 % 84.4 ± 0.3 15.6 ± 0.1

Table 9.7: Specific surface area and avarage pores size for the 0.2 % metal atoms
RE doped titania beads.

that, with the notable exception of the erbium doped sample, dopants’ nature does
not play a significant role in terms of specific surface area and pore size diameter.
The results for all compositions are very similar to each other. For this reason, only
the 0.2% samples are shown in table 9.7. The larger SSA for erbium and ytterbium
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doped TiO2 have been already reported [7]. However, the higher surface area of the
Er3+ doped titania do not reflect into larger dye loadings (see table 9.8). Although

Sample Film thickness µ Dye loading (mg/cm2)
Pr 0.1 % 12 ± 1 0.128 ± 0.001
Pr 0.2 % 13 ± 1 0.163 ± 0.001
Pr 0.3 % 14 ± 1 0.136 ± 0.001
Nd 0.1 % 11 ± 1 0.160 ± 0.001
Nd 0.2 % 12 ± 1 0.092 ± 0.001
Nd 0.3 % 11 ± 1 0.106 ± 0.001
Sm 0.1 % 12 ± 1 0.143 ± 0.001
Sm 0.2 % 14 ± 1 0.126 ± 0.001
Sm 0.3 % 12 ± 1 0.138 ± 0.001
Gd 0.1 % 13 ± 1 0.156 ± 0.001
Gd 0.2 % 11 ± 1 0.079 ± 0.001
Gd 0.3 % 12 ± 1 0.157 ± 0.001
Er 0.1 % 12 ± 1 0.099 ± 0.001
Er 0.2 % 11 ± 1 0.093 ± 0.001
Er 0.3 % 14 ± 1 0.125 ± 0.001
Yb 0.1 % 13 ± 1 0.080 ± 0.001
Yb 0.2 % 13 ± 1 0.122 ± 0.001
Yb 0.3 % 13 ± 1 0.098 ± 0.001

Table 9.8: Film thickness and dye loading for all the RE doped TiO2 samples.

the dye loading data were "normalized" for films’ thickness no correlation between
the amount of N-719 and either the specific surface area or the dopants radius
was found (see figure 9.17). The introduction of RE cations in the anatase lattice
seems to modify the surface chemistry of the solid solutions in an unpredictable
(or hard to predict) manner. Indeed, as stated in section 4.3, there are countless
factors to be taken into account when it comes to the doped TiO2 surface-dye
interaction. In theory, larger SSA and dopants behaving as hard Lewis acids should
favor the ruthenium dye adsorption on the oxide’s surface by strongly interacting
with the carboxylate group of the N-719 (that is a hard-base type group). Hence,
the smallest lanthanide cations (the heaviest) should manifest more affinity toward
the sensitizer because of their low polarizability (that makes them stronger acids).
However, this reasoning does not take into account that the doping is able to
modify also the number of Bronsted acid sites on the TiO2 surface. Furthermore,
the number of exposed RE atoms on the anatase surface does not follow any ionic
radius trend making hard to quantify the number of Lewis acid sites on the TiO2

surface. Doping with larger cations brings about a band gap increase as shown in
the Eg table and as reported in literature for similar ions [188]. However, relate the
band gap values to the DSSCs VOC as done in the previous chapter is not trivial
(see below). In fact, once again the surface modification induced by the dopants
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(a)

(b)

Figure 9.17: (a) Dye loading vs "film’s volume" and vs ionic radius ratios, (b), for
TiO2 beads doped with 2 % at RE cations.

affect the chemisorption equilibrium of the additives (TBP, guanidinium cation,
Li+) that influence the VOC (see chapter 3).
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Sample Eg (eV)
TiO2 3.117 ± 0.002

Pr 0.1 % 3.268 ± 0.002
Pr 0.2 % 3.273 ± 0002
Pr 0.3 % 3.244 ± 0.002
Nd 0.1 % 3.291 ± 0.001
Nd 0.2 % 3.244 ± 0.002
Nd 0.3 % 3.256 ± 0.001
Sm 0.1 % 3.283 ± 0.002
Sm 0.2 % 3.273 ± 0.002
Sm 0.3 % 3.271 ± 0.002
Gd 0.1 % 3.299 ± 0.002
Gd 0.2 % 3.287 ± 0.001
Gd 0.3 % 3.289 ± 0.001
Er 0.1 % 3.217 ± 0.002 1
Er 0.2 % 3.265 ± 0.002
Er 0.3 % 3.176 ± 0.002
Yb 0.1 % 3.274 ± 0.001
Yb 0.2 % 3.266 ± 0.001
Yb 0.3 % 3.277 ± 0.002

Table 9.9: Band gap values for all doped samples

9.2.2 DSSCs with RE doped photoanodes characterization

Table 9.11 reports the principal photovoltaics parameter for all the RE substi-
tuted TiO2. The data extrapolated from the J-V curves in dark, are reported in
table 9.11: J0, and ideality factor m were calculated using the single diode model
equations (8.13). All the results are compared with pure TiO2 anatase beads, as
a reference. Figure 9.18 presents the polarization curves, under one sun AM 1.5
G irradiance ((a)) and in dark ((b)), of DSSCs with the TiO:RE 2 at % beads,
which are the best performing materials Two considerable results are evident from
the photovoltaic parameters analysis:

• All the REs, except Pr and Nd, improve the performance (η) of the devices
compared to the pure anatase beads.

• The energy conversion efficiency trend with respect to the amount of dopants
introduced into the anatase structure peaks at 0.2 % of metal atoms for all
the REs. The highest η value (8.7%) was obtained for the DSSC with Er
0.2% doped anatase.

A possible explanation of these phenomena may be found in the impurities (dopants)
mediated electron scattering. The excessive distortion of the anatase lattice caused
by the largest cations among the lanthanides series may hinder the electron transport.
In fact, the photoanodes made with Pr and Nd doped anatase present the lowest Jsc
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Sample JSC(mA) VOC(V ) η FF RS
TiO2 % 13.9 ± 0.1 0.7155 ± 0.0001 7.0 ± 0.1 0.70 ± 0.01 88 ± 1
Pr 0.1 % 12.7 ± 0.1 0.7155 ± 0.0001 6.2 ± 0.1 0.72 ± 0.01 88 ± 1
Pr 0.2 % 14.4 ± 0.1 0.6888 ± 0.0001 6.8 ± 0.1 0.69 ± 0.01 74 ± 1
Pr 0.3 % 10.8 ± 0.1 0.7303 ± 0.0001 5.7 ± 0.1 0.72 ± 0.01 101 ± 1
Nd 0.1 % 12.7 ± 0.1 0.7387 ± 0.0001 6.7 ± 0.1 0.72 ± 0.01 76 ± 1
Nd 0.2 % 13.3 ± 0.1 0.7319 ± 0.0001 6.9 ± 0.1 0.71 ± 0.01 98 ± 1
Nd 0.3 % 12.7 ± 0.1 0.7462 ± 0.0001 6.8 ± 0.1 0.71 ± 0.01 81 ± 1
Sm 0.1 % 15.2 ± 0.1 0.6964 ± 0.0001 7.5 ± 0.1 0.71 ± 0.01 66 ± 1
Sm 0.2 % 15.6 ± 0.1 0.7317 ± 0.0001 8.2 ± 0.1 0.72 ± 0.01 71 ± 1
Sm 0.3 % 14.9 ± 0.1 0.6878 ± 0.0001 7.3 ± 0.1 0.71 ± 0.01 68 ± 1
Gd 0.1 % 14.7 ± 0.1 0.6975 ± 0.0001 7.2 ± 0.1 0.70 ± 0.01 68 ± 1
Gd 0.2 % 15.5 ± 0.1 0.7127 ± 0.0001 7.9 ± 0.1 0.72 ± 0.01 64 ± 1
Gd 0.3 % 13.9 ± 0.1 0.7078 ± 0.0001 6.8 ± 0.1 0.69 ± 0.01 75 ± 1
Er 0.1 % 13.8 ± 0.1 0.7350 ± 0.0001 7.4 ± 0.1 0.73 ± 0.01 78 ± 1
Er 0.2 % 16.7 ± 0.1 0.7313 ± 0.0001 8.7 ± 0.1 0.71 ± 0.01 65 ± 1
Er 0.3 % 14.9 ± 0.1 0.7265 ± 0.0001 7.6 ± 0.1 0.70 ± 0.01 78 ± 1
Yb 0.1 % 13.7 ± 0.1 0.7648 ± 0.0001 7.2 ± 0.1 0.69 ± 0.01 89 ± 1
Yb 0.2 % 16.0 ± 0.1 0.7422 ± 0.0001 8.4 ± 0.1 0.71 ± 0.01 72 ± 1
Yb 0.3 % 12.0 ± 0.1 0.7534 ± 0.0001 6.5 ± 0.1 0.72 ± 0.01 101 ± 1

Table 9.10: Experimental photovoltaic parameters of DSSCs as a function of the RE
doping (concentration and cation) of the anatase photoanodes under illumination.

Sample J0 (nA/cm2) m
TiO2 % 0.73 ± 0.03 1.31 ± 0.01
Pr 0.1 % 4.9 ± 0.5 2.03 ± 0.01
Pr 0.2 % 14.4 ± 0.6 2.09 ± 0.01
Pr 0.3 % 5.0 ± 0.5 1.95 ± 0.02
Nd 0.1 % 50 ± 1 2.52 ± 0.01
Nd 0.2 % 5.6 ± 0.7 1.91 ± 0.02
Nd 0.3 % 27 ± 2 2.45 ± 0.01
Sm 0.1 % 5.3 ± 0.3 2.00 ± 0.01
Sm 0.2 % 13 ± 1 2.09 ± 0.02
Sm 0.3 % 5.6 ± 0.4 2.00 ± 0.01
Gd 0.1 % 6.5 ± 0.8 2.07 ± 0.02
Gd 0.2 % 74 ± 2 2.56 ± 0.01
Gd 0.3 % 5.4 ± 0.3 2.06 ± 0.01
Er 0.1 % 0.57 ± 0.06 1.66 ± 0.01
Er 0.2 % 1.5 ± 0.2 1.57 ± 0.01
Er 0.3 % 4.0 ± 0.6 1.90 ± 0.02
Yb 0.1 % 0.63 ± 0.08 1.70 ± 0.02
Yb 0.2 % 0.29 ± 0.06 1.47 ± 0.06
Yb 0.3 % 0.9 ± 0.1 1.73 ± 0.06

Table 9.11: DSSCs’ with RE doped photoanodes dark parameters (J0 and m),
calculated from the dark current-voltage curve, and "diode" TiO2/dye/electrolyte
junction.

values. In figure 9.19 JSC is plotted against the radius ratios for the 0.2% samples
and its decreasing trend is quite apparent. 0.2 % at may be a doping "threshold"
value, above which any beneficial effect introduced by the RE ions is overcome
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(a)

(b)

Figure 9.18: J-V polarization curves of DSSCs assembled with titania mesoporous
beads doped with the six lanthanides under investigation. The J-V curves under
illumination (a) and dark (b) refer to the 2 % at RE doped samples.
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Figure 9.19: Jsc trend vs radius ratio of the RE dopants with respect to the Ti4+

ion.

by the impurities mediated electron scattering. A similar optimum concentration

Figure 9.20: Asymptotic fit of the efficiency values of cells assembled with photoan-
odes with 0.2 RE % cations solid solutions versus the RE3+/Ti4+ radius ratio

of dopants has been already found for titania photoanodes doped with Sc3 [188]
and Y3+ [194] that share most of the chemical properties with the lanthanides.
In particular, TiO2:Sc3+ solid solutions have shown the best energy conversion
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efficiency for sample doped with 0.2 at % [188]. Figure 9.20 shows the plot of η vs
the radius ratio for the 0.2 % doped samples. The efficiency asymptotic behavior
shown in figure 9.20 can be fitted by the following equation:

y = a+ b− a
1 + exp (x−c

d
) (9.1)

The energy conversion efficiency reaches a plateau for rRE3+/rT i4+ values greater
than 1.40, which corresponds to the Er (η = 8.7%) and Yb (η = 8.4%). The very
close efficiency values for the erbium and ytterbium doped anatase stems from their
similar crystal ionic radius (1.03 and 1.01 AA, respectively).
A similar correlation between the DSSC’s VOC and the concentration or the ionic
radius of the REs is hard to establish because doping introduces plenty of effects all
affecting the open circuit voltage. As discussed in the introduction, VOC depends
on the TiO2 Fermi level position with respect to the redox shuttle potential and on
JSC and J0 through equation 2.5. Needless to say, RE doping can shift TiO2 band
edges position and, at the same time, act on the J0 by modulating the competition
between electron transport and recombination with the electrolyte (see below).
Furthermore, as already shown for the dye adsorption case, lanthanide dopants
may alter the chemisorption equilibrium of electrolyte’s additives. Ions adsorbed at
the TiO2/dye/electrolyte modify both the titania’s band edges positions and the
kinetics of the interception reaction (see equations 3.6, 2.5 and section 3.3). The
overlapping of all these effects did not allow to find a straightforward correlation
between dopants’ position among the lanthanides series and DSSCs open circuit
voltage.
Table 9.12 reports doped photoanodes electron diffusion length and charge collection
efficiency extrapolated from the EIS measurements 2. Figure 9.21 shows the trends
of the electron diffusion length vs. the radius ratios and of the η values vs. electron
diffusion length , for the 0.2% samples. Ln decreases with an approximately linear
trend as the radius ratios increases, while the efficiency increases with an asymptotic
law as the electron diffusion length increases. The best fit for the η vs Ln trend is
given by an equation type:

y = a− bcx (9.2)

Both these results are in agreement with those obtained from the analyses of J-V
curves under light and in dark. Er 0.2% and Yb 0.2% samples electron diffusion

2ηcoll = 1 - ( L
Ln

)2 [410].
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Sample Ln (µm) ηcoll
Pr 0.1 % 51 ± 4 0.948 ± 0.001
Pr 0.2 % 43 ± 4 0.915 ± 0.001
Pr 0.3 % 70 ± 4 0.961 ± 0.001
Nd 0.1 % 52 ± 4 0.958 ± 0.001
Nd 0.2 % 47 ± 4 0.939 ± 0.001
Nd 0.3 % 46 ± 4 0.946 ± 0.001
Sm 0.1 % 61 ± 4 0.963 ± 0.001
Sm 0.2 % 47 ± 4 0.920 ± 0.001
Sm 0.3 % 55 ± 4 0.955 ± 0.001
Gd 0.1 % 44 ± 4 0.920 ± 0.001
Gd 0.2 % 46 ± 4 0.947 ± 0.001
Gd 0.3 % 46 ± 4 0.937 ± 0.001
Er 0.1 % 97 ± 4 0.985 ± 0.001
Er 0.2 % 94 ± 4 0.986 ± 0.001
Er 0.3 % 66 ± 4 0.956 ± 0.001
Yb 0.1 % 110 ± 4 0.986 ± 0.001
Yb 0.2 % 122 ± 4 0.989 ± 0.001
Yb 0.3 % 93 ± 4 0.981 ± 0.001

Table 9.12: Electron diffusion length (Ln) and charge collection efficiency ηcoll values
obtained by the fit of EIS spectra using the transmission line model.

(a) (b)

Figure 9.21: (a) Ln vs rRE3+/rT i4+ for the 0.2% samples. A quasi-linear trend
appears. (b): η vs Ln for the 0.2% case. An asymptotic law allows to fit the trend
of the energy conversion efficiency against the electron diffusion length.

length and charge collection efficiency values apparently contradict the photovoltaic
efficiency data. In fact, the Er 0.2% DSSC shows higher η, compared to the Yb
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0.2% one despite possessing lower Ln (and ηcoll). However, Yb3+ doped photoanode
has a higher series resistance presumably caused by the lower SSA of titania beads
containing ytterbium. Similarly to hard templated TiO2, low specific surface areas
most likely increase the resistance of the TiO2/FTO contact. Furthermore, the
lower SSA brings about less reactivity during the particles sintering step involved
in the thermal treatment of the screen printed photoanode consequently producing
a lower level of particles interconnection. Besides, a more detailed comparison
between the Er 0.2% and Yb 0.2% cells show that:

1. The efficiency values are very similar, being their difference only slightly
higher than the uncertainty on the values.

2. The charge collection efficiency depends on the Ln/L ratio . Hence, by taking
into account both the electron diffusion length and the thickness of the printed
electrodes, the ηcoll for the Er 0.2% and Yb 0.2% samples are practically iden-
tical if the if the uncertainties are taken into account.

From what observed and discussed until now, a fundamental question does not seem
to find an answer: why do RE cations heavier than Nd (i.e. Sm, Gd, Er, Yb) improve
energy conversion efficiency of DSSCs’ photoanode compared to pure anatase? As
mentioned in 4.3 trivalent cations generate holes in the TiO2 valence band that
reduce or suppress the concentration of oxygen vacancies [411]. Oxygen vacancies
constitute the main source of electron deep trapping and recombination with the
electrolyte. Equivalently trivalent doping can be thought as a passivation the Ti3+

traps [7], [412] . A similar effect has been reported by Chandiran et al. [194] for
yttrium doped DSSCs. This paper reports the effectiveness of low concentrations
(0.1%) of trivalent a dopant (Y3+) in improving the electron recombination life time
τr. Figure 9.22 illustrates the Bode plots for the 0.2 % doped and pure TiO2 cells.
The suppression of the oxygen defectivity by RE cations is supported by the fact
that the maximum frequency peak in the mid-frequency range of the phase Bode plot
shifts to lower values for the samples containing rare earths ions compared to pure
TiO2. Similar features can be observed in the Nyquist plots (see Figure 9.23): the
recombination frequency (the maximum in the complex impedance graph) for the
doped samples is lower than the one for pure TiO2. The peaks at higher frequencies
correspond to the charge transfer at the counter electrode, while the peaks at the
lower frequencies (mid-frequency range) are related to the charge recombination rate
and its reciprocal is regarded as the electron lifetime [413], [414]. Table 9.13 reports
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Figure 9.22: Bode plot for DSSCs assembled with pure and RE doped titania beads
0.2 % at.

the electron recombination lifetime derived from the frequencies corresponding to
the absolute maximum of each Bode graph (τr = 1

2πfmax
). Hence, DSSCs containing

Sample τr (ms)
TiO2 21 ± 1

Pr 0.2 % 27 ± 1
Nd 0.2 % 29 ± 3
Sm 0.2 % 33 ± 2
Gd 0.2 % 56 ± 7
Er 0.2 % 74 ± 7
Yb 0.2 % 103 ± 8

Table 9.13: Estimated electron recombination lifetimes for RE doped and undoped
titania photoanodes (0.2 % at).

RE doped photoanode have longer electron recombination lifetime, indicative of a
more effective suppression of the back reaction between the injected electrons and
the electrolyte. This is compatible with lower deep trapping and oxygen vacancies
catalyzed electron transfer to the triiodide. The shift is maximum for the best
performing samples, i.e. Er 0.2% and Yb 0.2 % (that have the highest τr: 74 and
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Figure 9.23: Nyquist plots (for 0.2% RE cations solid solutions and pure TiO2
DSSC photoanodes.

103 ms, respectively). This explanation, coupled with the electron scattering by
impurity defects, would justify all the trends shown in figures 9.19-9.21.
Normalized IPCE curves for the 0.2 % at samples are presented in figure 9.24
for sake of comparison. DSSCs containing Pr, Sm, Er and Yb show very similar
behaviors. On the other hand, quantum efficiency deviates from the other doped
samples for photoanodes containing Nd and Gd. In fact, the 0.2 % Nd sample
shows an enhanced response at lower wavelengths (< 500 nm) and a depressed one
at higher wavelengths. The 0.2% Gd sample manifest a substantially enhanced
response in comparison to the other samples at wavelengths > 500 nm. A possible
explanation to these phenomena can be found in the f-f transitions associated with
lanthanides ions. Colors of lanthanides ions (both in solution and in the solid state)
are determined by the Laporte-forbidden f-f transition. Uv-Vis absorption spectra
and colors of lanthanides are almost non-dependent on the particular chemical
surroundings because f-orbitals do not take part to chemical bonds. Gd3+ does
not absorb radiation in the visible range because its 4f7 electronic configuration
is particularly stable due to a half-filled set of f-orbitals. This is, for example, the
reason why Gd3+ compounds appear colorless. Hence, doping TiO2 with Gd3+

limits the competition with the dye for light absorption in comparison to the other
lanthanides. Thereby, the improved quantum efficiency in the range of N-719
maximum light absorption may justify the fact that the TiO2:Gd3+ cell has a
high efficiency (7.9%) though it shows the second shortest electron diffusion length
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Figure 9.24: Lanthanides doped DSSCs normalized quantum efficiency spectra.

among the 0.2% samples (after Pr). Conversely, Nd3+ compounds are reddish-purple
colored (like the N-719 dye), thus green light (λ > 510 nm) is absorbed and used
to promote f-f transition. Even if the effect might not be very marked because f-f
transitions are characterized by a low molar extinction coefficient, part of the light
intended for charge generation is subtracted from the dye. This consideration may
justify the lower IPCE response of the Nd doped sample above 500 nm.

9.3 TiO2/chirality selected SWCNTs heterojunc-
tions

9.3.1 SWCNTs characterization

Raw SWCNTs

Thermal stability of HiPCO prepared raw carbon nanotubes were investigated by
using TGA (see fig. 9.25) The CNTs retained thermal stability until approximately
350 oC, where the amorphous carbon begins to oxidize. At approximately 450
oC, the smaller diameter SWCNTs lose thermal integrity. At this temperature
approximately 10% of the bulk weight is lost. The largest burning rate of the CNT
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Figure 9.25: Thermogravimetric analysis of HiPCO prepared raw carbon nanotubes

Figure 9.26: Raman spectrum of carbon nanotubes prepared by high-pressure
carbon monoxide

mixture (the derivative weight peak), occurs at 550 oC. The residual weight, from
the oxidation of the iron catalyst residue, makes up approximately 3.0%.
Figure 9.26 presents the Raman spectra of unsorted HiPCO tubes. The RBM
(radial breathing mode) bands are located at 200 cm−1, 242 cm−1, and 263 cm−1.
The bands’ close proximity is characteristic of the small range in diameters obtained
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by the HiPCO growth method [415], [416]. The low intensity of the D band (located
at 1330 cm−1) suggests the nanotubes grown by the HiPCO procedure contain few
defects. The ratio of intensities between the D and G bands is 0.09, indicating a
high quality (low defectivity) sample. The G-band is split into G− (1529 cm−1)
and G+ (1587 cm−1) illustrating a large fraction of small diameter, semiconducting,
single-walled carbon nanotubes.
UV-vis-NIR spectrum of raw HiPCO tubes (dispersed in a 2% SDS solution) is
shown in figure 9.27 A series of broad peaks in the lower wavelength range is
revealed. The existence of a large number of broad peaks in the mid to lower
wavelengths confirms Raman spectroscopy data showing a prevalence of small
diameter semiconducting carbon nanotubes species.

Chirality separated tubes

Single chiralities have been successfully separated through SEGC by Liu et al.
[279], Tvrdy et. all [278]. Furthermore, Tvrdy et. all have employed the (6,5) as
electron donor material for "polymer free" bulk heterojunction solar cells.
On the other hand, for DSSC application, the combination of being a relatively
simple chirality to isolate, and the location of its absorption peaks away from the
dye absorption features, [417], [418] makes the (7,3) species an ideal chirality to
target in separation procedures. However, the original SEGC methodology originally
developed by the Katura’s group ([279]) involves at least two-passes through the
chromatographic column. Needless to say, separation procedures based on multiple
iterations bring about non-negligible material losses making the collection of a
sufficient amount of material for DSSCs photoanodes impracticable. Hence, we
targeted and isolated single chiralities from the bulk SWNT solution by adding a
sufficient amount of solution to "overload" the column in order to obtain a high
enough purity in a single pass. This involves using a different loading procedure
for each of the chiralities desired. By taking advantage of this technique an 87%
± 0.1 purity (7,3) sample was produced by single pass separation. Figure 9.28
shows the absorption spectra of the (7,3) obtained by single the pass procedure.
Samples purity was calculated by integrating the E11 absorption peaks. The (7,3)
chirality has a E11 absorption band located at 990 nm and an E22 absorption band
at approximately 510 nm. Depending on the amount of CNTs solution used to
overload the column stack, columns containing the (6,4), typically eluted from
the 2nd column, are either mixed with (7,3) or (6,5). Figure 9.29 shows the
absorption spectrum of a (7,3)/(6,4) mixture. The calculated purity of the (7,3)
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(a)

(b)

Figure 9.27: UV-vis-NIR spectroscopy of dispersed HiPCO carbon nanotubes in 2
wt% SDS. Full Spectrum taken from 200 to 1300 nm (a), magnification from 450
to 1300 nm (b).
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(a)

(b)

Figure 9.28: (7,3) chirality SWCNTs obtained by a single pass separation procedure.
(a) Absoprtion spectra in the 1300-200 nm. (b) Magnification fro 450 to 1300 nm.

and (6,4) is 52.8% ± 0.1 and 25.9% ± 0.1, respectively. The remaining fraction
is constituted by metallic tubes. Figure 9.30 presents the absorption spectrum
of a (6,5)/(6,4) mixture and a photoluminescence map showing the presence of
(6,5) and (6,4) chiralities. The calculated purity of the (6,5) and (6,4) is 45.3%
± 0.1 and 49.7% ± 0.1, respectively. Figure 9.31 shows the absorption spectra of
the highly-enriched (6,5) solution. A photoluminescence counter map was used to
reaffirm the purity of the (6,5) chirality, as in figure 9.31 (b). Using the UV-vis-
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Figure 9.29: UV-vis-NIR spectrum of single-pass separation of (7,3)/(6,4) chirali-
ties.

NIR spectrum from figure 9.31 (a), the purity of (6,5) has been calculated to be
93%. Based on the intensity of the metallic range of the UV spectra (200-400 nm),
both the (6,5)/(6,4) and (6,5) fractions have very little metallic species. Based
on the absorption spectrum of (7,3) in figure 9.28, the intensity of the metallic
range is quite small in comparison to the semiconducting peaks. In the case of the
mixed (7,3)/(6,4) solution, however, there is a comparatively higher absorption
intensity in the M11 range, indicating a larger presence of metallic species in the
sample (see figure 9.29). Photovoltaic behavior of DSSCs fabricated using single
chirality samples ((6,5) and (7,3)) and mixtures of two chiralities ((6,5)/(6,4)
and (7,3)/(6,4)) will reflect both the intrinsic optoelectronic properties of the
chiralities and the purity of the samples (see below).

SWCNTs Thin films characterization

The UV-vis-NIR transmittance spectra, in figure 9.32, show the amount of light
that can travel through the film. Although none of the films shows absorption
peaks in the range of the N-719 dye maximum absorption (see fig. 4.7 in the visible
region, MLTC transition), the (6,5) chirality E44 transition [419] (at 308 nm, see
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(a)

(b)

Figure 9.30: Uv-vis. spectrum for a single pass separation of (6,5)/(6,4) tubes,
(a). Photoluminescence map of the separated chirality, (b).

figure 9.31) partially overlaps with the intraligand (π-π∗) transition of the N-719 at
313 nm. Even if this is not a marked effect because appears in the proximity of the
FTO-soda lime glass absorption edge, it still subtracts light for photovoltaic charge
generation.
Table 9.14 summarizes the sheet resistance values of chirality separated thin films.
The resistance is the lowest for the mixed chirality film due to the presence of
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(a)

(b)

Figure 9.31: Uv-vis spectrum for a single pass separation of (6,5) tubes, (a).
Photoluminescence map of the separated chirality, (b).

metallic tubes. The dual mixed semiconducting chirality films (6,5)/(6,4) and
(7,3)/(6,4) possess the highest resistance due to the films being comprised of
two semiconducting chiralities with different band gaps (work function mismatch,
intertubes energy barrier) and the absence of metallic species. The single-chirality
films demonstrated a low resistance as the high purity films are composed of a
single band gap.
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Figure 9.32: Transmittance measurements of chirality-specific films. TiCl4 treated
FTO-glass has been used as reference

Chirality Sheet Resistance (kΩ/�)
Mixed Chirality 3.695

(7,3) 5.822
(6,5) 5.992

(7,3)/(6,4) 46.493
(6,5)/(6,4) 51.464

Table 9.14: Sheet Resistance measurements of chirality-specific films.

9.3.2 Performances of DSSCs with single chiralities CNTs
(photoanode)

Figure 9.33 and Table 9.15 report the I-V curve and the salient photovoltaics
parameters for DSSCs containing chirality specific SWCNTs in the photoanode
structure. DSSCs’ permormances were related to purity of the deposited SWCNTs
films and their optoelectronic (chirality dependent) properties. The mixed film has

Sample η (%) FF (%) Isc (mA) VOC (V) Rs (Ω) Rsh (Ω) Io (µA) m
(7,3) 0.98 48 5.03 0.374 19.8 122.4 24 2.12
(6,5) 0.74 47 4.62 0.340 20.1 110.4 45 2.47

Mixed Chirality 0.54 32 5.51 0.307 22.4 31.4 220 3.93
(7,3)/(6,4) 0.28 30 3.99 0.235 28.6 53.4 73 2.80
(6,5)/(6,4) 0.24 33 2.79 0.263 48.5 352.1 20 2.92

Table 9.15: Significant Photovoltaics parameters for chirality specific photoanodes
under 1 kW/m2 irradiance AM 1.5 G and in dark (I0 and m.
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Figure 9.33: I-V Curves of DSSCs taken under an irradiance of 1 sun for chirality
specific solar cells.

the largest variation in band gaps, as well as metallic species. The two chirality
dual mixed films vary in their purity: the (7,3)/(6,4) film has a greater amount of
metallic tubes than the (6,5)/(6,4) film. The single-chirality films: (6,5) and (7,3)
have the highest purity in semiconducting tubes, as well as a high single-chirality
purity.
Two opposite effects act on cells open circuit voltage (VOC): the TiO2 Fermi level
down shift (more positive potentials with respect to the vacuum level) caused by
the Fermi level energy equilibration with the SWCNTs [223] and the energy barrier
height of the TiO2/SWCNTs/FTO interface that keeps electrons from returning
into the nanostructured TiO2 and recombining (through TiO2 grain boundaries
and point defects) with the electrolyte [153], [222]. As stated in 4.4 a simple abrupt
type I heterojunction model based on charge transfer by thermionic emission can
be used, as a first approximation, to describe the TiO2-semiconducting SWCNTs
interface. Hence, a "Schottky-like" barrier height can be extrapolated from DSSCs
dark I-V curves [153], [223], [420] [222]. Figure 9.34 presents dark polarization
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Chirality Schottky barrier height (eV)
(7,3) 0.68 ± 0.2
(6,5) 0.65 ± 0.1

(6,5)/(6,4) 0.45 ± 0.2
(7,3)/(6,4) 0.39 ± 0.3

Mixed Chirality 0.36 ± 0.1

Table 9.16: “Schottky-like” barrier height at the TiO2/SWCNTs interface for
chirality-specific films into DSSCs

curves for the DSSCs assembled with different chiralities photoanodes. Dark I-V
curves are illustrated according to the standard formalism used for homo, hetero
and Schottky junction diodes: positive current reported in a linear (Figure 9.34
(a)) and the semi-logarithmic plot against the voltage (see Section 8.5) Figure 9.34
(b)). Two junctions are evident in the semi-logarithmic curve with the one ranging
from 0 to 0.2 V belonging to the SWCNTs/TiO2 interface [153], [222] (and the
one visible between 0.3 and 0.6 V belongs to the TiO2/dye/electrolyte interface).
"Schottky-like" barrier heights were calculated as follow: ln[1/(1− exp(−eV

mkT
))] was

plotted against V allowing for the the determination of the saturation dark current
Io and the ideality factor of the TiO2/SWCNTs junction (in the 0-0.2 V linear
range). The Schottky barrier height ΦB is then obtained through the thermionic
emission current equation:

ΦB = kT

e
ln aAT

2

I0B
(9.3)

where k is the Boltzmann constant, T the temperature, e the elementary charge, A
the Richardson constant for TiO2 (6.71x106 AK−1m−2) and a the area of the junction.
The values of such as estimated Schottky barrier height at the TiO2/SWCNTs
interface for the different photoanodes are reported in table 9.16. Decreasing the
barrier height increases the saturation dark current since more thermally generated
electrons can be trapped into the TiO2 nanostructured network and transferred
to the electrolyte. The mixed film has the shortest height and the purer single-
chiralities have the largest ((7,3) = 0.68 eV, (6,5) = 0.65 eV). Thus, the highest
VOCR of the two cells containing only single chirality tubes can be then justified in
terms of lower recombination (see equation 2.5) caused by an higher energy barrier
preventing the electron from recombining with the electrolyte by TiO2 mediated
trapping. Being the electron affinity and work function of the specific chirality not
known, we can only speculate the reason of the detrimental effect on the VOC and
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(a)

(b)

Figure 9.34: Dark polarization curves on linear (a) and semi-logarithmic (b) scales.

short circuit current (ISC) brought about by the (6,4) chirality (dual chirality films).
(6,4) possesses a comparatively larger band gap then either the (7,3) or (6,5)
chiralities. The effect of the larger band gap shifts the Fermi level up with respect
to the electrolyte redox potential, which should increase in theory the open-circuit
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Figure 9.35: Quantum Efficiency performance of the DSSCs with mixed and single
chirality films in the photoanode. Maximum incident photon to charge carrier
efficiency for each of the DSSCs occurs at 530 nm (maximum N-719 light absorption
in the visible range)

voltage. However, the barrier height remains low because the (6,4) chirality has its
Fermi level close to the conduction band of the TiO2. The result is a weaker driving
force for the electron injection from the TiO2 to the SWCNTs, less charge collection
and more recombination, and therefore a decreased short-circuit current and a lower
open-circuit voltage. This hypothesis is in agreement with the charge injection
model reported by Brown et al.[223] which is predicated on the thermionic electron
transfer between TiO2 and SWCNTs and is verified by the quantum efficiency data
displayed in figure 9.35. Numeric IPCE values corresponding to the maximum dye’s
absorption wavelength are reported in table 9.17. In fact, the equilibration of TiO2

and (6,4) chirality Fermi level places the TiO2 conduction band in the proximity of
the N-719 LUMO limiting the charge injection from the dye to the nanostructured
semiconductor. Therefore, it can be concluded that the (6,4) chirality is not a
useful material to be incorporated in the photoanode. On the other hand, the
smaller band gap of the(6,5) and (7,3) chiralities produces a higher energetic
distance of the TiO2 from the dye’s LUMO. The better performances of the (7,3)
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Chirality IPCE at 530 nm (%)
(7,3) 15
(6,5) 12

(6,5)/(6,4) 7
(7,3)/(6,4) 6

Mixed Chirality 8

Table 9.17: IPCE values at 530 nm measured from curves reported in figure 9.35

over the (6,5) film can be explained by the small difference in band gap between
the two structures. This difference in band gap translates to less competition for
photons between the (7,3) carbon nanotubes and the dye since the absorption
spectrum of the dye is removed from the absorption of the (7,3) chirality (see film
transmittance measurements). This results in a higher short-circuit current in the
DSSC with the (7,3) anode.
The overall cells efficiency is limited by the low values of the shunt resistance (Rsh)
and saturation dark current caused by the contact between CNTs films underneath
the mesoporous double layered TiO2 photoanode and the electrolyte. The shunt
resistance is the lowest (and the saturation dark current is the highest) for the
mixed chirality film due to the presence of metallic tubes causing electron transfer
between the FTO substrate and the electrolyte and catalyzing the reduction of
I−3 to I− at the photoanode. Furthermore, the presence of a large number of
different band gaps in the mixed chirality film increases the chances that electrons
are thermally generated into the CNTs and recombine with the electrolyte. As
discussed in the experimental section the purity of semiconducting tubes in the
(7,3)/(6,4) film is the lowest and the amount of metallic tubes is higher than
in the rest of the chirality-specific films (i.e. relatively low value of the series
resistance). The presence of metallic tubes increases FTO’s catalytic activity for
triiodide reduction and allows for shunt pathways for the electrons to travel and
increased opportunities for recombination. The film made up mainly of (6,4)/(6,5)
chiralities has the highest purity of semiconducting tubes and therefore the highest
shunt resistance. As identified previously, the conductivity of the (6,4)/(6,5) film
is also the lowest. This is not only due to the absence of metallic tubes, but also to
the mix of the two chiralities in the same film creating electron traps [421], [276].
The highest Rs value for the (6,4)/(6,5) is in agreement with this observation.
Both (6,5) and (7,3) films have a high semiconducting nanotube purity; however
they are also the most conductive out of the chiral-specific films and their series
resistance is comparable to the mixed chirality cell. Moreover, the extremely high
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series resistance of the cells where the (6,4) chirality is incorporated together with
other chiralities affects the VOC (besides the fill factor and the ISC). Finally, it
is worth noticing that all the DSSCs assembled with the three layered structure
(SWCNTs/P90/TiO2 beads) show RS values lower than (at least 50 % smaller)
the cells presented in the previous two chapters. This seems to confirm that cells
fabricated with mesoporous titanias active layer suffer from contact resistance at
the TiO2/FTO interface causing relatively high series resistances. On the other
hand, when a mesoporous material is used only as light retrieving layer and the
electron transfer to the transparent conductor occurs via a compact network of well
interconnected particles, the series resistance drastically drops.
The ideality factor is about 2 in all of the photoanode materials. The anode resulting
in a DSSC performance closest to an ideal diode is the (7,3). None of the DSSCs
tested has produced an ideality factor between 1 and 2, due to the exposure of
CNTs to the electrolyte and the increased amount of shunt pathways.

9.3.3 Performances of DSSCs with single chiralities CNTs
(cathode)

Since carbon nanotubes catalyze the electrolyte reduction reaction [422], [423]
experiments were carried out to test how CNT films of mixed and single chirality
performed as counter electrodes. The purest film (96,5) chirality) was chosen as
chirality specific counter electrode and a DSSC containing a platinum film cathode
was used as a reference. As illustrated in figure 9.36 and table 9.18 the short circuit
current is highest in the cell with the platinum (Pt) counter-electrode due to the
increased Pt conductivity and charge transfer properties. The conductivity of the

Sample η (%) FF (%) Isc (mA) VOC (V) Rs (Ω) Rsh (Ω) Io (µA) m
Pt 5.2 71 10.37 0.699 8.7 33792.1 0.013 1.67

Mixed 3.7 60 8.8 0.697 20.0 55958.1 0.11 2.16
(6,5) 0.73 24 7.25 0.417 111.1 115 57 2.35

Table 9.18: Significant photovoltaics parameters for chirality specific cathodes
derived from I-V curves under illumination (see Figures 9.36 and 9.38)

mixed film is undermined by the presence of tubes with mixed band gaps and while
the (6,5) has a fairly high purity of a single chirality, it has a lower conductivity in
comparison to the Pt and mixed film. In fact, the high value of the series resistance
for the (6,5) (affecting the fill factor and ultimately the short circuit current) device
stems from the presence of semiconducting tubes in the cathodic structure. Indeed,
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Figure 9.36: I-V Curves of DSSCs taken under an irradiance of 1 sun for DSSCs
employing mixed chirality SWCNTs, (6,5) chirality and Pt as a counter electrode.

RS accounts for the series resistance that is related to the sum of all the resistances
that produce a loss in the electrochemical potential of the cell outside the active
layer [401]. Hence, electrolyte diffusion resistance, FTO sheet resistance (together
with contacts and wires) and counter electrode charge transfer and ohmic resistance
all contribute to RS. Based on this, if the mixed film and the Pt are compared, it
can be seen that the mixed chirality counter-electrode has a higher series resistance
but not as high as the (6,5) only film. The reason lies in the fact that the absence
of metallic tubes in the (6,5) counter electrode leads to low charge transfer rate
to the triiodide ion. The lack of catalytic action due to the absence of metallic
tubes resulting in a decreased rate of reduction of the tri-iodide to iodide, causes
a slow regeneration of the dye. If the rate of injection of electrons from the dye
to the TiO2 is faster than the regeneration of the dye from the electrolyte, it will
become more favourable for the oxidized dye to recapture its electrons from the
TiO2 instead [424]. This hinders the generation of current in the photoanode of the
cell and thus lowers the short circuit current.
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Chirality IPCE at 530 nm (%)
Pt 27

Mixed Chirality 30
(6,5) 15

Table 9.19: IPCE values at 530 nm measured from curves reported in Figure 9.37

The counter-electrodes composed of Pt and mixed chirality films have comparable
quantum efficiency (see figure 9.37 and table 9.19). The discrepancy between the
quantum efficiency and the short-circuit current is due to the fact that the change in
efficiency does not scale linearly with power. Comparable quantum efficiency values
are expected between the DSSCs with Pt and mixed films because the parameter
primarily depends on the performance of the photoanode, which is composed of
only TiO2. The DSSC with the (6,5) cathode is also made up of TiO2 in the
photoanode; however the quantum efficiency is quite low in comparison to the
other two cells due to the aforementioned slow dye’s regeneration. This affects
also the open circuit voltage of DSSCs. The VOC is similar between the mixed

Figure 9.37: Quantum efficiency performance of the DSSCs with platinum, mixed
chirality films, and (6,5) CNT films
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Figure 9.38: I-V Curves of DSSCs in a dark environment for cells employing Pt,
mixed and (6,5) films as cathodes.

film and platinum counter-electrodes indicating good electron injection from the
mixed tubes to the electrolyte. The value of the open-circuit voltage is close to the
thermodynamic value of approximately 0.7 V, given by the difference between the
Fermi level of the TiO2 and the redox level of the electrolyte. The (6,5) however
has a much lower open-circuit voltage than the other two cells which is likely due
to the high amount of saturation dark current (two orders of magnitude higher
than mixed film, see figure 9.38 and table 9.18) caused by the leakage current due
to dye’s electron recapture [425] Hence, the saturation dark current for the (6,5)
cell is dominated by the recapture by the oxidized dye of the thermal excited (no
light) electrons across the HOMO-LUMO energy gap. All of the carbon nanotube
films used for the counter-electrode produced DSSCs performing with an ideality
factor higher than 2. As mentioned above, while this is not ideal for a diode or
solar cell, it is not unusual in a DSSC. The cathode composed of the (6,5) film
had the highest ideality factor due to the high level of recombination. Finally, the
DSSC with the Pt counter-electrode has the better ideality factor of between 1 and
2. This could be attributed to the higher rate of reduction of the electrolyte.
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9.4 Conclusions

Research on nanostructured materials to be employed as photoanodes in DSSCs
has been conducted in three stages summarized below:

Investigation on different TiO2 morphologies . The goal of this stage was
to identify the best performing morphology in terms of energy conversion
efficiency to be used in the successive phases of the research. Titania meso-
porous beads were found to be the most suitable candidate for the electronics
properties optimization work.

Exploring doping of titania mesoporous beads with six RE cation . Dop-
ing turned out to influence mostly the electron transport and recombination
properties, which means, in terms of DSSCs photovoltaic parameters improve-
ments in the JSC (and its related properties like the electron diffusion length)
of the cells.

Research on chirality selected SWCNTs heterojunctions . Since doping
had not been found to be effective in changing charge injection properties
of the dye/TiO2 interface, SWCNTs were used to modify the the driving
force for the electron transfer from the dye to the TiO2. Different single (and
mixed) chiralities were proved to influence all the charge injection, electron
transport and recombination parameters. This reflected in chirality selected
tubes to affect the VOC , the JSC , the RS and the RSH of DSSCs.

More specifically, each research stage led to the following conclusions and future
perspectives:

• Mesoporous titania samples, prepared from both hard and soft-polymeric tem-
plate approaches, show lower performances compared to titania mesoporous
beads obtained by the HDA route. While being structurally more perfect
and apparently more suitable for an easy electron transport through the pho-
toanode, mesoporous titanias prepared from hard templating agents showed
the worst photovoltaic behavior as DSSCs photoanodes because of their low
specific surface area. Low SSA led to limited values of short circuit current
and incresed RS due to the high resistance of the FTO/TiO2 contact. A
substantial performance improvement is expected by optimizing the particles
dimension that can be achieved by tailoring the synthesis conditions. On the
other hand, titanias prepared from soft-polymeric template approaches give a
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better operation and the similarity of their performances allows to choose the
synthesis on the basis of lower costs and shorter preparation times. Further
improvements can be achieved also for this class of materials, for example, by
finding a way to retain the order of mesopores through thermal treatments
and improving interparticle connections, which are expected to enhance the
dye loading and electron transport, respectively.
Titania mesoporous beads show the best energy conversion efficiency by
compensating for their not excessively high SSA (79 m2/g) with good light
scattering properties stemming from their hierarchical, sub-micrometric mor-
phology.

• The nature and concentration of the six (Pr, Nd, Sm, Gd, Er, Yb) rare
earth cation does not substantially affect the morphology of the beads, which
presents similar average dimensions, surface area and porosity. Structurally,
the rare earth concentration in the lattice seems too low to affect unit cell
parameters, while an evident correlation in 0.2% samples between the rare
earth cation size and crystallite average size, probably as a result of the
Fajans’s rules, was found. The band gap values of the solid solutions do
not show significant deviations from that of pure anatase (3.2 eV). The type
of cation and its concentration have a profound influence on the behavior
of DSSCs. While Pr and Nd suppress the performances of the DSSCs, all
the others improve them, and the best efficiency devices are obtained for a
RE concentration of 0.2% metal atoms. The maximum efficiency has been
obtained for the sample containing 0.2 % Er metal atoms (8.7%). The analysis
of the experimental data and a survey of the available literature suggest that
RE cations in the anatase lattice produce two conflicting effects that affect
DSSC performances: (i) defect-mediated electron scattering due to the lattice
distortion induced by the impurities (and scattering with the impurities
themselve); (ii) the suppression of natural oxygen defectivity, which reduces
intra-gap trap states in anatase improving the electron diffusion length. While
for Pr3+ and Nd 3+, being largest ions of the series, the first effect prevails,
decreasing the performances of the DSSC devices in comparison with pure
TiO2, the opposite is true for heavier cations havier than Sm. In fact, Gd, Er,
Yb and Sm itself produced a substantial increase of DSSCs energy conversion
efficiency.

• HiPCO SWNTs of enriched chirality can be prepared in a sufficient amount to
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be used in DSSCs photoanodes by modifying the chromatographic procedure
originally proposed by Liu et al.. The concept of "gel overloading" can be
effectively exploited to produce chirality selected SWCNTs with a single
SEGC column pass. Enriched tubes of (6,5) and (7,3) at purities 93 and
87% have been obtained in a single pass. The procedure was adjusted for each
CNTs batch composition but is potentially applicable even to "homemade"
small diameter semiconducting tubes. For the first time chirality selected
CNTs have been used as photoanodic (and cathodic) materials for DSSCs.
Two single chirality ((7,3) and (6,5)), two dual mixed chirality ((6,5/6,4)
and (7,3/6,4)), and a thirty chirality mixed film were employed as charge
collection layer underneath nanostructured the TiO2 semiconductor (a com-
mercial P90/hierarchical mesoporous spheres double layer). Using single
chiralities in the photoanode improved the overall (81% for the (7,3) and
37% for the (6,5) compared to the cell employing mixed chirality tubes. The
efficiency improvement is mainly due to the "Schottky-like" barrier height
tuning at the TiO2/SWCNTs/FTO interface that prevents trap mediated
electron/electrolyte recombination and promotes the charge injection from the
dye LUMO to the TiO2 conduction band. Furthermore, exclusion of metallic
tubes from the photoanodes limited the catalytic effect of CNTs toward the
triiodide reduction reaction, that constitute the main recombination process
in DSSCs. Also the competition between the N-719 dye and the SWCNTs
for light absorption was reduced by using the (7,3) chirality only because
single chirality films absorb light at a single wavelenght and do not overlap
the maximum absorption of the dye. Besides, (6,4) chirality was ruled out
as a useful cirality for DSSCs applications. Unfortunately, the cells energy
conversion efficiency has been strongly limited by the shunts caused by the
contact between the cnts and the electrolyte. Further investigations concern-
ing shunt resistance improvement (i.e. by spray pyrolysis deposition of a
compact layer of TiO2 to protect the SWCNTs film from the electrolyte) are
being conducted.
Finally, the catalytic effect of CNTs for triiodide reduction was exploited to
produce DSSCs counter-electrodes with thirty chirality mixed and pure (6,5)
films. The mixed film cell, with presence of metallic species, performs well
as the Pt based DSSC in terms of quantum efficiency; however, the higher
series resistance (comprised of a ohmic and a charge transfer component)
caused by the semiconducting tubes depresses the fill factor and translates
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into decreased DSSCs’ performances. On the other hand, the slow kinetics of
dye regeneration makes the electron recapture by the oxidized dye the main
efficiency limiting process of the cell containing the (6,5) tubes.



Chapter 10

Iron Colorimetric sensors and
electrochromic devices

10.1 Iron Colorimetric sensors

Figure 10.1 illustrates the characterization of the Fe(L)2 (deposited as SAM)
on FTO coated glasses and hydrophilic quartz surfaces. STM analysis shows
that the roughness of the Fe(L)2 functionalized FTO coated glass surface (see
figure 10.1 (E)-(H)) is very similar to that of unfunctionalized FTO coated glass
(see figure 10.1 (A)-(D)), which suggest the formation of a monolayer. The
embedding of the terpy-metal complex on the quartz or FTO coated glass surfaces
can be easily observed by the naked eye. On the other hand, when only (L) is
adsorbed on the FTO surface no visible color can be detected. However, UV-vis
spectroscopy can be used to effectively monitor the adsorption of (L) and Fe(L)2

on hydrophillic quartz (see figure 10.1 (J)). (L) self assembled monolayers on
quartz (black curve) and Fe2+ treated (L) self assembled monolayers (exposed to
Fe2+ after the ligand deposition, red curve), show peaks in the Uv region but no
absorption bands in the visible. Hence, (L) pre-deposition on flat surfaces and
its successive treatment with a 0.1 mM Fe2+ ions solution does not result into
the formation of the on flat surfaces. On the contrary, if Fe(L)2 is formed in
solution from (L) and iron(II) perchlorate hydrate (or FeCl2) and then is deposited
on the quartz slides, a significant increase of the intensities at 287 and 332 nm
as well as the appearance of the MLCT peak at 569 nm occur (green curve in
figure 10.1 (J)). The red shift of the on-surface Fe(L)2 monolayer with respect
to Fe(L)2 in aqueous solution (278, 321 and 560 nm, respectively) stems from
the change in the microenvironment of Fe(L)2 in the two different media [426].
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Hence, functionalization of flat, non-nanostructured, oxides surface is not a suitable
approach for developing solid state Fe2+ colorimetric sensors and detection kits.
Further characterization of the Fe(L)2 complex deposited on FTO coated glass
surfaces by XPS (10.1 (I)) verifies the presence of iron, nitrogen, carbon and
phosphorous on the surface within ratios close to the molecular stoichiometry. The
binding energy of any XPS peak depends on the oxidation state of an element
and on its binding sites on the surface (chemical surroundings). Thus, the binding
energy of the Fe 2p3/2 peak is located at 709.6 eV; and that of Fe 2p1/2 can be seen
at 722.1 eV. Both peaks constitute "fingerprint"-like features for the ferrous ion.
The N 1s peak at 400.9 eV is evidently associated with aromatic nitrogen, which
provides the electron lone pairs to form the complex. The C 1s peak is centered
at 286.0 eV, which is in good agreement with aromatic carbon. An asymmetric
broad peak observed at 133.6 eV is due to the overlapping between P 2p3/2 and
and P 2p1/2 components, which is characteristic for phosphonates [395]. A possible
explanation to the lack of formation of Fe(L)2 starting from the ligand anchored
on the oxide flat surface (FTO and hydrophilic quartz) and Fe2+ in solution lies in
the (L) close packing on the substrate surface. In fact, as stated before, the surface
area occupied by one Fe(L)2 molecule is 1.43 nm2, whereas a single (L) occupies
0.81 2 (that corresponds to a ligand surface concentration of 1.23 molecules per
nm2). This indicates that (L) forms well-ordered and densely packed monolayers
on relatively smooth surfaces and thus, due to the intermolecular π-π interactions,
the rotation of the terpy moieties anchored to the surface is limited. Reduced
flexibility of the terpy moieties on the surface, in turn, restricts the participation
of two neighboring surface anchored ligands in the complex formation. Hence,
experimental evidence suggests that when a nanostructured high specific surface
area support is functionalized with (L) a certain fraction of these molecules might
be available for Fe(L)2 complex formation. Furthermore, support’s mesoporosity
is supposed to provide the ligand with multiple harboring sites within the pores
structure. Modification of commercially available titanium (IV) oxide anatase
nanopowder by (L) followed by treatment of the functionalized (L)-TiO2 anatase
nanopowders with Fe(ClO4)2 solutions results in significant color change (figure
10.2 (A) and (B) insets). Morphology and particles size, around 25 nm, of anatase
nanopowders is not affected by (L) functionalization and Fe2+ adsorption as shown
in figure 10.2.
To turn these observations into an operative iron (II) sensitive colorimetric device,
commercial "benchmark" P90 powders (see Figure 10.3) were used to prepare



CHAPTER 10. IRON COLORIMETRIC SENSORS AND ELECTROCHROMIC DEVICES240

Figure 10.1: Representative STM images for flat substrates : (A-D) bare FTO
coated glass and (E-H) SAM-Fe(L)2 on FTO coated glass slides. (I), representative
XPS data for SAM-Fe(L)2 on FTO coated glass slides: Fe (2p), N(1s), C (1s), and
P (2p). The black line shows the experimental data, while the red lines are the
overall fitted spectra. (J) UV-is spectra (on hydrophilic quartz) of as-deposited
SAM-L (black), followed by its step by step treatment with Fe2+ aqueous solution
(red) and solution of L (blue) show no significant change of the spectra suggesting
no Fe(L)2 complex formation. In comparison, UV-vis spectrum of Fe(L)2 complex
pre-formed in solution and then deposited as a SAM on quartz surface (green)
shows a distinguishable characteristic peak at 569 nm.

α-terpineol/ethyl cellulose pastes to screen print on a 1x1 cm squares on RCA
treated soda-lime glasses. Films were thermally treated in air to remove the organic
binder and promote particles sintering. One, three, and six layers (2µ each) were
screen printed one by one to increase the volume of the detecting "cell" thus tuning
the detection range. When prepared, layered screen printed P90 TiO2 films were
functionalized via immersion into a 0. 0 65 mM aqueous solution of (L) for 1 h
followed by washing with isopropyl alcohol (with 3 mL for three times) and dried
by a stream of air as described in the experimental part. The resulting sensing
strips were treated with 150 µL of 45 ppm aqueous Fe2+ solution. All sensing strips
turned deep magenta with comparable intensity as shown in figure 10.4. These
results confirm that a terpy derivative chemisorbed on a nanostructured oxide can
detect Fe2+ in aqueous solutions. However, we believe that small particles size
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Figure 10.2: Representative TEM images of commercial TiO2 anatase nanopowder
functionalized with (L) before (A) and after (B) treatement with Fe2+ aqueous
solutions. (C), proposed interaction mechanism of Fe2+ with (L) molecules bound
to the TiO2 nanopowder surface.

(typically 15 nm, see figure 10.3) of P-90 "excessively" favors particles sintering. For
example, a 6 layers screen printed P-90 film 1 possesses, after thermal treatment,
an SSA equal to 58 ± 2 m2/g which is 38% shy of the specific surface area of the
bare (untreated) P-90 powders (94 ± 2 m2/g). Hence, particles sintering in the
films shallow layers can result in the formation of surfaces where diffusion through
the layers is impeded. As such only a reduced amount of surface remains accessible
for the functionalization by the molecular receptor (L), which is active in metal
ion recognition. As a result, P-90 TiO2 based screen-printed materials do not allow
for reasonable control of sensitivity since no signifcant difference in color intensity
was observed between one and multiple (up to 6 layers) screen printed films.

To validate our hypothesis concerning the role of high SSA and porosity in
creating a suitable scaffold for (L) chemisorption and sensitive Fe2+ colorimetric
detection, we screen printed pastes comprised of the mesoporous titania beads
as active filler. A well tunable thickness was achieved by layer by layer printing
employing the "high resolution" T 90 screen mesh (see figure 10.5). Needless to say,

1The film was thermally treated and then mechanically removed (scratched) to allow specific
surface area measurements on the resulting powders. The high temperature treatment (up to 500
oC, see chapter ??) ensure the complete removal of the ethyl cellulose binder.
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Figure 10.3: TEM micrograph of the P-90 TiO2 powder (by Evonik, Germany)
used to screen print the iron (II) detecting "cells" shown in figure 10.4).

titania beads benefit from extended porosity and an almost monodisperse pore size
distribution that allows to accomodate plenty of (L) molecules on a curved and
indented surface favoring the proper geometrical arrangement for the octahedral
coordination of Fe(II) by two (L) molecules. Furthemore, beads’ sub-micrometric
spherical shape enhance thermal stability and prevents immoderate particles sinter-
ing leading to surface plugging and inaccessibility to the film’s inner layers by the
ligand. Thus, better water (carrying (L) or the ferrous ions) diffusion on the film
could be exploited for quantitative Fe2+ detection. Hence, dropwise addition of
150 µL of a 45 ppm aqueous solution of Fe2+ on 1, 2, and 3 layered screen printed
films of mesoporous titania beads resulted in rapid color change from white to three
different shades of purple (see figure 10.5). These observations seem to verify that
SSA (and particles size) and porosity are important factors allowing for modulation
of sensitivity and better quantitative analysis.
Three layered (6 µm height) screen printed films of mesoporous TiO2 beads func-
tionalized with (L) were further investigated to determine the detectable Fe2+

concentration range. Applying 150 µL of 0.2 ppm, 2 ppm, and 45 ppm Fe2+ solu-
tions to the detecting films resulted in the appearance of a peak at 560 nm on the
diffuse reflectance UV-vis spectra (10.6). A slight colour change occurs in the case
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Figure 10.4: P-90 "cells" for iron (II) colorimetric detection. From left to right: 1,
2, and 3 layers. Cells’ color doesn’t show any significant intensity change as the
number of layers (thickness) is increased.

Figure 10.5: Profilometry curves of the mesoporous titania beads films deposited
and sintered on RCA treated (basic piranha) substrates showing a thickness of 2
µm per printed layer. Inserts: images of corresponding films after application of
150 µL of 45 ppm aqueous Fe2+.

of 0.2 ppm ferrous perchlorate solution; but the colour change observed when 2 ppm
and 45 ppm solutions were used could be easily distinguished by the naked eye. The
fact that 0.2 ppm and 2 ppm of Fe(II) are detectable spectrophotometrically and
colorimetrically, respectively, is important in terms of applications. According to
the U.S. Environmental Protection Agency secondary drinking water standard and
Guidelines for Canadian drinking water quality, maximum contaminant level of iron
is 0.3 ppm. The United Nations Food and Agriculture Organization recommends a
level of 5 ppm for irrigation waters. On the other hand, iron in groundwater (in
ferrous form) varies from 0.1 to 10 ppm [427]. Needless to say, the development of
inexpensive, reusable and reliable materials which are able to rapidly detect iron in
field conditions is in high demand. Also, portable litmus paper-like colorimetric
sensors for semi-quantitative analysis by means of a smartphone accessory and
a app [428] are attractive for large scale diffusion of aqueous ions detection. To
ensure our detecting films can be used as a material for Fe2+ determination, certain
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Figure 10.6: Diffuse reflectance UV-vis. spectra and optical photographs of meso-
porous titania beads screen printed films (3 screen printed layers) functionalized
by (L) before and after treatment with 150 µL of aqueous Fe2+ solutions. The
characteristic peak at 560 nm verifies the formation of the Fe(L)2 complex.

amounts of aqueous Fe2+ solutions were added to each film creating an appropriate
colour wheel (see 10.7) The resulting color wheel is consistent with our expectations:
the color intensity depends on the amount of Fe2+ added. This permits the visual
quantification of iron cations in aqueous solutions ranging from 0.3 ppm to 5 ppm.
To investigate the detecting films’ selectivity towards Fe2+ in the presence of poten-
tially interfering ions, an aqueous solution containing Na+, ,Fe2+, Cr3+, Sn2+, Ca2+,
Li+, Co2+, Mg2+, Cu2+, Cs+, Ni2+, Ba2+, K+, (5 ppm each from chloride sources)
was prepared and portionwise applied to the detecting films. Figure 10.7(A) clearly
shows that the detecting films treated with the multiple ions solution have a similar
color intensity to those treated with solution containing solely Fe. This shows that
the material is highly selective for Fe2+ determination probably because of the
higher stability of Fe(II)(L)2 complex compared to terpy coordination compounds
with other metal ions and because of the high molar extinction coefficient of the
560 nm MLCT transition. In addition, we studied the ability of our screen printed
material to detect Fe3+ ions in the aqueous solutions. Aqueous solutions of Fe
do not result in a change of colour of the detecting film. However, aqueous Fe3+

can be detected if reduced by hydroxylamine to Fe2+ [429] (see figure 10.7 (B)).
Notably, the detecting films can be reused after immersion into a 0.5 mM solution
of ethylenediaminetetraacetic acid disodium salt (EDTA) for 48 h. Iron release from
the films into the EDTA solution can be monitored by the visual colour change
of the films. Figure 10.7 (C) shows the behavior of the color on the films for 10
successive cycles of resetting. No evidence of degradation of sensitivity can be
detected. Increasing the temperature of the EDTA solution to 80 oC reduces the
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Figure 10.7: (A): Color wheel showing the color change of detecting films after
applying varying volumes of aqueous Fe2+ solutions: 0.3 ppm (upper row), 1 ppm
(2nd line from the top), 5 ppm (3rd line), and a mixture of metal ions (including
Fe2+), 5 ppm each (bottom row) see main text for details. (B): Aqueous solutions
of hydroxylamine do not change the colour of the detecting film. Using this reagent
to reduce Fe3+ to Fe2+ allows for the detection of the total amount of iron in
solution. (C): Detecting films can be recovered by EDTA and reused, see main
text for details.

film recovery time to 24 h. However, since to completely reactivate the films is
necessary to readsorb (L) on the mesoporous TiO2 beads film (see ??), EDTA may
coordinate also the Ti4+ in the TiO2 crystal lattice.
XPS analysis of detecting films before interaction with Fe confirms the presence of
N, C, and P of L on the surface (see figure 10.8 (A)). The sharp (with full width at
half-maximum(FWHM) of 1.9 eV) N 1s peak is centered at 400.0 eV. The C 1s peak
is centered at 285.8 eV, as expected for aromatic carbon. An asymmetric broad
peak observed at 133.8 eV is characteristic for P 2p. The N:C:P ratio of 2.5:17.4:1.0
is close to 3:15:1 of (L) molecular stoichiometry. When 110 µL of 5 ppm aqueous
Fe2+ solution was applied to the detecting film (see figure 10.8(B)) the appearance
of two new peaks was observed. The peaks with the binding energies of 709.9
eV and 722.4 eV are characteristic for Fe 2p3/2 and Fe 2p1/2 of Fe2+, respectively.
Interestingly, the P 2p peak position remains unchanged within the experimental
error (133.8 eV) after Fe2+ solution application. On the other hand The C 1s
peak is insignificantly shifted to 286.1 eV. The N 1s peak undergoes a significant
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Figure 10.8: Comparative X-ray photoelectron spectra of (L) anchored to meso-
porous TiO2 screen-printed films A: before and B: after application of 110 µL of 5
ppm aqueous Fe2+ solution.

change and now can be deconvoluted using a Powell peak fitting algorithm with
FWHM of 1.3 eV yielding a peak centered at 400.0 eV and a new peak centered
at 401.1 eV. This value is close to 400.9 eV, which was observed for the Fe(L)2

complex deposited on the FTO surface (see figure 10.1(I)). The P:Fe ratio is 1:0.01
suggesting that as expected, only a fraction of L molecules are able to form the
Fe(L)2 complex. However, assuming that the complex formation takes place not
on the flat surface, but inside the pores, the iron content can be underestimated
due to the signal attenuation.

10.2 Electrochromic devices

Figure 10.9 illustrates the kinetic chemisorption study intended to determine the
amount of (L) molecules grafted onto the ITO NPs surface. Indirect determination
from the UV-Vis spectroscopy analyses proved that a monolayer of the phosphonic
acid-modified terpyridine ligand (L) forms on ITO NPs surface in less than 5
hours. In fact, the absorbance of (L) remaining in the aqueous solution reaches a
stationary value within 4 hours. Furthermore, the amount of ligand deposited on
the ITO nanoparticles effectively correspond to a monolayer grafting density of 1.5
molecules per 1 nm2, which is close to a single crystal packing density [22]. Indeed,
the amount of L in the solution that remains after 2 h of deposition was calculated
for the solution ab-sorbance at λ = 233 nm, λ =281 nm, and λ =322 nm to give
1.50±0.03x10−6mol. Then the amount of (L) deposited on 400 mg of ITO NPs is
9.904x10−6mol. Thus 1g of ITO NPs will adsorb 2.47x10−5mol of (L). Keeping in
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Figure 10.9: Uv-vis spectroscopy analysis reflecting the decrease of (L) concentra-
tion in the solution when treated with ITO NPs. The peaks at 322, 281 and 233
nm correspond to different intra-ligand transitions.

mind that the specific surface area of ITO NPs after the high temperature treatment
necessary for the screen printed film’s particles sinteringis 10.2 m2/g (see Figure
10.10), 2.47x10−5 mol of (L) will be deposited into the surface of 10.2 m2. This
corresponds to 1.49x1019 molecules deposited on 10.2 m2. Thus the surface area
occupied by one molecule of (L) is equal to 0.68 nm2, which is which is close to a
single crystal packing density (0.7 nm2). In addition, TGA of (L)-functionalized
ITO NPs shows a weight loss of 0.78% (see Figure 10.11) that is in a good agreement
with Uv-vis data and confirms the formation of a monolayer of L on the ITO NPs
with a relatively small surface area. The spectrophoelectrochemical test results
reported in figure 10.2the feasibility of using nastructured oxides functionalized
with a monoloyer of terpyridone ligand.

10.3 Conclusions

A TiO2-based screen printed material suitable for selective Fe2+ detection in
aqueous solutions was implemented by exploiting the knowledge acquired during
the research stage concerning nanostructured materials for DSSCs photoanodes.
The colorimetric sensor relies on the large affinity of phosphonic acid modified ter-
pyridine, namely 2,2’:6’,2"-terpyridin-4’-ylphosphonic acid or (L), for oxide surfaces
and on the specific MLCT transition occurring upon the formation of the Fe(II)L2

complex. Although (L) adsorbs also on flat surfaces like FTO coated glass and
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(a)

(b)

Figure 10.10: BET linear fit of ITO nanoparticles before (a) and after annealing.
Specific surface area slightly increases (from 6.09 to 10.2 m2/g) upon thermal
treatment. The effect is the result between the fine comminution brought about by
the prolonged ball milling needed for the screen printing paste preparation and the
particles necking provoked by the film’s annealing.
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Figure 10.11: Thermal gravimetric analysis in air of L grafted ITO NPs.

hydrophilic quartz, the close molecular packing stemming from the formation of
dense (L) self assembled monolayers impede the FeL2 generation in presence of
Fe2+ precluding iron (II) determination from solutions. On the other hand, nanos-
trucured TiO2 (or other oxides) surfaces gurarantee proper terpyridine molecules
orientation for Fe(II) coordination. Indeed, the formation of the Fe2+ complex on
nanostructured P-90 TiO2 thick films led to signifcant colouring of the material.
However, because of excessive particles sinterization due to the small crystallites
size, P-90 did not turned out to be a suitable material for ultra-sensitive Fe2+

colorimetric determination. Conversely, the surface energy minimization brought
about by the titania mesoporous submicrometric beads successfully employed as
scaffold material for N-719 sensitization of DSSCs photoanodes, allowed for Fe2+

colorimetric detection down to 0.3 ppm. Furthermore, the stability of FeL2 com-
pared to other transition metals terpyridine complexes, in conjunction with the
high molar extinction coefficient of the 560 nm MLCT transition, permitted Fe2+

selective determination also in presence of 13 other metal cations. Finally, sensor’s
reversibility was proved by regenerating the TiO2 films through the addition of
EDTA. Hence, titania-terpyridine materials are expected to be useful for iron
fast detection in different fields (irrigation water, drinking water, printed circuits
industry, etc.). Moreover, the current research aiming at the integration of the
colorimetric sensor on microwaves RFID tags and the eventual use of microfluidic
devices should open up the possibility of remote iron detection.
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(a)

(b)

Figure 10.12: (a) Example of "time driven" absorbance spectrum (at 560 nm) for an
electrochromic device relying on the ITO-Fe2+/3+(L)2 system. Electrical potential
allows the device to switch from the iron (III) colorless state (3V) to the iron(II)
purple state (-1V) as verified by the absorbance spectrum collected at 560 nm and
figure (a) inset. Film’s yellow color when iron is in the 3+ oxidation state stem
from the ITO film rather than the Fe(III)(L)2 complex. (b) Complete Uv-Vis.
spectra (800-320 nm) for the electrochromic cell in the two different oxidation states
(colored Fe(II) and colorless Fe(III)).

A "spin-off" of the original research on colorimetric sensors is constituted by
(L)-functionalized ITO thick films for electrochromic device. The electrochromic
effect was verified also for scaffold possessing a low specific surface area (i.e. 10 m2)
Investigations on reversibility of the color change triggered by the conversion the
electrochemical converion of Fe(II)(L)2 to Fe(III)L2 are in progress.



Chapter 11

Microstrip devices (Microwaves
resonators

11.1 Iron sensitive antenna

The antenna modified with the ITO film was characterized in the microwave
frequencies by measuring the reflection coefficient (return loss) at the feed port using
(S11 is the scattering parameter measured) a Vector Network Analyzer (Agilent
E8361A). Return loss plots for the antenna sensitized only with the ligand (L) and
with the Fe(III)(L)2 complex are reported in figure 11.1. Fe3+ adsorption causes
a resonant frequency of 710 MHz with respect to the antenna possessing only the
ligand chemisorbed on the ITO film surface. Such a shift is presumably due to
the paramagnetic properties of the Fe(III)L2 complex. Further investigation are
currently being conducted to verify the dependence of resonant frequency on the
magnetism of the metal-terpy complex. For instance, Fe(II)(L)2 is a diamagnetic
compond because of the absence of unpaired electrons in a d6 low spin configuration.
Thus, magnetic permeability and resulting film’s inductance are supposed to differ
from the Fe(III)L2 case. However, Fe2+ absorption on the ITO polymer thick film
is complicated by the presence of the binder and most importantly by the acid
groups chemisorbed on the ITO (see Figure 11.2). In fact, carboxylic groups from
the dispersing agents can oxidize Fe(II) to Fe(III).
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Figure 11.1: Return loss (S11 scattering parameter) for a microstrip patch antenna
comprised of etched copper traces and ITO screen printed film loaded either with
(L) or with Fe(III)(L)2. The latter obtained by adsorption of Fe3+ on the ITO film
sensitized with (L).

11.2 Graphene and MWCNTs loaded antennas

11.2.1 Materials characterization

FE-SEM analysis

Graphene morphology (NIT Graphene Nanoplatelets GNPC97, Nanoinnova,
Spain) was investigated by field emission scanning electron microscope (FESEM,
Zeiss Merlin). Due to its consistence as fine black powder, precautiosn were
taken in order to avoid its dispersion in air during the characterization. FESEM
analysis allows for morphological characterization of graphene aggregates and layers.
Selected representative images are depicted in figure 11.3. Low magnification
(fig. 11.3(a)) micrographs show three-dimensional agglomerates made of graphene
sheets. Figure 11.3 (a), provides further details of such a multilayered structure
comprised of graphene flakes stacked together. Other examples concerning the
presence of multi-layered nanostructures were collected at increasing magnification
and are presented in figures 11.3 (c) and (d). From these micrographs is possible
to estimate a thickness of staked graphene planes of about 50 nm. Hence, a high-
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(a)

(b)

Figure 11.2: Thermal analysis of FR-4 substrate (a) and ITO paste performed
in air. Copper foils were removed from a conventional FR-4/copper double-sided
laminate by CuCl2 etching. Composite material decomposition begins at around
280 oC and is accomplished at around 560 oC where only glass fibers are left. On
the other hand, ITO paste thermogram shows a continous evaporation of solvents
(α-terpineol, 2-(2-butoxyethoxy)ethyl acetate, and 2-buthoxyethanol) from 60 to
about 220 oC that at the higher temperatures overlaps with the binder combustion.
PVB is completely burned off at 480 oC.

power disgregation procedure was chosen for the preparation of the screen printing
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Figure 11.3: Graphene powder FESEM micrographs collected at different magnifi-
cations.

graphene ink .
As an example of thick film morphological characterization, figure11.4 shows the
FESEM images of MWCNTs screen printed films on FR-4 substrate. The MWCNTs
possess nominal external diameter and length equal to 35 nm and 10 µm, respectively.
The CNTs are uniformly entrapped into the binder (ethyl cellulose) matrix in a
bird nest-like morphology.

11.2.2 Raman analysis

The Raman spectrum of graphene powder is reported in figure 11.5. The
Raman spectrum of carbon materials is usually comprised of two relevant frequency
(wavenumber) ranges with different features; the first features’ set is located in the
range of 1000-1700 cm−1, is related to the G and D bands of carbon [430], [431].
These features are used to estimate material’s defectivity (D) and graphitization
grade (G), respectively. The G band is associated with the E2g vibration mode of
graphite and is characteristic also of polyaromatic hydrocarbons. In fact, it is due
to he bond stretching of all pairs of sp2 atoms in both rings and chains. In perfect
graphite, the G band is the only one that can be found in the first-order region.
For less ordered carbon materials, additional bands appear in the first-order region
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Figure 11.4: FESEM images (at different magnifications) of a MWCNTs thick film
deposited on FR4 substrate from a paste containing ethyl cellullose and castor oil
dispersed in 80/20 wt% α-terpineol/NMP mixture.

Figure 11.5: Raman spectrum of the Nanoinnova graphene used for microstrip
patch antenna resonator

at around 1350, 1500, and 1620 cm−1. The 1350 cm−1 band, commonly called the
defect band or D band, is frequently attributed to an A1g mode or to the breakdown
of translational and local lattice symmetries. The 2200-3500 cm−1 spectral range
contains the second-order Raman spectrum. In this frequency region it is possible
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Peaks ratios Value
ID/IG 0.21
ID/I2D 0.15
I2D/IG 1.43

Table 11.1: Raman peaks’ ratio for the graphene employed in the microstrip patch
antenna fabrication.

to identify the D vibration mode overtones, namely 2D, the second-harmonic, and
the second order product of the D and G peaks. Graphene’s quality estimation
can be carried out by analyzing the shape and intensity ratio of fundamental and
intermodulation peaks. Table 11.1 reports the peaks’ intensity ratio obtained from
peaks’ area. The low intensity of the D peaks compared to the G ones testifies the
good quality (low defect content) of the graphene used for the screen printing paste
preparation. A shoulder on the left of 2D peak indicates a multilayer structure
[432], [433] as confirmed by the FESEM investigation.
Figure 11.6 illustrates the Raman spectrum of the MWCNTs used fot the antenna
fabrication. It is worth noting that in this case the secon-order region is characterized
by a quite broad and weak G’ peak typical of disordered materials. As expected,

Figure 11.6: Raman spectrum of the MWCNTs under investigation for microwaves
devices applications.
Table 11.2 reports the sheet resistance values for the ethyl callulose binder, the

12.5 wt% and the 25 wt% graphene films.

the ethyl cellulose binder behaves like a lossy insulator with sheet resistance on the
order of magnitude of few hundred MΩ. Low amounts of graphene (12.5 wt%) do
not reach the percolation threshold and the film resistance is dominated by the EC
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Sample Onelayer Two Layers
Ethyl cellulose (binder) > 108 > 108

12.5 wt% 2x107 2x106

25.0 wt% 652 340

Table 11.2: Sheet resistance (Ω/�) of different thickness graphene films. The
thickness of each layer is approximately 5 µm. The higher sheet resistance compared
to the data reported in figure ?? for the MWCNTs is due to the CNTs’ higher
apect ratio and to different inks viscosity leading to thicker films for the carbon
nanotubes paste.

contribute. Thus, 12.5 wt% graphene films behaves similarly to the binder. On
the other hand, by doubling the graphene loading (25 wt%) the sheet resistance
drops by six orders of magnitude. Needless to say, it can be further decreased by
inceasing the number of printings and curing the films for longer time.
Impedance spectroscopy Nyquist plots of the graphene films (12.5 wt% and 25
wt %, two layers) are shown in figure 11.7. Measured data were fitted with the
frequency response of two series-connected parallel RC circuits, predicated on the
dielectric response of lossy insulators (ethyl cellulose) and the resistive-capacitive
behavior of graphene flakes (due to graphene’s chemical capacitance and electron
diffusion resistance [?], [434], [435]). The 12.5 wt% graphene film essentially reflects
the binder’s insulating behavior (only a negligible contribution from graphene is
detectable in the Bode plots, not shown). Hence, Nyquist plot for 12.5 wt% graphene
loading (figure 11.7 (a)) can be fitted by a single parallel RC circuit representing
the binder’s dielectric losses. Low frequency data dispersion (scattering) has been
already reported for "graphene like" exfoliated insulators and justified in terms of
flicker (1/f) noise [436]. It is worth noting that binder’s capacitance component
stays the same regardless of graphene loading (Cbinder 12.5wt% = 5.79x−10 F; Cbinder
25wt% = 5.95x10−10 F). On the other hand, the 25 wt% graphene film clearly
shows an additional high-frequency parallel RC feature in the Nyquist plot (figure
11.7 (b)), ascribable to randomly distributed graphene sheets distributed within
an insulating binder matrix. These nanoplatelets possess a chemical capacitance
Cµrelated to their density of states. Graphene’s Cµ extrapolated from the nonlinear
fit of the impedance data is one order of magnitude lower than the binder value
(Cgraphene25 wt% = 7.06x10−11 F).
The measured S-parameters (only the transmission coefficient S21 is shown for
brevity 1 of the graphene loaded microstrip line of figure 8.9 are displayed in

1As briefly mentioned in chapter 6 in a two ports microwave system the transmission coefficient
coincides with the S21 scattering parameter and it is related to the insertion loss (IL) like the return
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(a)

(b)

Figure 11.7: Nyquist plot for the 12.5 wt % (a) and 25 wt % (b)

figure 11.8 (a) and (b). the 12.5 wt% graphene film acts like the EC binder
. It is not surprising that an unfilled gap has similar low transmission as the
binder, thus confirming its insulating behavior emerged from the low frequency
impedance spectroscopy measurements. On the other hand, the 25 wt% graphene
film shows a marked increase in transmission across the gap due to reduced sheet
resistance. A high frequency circuit model can be derived from ADS simulations
on the basis of the measured S21 (see figure 11.9). Good corroboration is observed
between the circuit model and the measurements over a 3 GHz bandwidth. The
symmetrical circuit topology of the ADS model for the 25 wt% graphene film is
shown in figure 11.9. The resistance (R) in the series path accounts for printed film
losses due to graphene sheet resistance and ethyl cellulose binder dielectric losses.
(R) turned out to be 400 Ω which is compatible with graphene high conductivity

loss is related to the reflection coefficient Γ (S11). In fact, IL = -20log |S21||; RL = 20log |S11|
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(a)

(b)

Figure 11.8: (a), S21 (transmission coefficient) for various loadings configurations.
(b), measurements (solid line) and simulations (dotted line) of binder and 25 wt%
graphene films (b).

and relatively low ethyl cellulose dielectric losses. Indeed, the substitution of H
on some oxydrilic groups of the glucose building units with the CH3-CH2- group
reduces dipolar relaxation compared to other cellulosic binders (i.e. cellulose,
cellulose nitrate, cellulose acetate, carboxymethil cellulose, etc.). Furthermore, a
capacitance (C), in parallel to the resistance (R) is necessary to describe film’s
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Figure 11.9: Equivalent circuit model of the 25 wt% graphene printed film. C1, C2,
C3, C4 (C1 = C4 = 90 fF; C2 = C3 = 10 fF) and L1, L2, L3, L4 (L1 = L4 = 67 nH
L2 =L3 = 54 nH) concern the microstrip line rather than the graphene film.

microwave properties. A 0.5 pF value was found for (C) from the fit. Since the
graphene chemical capacitance, does not contribute to the total capacitance at the
microwave frequencies [437], (C) accounts for the 3 mm gap capacitance filled with
EC and FR-4. In fact, graphene naoplatelets act as the electrodes of a "classical"
electrostatic nanocapacitor employing EC and FR-4 as dielectrics. This picture
agrees with data reported in literature. Indeed, different groups (i.e. [368], [438])
reported of the voltage insensitive behavior of pure graphene films deposited on
microwaves microstrips line. If any contribution from graphene Cµ was present films
capacitance should change as a DC bias is applied. On the contrary, Pierantoni et.
all [368], for instance, reported no films capacitance’s change upon the application
of a DC voltage indicating that the graphene chemical capacitance is inactive at the
microwaves frequencies. The shunt capacitors (C1-C4) account for the capacitance
between the microstrip electrodes and the bottom ground plane at the junction with
the film. These series components are due to contact only and not representative
of the graphene film losses. Provided that graphene kinetic inductance due to
plasmons’ motion becomes a relevant contribution to film’s impedance in the THz
frequency range (and at the optical frequencies for metals [439], [34]), L1-L4 don’t
belong to the nanostructured carbon material but rather to the copper microstrip,
RF cables, and connectors conventional "magnetic" inductance.
Experimental and simulated RL data for the microstrip patch resonator with and
without the graphene films is illustrated in figure 11.10. First, the bare resonator
without even the copper stub resonates at 4.91 GHz. The simulated data are in
good agreement with the experimental data. Next, only the stub loaded with



CHAPTER 11. MICROSTRIP DEVICES (MICROWAVES RESONATORS 261

Figure 11.10: Return loss for microstrip patch resonator loaded with different
amounts of graphene. Both experimental data and simulations are reported. "Patch"
refers to the resonator without the 15 mm stub attached to the patch.

an open (or unfilled) gap is introduced and the return loss of the resonator is
measured. Again, good corroboration between measured and simulated data is
observed, with the resonance at 4.12 GHz. This is the baseline geometry used to
study the effect of graphene films inserted across the electrode gap. It is observed
that the resonant frequencies of the device loaded with the 12.5 wt% graphene
and with the binder only are in close proximity due to dominance by the binder
contribution to film capacitance, as explained in before. The resonance shift of
both loadings (binder and 12.5 wt%) with respect to baseline configuration is 65
MHz. On the other hand, the 25 wt% graphene film produces a resonant frequency
shift of 104 MHz, suggesting that a sufficient concentration (above the percolation
threshold) of graphene nanoplateles entrapped into a polymer matrix can act as
nanoscale capacitors modulating the gap dielectric constant.
The quality factor (Q) of a resonator is inversely proportional to the resonance
bandwidth (B) 2, defined as the frequency spread between two points at which the
|RL| > 10 dB (see chapter 6). It is observed that the bare, unloaded patch and the
resonator loaded with 25 wt% graphene have reseaonably close Q values (34. 60 for
the unloaded resonator and 27.03 for the 25 wt% graphene loaded one) , attesting
that the resistive and dielectric losses introduced by the printed film generate

2Resonator quality factor and bandwidth are related through the formula: Q =ω0
B . ω0 is the

center of the resonant frequency.
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neglegible perturbations to the reosonant mode. Therefore, placing the printed
film away from the patch is an effective technique to minimize electromagnetic
losses due to mutual coupling between the two resonator’s elements. This is very
important when graphene films need to be used as detecting material for chipless
RFID sensing. In fact, as described in chapter 6, detection of environmental changes
in the RFID tag surroundings is performed by monitoring the attenuation of the
reader’s signal through the resonator. Hence, high (Q) structures allow to extend
the range of appreciable reader’s signal intensity attenuations leading to higher
detector’s sensitivity.

11.2.3 MWCNTs samples

The previous investigation concerning microstrip patch (antenna) resonators
loaded with printed graphene films focused only on materials electrical properties
leaving out the device trasmitting (and receiving properties) characteristics. On the
other hand, MWCNTs films (12.5 wt %) were employed and tested as structures
capable of shifting the resonant frequency of an antenna without compromising
its radiation properties. Hence, an antenna fabricated as described in section ??
was used as a reference and a three layers thick (thickness ≈ 30 µm corresponding
to a sheet resistance of 105 Ω/�, MWCNTs film was printed in the 3 mm gap
on the stub side. Figure 11.11 presents the RL plots for the reference antenna
and the MWCNTs loaded one. Furthermore, simulated data are also displayed.
The MWCNT printed film was modeled assuming a surface impedance with a
resistance Rs = 105 Ω, and reactance Xs varying between 0 and 2 kΩ [440]. The
patch and the ground plane are treated as perfect electrically conducting (PEC)
media. Considering the experimental return loss, the resonant frequency of the
CNTs containing antenna is shifted of 230 MHz compared to the reference device.
In the simulation, this frequency shift is obtained with a reactance of 1 kΩ for the
film. Simulated and measured resonant frequencies for the MWCNTs device are in
good agreement. The discrepancy in magnitude is probably caused by the fact that
the DC sheet resistance value was used for Rs. Indeed, skin effect is negligible in
direct current and low frequency measurements.
Figure 11.12 The measured gain was 3dBi for the reference antenna and 2.9 dBi for
the MWCNTs loaded one. Hence, the impedance mismatch and radiation losses do
not affect excessively the device’s gain.
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Figure 11.11: Return loss of the reference antenna and of the same devices loaded
with a three layers thick MWCNTs film.

11.3 Conclusions

esided the possible application as LED replacement to indicate the battery (for
active tags) or the IC status for RFID chipped tags, (L)-trivalent iron complex
could be exploited for Fe3+ non-colorimetric detection. Trials of iron (III) detection
predicated on the resonant frequency shift of microwaves resonators (i.e. microstrip
patch antennas) are being conducted. Preliminary results seems to suggest that
the inductance variation caused by the formation of the Fe(III)L2 paramagnetic
complex can produce an impedance change of ITO films inserted into resonators
gaps and a subsequent shift in the resonant frequency.

The second, and last, section of final research stage focused on graphene films
microwave properties characterization and on MWCNTs films as resonant frequency
tuning element for antennas operating in the microwaves C-band. Both topics are
still under investigation.
The characteristics of thick films loaded with graphene were explored. Low- fre-
quency dielectric spectroscopy reveals that low (12.5 wt% upon the screen printing
paste total mass) graphene loadings have about the same capacitance of the ethyl
cellullose binder used for the polymer thick film deposition. Consequently, graphene
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(a)

(b)

Figure 11.12: E-plane (a) and H-cut (b) radiation patterns of reference antenna
and 3-layers loaded MWCNTs antenna.

concentration below the percolation threshold produces negligible film’s impedance
changes. Films comprised of binder alone, as well as binder plus graphene (12.5
wt% and 25 wt%), were printed across the gap of microstrip lines, and experimen-
tally studied as well as using a circuit model. Similarly to the low-frequency case,
the binder behaves as a lossy insulator hindering power transmission along the
microstrip line. A simple lumped elements equivalent circuit predicated on the
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experimental transmission coefficient measurement was introduced to model the
graphene-binder film. Finally, a graphene loaded microstrip patch resonator to be
employed as active element of sensor-enabled chipless RFID tages was fabricated
and characterized for return loss. It is shown that 25 wt% graphene loading pro-
duces a resonance frequency shift of 104 MHz, indicating decreased capacitance
with respect to the unloaded resonator. It was also demonstrated that resonance
quality factors comparable to the unloaded resonator can be achieved if the mutual
coupling between patch and the film is reduced. A similar approach, still based
on confining printed films of carbon materials (MWCNTs) to a small area of the
microwave resonator was used to produce a 230 MHz resonant frequency modulation
in a microstrip patch antenna without excessively penalizing the device’s gain.
Besides the microwave properties investigation of carbon materials (i.e. carbon
black, biochar) thick films employing to temperature removable binders (i.e cellulose
nitrate) possibile future developments of these research branch includes:

• Graphene and CNTS films functionalization with polymers capable of tumoral
markers detection .

• Modification of terpyridine molecules with carboxylic moieties to favor their
chemisorption on graphene and CNTs for ion sensing through microwaves
resonators.

The former research approach has been being currently carried out at the EPFL.
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Chapter 12

Final conclusions and future work

The purpose of the present thesis was to develop low cost nanostructured
materials possessing special opto-electronic properties suitable for a wide range
of applications spanning from inexpensive photovoltaic devices (DSSCs) to re-
usable iron colorimetric sensors, to electrochromic devices, to microwave sensors for
sensor-enabled RFID. During the investigation a few remarkable points concerning
material properties came up:

• Light scattering properties and mesoporosity of sub-micrometric titania hier-
archical beads (i.e HDA route) make them a suitable material for both DSSCs
and colorimetric sensors. In fact, among the different experimented in DSSCs
(stemming from both hard and soft polymeric templating synthetic routes),
the titania hierarchical sphere have proved to increase DSSCs energy conver-
sion efficiency mainly because of their light scattering characteristics. Indeed,
a beads diameter comparable to light wavelengths enhance the dye’s light
harvesting efficiency ηhv (i.e. quantum efficiency improvement in the lower
wavelengths region) that compensate for the relatively high series resistance
(88 Ω) due to the contact between FTO and the mesoporous titanium dioxide.
On the other hand, the intrinsic thermodynamic stability of the beads, brought
about by their spherical shape, was exploited for Fe2+ sensors possessing high
color contrast, low detection limit and high sensitivity with respect to the
amount of Fe(II) to be detected. Indeed, when the beads are deposited as
thick films (3-6 µm) no significant surface area shrinking occurs during the
annealing procedure. Consequently, a wide portion of the mesoporous TiO2

surface remains accessible for (L) functionalization and Fe2+ coordination,
increasing the sensitivity with respect to the number of printed layers. Con-
versely, the high reactivity and sintering ability of commercial P90 TiO2
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renders the printed layers underneath the top one unaccessible to the ligand
and the ion producing practically no thickness sensitivity.

• TiO2 doping with Heavy trivalent Ln3+ ions is a satisfactory approach for
DSSCs efficiency improvement. Rare earth dopants enhance DSSCs efficiency
by impacting on the electron transport properties. In fact, electron life time
is improved compared to the cell comprised by pure anatase photoanodes.
However, the electron diffusion length follows a decreasing trend with the
ionic radius of the dopants. Thereby, the overall energy conversion efficiency
increase for dopants heavier than Sm3+ (Sm3+, Gd3+, Er3+, Yb3+) stems from
the delicate balance between compensation for TiO2 oxygen vacancies deep
traps and electron-dopant scattering.

• SWCNTsâĂŹ chirality separation could be advantageous for device specific
optoelectronic properties tailoring. In the specific case of DSSCs, chirality
enrichment was proved to be effective in adjusting the energy barrier height at
the TiO2/SWCNTs interface, avoring charge injection, preventing recombina-
tion and improving photoanode’s transport properties (i.e reduced DSSC series
resistance). Detrimental effects caused by the direct contact of SWCNTs, and
in particular metallic tubes and the electrolyte manifested as a drastic shunt
resistance decrease compared to the cell without CNTs, due to the catalytic
effect of carbon species toward the triiodide reduction. Nevertheless, an 85%
efficiency improvement was found for the (7,3) cell compared to the DSSC
containing 30 chiralities. In addition the shunt resistance can be increased
by protecting the SWCNTs from the electrolyte by depositing, i.e. by spray
pyrolysis a blocking layer of “compact” TiO2. Although from the theoretical
point of view it would be possible to replace the Pt counter electrode with a
thin layer of chirality pure CNTs, limitations concerning the implementation
of a large scale chirality separation procedure together with the slow electron
from the SWCNTs to the electrolyte make this solution unpractical.

• Phosphonic group modified terpyridine-oxides systems optical properties are
applicable to different electronic devices (sensors, electrochromic devices).
Indeed, the large electronic delocalization stemming from the coupling between
the phosphonic group and the N-aromatic ring give rise to intense MLCT
transitions with high charge density ions (i.e. Ir 3+/4+, Ru 2+/3+ Fe2+/3+).
Furthermore, the extended electronic delocalization allows for good electrical
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communication with the substrate constituted by thick films of ITO generating
a stable electrochromic effect.

• Thick films of carbon materials can be used for resonant frequency “tuning”of
resonators and/or antennas. However no resonators and antennas inductive
(usually responsible for large resonant frequency shift) was identified). In fact,
graphene and MWCNTs entrapped into a polymer binder were modeled as RC
circuit comprised of nanocapacitors. Moreover, graphene films require high
carbon materials loadings (25 wt% to produce appreciable resonators return
loss and insertion loss variations. On the other hand, the higher MWCNTs
aspect ratio permits to achieve a decent film’s conductivity also at 12.5 wt%,
generating microstrip patch antennas resonant frequency shifts on the order
of 200 MHz.

Plenty of new application can be implemented on the grounds of the optoelec-
tronic properties shown by the materials employed for the present research. For
example, the light scattering properties and monodispersed porosity shown by the
TiO2 mesoporous beads can be easily extended to other kind of oxides. Indeed,
instead of producing semiconducting oxides like titanium dioxide, conductive oxides
could be produced by exploiting the hexadecylamine route. For instance, ITO
or AZO (aluminum doped zinc oxide) or ATO (antimony doped tin oxide) can
be synthesized in the forms of beads using the same procedure of TiO2. Hence,
a conductive material capable of light scattering and potentially applicable to
electrochromic devices can be produced. Furthermore, chemical modification of the
terpyridine ligands conjugated to the phosphonic moiety, allow for the production
of new ‘”terpy” based molecules with intriguing light absorption and emission
properties that will find in the TiO2 beads an ideal candidate support for their
integration in solid state devices (e,g OLED). This research field, together with
professor Olena Zenkina is currently being carried out at the UOIT in parallel to the
investigation of new oxides (e.g. AZO) for the production of low-cost electrochromic
devices based also on silanized terpyridine derivative. In addition, TiO2 beads
and other mesoporours oxides thick film can be used in the printed circuit boards
industry for iron detection. Metal clads etching produces large amounts of iron(II)
rich effluents 1 to be treated before disposal. On the other hand, Iron contamination
in the orders of tens of ppm in solder (Sn-Pb), Sn, Ni, Rh and Au electroplating

1FeCl3 is the most employed copper etchant in pcb industry along with CuCl2 and Alkaline
Ammonia
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baths used for PCBs surface finishing and metal resist depositions brings about
dull deposits, poor adherence, surface roughness, etc. Hence, Iron levels control is
crucial in PCB industry. Therefore our mesoporous TiO2-(L) iron detection system
can easily find an application in the electronic industry. Besides, SnCl2, one of
the most used reducing agents in the PCB industry, possesses a redox potential
capable of converting Fe3+ in solution into Fe2+ allowing the total iron content
determination.

Each material originally developed for a specific application found or can found
application in other fields outside the reason for which it was meant for. Also
chirality separated SWCNTs, since have been proved effective in modulating DSSCs
photoanodes conductivity, work function and light absoprtion properties are valuable
candidate as charge extraction layers for high efficiency solar cells like perovskite
solar cells. Another possible application of chirality selected SWCNTs is the tuning
of microwave devices like the graphene and MWCNTs loaded antennas

Finally, once the principle of ions detection through resonant frequency shift
of a microwave resonator has been proved, further investigation concerning its
applicability to different paramagnetic or diamagnetic ions is required.
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