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Abstract

One of the most important challenges for our society is providing powerful devices for energy
conversion and storage. The number of proposed technologies in today’s green and renewable
energy science is large and still increasing: among all the dye-sensitized solar cells (for energy
generation) and Li-ions batteries (for energy storage) have attracted a lot of interest thanks to
the easy fabrication processes and the cheap materials involved.
Great attention has been paid on the investigation of one-dimensional metal-oxide
nanostructures for a new generation of power sources, because of their unique electronic
properties, such as high electron mobility and low carrier recombination rate, high surface-tovolume ratio and excellent surface activity.
Among the large number of semiconductive metal oxide nanostructures, TiO2 and ZnO are of
particular interest due to the fact that they are the best candidates as active materials in
electrochemical devices thanks to their chemical and electronic properties.
Several approaches have been proposed for TiO2 nanostructure synthesis and among them
anodic oxidation is now a well-established technique that can provide large area uniform
nanotubular arrays on Ti foil with relatively high specific surface.
Regarding zinc oxide, many papers report on the synthesis of ZnO nanostructures performed
by means of different techniques. Most of them exploits high temperature processes often
using catalyst particles, requires the presence of a sacrificial template, introduces chemical
contamination or exhibit slow kinetics.
This PhD thesis investigates the fabrication of different metal-oxide nanostructures and their
integration as electrodes into DSCs and LiBs: in particular the work deals with TiO2 nanotube
arrays obtained by anodic oxidation and with ZnO sponge-like films obtained by combined
sputtering/thermal oxidation techniques.
Vertically oriented TiO2 NTs were obtained by anodic oxidation of titanium foil and fully
characterized in terms of stoichiometry, crystalline phase and morphology. TiO2 nanotubes
were tested both in DSC and in LiBs showing improved charge transport properties due to the
1-dimensional structures and a reduced recombination rate (and a subsequent higher carrier
lifetime value) that could be attributed to the reduced presence of defects and trap-sites in the
nanotubes with respect to the nanoparticle-based electrodes.
As competitive alternative to TiO2 nanotubes, porous ZnO films were obtained by a simple
two-step method, involving the sputtering deposition of a sponge-like layer of metallic zinc,
followed by a low-temperature treatment allowing for the complete oxidation of zinc, thus
forming sponge-like ZnO films. Also in this case ZnO nanostructured films were fully
characterized tested both in DSC and in LiBs showing interesting performance. Thanks to the
its 3D nanostructuration, the superimposition of small branches able to grow in length almost
isotropically and forming a complex topography, ZnO sponge-like can combine the fast
transport properties of one dimensional material and the needed surface area usually provided
by nanocrystalline electrodes.
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Chapter 1
Introduction

In this introductive Chapter information on devices for energy production and storage and on
nanostructured metal-oxide semiconductors is provided together with a description of the
structure and the targets of the work. To clarify the scenario in which this work is
contextualized an overview on the worldwide energy demand is reported.

1.1 Worldwide energy demand
“Perhaps the largest challenge for our global society is to find ways to replace the slowly but
inevitably vanishing fossil fuel supplies by renewable resources […]” [1].
With these words Micheal Graetzel, professor at the École Polytechnique Fédérale de
Lausanne and inventor of the dye-sensitized solar cell, deals with the worldwide energy
situation. The need for power is nowadays mainly satisfied by the use of conventional energy
sources based on oil, coal, natural gas and nuclear power that have proven to be highly
effective drivers of economic progress. Unfortunately the environmental impact of most of
these energy sources is tremendous, mainly because of the emission of greenhouse gases,
which causes the increase in the global averaged temperature affecting the equilibrium in all
the ecosystems.
Moreover, the worldwide power consumption (whose 2011 data are reported in Figure 1) is
expected to double in the next 3 decades because of the increase in world population and the
rising demand of energy in the developing countries, leading to an expected planetary
emergency of gigantic dimensions.
In this panorama the potential impact of renewable energy sources is enormous as they can in
principle meet many times the world’s energy demand providing sustainable energy services
based on the use of routinely available, indigenous resources. A transition to renewable energy
systems is likely as the costs of solar and wind power systems have dropped substantially in
the past 30 years, and continue to decline, while the price of oil and gas continues to fluctuate.
1
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Figure 1.1 Global energy demand [2]

1.2 Devices for energy production and storage
The traditional approach to energy supply is based on the generation of huge amounts of
energy in localized production sites and its following delivery for minute use: this causes
significant losses across the distribution net. Typical examples of this approach are petroleum
and coal industry, nuclear power stations, hydroelectric dams, wind farms, and geothermal
power installations. However, for a huge class of applications, like mobile systems, low power
electronic devices or for use in rural area where the electric net is not available, it is always
more interesting to supply a localized energy production. Therefore, the centralized production
of high quantities of energy can successfully be accompanied by a distributed system of
energetic hot spots, able to produce very low amounts of energy, with high spatial density.
Recent studies have revealed that widespread adoption of distributed generation technologies
in power systems can play a key role in creating a clean, reliable energy with substantial
environmental and other benefits [3].
A huge interest lies in the development of energy harvesting systems able to gather low
amount of energy which is usually not collected or dispersed, like for instance in building
integrated solar facades or smart windows. In such case, the efficiency of the single energy
harvester still remains a crucial point, but other aspects gain importance, such as flexibility,
integration in complex systems, and even aesthetics.
Two complementary strategies can be considered to manage energy in energy supply systems.
A first class of devices, as batteries, fuel cells, and supercapacitors, need a finite quantity or a
continuous supply of an active material or fuel to properly work. Devices of this kind can be
classified as non-regenerative power supplies. A second class of tools, as photovoltaic cells,
mechanical harvesters, and thermoelectric devices, do not need any material or fuel to work
and can be classified as regenerative devices. Fig. 1.2 illustrates the technologies that can
support distributed energy esources systems.
2
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The number of proposed devices is large, and still increasing: among all the dye-sensitized
solar cells (for energy generation) and Li-ions batteries (for energy storage) have attracted a
lot of attention thanks to the easy fabrication processes, the cheap materials involved and the
possibility to play an important role in the above mentioned application fields.

Figure 1.2 Distributed energy resources technologies [3]

1.2.1 Dye-sensitized solar cells
Dye-sensitized Solar Cells (DSCs) have received considerable attention since the original
work of O’Regan and Grätzel in 1991, as a cheap and effective alternative for a new
generation of photovoltaic devices [4]. The major benefits lie in the materials and the
technologies needed for DSCs production, such as low temperature and atmospheric pressure
based manufacturing processes, making them compatible with roll-to-roll mass production [5].
Moreover DSCs work effectively even in diffuse light conditions being suitable for indoor
application [6].
The standard DSC structure consists of a TiO2 nanocrystalline layer deposited on a transparent
conducting oxide (TCO) covered glass, a ruthenium complex dye, an electrolytic solution
containing an iodide/tri-iodide (I-/I3-) redox couple and a Pt-covered counter electrode. The
light-to-electricity conversion mechanism starts with the adsorption of visible light by means
3
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of the sensitizer molecules; photoexcited electrons are injected from the dye into the
conduction band of the semiconductor and collected at the anode. The ground state of the dye
is reinstated by electron donation from the electrolyte, while the holes are transported to the
cathode where the Pt layer acts as catalyst for reduction of triiodide. The state of the art
overall energy conversion efficiency under AM 1.5 sun light (100 mW/cm2) is higher than
11% for such system [7] and exceeds 12% employing a porphyrin dye and Co-based redox
shuttle [8]. Although TiO2 nanoparticles (NPs) can provide remarkable harvesting properties
thanks to the high surface area for dye loading, the electron path to reach the conducting
substrate is longer if compared to low-dimensional system, with a higher chance of interfacial
losses [9,10]. For this reason great attention has been paid on the investigation of onedimensional metal-oxide nanostructures for a new generation of power sources, because of
their unique electronic properties, such as high electron mobility and low carrier
recombination rate, high surface-to-volume ratio and excellent surface activity [11, 12].
Zinc oxide is a promising material for the fabrication of DSC photoanodes. Is it possible to
easily grow a great number of one-dimensional ZnO nanostructures like nanowires or
nanorods [13] or more complicated three-dimensional structures such as branched and
dendritic nanowires [14-15]. At present, the photoconversion efficiencies of ZnO-based DSCs
are below 8% [16], so the suggestion of new structures and/or architectures aimed at the
improvement of the cell performances is an exciting challenge.

1.2.2 Lithium ions batteries
Lithium-ion batteries (LiBs) are one of the great successes of modern materials
electrochemistry. Pioneer work with the lithium battery began in 1912 under G.N. Lewis but it
was not until the early 1970s when the first non-rechargeable lithium batteries became
commercially available. Lithium is the lightest of all metals, has the greatest electrochemical
potential and provides the largest energy density for weight. Attempts to develop rechargeable
lithium batteries failed due to safety problems. Because of the inherent instability of lithium
metal, especially during charging, research shifted to a non-metallic lithium battery using
lithium ions [17]. Although slightly lower in energy density than lithium metal, lithium-ion is
safe. In 1991, the Sony Corporation commercialized the first lithium-ion battery.
A lithium-ion battery consists of a lithium-ion intercalation negative electrode (generally
graphite), and a lithium-ion intercalation positive electrode (generally the lithium metal oxide,
LiCoO2), these being separated by a lithium-ion conducting electrolyte, for example a solution
of LiPF6 in ethylene carbonate-diethylcarbonate [18]. Although such batteries are
commercially successful, a further increase of the already reached performances is unlikely
using the current electrode and electrolyte materials. Battery discharge is based on the
diffusion of lithium ions from the anode to the cathode through the current collector. This
moving mechanism is primarily based on diffusion processes: delivering lithium ions to the
surface of the anode, transitioning to and diffusion through the electrolyte, and transitioning to
and diffusion into the cathode. Diffusion is the most limiting factor in high-current discharge
and charge as well as in low temperature performance. In addition, the intercalation and
4
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deintercalation processes create a volume change in the active electrode materials. This
repeated process due to cycling can initiate cracks and can lead to eventual fracture with the
result of unusable active electrode material due to disconnection to the current collector [19].
Efforts in materials processing and manufacturing to increase performance and to manage
unavoidable volume change have been leading toward nanostructured materials.
Nanostructures can accommodate volume change with minimal risk of crack initiation, and
their nano-scaled morphology results in minimal diffusion path lengths [19]. A strong focus is
on packing density to maximize active material content, open porosity to access the
electrolyte, and electronic continuity to guarantee charge exchange to the current collectors.

1.3 Nanostructured Metal Oxide semiconductors
Almost all the energy devices presented in the previous section are limited in their
performances by the properties of the employed materials. The most used semiconductors for
photovoltaic cells are in fact characterized by poor carrier transport properties and narrow
absorption wavelength range which limit the energy-conversion efficiency. Concerning the
second class of devices (batteries, supercapacitors, and fuel cells) they present insufficient
energy/power densities mainly due to the poor charge-and mass-transport properties and to the
required expensive and complicated production processes. For this reason nanostructured
materials are of great interest: they are expected to have a great impact in the fields of
semiconductors, energy and environment.

1.3.1 Nanomaterials applications
Nanomaterials (materials with characteristic dimensions at the nanometer scale) are able to
show completely different properties from conventional bulk ones. The field of energy is one
of the most suitable to exploit the unique properties of these materials. Among the inorganic
semiconductor materials, nanostructured metal-oxide semiconductors have recently invaded
the scientific activity related to devices for energy production and storage, such as thirdgeneration photovoltaic cells and lithium-batteries. These materials can overcome the
limitation imposed by the relatively poor properties of the standard electrodes, showing high
carrier mobility and significantly low charge recombination rates.
Metal-oxide nanostructures are the focus of current research efforts in nanotechnology since
they are the most common minerals on the Earth thank to their special shapes, compositions,
and chemical, and physical properties [20]. They have now been widely used in the design of
energy saving and harvesting devices such as Lithium ion batteries [21, 22], fuel cells [23, 24],
solar cells [25, 26], and even transistors/FETs [27, 28], Light emitting devices (LEDs) [2930], hydrogen production by water photolysis and its storage [31, 32], water and air
purification by degradation of organic/inorganic pollutants [33, 34], environmental monitoring
by their applications in the fabrication of gas, humidity and temperature sensors [35, 36] and
photodetectors [37]. Nevertheless they have also applications in biological and medical
sciences such as drug delivery, fluorescent imaging and bio labeling [38, 39]. Oxides of
5
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transition metals have strong ferromagnetism properties with high Curie temperature and are
used as magnetic read, write heads and data storage devices [40]. Transition metal doped
active oxides such as ZnO, CuO, TiO2, Al2O3 [41] are called diluted magnetic semiconductors
and are applicable in the fabrication of spin based electronic devices. SnO2 nanomaterials are
regarded as one of the most important sensor materials for detecting leakage of several
inflammable gases owing to their high sensitivity to low gas concentrations [42]. Indiumdoped tin oxide (In:SnO2, ITO) film is an ideal material for flat panel displays because of its
high electrical conductivity and high optical transparency [43], and ZnO is regarded as an
ideal alternative material for ITO because of its lower cost and easier etchability [44].
Besides the great application potential, oxide-based nanomaterials such as ZnO and TiO2 have
recently revolutionized the nanomaterials research because of the availability of soft chemical
synthesis.
The application of semiconductor oxide nanomaterials into the dye sensitized solar cells
structure could lead to several advantages optimizing the mesoporous active layers and
demonstrating the possibility to achieve high solar conversion efficiency. However, the
attainment of sufficiently high efficiency values is still limited by consistent losses during
photoinduced charge separation and charge transport across the electrode.
An important problem related to energy storage is the one of consumed batteries and
accumulators. Also in this case the implementation of nanomaterials could help improving the
device performances. For example MO nanostructure could significantly increase the specific
capacity of traditional Li-ion batteries reducing the possibility of batteries catching fire.

1.3.2 Nanomaterials synthesis and deposition
Nanostructured metal oxide semiconductors can be deposited on any type of substrates such as
metals, semiconductors, polymers, and flexible plastics unlike other III-V semiconductor and
silicon, which requires specific and costly substrates.
All these metal-oxide materials can be produced in different shapes (such as nanowires,
nanobelts, nanorods, nanotubes, nanocombs, nanorings, nanohelixes/nanosprings, nanocages
and nanosheets and nanostars [13-15, 45]) depending on the synthesis routes, which can range
over a wide variety of techniques.
The methods usually employed for metal-oxide film deposition can be divided into two groups
based on the nature of the deposition process. The physical methods include pulsed laser
deposition (PLD), molecular beam epitaxy (MBE), and sputtering. The chemical methods
comprise gas phase deposition methods and solution techniques. The gas phase methods are
chemical vapor deposition (CVD), metal organic chemical vapor deposition (MOCVD) and
atomic layer deposition (ALD), while spray pyrolysis, sol-gel, spin- and dip-coating methods
employ precursor solutions.
Each method has certain advantages and disadvantages on issues ranging from ease of use to
operating expense to time required for growth to quantity and quality of material produced.
In molecular beam epitaxy (MBE) [46], atomic or molecular beams are directly deposited onto
a substrate in an ultrahigh vacuum (UHV) system (≤10-9Torr). In MBE, thin films grow by
6

Chapter 1

Introduction

reactions between thermal-energy molecular or atomic beams of the constituent elements and
a substrate surface, which can be maintained at a different temperature. The composition of
the deposited film depends on the relative arrival rates of the constituent elements, which
consequently depend on the evaporation rates and sticking coefficient of the appropriate
materials. The growth rate is typically 1 monolayer/s (2~3Å/s) [75], which is low enough to
ensure surface movement of the impinging species on the growing surface and can result in
very smooth and uniform film.
Sputter deposition [47] is another common method of metal oxide film deposition. It involves
bombardment of a target (metal or metal-oxide) with a plasma (usually a noble gas, such as
Argon). The relatively low target temperature makes sputtering one of the most flexible
deposition techniques. The sputtered atoms ejected into the gas phase, are not in their
thermodynamic equilibrium state, so they tend to condense back into the solid phase on the
substrate surface. It is a good method for depositing smooth, uniform films that exhibit good
adhesion to the growing substrate. Film grown rate is well controllable allowing the
reproducibility of the samples thickness. Growth rate are also high and comparable to
evaporation techniques. RF sputtering is considered to be a relatively low-cost, low
maintenance and effective process.
Pulsed laser deposition [48] has been established as a versatile technique for the generation of
nanoparticles and thin films of oxides. Similar to RF sputtering, pulsed laser deposition uses a
pulsed laser beam to impinge on a target in order to deposit desired material as thin films. A
high vacuum chamber is commonly necessary for the processing. Pulses of focused laser light
transform the target material directly from solid to plasma. An expansion cools the plasma and
it reverts to a gas that is carried to the substrate, where it condenses to a solid state and the
growth happens. The crystal structure and orientation of films grown by PLD are highly
dependent on thermodynamic stability. In PLD, the precise control of the processing
parameters (such as species fluxes) is also difficult to realize, which is helpful for
understanding the nucleation and growth mechanisms of thin films.
In chemical vapor deposition (CVD) [49], one or more precursors, usually activated by
temperature, react at a substrate to form a film. To deposit pure films by CVD method there
are strict requirements for the precursor. The molecules must have a vapor pressure high
enough to be transported to the reaction chamber, but yet they must have a high thermal
stability to prevent particles formation in the gas phase. In this method, controllable film
growth rate and smooth films are attainable. Significant drawbacks include high cost and high
temperatures for many materials.
MOCVD [50] is a growth method especially suited for compound semiconductors that rely on
the surface reaction of organic or metal-organic compounds and metal hydrides containing the
required chemical elements. Formation of the epitaxial layer occurs by final pyrolysis of the
constituent chemicals at the substrate surface, i.e. requires relatively high growth
temperatures. In contrast to PLD or MBE processes, MOCVD growth is driven by chemical
reactions and takes place in the gas phase at moderate pressures under near-equilibrium
conditions. This powerful and inexpensive technique has been developed mainly for the
production of highly stoichiometric materials of virtually all III/V semiconductor compounds
7
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but it has also been successfully used for the growth of other semiconductor materials such as
complex oxides.
Atomic Layer Deposition (ALD) [51], also known as atomic layer epitaxy (ALE) or atomic
layer chemical vapor deposition (ALCVD), is a chemical gas phase deposition technique
developed in Finland in the 1970´s by T. Suntola. In ALD the reactant gases are separately
introduced to the substrates and growth is achieved through self-limiting surface reactions.
This results in the high uniformity and an excellent thickness control for which the ALD
technique is known, enabling deposition of very thin films with a uniform thickness. The ALD
technique allows to deposit a wide variety of compounds such as oxides, nitrides and
sulphides, as well as pure elements, mostly metals. Furthermore, using the ALD technique,
reactant species are enabled to reach into open cavities and evenly cover complicated
structures.
Spray pyrolysis [52] is a processing technique to prepare dense and porous oxide films,
ceramic coatings, and powders. Unlike many other film deposition techniques, spray pyrolysis
represents a very simple and relatively cost-effective method, especially regarding equipment
cost. Spray pyrolysis does not require high quality substrates or chemicals. The method has
been employed for the deposition of dense films, porous films, and for powder production.
Even multi-layered films can be easily prepared using this versatile technique. Typical spray
pyrolysis equipment consists of an atomizer, precursor solution, substrate heater, and
temperature controller.
The sol-gel process [53] is a good method for the deposition of pure, homogeneous metaloxide films. A sol is a colloidal suspension of particles in a liquid. The sol undergoes a sol-gel
transition to a rigid two component system of solid and solvent, followed by removal of the
solvent. In a typical sol-gel process, the precursor undergoes a series of hydrolysis and
polymerization reactions to form a colloidal suspension. Then the particles condense in a new
phase, the gel, which is a solid macromolecule immersed in a solvent. To obtain a film, the sol
can be spin or dip coated onto a substrate. The desired film thickness is obtained by repeating
the process. After the “gel” film is crystallized, the substrate and film are placed in a furnace
to be annealed.
Hydrothermal processing [54] can be defined as any heterogeneous reaction in an aqueous
solvent (or non-aqueous solvent for solvo-thermal processing) under high pressure and
temperature conditions, which induces the dissolution and re-crystallization of materials that
are relatively insoluble under ordinary conditions. In the context of nanotechnology, the
hydrothermal technique provides an ideal method for producing ‘designer particulates’, i.e.
mono-dispersed particles with high purity, high crystallinity and controlled physicochemical
characteristics.
Electrodeposition [55] is a simple method for achieving high quality films at low temperatures
and low production cost. In an electrodeposition process, ions are moved through a solution by
an electric field to coat an electrode. The simplest form of an electrochemical cell is
performed using a 2-electrode system, consisting of a cathode and an anode. In the 2-electrode
system, the voltage is measured between these two electrodes, and the current is measured
anywhere in the circuit. Research has deepened the understanding of the deposition processes
8
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and electrochemical deposition today provides many exciting routes for the synthesis of metal
oxides, alloys and nanostructured materials. Fundamental aspects of electrochemical
deposition include the heterogeneous electron transfer step between the electrode and the
electroactive species present in the solution as well as the transition of the discharged metal
atoms into the crystalline state. The deposition is inexpensive and fast. The deposition of
metal oxides from aqueous solutions is mainly performed in alkaline solutions containing
metal complexes. Electrochemical deposition of metal oxides can be carried out under
oxidizing conditions as well as reducing conditions from alkaline solutions. In both cases, the
metal ion dissociates from the complex and precipitates on the electrode as the oxide. What
controls the ability to deposit an oxide is the stability of that oxide under the experimental
conditions, i.e. the potential, temperature and pH.
Anodic oxidation [56] is the process of forming an oxide (MxOy) on a metal surface by
applying an electrical current or potential trough a cell containing a suitable electrolyte. The
metals that can be anodized belong to the so-called valve-metals group. The main feature of
the metals is the ability to form a highly resistant protective oxide film that grown when an
electric field is applied. The characteristics of a layer treated with anodic oxidation can vary
according to the type and concentration of the electrolytes as well as the processing variables
used during anodic oxidation. Compared with other synthesis approach, electrochemical
anodization is a simple and convenient technique to fabricate uniform layer of vertically selforiented nanostructures.

1.4 Targets and Structure of the thesis
This PhD thesis investigates the fabrication of different metal oxide nanostructures and their
integration as electrodes into DSCs and LiBs: in particular the thesis deals with TiO2 nanotube
arrays obtained by anodic oxidation and with ZnO sponge-like films obtained by combined
sputtering/thermal oxidation techniques.
The TiO2 nanotube-based photoanodes for dye sensitized solar cells can be fabricated directly
using the NTs film on opaque Ti foil, with a cell backside illumination, but in that
configuration, the number of photons that can reach the active part of the cell is reduced. An
alternative is based on nanotubes derived from thin films deposited on transparent conductive
substrate that can overcome this drawback but in that case it is difficult to obtain long NT
array starting from thin Ti layer. A new and valuable approach is proposed and followed in
this work: it consists in the fabrication of self standing TiO2 NT membranes that can be
transferred to transparent conductive sheets employing a bonding interlayer.
Zinc oxide is well known as a promising alternative to titanium dioxide for the fabrication of
photoanodes in DSCs. With respect to titania, ZnO presents higher electron mobility and
carrier lifetime, being these parameters very important to improve the performances of DSCs.
In this work a novel method for the synthesis of porous nanocrystalline layers of ZnO will be
presented.
Therefore, the first objective of this work is devoted to the efficient synthesis of TiO2 NTs
membranes and ZnO sponge-like film on transparent conductive glasses in view of the
9
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evaluation of DSCs performances when these films are employed for the photoanode
fabrication.
Nowadays research efforts for anode materials of lithium ion batteries have been focused on
the safety and capacity retention: the metal-oxide nanostructures can work well also into LiBs.
Thus the second objective of this work is to integrate the developed nanostructured materials
as electrodes into LiBs.
This thesis aims to provide readers an overview on electrochemical device for energy
production and storage, focusing the attention on the experimental fabrication and
characterization of alternative electrode morphology and materials for DSCs and LiBs.
The manuscript is divided in 6 Chapters: Chapter 1 provides introductive information on
energy production and storage devices and nanostructured metal-oxide semiconductors and
describes the objectives and the structure of this work; Chapter 2 presents the detailed
description of the two devices investigated in this work, i.e. DSCs and LiBs, focusing the
attention on the different components and the working principles. The experimental part starts
with Chapter 3, which presents the synthesis and the material characterization of TiO2
nanotube array by anodic oxidation and ZnO sponge-like films by combined
sputtering/thermal oxidation techniques. Chapter 4 and Chapter 5 describe the technological
approaches and the results of the characterization of metal-oxide nanostructures integrated into
DSCs and LiBs respectively. Finally, Chapter 6 provides the concluding remarks and outlooks
of this PhD thesis.
This work is the result of collaboration among the “Center for Space Human Robotics
IIT@PoliTo” of Istituto Italiano di Tecnologia, the “Applied Science and Technology
Department” of Politecnico di Torino and “Electronics and Telecommunications Department”
of Politecnico di Torino.
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Chapter 2
Electrochemical devices for energy conversion
and storage
In this chapter a detailed description of the two devices investigated in this work, i.e. DSCs
and LiBs, is provided, focusing the attention on the different components and the working
principles.

2.1

Dye sensitized solar cells

Dye-sensitized Solar Cells have received considerable attention since the original work of
O’Regan and Grätzel in 1991 [1], following the extensive research in semiconductor photoelectrochemistry started in the 1970s.
The major benefits lie in the materials and technologies needed for DSCs production. In fact,
these kinds of solar harvesters can be produced with abundantly available organic materials
and widely diffused inexpensive semiconductors, using simple and scalable technologies and
avoiding high temperature and high-vacuum treatments, making them compatible with roll-toroll mass production [2]. Moreover DSCs work effectively even in diffuse-light conditions
being suitable for indoor application [3].
The working principle of the cell [4] is based on the presence of dye molecules, which are able
to harvest photons from sunlight (mainly in the visible range) and convert them to electrons.
The molecules of the sensitizer are excited from a lower to a higher energetic level, thus
creating an electric potential that can be used to produce current. The light absorber is
anchorated as a monolayer on the surface of a nanocrystal-based film of a wide band gap
semiconductor (usually TiO2 in the most common DSC architecture). The semiconductor
works as electron collector, since the photogenerated charges are quickly injected in the
conduction band of the nanostructured metal-oxide. A careful design of the molecular energy
levels of the dye makes the charge transfer toward the oxide strongly favored from an
energetic point of view, thus drastically reducing the electron hole recombination process. The
dye is electrically regenerated by electrons donation from an electrolyte (usually a solventbased liquid in which redox shuttles are dissolved), which penetrates the pores of the
nanostructures to have a close proximity with the molecules of the sensitizer, creating 3D
interpenetrating junctions. The electrolyte is an ionic conductor able to accept hole from (or
donate electrons to) the oxidized dye. The most diffused redox couple is the I-/I3-, which is
able to guarantee excellent efficiency (around 11 %) [5], while the record performances (12
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%) have recently been obtained with liquid electrolytes containing Co-based redox shuttles
[6]. The electrons percolate through the nanoparticles, which are interconnected thanks to a
sintering process, and are collected by an external circuit. Electric power is generated without
causing any permanent chemical transformation inside the cell.
The role of the nanostructures in obtaining highly performing photoanodes is crucial. In fact,
as reported by Graetzel during its experiments, it emerges that it is possible to move from a
sunlight-to-current conversion efficiency of 1.2% using a polycrystalline anatase film [7] to
7.9% using a nanostructured mesoporous TiO2 layer [8], just varying the active exposed
surface area of the electrode. The monolayer of dye anchored on a flat surface is able to
absorb only a little percentage of the impinging photons, since its optical cross-section is
smaller with respect to the occupied area. By using nanostructured semiconductive materials,
it is possible to enhance the charge transport properties and to enlarge the surface area
available for dye anchoring, thus increasing the energy harvesting efficiency of the DSC.

2.1.1

Structure and materials

The standard DSC structure is depicted in Figure 2.1: it manly consists of a wide band gap
nanocrystalline semiconductor deposited onto a glass covered by a transparent conducting
oxide (TCO), a ruthenium-complex dye, an electrolytic solution containing an iodide/triiodide (I-/I3-) redox couple and a Pt-covered counter electrode.

Figure 2.1 Typical Dye-sensitized solar cell structure [9]

2.1.1.1 Transparent conductive substrate
TCO-coated glasses are the standard substrates to fabricate DSC electrodes. The reason lies in
their high transparency in the visible range and low sheet resistance, which are fundamental
properties in this kind of photo-electrochemical devices. This class of materials belongs to ntype semiconductors, with a large band gap (around 4 eV), in which conduction is guaranteed
by three fundamental sources: interstitial metal ion impurities, oxygen vacancies, and doping
ions. Moreover, they show high thermal and chemical stability, other two important features
since during photoanode fabrication relatively high temperature treatments (around 450 °C)
are needed and the cell environment is quite aggressive (since electrochemical reactions
occur). A lot of TCOs were developed and studied in the last thirty years and, among them,
Fluorine-doped Tin Oxide (FTO) and Indium Tin Oxide (ITO) are mostly used because they
are considered the best compromise in terms of fabrication process, optical and electrical
properties.
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2.1.1.2 Photoanode
The wide band gap semiconductor deposited onto TCO is usually called photoanode, being the
support material on which the dye-molecules (i.e., those absorbing the light photo-generating
electrons) are anchored. The semiconductor mainly receives photo-generated carriers from the
dye and, thanks to suitable diffusion properties, collects them at the TCO layer.
Plenty of materials can be considered good candidates to do that job. Historically, the first
proposed material was titanium dioxide (TiO2) in the form of nanocrystals. TiO2 has some
unique properties that make it the semiconductor of choice for DSSC application. Its
conduction band edge lies slightly below the excited state energy level of many dyes, which is
a crucial condition for an efficient electron injection. Another positive aspect is the high
dielectric constant of TiO2 (ε = 80 for anatase phase) that provides good electrostatic shielding
of the injected electrons from the oxidized dye molecules, thus preventing their recombination
before dye reduction. Moreover, its refractive index has a suitable value (n = 2.5 for anatase)
resulting in an efficient diffused scattering of the impinging light enhancing the light
absorption. Most important in view of its practical application, TiO2 is a low cost, easily
available, non-toxic material.
Zinc oxide (ZnO) is well known as a promising alternative to titanium dioxide for the
fabrication of Dye-sensitized Solar Cells photoanodes [10]. ZnO is a wide band gap
semiconductor (energy gap 3.37 eV), with a conduction band edge positioned approximately
at the same level as for TiO2. This means that ruthenium-based dyes developed for TiO2 can
efficiently work also when anchored to ZnO. With respect to titanium dioxide, ZnO presents
higher electron mobility and carrier lifetime, these parameters being very important to
improve the performances of DSCs. Moreover, zinc oxide is well known for its ability to
easily grow in a wide variety of nanostructures, like for instance nanoparticles[11], nanowires
or nanorods[12], nanotubes[13], nanosheets[14], nanoplants[15] and nanotetrapods[16].
The ability to tune the morphology at the nanoscale can open up wide opportunities in the
control of charge transfer dynamics in the photoelectrode. In fact, by appropriately tuning the
morphology, it is possible to combine the fast direct transport in 1D or quasi 1D
nanostructures (like nanowires and nanorods) with the wide exposed area for dye sensitization
typical of mesoporous layers. The 1-D structures are characterized by superior charge
transport properties along the c-axis direction but suffer for the reduced value of surface area
if compared to nanoparticles. In fact, the specific area is one of the most important features in
DSC photoanode since it can affect the number of anchored dye molecules: the resulting
photovoltaic performances of low-dimensional nanostructured ZnO electrodes are therefore
rather poor [17]. On the other hand, 3D structures possess the same good transport properties,
maintaining, at the same time, a discrete number of sites for the dye sensitization. The great
issue is the higher degree of complexity, which limits the reproducibility of the fabrication and
the scalability towards larger area devices[17]. At present, the photoconversion efficiencies of
ZnO-based DSCs are below 8%[11, 17, 18], so the suggestion of new structures and/or
architectures aimed at the improvement of the cell performances is an exciting challenge.

2.1.1.3 Dye
The sensitizer, i.e. the dye, constitutes the heart of the DSC: it uses sunlight to pump electrons
from a lower towards a higher energy level and in this way it generates an electric potential
difference, which can be exploited to produce electric work.
15

Chapter 2

Electrochemical devices for energy conversion and storage

A lot of attention is dedicated to its synthesis in order to optimize the light absorption and the
charge transfer dynamics. The most common sensitizers employed in DSCs are ruthenium
(Ru) complexes, due to the easily tunable photo-electrochemical properties of these molecules
and the favorable oxidation states of the metal. When a photon of proper wavelength is
absorbed by the dye molecule, an electron is excited from its fundamental state, i.e. the highest
occupied molecular orbital (HOMO), to the lowest unoccupied molecular orbital (LUMO).
An ideal sensitizer for highly efficient DSCs should satisfy some basic requirements [19]: it
should contain an anchoring group that strongly bonds to the TiO2 surface, thus ensuring
electron coupling with the substrate, and it should absorb the largest fraction of the visible and
near-IR region. Moreover, the molecule should be engineered in such a way that a suitable
match between its discrete energy levels and the electronic bands of the oxide would be
realized (see Fig. 2.2a), with the formation of a staggered (or type II) heterojuction [20].
Here, the LUMO of the dye has to be sufficiently high for efficient electron injection into the
TiO2 conduction band, while the HOMO has to be positioned inside the semiconductor
forbidden band-gap to avoid direct recombination from the semiconductor valence band.
Moreover, it has to be sufficiently low for efficient regeneration of the oxidized states by
accepting electrons from the redox mediator. Finally, the synthetic pathway should be easy
and economical, also in terms of sustainability and life-cycle assessment.

2.1.1.4 Electrolyte
The electrolytic solution that fills a DSC must regenerate the dye molecules (oxidized after
photo excited electron injection into the semiconductor) and transport holes at the counter
electrode to close the circuit.
Electrolytes employed in DSSC can be classified as liquid, quasi-solid and solid, depending
on their viscosity. Several aspects are essential for any electrolyte to be used in DSCs:
1. it must be chosen in a proper way in order to take into account the redox potential and
recombination properties of the dye;
2. the electrolyte must allow fast diffusion of the charge carriers into the device and have
intimate contact with the porous nanocrystalline oxide layer and the counter electrode.
3. it must have long-term stability, including chemical, thermal, optical and
electrochemical properties, to prevent degradation of the dye from the oxide surface;
4. the electrolyte should not exhibit a significant absorption in the range of visible light.
Any type of liquid electrolyte is composed by two main components: organic solvent and
redox couple. In order to reduce recombination losses in the electrolyte, some additives are
added. The most popular one is 4-tert-butyl pyridine [21]. It is adsorbed onto the TiO2 surface
acting as barrier to the recombination between injected electrons in the oxide and oxidized
species of the redox couple. The most important component of the ionic liquid electrolyte is
the redox couple: it has the charge transfer function in the device.
In cells based on the I-/I3- redox couple, the transfer of electrons from the oxide material to the
I3- ions is a two electron process governed by the chemical dissociation of the I3-. This step is
very slow with respect to the one occurring at the counter electrode: the recombination of I3into I- [22]. The regeneration process is accelerated by the presence of the catalyst (generally
Pt) on the electrode and the fast diffusion of I-/I3- into the liquid media.
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2.1.1.5 Counter electrode
The counter electrode is fundamental to close the electrical circuit through the reduction of
triiodide into iodide. This reaction needs to be catalyzed, thus a thin layer of platinum (Pt) is
deposited onto the TCO/glass substrate. Pt is the most used material for this task since it
guarantees a low charge transfer and shows a good chemical stability against the various kinds
of electrolytes usually employed in DSCs.

2.1.2

Working principle

Figure 2.2a recalls the main structure of a DSC underlying the charge transfer mechanisms
involved in photocurrent generation. Sunlight is harvested by the sensitizer that is attached to
the surface of a large band gap semiconductor. Photo-excitation of the dye (1) results in the
injection of electrons into the conduction band of the oxide (3). The dye is regenerated by
electron donation from an electrolyte (8) that is infiltrated into the porous films. Reduction of
S+ by iodide regenerates the original form of the dye while producing triiodide ions.

a)

b)

Figure 2.2 schematic of DSC structure and corresponding charge transport mechanism (a); timescale of
charge dynamics into a DSC (b): favorable processes in light blu and recombination in red.
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This prevents any significant builtup of S+, which could recapture the conduction band
electron at the surface (4). The iodide is regenerated in turn by the reduction of the triiodide
ions at the counter-electrode (7), where the electrons are supplied via migration through the
external load completing the cycle (6). Thus, the device is generating electricity from light
without any permanent chemical transformation.
The parallel electron transfer processes occur in competition with each other and having
different characteristic times (see Fig. 2.2b). When illuminated, the dye molecule is excited in
few femtoseconds [23] and the electron injection from LUMO to the photoanode conduction
band is in the sub picosecond range [23]. The nanosecond-ranged relaxation of excited states
is rather slow compared to that of injection, ensuring sufficient time for the favorable process
to take place [24]. The ground state of the sensitizer is then reinstated by I- in the microsecond
domain. This time scale effectively reduces the chance of recombination of the injected
electron to LUMO level, which usually takes few milliseconds [24]. This is followed by the
two other important processes: electron percolation across the photoanode structure and
collection of electrons by the oxidized I- (which forms I3-) within milliseconds.[25] The
perfect matching of time constants of these processes is the key for achieving high conversion
efficiencies in DSCs.[24]

2.1.3

Photovoltaic parameters and characterization techniques

2.1.3.1 Current-Voltage measurements
A solar cell is a device able to contemporary generates power and current on an external load
upon illumination. In order to explain and completely understand a solar device, some
important parameters must be introduced.

Figure 2.3 I-V characteristic of a solar cell.

When the cell is illuminated and its terminals are short-circuited, the maximum flowing
current that can be measured is called short circuit current (ISC). Another measurable
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parameter is the maximum voltage produced when the current flow is forbidden, called open
circuit voltage (VOC). In the I-V characteristic (see the example reported in Fig. 3.2), the
Maximum Power Point (PMAX) is the point of the curve in which the product between the
current and the voltage is maximum. All these quantities are illustrated in Figure 2.3.
For any intermediate resistance value, the cell generates a potential between 0 and VOC, and
the corresponding current satisfying the relation V = RLI (where RL represent the external
load). Generally, in order to have universally comparable quantities, instead of the current, the
current density is preferable.
Having defined the Maximum Current Density (JMP) and the Maximum Voltage (VMP),
another important parameter to analyze the performances of the cell is the Fill Factor (FF). It
is defined as the ratio between the maximum power point and the product between the open
circuit voltage and the short circuit density:

 

ಾು ಾು
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(1)

In an ideal cell, the Fill Factor is equal to 1 and the cell has a I-V characteristic that is a
perfectly rectangular. The power density generated by the cell, is defined as:

     (2)
Another important parameter is the overall photo conversion efficiency PCE (or η), namely
the ratio between the maximum power generated and the incident optical power POPT, i.e.:
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2.1.3.2 Incident photons to current conversion efficiency
The current density is related to the spectrum of the impinging light by the quantum efficiency
QE(E), defined as the probability that an absorbed photon with energy hν is able to produce
the excitation of an electron. Using the quantum efficiency, it is possible to write an
expression for the current density:

 





(4)

where bs(E) is the flux density of incoming photons (i.e., the number of incident photons per
time unit and with an energy between E and E + dE) and q is the elementary charge.
In addition to η, the External Quantum efficiency (EQE, also known as Incident photons to
current conversion efficiency or IPCE) can be defined
  

 

    

         

            

(5)

An example of EQE curve recorded for a dye sensitized solar cell fabricated with Ru-complex
dye is reported in figure 2.4.
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Figure 2.4 Typical IPCE spectrum of a DSC fabricated with Ru-complex dye.

Considering the integral over all wavelengths of the spectrum:

(6)
it is possible to obtain the JSC value.
The measurement of the IPCE is very important in order to obtain information about the
photoelectrical response of the DSC allowing the knowledge of the frequency range in which
the dye molecules are able to absorb photons and efficiently convert them into electrons.

2.1.3.3 Open Circuit Voltage Decay
Open Circuit Voltage Decay (OCVD) is a well know technique used to study the
recombination kinetics in DSCs [26]. The cells are kept under constant illumination at open
circuit condition until they reach a steady voltage value. Then, the light is suddenly switched
off and the photovoltage is measured as a function of time. Since under open circuit voltage
condition all the photogenerated electrons cannot be collected by the electrode, they
recombine with an approximately constant rate, thus reducing the photovoltage. Therefore, the
decrease of VOC depends only on charge recombination, and can be associated to the electron
lifetime through the formula:

k T  dV 
τ = − B  OC 
q  dt 

−1

(7)

where kBT is the thermal energy.
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2.1.3.4 Electrochemical Impedance Spectroscopy
In order to study the recombination and transport properties of DSCs, Electrochemical
Impedance Spectroscopy (EIS) is one of the most widely used techniques, being at the same
time a simple but powerful tool. A sinusoidal voltage of variable frequency is applied to the cell
and the impedance is measured. In the typical Bode representation of phase impedance in
DSCs, three main peaks can be observed (Fig. 2.5) [27]: the first one at high frequency (above
100 Hz) related to the charge transfer at the Pt/electrolyte interface, the second one at middle
frequency (1-100 Hz) related to the recombination at the photoanode/electrolyte interface and to
the charge transport into the semiconductor, and the third one at low frequency (below 1 Hz)
related to the charge diffusion into the electrolyte.

Figure 2.5 Typical Bode diagram of a DSC [28]

The experimental curves of EIS can be fitted using an equivalent circuit in order to obtain
information about transport and recombination of charges. The modelling circuit is depicted in
Figure 2.6: the resistance Rs represents the TCO series resistance, the parallel CCE//RCE takes
into account the counter electrode/electrolyte interface and the impedance Zph models the
photoanode behaviour. The charge diffusion into the electrolyte solution was not considered in
the fitting circuit because no contribution aroused in the measured spectra at low frequencies.
The photoanode impedance Zph (reported in Figure 1) was modelled though a transmission line,
according to what proposed by[28]: RT stands for the transport resistance, RCT models the
charge transfer resistance related to charge recombination, and the constant phase element
(CPE) Qµ represents the generalized form of the electrochemical capacitance (CPE was
introduced instead of a common capacitance to better describe the porous interface). The
corresponding electrochemical capacitance Cµ is:
1
β

Cµ = (Qµ ) ( RCT )

1
−1
β

(8)

Starting from the fitting parameters, one can compute the effective electron lifetime τ, the
diffusion coefficient D and the diffusion length L using the following formulae

τ = (RCT Qµ )

1/ β

(9)
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D=

d2
RT Cµ

L = (Dτ )

1/ 2

(10)

(11)

where d is the oxide thickness.

Figure 2.6 Equivalent circuit used for the fitting of EIS data. Zph (reported below) is the transmission
line model of the photoanode.

Typical DCS Nyquist plots present three arcs associated with the different cell components as
depict in Figure 2.7.. The first arc (above 1 kHz) is related to the interface between the
electrolyte and the counter electrode, the second one (1
(1-100
100 Hz) is associated to the interface
between
tween the electrolyte and the photoanode, and the third one (under 1 Hz) accounts
account for the
charge diffusion into the electrolyte [19] [20].

Figure
re 2.7 Typical Nyquist plot of a DSC [28]
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Li-ion microbatteries

Lithium-ion batteries (LIB) are one of the greatest successes of modern electrochemistry of
materials. Their science and technology have been extensively reported in reviews [29] and
dedicated books [30] to which the Reader is referred for more detailed discussion.
A commercial LIB does not contain lithium metal: it comprises a negative electrode
(generally, graphitic carbon) and a positive electrode (generally, layered lithium metal oxides
such as LiCoO2), both capable of reversibly intercalate Li+ ions, these being separated by a
solvent based lithium-ion conducting electrolyte (generally, a separator diaphragm soaked in a
mixed ethylene – diethyl carbonate solution of LiPF6).

Figure 2.8 Sketched picture of a LiB [31].

The active materials for Li-based batteries must be both electronic and ionic conductors in
order to allow their correct operating, because low electronic conductivity or low mobility of
Li+ would limit the current flow and, consequently, the power delivered by the device. Thus, it
is important to fabricate nanostructured electrode materials that provide high surface area and
short diffusion paths for ionic transport and electronic conduction. Moreover, nanoscale
materials can better tolerate the typical volume changes and structural evolution upon Li ions
insertion/deinsertion, which greatly affect the cycle/service life of LiBs.
Several advantages can be obtained by employing nanomaterials into LIBs:
(a) the strain associated with lithium ions insertion/deinsertion is better accommodated (along
with a wider solid-solution region), thus improving service life as shown in Figure 2.9;
(b) new electrode reactions are enabled to occur that are not possible for materials composed
of micrometer-sized particles;
(c) a high surface area permits a more extensive electrode/ electrolyte contact area, leading to
higher charge/discharge rates;
(d) the reduced dimensions significantly reduce the path lengths for electronic and Li+
transport, thus permitting operation with low electronic conductivity and/or at higher power.
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Figure 2.9 Example of how nanostructuring can help in improving the performances of Li-ion battery
electrodes by reducing the strain associated with lithium ions insertion/removal [32].

As for disadvantages, the following have been identified: (a) an increase in undesirable (side)
reactions with the electrolyte due to the high electrode/electrolyte contact area, possibly
leading to self-discharge, poor cycling and calendar life.

2.2.1

Structure and materials

Future advances in rechargeable Li-ion battery performance are strongly related to today's
technologies, through a selective use of appropriate existing or new materials for the negative
and positive electrodes. Actually, choosing the right materials is crucial for the battery’s
overall performance [33].
In order to be a successful electrode material, a compound should satisfy a number of criteria
[34,35]:
•
The intercalation/insertion compound should be able to accommodate a large number
of lithium ions, in initially empty sites, to maximize the cell capacity. This depends on the
number of available lithium sites in the host structure as well as the ability of the transitionmetal to access multiple oxidation states.
•
The Li+ insertion/de-insertion process has to be reversible and accompanied by no, or
very small, changes in the host structure.
•
It must be chemically and structurally stable over the whole voltage range, and
insoluble in the electrolyte.
•
It should be environmentally safe, easy to produce, with a low overall cost and high
stability in air for easy handling.
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It is also necessary to take into account other requirements to choose a good candidate as
electrode material:
•
Cathode materials should have a high potential versus Li+/Li; whereas anode materials
should have a low potential versus Li+/Li.
•
Good performance in a wide temperature range.
•
The intercalation/insertion reaction kinetics should be fast.

2.2.1.1 Anode
The most attractive material for use as an anode in rechargeable batteries would appear to be
lithium metal because of its high potential and specific capacity. However, the poor
rechargeability of the lithium anode prevents its practical use. This is due to the formation of
Li dendrites after prolonged deposition/dissolution cycling, which brings about serious
problems in terms of safety and cyclability [33]. The use of micro-porous separators can
prevent the dendrite growth of lithium metal, but it increases the production costs of the
system.
To overcome these problems, alloys of lithium with Al or Si have been considered;
unfortunately, alloy electrodes survived only a limited number of cycles, owing to extreme
changes in volume during operation. Besides intermetallic alloys, other systems have also
been identified and intensively studied, like transition-metal oxides that can reversibly host Li+
ions and, more recently, intermetallic compounds having a strict structural relation to their
lithiated products. Nowadays, the “standard” anode material for Li-ion batteries is carbon in
its different layered structures. Carbon exhibits both electronic and ionic conductivity and can
incorporate a large number of lithium ions. Due to their low cost, availability, low
intercalation potential and good cycling properties carbonaceous materials have become, so
far, the most attractive choice for anodes in practical Li-ion cells.
There are lots of modifications of carbon that can be used to produce anodes, e.g. natural and
synthetic graphite, activated carbon, coke, carbon fibers, carbon nanotubes, etc.
Both the extent of lithium ions intercalation and the reversibility of the intercalation process
strongly depend on the morphology and structure of the carbonaceous host material.
The electrolyte decomposition results in the formation of a surface protective film (solid
electrolyte interface, SEI), consisting of a variety of solvent and salt reduction products, which
allows the continuous operation of the carbonaceous anodes. SEI can be considered as a
passivation layer for the carbon surface that prevents its further reaction with the electrolyte
influencing the lifecycle and charge/discharge rate.
As outlined above, in the last years, various anode materials, alternative to carbonaceous
compounds, have been investigated. In particular, much effort has been devoted to the use of
transition-metal oxides, MO-type compounds (where M = Co, Ni, Fe, Cu or Mn) having a
rock-salt structure and containing metal elements that do not alloy with lithium [36]. The
mechanism of lithium reactivity in such materials differs from the classical processes, and it is
nested in the electrochemically driven, in situ formation of metal nanoparticles during the first
discharge, which enables the formation and decomposition of Li2O upon subsequent cycling.
The reactions are highly reversible, providing large capacities (two to three times those of
carbon) that can be maintained for hundreds of cycles.
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2.2.1.2 Cathode
A typical cathode material for Li-ion batteries should have reasonably good electronic
conductivity and provide a network of pathways for the lithium ions to diffuse in and out of
the structure. The best host candidates have showed to be oxides [37,38], as they can support
both high-valence-state cations, to obtain a high open circuit voltage, and good 3d-electron
conductivity on a transition-metal cation array. Transition-metals are the elements that provide
the redox activity to the material. Monovalent Li+ makes a primarily ionic bond with oxide
ions, particularly where the oxide ions belong to polyanions, which allows rapid diffusion
through a host with an interconnected interstitial free volume.
Many different crystallographic structures are presented by transition-metal oxides, but not all
of them are suitable for the intercalation/insertion process. In fact, the ionic arrangement in the
lattice must provide the two main requisites of intercalation compounds, namely ionic and
electronic conductivity. The ionic conductivity must be guaranteed by the presence of monodimensional, bidimensional or tri-dimensional diffusion paths for the intercalating lithium ions
(respectively defined as "tunnels" and "layers") formed by adjacent empty interstitial sites.
The electronic conductivity is determined by the arrangement of the transition-metal cations in
the lattice that must allow conductivity through 3d orbitals vicinity on adjacent cations.

2.2.1.3 Separator
The separator used in Li-ion batteries has two important functions [39]:
•
avoiding the direct contact of the anode and cathode, while allowing the free mass
transfer of the electrolyte;
•
shutter action to stop the mass transfer in the case of accidental heat generation, which
causes it to melt down, resulting in sealing the holes at the portion in question.
The material should be soft and flexible enough to be wounded by lying between both sheets
of the electrodes. It should also be sufficiently stable for a long time while kept in contact with
both the electrode materials and the electrolyte. Microporous polyethylene and polypropylene,
are the most widely separators used.

2.2.1.4 Electrolyte
As previously outlined, the electrolyte, which commonly refers to a solution of salts and
solvents, is the third key-component of a battery.
Under the ideal conditions, the selected electrolyte, in addition to provide a high ionic
conductivity, should be able to induce the morphologically best protective film over the anode
and to sustain the high operational potential of the cathode. It should also have low reactivity
with the other components. Moreover, it should have a high thermal stability for Li-ion
batteries to be used in devices working at relatively high temperatures.
A rechargeable Li-ion battery generally operates between −20 and +60 °C, thus solvents with
low melting point, high boiling point and low vapor pressure are highly desirable [40].
Due to unavoidable electrolyte reduction at the anode, solvents that form a complete and
stable SEI layer must be used. EC has an excellent SEI forming ability and it is frequently
used to facilitate lithium-ion intercalation in graphite-based anodes. However, EC is solid at
room temperature and, therefore, it must be dissolved in another solvent. A suitable choice is a
solvent mixture such as EC/DEC, the same used to run the electrochemical tests shown in the
experimental part of this thesis.
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Soluble lithium salts are added to the solvents to act as charge carriers of the current passing in
the cell during the electrochemical process. Good solubility and charge separation of anions
and cations are necessary in order to obtain a high conductivity. Lithium hexafluorophosphate
(LiPF6) is the most widely used salt in commercial Li-ion batteries. It has a high ionic
conductivity in carbonate-based solutions, low toxicity and it shows excellent cycling
properties at ambient temperature. However, it shows poor thermal stability [41], and it is
highly moisture sensitive.
The most recent developments in the secondary Li-ion batteries technology are directed to the
replacement of the liquid electrolyte with a polymer membrane capable of operating both as
the separator and the electrolyte, in order to finally achieve the fabrication of batteries having
a full-plastic structure [42]. This is an appealing concept since it provides the prospect of a
favourable combination of high energy and long life, which are typical of the Li-ion process,
with the reliability and easy processability, which are typical of the plastic configuration.
2.2.2

Working principle

The working principle of a secondary Li-ion battery is schematically explained in figure 2.10.

Figure 2.10 Schematic of working principle of a LiB.

In general, both the electrodes of a lithium-ion battery have a structure capable of lithium
storage. Rather than the traditional redox galvanic action, Li-ion secondary cell chemistry
depends on an “intercalation/de-intercalation” mechanism.
During charge, the Li+ ions are de-inserted from the positive electrode, with relative oxidation
of the active material LixMyYz,
LixMyYz ↔ Li(x-n)MyYz + nLi+ + ne−
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they migrate across the electrolyte and are inserted into the crystal structure of the negative
active material, which is reduced. At the same time, the compensating electrons travel in the
external circuit and are accepted by the host to balance the reaction. The discharge process is
just the opposite:
AmBw + nLi+ + ne− ↔ LinAmBw
Accordingly, the overall reaction can be generalized as follows:
LixMyYz + AmBw ↔ Li(x-n)MyYz + LinAmBw
The process is completely reversible. Thus, the lithium ions pass back and forth between the
electrodes during charging and discharging. This has given rise to the names “rocking chair”,
“swing” or “shuttlecock” to describe the Li-ion cells [37].

2.2.3

Battery parameters

The performance of a battery is expressed by many quantities. The most important, in
designing a battery, are capacity and energy density.
Capacity (Q) is defined as the total amount of electric charge supplied by the system or by the
electrode materials and it is usually expressed in terms of Coulomb (C) or Ampere hour (Ah);
1 Ah = 3600 Coulombs. It can be calculated as the product of the current by the time: Specific
capacity means the capacity per unit mass (Ah g−1) or per unit volume (Ah dm−3). The
Theoretical capacity (Qt) is the maximum amount of charge that can be extracted from a
battery with respect of the amount of active material.
The energy (E) of an electrochemical power source can supply is expressed in Joule (J) or
more commonly in Watt hour (Wh). Specific energy (or usually energy density) is defined as
the energy output from a battery per unit mass (Wh g−1) or per unit volume (Wh dm−3).

2.2.4

Characterization techniques

Galvanostatic cycling is an important method to evaluate the appropriateness of a compound
to be used as electrode material. A direct and constant current (I) is here applied to the cell;
simultaneously, the voltage is monitored as a function of time (t) in order to verify the
potentials of the reduction/oxidation processes of the active material and the total amount of
charge passed per unit mass of electrode material (i.e., the specific capacity C) during
complete discharge (or charge). The potential is relative to the lithium metal used as anode.
This technique gives information about, for instance, the reversibility of the electrochemical
process during cycling, the long-term cycling behavior and the rate capability, measuring the
amount of charge passed through the cell in the charge and discharge of each cycle. Also, the
shape of the potential versus time curve can hold information on phase transitions. A gently
sloping curve points to a solid solution of lithium in the host material, while discrete plateaus
can identify the existence of stoichiometric phases.
Cyclic voltammetry (CV) is a potentio-dynamic technique in which a linear scan of the
potential is imposed on the working electrode; then, the current flowing between the working
electrode and the counter-electrode is recorded. It is important to monitor the reference
electrode for the measurement of the potential from the counter-electrode through which the
current passes with the aim of avoiding over-potential due to charge transfer and other
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contributions of the resistance. The diagram of the current as a function of the applied
potential so obtained shows the peaks corresponding to the electrochemical processes
occurring in the potential range considered. The study of such diagrams allows one to obtain
qualitative information about the potential at which the electrochemical processes occur (by
the position of the peak) and the exchanged current during the process (by the area of the
peak).
The resistance and electrochemical stability of both electrode materials and cells is generally
tested by electrochemical impedance spectroscopy (EIS) analysis at ambient temperature
(usually, in the frequency range from 100 mHz to 100 kHz, at open circuit potential),
following the behavior of the test cell for several consecutive days and/or number of cycles.
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Chapter 3
Metal-oxide nanostructures: growth
and characterization

In this chapter the synthesis and material characterization of TiO2 nanotube array obtained
by anodic oxidation and ZnO sponge-like films by combined sputtering/thermal oxidation
techniques are reported.

3.1

Materials and characterizations

3.1.1 TiO2 nanotubes
A 250 µm thick titanium foil (99.6 % purity, Goodfellow) and a Pt sheet (99.99 % purity,
250 µm thick , Goodfellow) were employed as anode and cathode in a two-electrode
configuration Teflon cell. The electrolytic solution was prepared adding 0.5 wt. % NH4F
and 2.5 vol. % deionized water in ethylene glycol. Unless differently specified, all
chemicals have been purchased from Sigma Aldrich.

3.1.2 Sponge-like ZnO
Zinc films were deposited on silicon substrates and on glasses coated with fluorine-doped
tin oxide (FTO, Solaronix) by the RF magnetron sputtering technique.
A zinc target, with a purity of 99.99% and a diameter of 101.6 mm (Goodfellow), was
fixed on the cathode, placed at about 8 cm from the substrate holder. Argon (5.0 purity)
was used as sputtering gas.

3.1.3 Characterization techniques
The morphological characterizations of the TiO2 NT arrays and ZnO nanostructures were
performed by Field Emission Scanning Electron Microscopy (FESEM, ZEISS Supra 40
and ZEISS Auriga) equipped with an Energy Dispersive X-ray spectrometer (EDX,
Oxford INCA Energy 450) for compositional analysis.
BET (Brunauer–Emmett–Teller) specific surface area was measured from N2 sorption
isotherms (Quantachrome Autosorb1) by multipoint method within the relative pressure
range of 0.1–0.3 P/P0.
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X-ray diffraction technique was used to determine the crystalline structure of the films
(Panalytical PW1140–PW3020, Cu Kα X-ray source). The scans were performed in a
parallel beam geometry with a fixed angle of incidence ω=1.5°, in order to minimize the
contribution of the substrate.
Contact angle measurements were performed using a OCA H200 Dataphysics equipment
in ambient conditions. The sessile drop method was implemented employing distilled
water droplets having a volume of 2.5 µL.
Bright field and high resolution TEM analyses were performed with a FEI TECNAI ST
200kV S/TEM Transmission Electron Microscope (TEM) microscope equipped with
Energy Dispersive X-ray spectrometer (EDX).
UV-visible spectroscopy measurements were carried out using a Varian Cary 5000
spectrophotometer equipped with an integrating sphere for diffuse and specular
reflectance.
I-V electrical measurements were performed with a Keithley 2635A source measure unit
both in dark and light conditions. In order to provide top contacts for electrical
characterizations, circular metal electrodes (diameter of 2 mm and thickness of about 80
nm) of Gold were deposited on the sample surface by RF magnetron sputtering and
patterned by means of a shadow mask.

3.2

TiO2 Nanotubes

3.2.1 Growth mechanism
This paragraph presents information on perhaps the most impressive and unexpected 1D
metal-oxide nanostructure: self-organized TiO2 nanotube arrays. The synthesis is carried
out by a simple, low-cost and straight-forward approach: conventional electrochemical
anodization of a metallic titanium substrate under a specific set of “right” conditions.
Currently, the publication rate on this topic shows an almost exponential trend, with more
than 1000 papers being published over the last 3 years [1].
For Al and other so-called valve metals (Ti, Zr, Nb, W, Ta) it is known that it is possible
to grow compact oxide layers of considerable thickness (some hundred of nm) by
anodization in aqueous electrolytes [2].
The best investigated system, in which almost perfect self-organization of pores in oxide
can be established, is the anodic grown porous aluminum oxide. Over 50 years ago,[3] it
was realized that upon anodic treatment of aluminum in neutral and/or alkaline
electrolytes, a flat, compact oxide would grow, but when acidic electrolytes are employed
relatively regular porous oxide (some hundred of nanometers) structures could be grown.
In the last decade several models trying to provide a mechanistic explanation for the
occurrence of hexagonal self-organization of porous alumina growth were developed
attributing the cause to: 1) stress at the metal–oxide interface (volume
expansion/electrostriction) [4], 2) repulsion of electric fields [5] or 3) establishing
maximum current-flow conditions [6].
Particularly the case of anodization of Titanium stimulated significant research activity
since TiO2 is a material with a number of almost unique properties used for many years in
various functional applications.
In general, the morphology and the structure of porous layers are strongly affected by the
electrochemical conditions (particularly the anodization voltage) and the solution
parameters (in particular the HF concentration and the water content in the electrolyte).
It is possible to distinguish three “generations” of TiO2 nanotubes [7]. The first one is
obtained by growing the TiO2 nanotube arrays in HF electrolytes or acidic HF mixtures
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[8]. These tubes showed very rough walls and a limited thickness that would not exceed
600 nm.
By using buffered neutral electrolytes (second generation) containing NaF or NH 4F
instead of HF it was shown that self-organized nanotube TiO2 layers with thicknesses
higher than 2 µm could be grown [9].
The third generation nanotubes were grown in organic electrolytes with a very small
content of water. Earlier work carried out in glycerol electrolytes showed tubes with
extremely smooth walls and a tube length exceeding 7 µm [10], while using ethylene
glycol electrolytes and by a further optimization of parameters, the nanotube length has
reached 1mm [11] and perfectly smooth walls. Water content in the electrolyte affects the
growth rate and the etching speed (chemical dissolution rate) of the nanotubes. In other
words, the effect of water content is two-fold: it is required for oxide formation (tube
bottom), but it also accelerates the dissolution of the nanotube layer (if the formed metal
fluorides are water-soluble).
In the anodic oxidation of titanium performed in this work a potential is applied between an
anode (usually a Ti foil of thin film) and a cathode (usually a Pt foil) immersed into a
fluorine based electrolytic solution, in organic solvent with a little content of water.
The formation of TiO2 nanotube membranes in fluorine-based electrolyte starts with the
oxidation of the metallic surface which releases Ti4+ ions and electrons (Eq.(1)).
2Ti  2Ti4+ + 8e-

Eq.(1)

An oxide layer is deposited on the metal surface from interaction of Ti4+ ions and O2 or
OH- ions of water. Eqs.(2) and (3) describe the formation of hydrated anodic and oxide
layer.
Ti4+ + 4OH-  Ti(OH)4

Eq.(2)

Ti4+ + 2O2- TiO2

Eq.(3)

The Titanium Dioxide is produced from the hydrated anodic layer by a condensation
reaction (Eq.(4)).
Ti(OH)4  TiO2 + 2H2O

Eq.(4)

At the cathode (Eq.(5)), hydrogen evolution occurs and the entire process of oxide
formation is expressed in Eq.(6).
8H+ + 8e-  4H2

Eq.(5)

Ti + 2H2O  TiO2 + 2H2

Eq.(6)

The fluorine ions in the electrolyte attack the hydrated and oxide layer, where the F ions are
mobile in the anodic layer and react withTi4+ under the applied electric field. Field-assisted
dissolution of the oxide occurs therefore at the interface between oxide and electrolyte.
Localized dissolution of the oxide creates small pits (Eqs.(7) and(8)).
TiO2 + 6F- + 4H-  TiF62- + 2H2O

Eq.(7)

Ti(OH)4 + 6F-  TiF62- + 4OH-

Eq.(8)

33

Chapter 3

Metal-oxide nanostructures: growth and characterization

These locally etched pits act as pore forming centers, which convert into pores uniformly
distributed over the whole surface. The pores start to grow at the pore bottom with inward
movement of the oxide layer, as depicted in figure 3.1. Ionic species (F, O2, OH) migrate
from the electrolyte toward the metal/oxide interface. The TiO bond undergoes polarization
and is weakened to assist dissolution of the metal cations. Ions Ti4+ migrating from the
metal to the oxide/electrolyte interface dissolve in the HF electrolyte (Eq.(9)). The free O 2
anions migrate toward the metal/oxide interface and further interact with the metal.
Ti4+ + 6F-  TiF62-

Eq.(9)

Figure 3.1 Schematic representation of anodic oxidation process of Ti into fluorine-based
electrolyte [12]

The growth of the oxide can then be monitored by recording the current–time
characteristics. In Figure 3.2 a typical I–t curve for conditions that lead to nanotube
formation is shown. The curve shows three stages: I) In the initial stage of anodization the
curve essentially follows the fluoride-free case, and if samples are removed from the
electrolyte, a compact oxide layer is present. In stage II, a current increase occurs, and
irregular nanoscale pores are initially formed that penetrate the initial compact oxide (the
current increases as the reactive area increases). In step III, the current drops again as a
regular nanopore or nanotube layer forms.

Figure 3.2 Current density–time characteristics recorded during anodic oxidation of Ti substrate
[12]
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An interesting aspect of Ti anodization concerns the lengh of the tubes. The expected
expansion factor when metal is converted into oxide is given by the ratio of the volume of
the oxide to the volume of the consumed metal and is frequently called the Pilling–
Bedworth ratio (PBR) [13]. This ratio for TiO2 obtained by anodic oxidation was
calculated to be 2.43 [14]. However, the tubes grew much larger than expected, and an
expansion factor of about 3 can be observed [12]. This unexpectedly high volume
expansion is ascribed to an additional lengthening of the tubes by plastic flow. The “flow
concept” was originally employed to explain the growth of anodized Al2O3 [15]. For
Al2O3, oxide flow is assumed to originate from the plasticity of the barrier layer generated
by the substantial ionic movement in the high electric field together with the compressive
stresses induced by the volume expansion and the electrostrictive forces generated during
growth. The result is a force that pushes viscous oxide up the pore walls and thus extends
the tube lengths. Overall, the increased volume expansion factors observed during the
growth of TiO2 nanotubes suggest a similar mechanism for the growth of TiO2 nanotubes.
During the growth of the oxide (and supported by plastic flow), an accumulation of
fluorides takes place at cell boundaries. These regions are sensitized, as the fluoride-rich
layer is prone to chemical dissolution: selective chemical dissolution (in aqueous
electrolyte) of the fluoride rich layer etches out the cell boundaries and thus leads to
individual tube shapes.
3.2.2

Synthesis procedure

A titanium foil was manually cut into 3 2 cm pieces, cleaned by ultra-sonication in
acetone and rinsed in isopropyl alcohol. The TiO2 NT carpet was grown by anodic
oxidation inside a Teflon electrochemical cell reported in figure 3.3.

Figure 3.3 Photograph of the Teflon O-ring electrochemical cell employed during the anodic
oxidation of Ti foil.

The electrolytic solution was prepared adding 0.5 wt. % NH4F and 2.5 vol. % deionized
water in ethylene glycol and the electrochemical reaction was performed at a constant
voltage of 60 V. After the anodic oxidation, the Ti foil covered with NTs was repeatedly
rinsed in distilled water to remove the electrolyte residual from the tubes surface. The
samples were then rapidly annealed at 450 °C for 1 hour to obtain the crystallisation of the
material in the anatase phase.
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3.2.3 Results & Discussion
3.2.3.1 Field Emission Scanning Electron Microscopy
In figure 3.4, the FESEM characterization of the vertically alligned TiO 2 NT arrays
obtained at the end of anodic oxidation process, are reported. In Figures 3.4c-d, the top and
bottom views of the NT carpet, where is clearly visible the hexagonally-packed assembly of
the anodized titanium oxide, is reported. The average external diameter of the tubes can be
estimated to be around 130 nm.

Figure 3.4. Photograph of as anodized Ti foil (a) FESEM micrographs showing the cross-section of
TiO2 nts array (b) and the top (c) and bottom (d) views of TiO2 nts.

Figure 3.5. 3D image of TiO2 nanotube shape supported by FESEM micrographs showing
cross sectional view in different section of the tubes array (scale bars are 200 nm in all the pictures).

Although the outer diameter doesn’t change along the total length of the tube, the inner
one decreases from ~ 100 nm (top) down to ~ 30 nm (bottom). Figure 3.5 clearly outlines
this scenario with a 3D drawing of the TiO2 nanotube shape, supported by FESEM
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micrographs showing cross sectional views at different heights (one about each 10 µm) of
the NT membrane.
The dependence of TiO2 NT array length on the anodization time was also investigated in
the range of 1 - 4 hours. The results obtained with the FESEM characterization are
reported in the graph in Figure 3.6: the growth rate is linear with time and membranes up
to 57 µm thick were obtained for 4 hours of anodic oxidation. Although the linear trend is
well known [16], the growth rate curves reported in the literature with the same conditions
correspond to lower values of NT length [17].

Figure 3.6. Dependence of TiO2 NT array length on the anodization time.

Figure 3.7 FESEM micrographs showing the surface of the TiO2 Nts array after the first step of
anodic oxidation (a) and the Ti surface after the growth and removal of the sacrificial NT layer (b);
the top (c) and the bottom (d) of the TiO2 NT array grown after the second anodization.
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A one-step anodic oxidation process can lead to the synthesis of disordered TiO2
nanowires (NWs) on the top of the TiO2 nanotubes (see Fig. 3.7a). The formation of NWs
is due to the chemical dissolution of the tube top by means of the fluoride species. This
phenomenon is detrimental for NT based electrode for electrochemical device, since NWs
can hamper the infiltration of solutions (dye molecules, electrolyte, etc). In order to
achieve a debris-free and well ordered array of NTs with open top surfaces and fast growth
rate some expedients have to be implemented. Non-aqueous organic electrolytes are
considered to be the key to successfully achieve ultra-fast growth rate at high anodization
potential [11]. In addition, the morphology of the Ti foil plays a crucial role; in fact, the
optimal surface should be preferably textured rather than perfectly planar and smooth. The
surface morphology is crucial particularly at the beginning of the electrochemical process,
thus a pre-anodization could be beneficial leading to the formation of a sacrificial TiO 2
NTs layer (usually covered by thin or thick NWs layer). After removal of the preformed
sacrificial layer, the resulting Ti surface is fully covered by holes previously occupied by
the bottom side of the NTs. As a consequence, the electrochemical growth of the final NT
array is faster and a more ordered distribution can be obtained [18] due to the presence of
a preformed pathway. FESEM micrographs reported Fig. 3.7b show the surface of the Ti
foil after the growth and removal of the sacrificial NT layer. The hollow-textured Ti
surface was then again anodized, thus obtaining the well-ordered NT array illustrated in
Fig. 3.7c (top view) and 3.7d (bottom view).

Figure 3.8 FESEM micrographs acquired at different magnification showing the cross view of NT
membrane before (a,c) and after (b, d) thermal treatment. Scale bars are 500 nm in a, b and 250 nm
in c,d.

After the annealing procedure, the typically smooth walls of the nanotubes grown in
nonacqueous organic electrolyte became highly rough. The FESEM micrographs (lateral
view) reported in Fig. 3.8 show the morphological variation, even if the nanotubular shape
was preserved. Albu et al. [19] have investigated with HRTEM the effect of temperature
on the morphology of the nanotubes revealing that the crystallite formation lead to
nanocracks occurrence along the walls when annealing temperatures approaches 500°C.
Although on one hand this phenomenon can affect the electron transport properties of
NTs, on the other hand it presents the advantage of an increase of the surface area, usually
desirable in an electrochemical device.

3.2.3.2 Energy Dispersive X-ray spectrometry
Chemical composition of the nanostructured thin film was investigated using EDX analysis.
The results on the as-grown material, shown in Fig. 3.9, reveal the presence of fluorine and
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carbon atoms in addition to the expected titanium and oxygen atoms, as confirmed by the
semi-quantitative standardless analysis (table inset in Fig. 3.9). This contamination is
consistent with the results of Albu et al. [20] that describes the TiO2 NTs as composed by
two layers: an outer shell of pure and dense TiO2, and an inner porous core containing
incorporated electrolyte components. However, EDX spectrum shows that after the
annealing at 450 °C, fluorine and carbon disappear, thus resulting in an optimal control of
the oxide stoichiometry.

Figure 3.9 EDX spectra of TiO2 NTs before and after annealing and (insert) semi-quantitative
standardless compositional analysis.

3.2.3.3 Surface area analysis
Figure 3.10 shows the nitrogen adsorption/desorption isotherms of TiO2 NTs array. The
specific surface area as measured by BET is about 40 m2/g, in line with the value
measured for TiO2 nanotubes array obtained by anodic oxidation in organic electrolyte
[12].
The pore size analysis, reported in the inset of Fig. 3.10, shows a broad bell-shaped
distribution. This result takes into account the contributions of the free volume among
adjacent tubes and the roughness induced in the tube walls by the thermal treatment. After
the annealing procedure, in fact, the typically smooth walls of the nanotubes grown in
nonacqueous organic electrolyte became highly rough (see Fig. 3.8).

Figure 3.10 N2 adsorption/desorption isotherms for the surface area evaluation of TiO2 NTs (pore
size distribution is shown in the inset).
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3.2.3.4 X-ray diffraction analysis
The XRD pattern, reported in Figure 3.11, shows the completely amorphous nature of the
NT array after anodic oxidation while a crystalline anatase film was obtained after the
thermal treatment.

Figure 3.11 X-ray diffraction pattern of as-grown and annealed TiO2 NT array: the experimental
data are in perfect agreement with JCPDS reference patterns (89-4921), both in peak positions and
relative intensities.

An interesting empirical observation is that XRD spectra are different if NTs have length
lower than 10 µm. Measurements on bare Ti foil and upon oxidation and subsequent
thermal treatment at 450 °C in air are reported in Fig. 3.12. The diffraction patterns reveal
the formation of an anatase polycrystalline structure, with peaks related to the (101), (004),
(200) and (105) crystal planes in the oxidized layer (JCPDS 89-4921), while the additional
peaks originate from the Ti substrate (JCPDS 89-5009). The crystallites present a
preferential orientation on the [004] direction, maybe related to the vertical orientation of
the tubular structures. Extensive investigation is needed to verify this hypothesis.

Figure 3.12 X-ray diffraction patterns of Ti foil (a) and TiO2 NT array thermally treated at 450 °C
(b). The diffractogram of the annealed material shows good agreement with the anatase phase
reference pattern, with a (004) preferential orientation.
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3.2.3.5 Transmission electron microscopy

Fig. 3.13 Bright Field TEM and HRTEM images of the as grown TiO2 NTs (a-c), and of the
annealed TiO2 NTs (b-d),. In the inset of c and d, the SAED (selected area electron diffraction)
pattern related to the as grown and annealed TiO2 NT respectively is reported.

In figure 3.13, some TEM images of the as-prepared and the annealed NT array are shown.
In fig 3.13 a-c, a bright field TEM, a HRTEM images and the related SAED pattern of the
as grown NTs are reported. From the SAED it easy to confirm the amorphous nature of the
as grown TiO2 NTs.
In fig 3.13 b-d, the bright field TEM, the HRTEM images and the related SAED pattern of
the NTs annealed at 450 °C are reported. The HRTEM images and a SAED pattern put in
evidence the polycrystalline nature of the nanostructure. A measure of the d spacing
(0.335 nm) of some selected crystal corresponds to the (101) of the anatase phase.

3.2.3.6 UV/Vis measurements
In order to study the optical properties of TiO2 nanotubes, their UV–vis absorption and
transmittance spectra were measured after detachment of the NTs membrane from the Ti
foil and bonding on a glass substrate (as it will be explained in chapter 4). In Fig. 3.14(a)
the transmittance results obtained on a 12 um thick sample are reported. The membrane
presents an opaque behavior and the visible transmittance is below 5%. The absorbance
spectrum has been obtained from diffuse reflectance measurements and is shown in
Fig.3.14(b). The typical TiO2 absorption edge -assigned to the intrinsic transition from the
valence band (VB) to the conduction band (CB) is located around 390 nm and for longer
wavelenghths the curve is rather flat, revealing a low light absorption in the region 400800nm. This confirms the good quality of the material, since in nanostructured TiO2
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samples the increase in the visible absorption is attributed to increased sub-gap defects
and/or oxygen vacancies concentration [21].

Fig. 3.14 UV-Vis absorbance F(R) calculated with Kubelka-Munk function [22] and transmittance
spectra of a 12 µm thick TiO2 NTs membrane detached from the Ti foil and bonded on transparent
substrate (as it will be explained in chapter 4).

3.2.3.7 Contact angle measurement
Contact angle measurements were performed to understand the wettability behavior of
TiO2 NTs array on Ti substrate. The results show that after anodic oxidation of Ti foil, the
amorphous NTs layer exhibits a super-hydrophobic behavior (see Fig. 3.15a). The
recorded water CA value is around 167° and it is extremely reduced after the thermal
treatment down to 36° as show in Fig. 3.15b. The highly super-hydrophobic behavior of
as-grown NTs could be explained taking into account the carbon contaminant presence (as
reported in paragraph 3.2.3.2). Organic functionalization of the NTs surface can in fact
lead to an increase of the CA value [23].
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Fig. 3.15 Photographs showing the DI-water contact angle images of TiO2 NT array before (on the
left) and after (on the right) the thermal treatment at 450°C.

The increase in wettability of NTs after the thermal treatment was previously reported
[24]. In general, annealing metal generates a hydrophobic surface [25]. Conversely, this
study produced more hydrophilic surfaces after annealing. The annealing resulted in
nanotubes of anatase phase, causing more hydrophilic surfaces to be generated.

3.2.3.8 Electrical measurements
Around 6 µm thick TiO2 nanotube arrays on titanium foil were used as samples for
electrical measurements. The I-V curves of as-grown and annealed samples are shown in
Fig. 3.16. Both samples exhibit a linear relationship between the applied voltage and the
measured current, evidencing the formation of an ohmic contact at the Au/TiO2 interface.
The as-grown sample is characterized by a higher resistance with respect to the annealed
one, of the order of 5*107 Ω, in line with what is reported in literature for amorphous
nanotube used as oxygen sensor in ambient condition [26]. The annealed sample, instead,
thanks to its polycrystalline nature, exhibits a five-order magnitude lower resistivity (as it
is evident from the inset of Fig. 3.16) with a calculated value of 2.5*104 Ω*cm, in
agreement with the typical values for polycrystalline TiO2 anatase films (102–107 Ω*cm)
[27]

Fig. 3.16 I-V curves of as-grown and annealed samples (semilog. scale is shown in the inset )
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ZnO

3.3.1 Growth process
The fabrication of ZnO sponge-like nanostructures starts with the RF sputtering deposition
of a Zn porous layer. For a wide range of experimental condition the deposition on Zn
layers gives evidence of the formation of a porous nanostructured film characterized by a
spongelike morphology. This growth results can be explained in the framework of the
growth model proposed by Jankowski and Hayes [28], a study that can be considered as an
integration to the Thornton model [29], which is, in turn, an extension of the model
proposed by Movchan and Demchinshin [29]. This model, also known as “structure zone”
model (see Fig. 3.17), predicts that the structure and the morphology of a sputtered metal
layer depend strongly on the ratio T/Tm, where T is the substrate temperature and Tm is the
coating-material melting point, with the formation of three structural zones. Zone 1
consists of tapered crystals separated by voided boundaries. Zone 2 consists of columnar
grains separated by distinct and dense intercrystalline boundaries. Zone 3 is composed of
equiaxed grains with a bright surface. Thornton introduced a transition region, the socalled Zone T, standing between Zone 1 and Zone 2, characterized by a more fibrous
morphology. Jankowski and Hayes introduced an additional zone corresponding to what
they defined a stable “spongelike” morphology, between Zone T and Zone 2. This zone
can be obtained at a substrate temperature lying in a range centered at T/Tm~0.5, where
surface diffusion still dominates but the onset of faceting that plays the dominant role in
Zone 2 occurs. In the case of zinc, that has a low melting temperature (~690 K), the
substrate temperature required for obtaining a value of 0.5 is ~350 K. The substrate
temperature can increase by tens of degrees Celsius during sputtering deposition because
of the energy released by incident particles [30], thus the conditions for obtaining such a
nanostructure are easily achieved with no intentional heating.
The effect of the subsequent thermal treatments that allow the conversion of Zn spongelike
film into ZnO layer is discussed in the results and discussion section.

Figure 3.17 Thornton model [29], also known as “structure zone” model, predicts three structural
zones as a function of the ratio T/Tm, where T is the substrate temperature and Tm is the coatingmaterial melting point.
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3.3.2 Synthesis procedure
Zinc films were deposited on silicon substrates and on FTO-coated glasses by the RF
magnetron sputtering technique. Substrates were cleaned in ultrasonic bath with acetone
(10 min) and ethanol (10 min), and dried under direct nitrogen flow. The vacuum chamber
was pumped down to a pressure ranging from about 8×10−6 Pa to about 6×10−5 Pa. A
zinc target, was fixed on the cathode, placed at about 8 cm from the substrate holder.
Argon was used as sputtering gas. The plasma discharge was created by applying a RF
voltage at a frequency of 13.56 MHz between the target and the grounded substrate holder.
Each film was grown at room temperature, i.e., no intentional heating was supplied to the
substrates and at a deposition power of 100W. After the deposition by sputtering, the films
were placed on a hot plate at 380°C for 60 min in ambient air, in order to oxidize the zinc
and obtain zinc oxide nanostructured layers.

3.3.3

Results and discussion

3.3.3.1 Field emission scanning electron microscopy
Fig. 3.18a and b shows the FESEM cross-section images of the zinc films deposited at
different gas flow and pressure values (40 sccm / 0,67 Pa and 10 sccm / 2.67 Pa
respectively), while the FESEM top views of the same samples are shown in Fig. 3.18c
and d. For a fixed deposition time (60 min) the thickness of the films ranged between
about 1.4 μm and 4.3 μm. The thickness values were vastly different because of the
deposition conditions adopted for the growth of the films, and their variation was
consistent with the mechanisms of growth involved in a sputtering process.
For every deposition condition all the samples showed the same kind of nanostructure,
some effects due to the variation of gas flow and pressure could be noticed at a lower
scale: in particular, in films grown at 10 sccm and 2.67 Pa of Ar, particulate formation was
observed along the surface of the film structure. Moreover, the images related to the
sample reported in Fig. 3.18b and d seem to suggest that this sample is characterized by a
more compact structure than that of the other samples, regardless of the gas flow value.
Concerning this behavior, it has been reported that an increase in the working gas pressure
has the same effect as reducing the substrate temperature [28].

Figure 3.18 FESEM micrographs showing the cross-sections and the top views of Zn films
deposited at 40 sccm / 0,67 Pa (a, c) and sample deposited at 10 sccm / 2.67 Pa (b, d). The bottom
right inset in (b) shows a high-magnification micrograph acquired on sample deposited at 10 sccm /
2.67 Pa in cross-section in which the presence of particulates along the main film structure is
evident.
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Therefore the shift towards a denser structure for pressures above and below 0.67 Pa
corresponds to an initial transition towards Zone T and Zone 2 of the Thornton model,
respectively. In all the reported conditions, the morphology of the films was found to be
independent of the substrate (Si or glass covered with FTO) used for the deposition.
In order to better investigate the morphology of the first layers of the deposited material, a
series of depositions with a reduced deposition time (2 min) was performed. Fig. 3.19a and
b reports two examples of FESEM micrographs of zinc thin films grown at the same
conditions as before (40 sccm / 0,67 Pa and 10 sccm / 2.67 Pa respectively) acquired at
different magnifications.
Sample deposited at 40 sccm / 0,67 Pa for 2min (Fig. 3.19a) was composed of smooth
particulates with an average diameter of about 20 nm, whereas sample deposited at 10
sccm / 2.67 Pa for 2 min, so grown at lower Ar flow, was characterized by a doubled
thickness value and by a rough structure composed of agglomerated particulates (Fig.
3.19b).

Figure 3.19 FESEM micrographs of Zn films showing the top view of sample deposited at (a) 40
sccm / 0,67 Pa and (b) 10 sccm / 2.67 Pa respectively for 2 min, both tilted by 45°.

Moreover, numerous elongated structures, up to 200 nm in length, were present across the
whole surface: their sharp morphology could indicate a higher degree of crystallinity but it
could be also related to the growth mechanisms occurring at different stages of the film
growth. In fact, the elongated structures might develop after the initial formation of few
layers of quasi-spherical particulates.
In order to prove the possibility of obtaining ZnO nanostructured layers from the zinc
films deposited by sputtering, all the thick samples were oxidized by thermal treatment in
air at 380°C and examined by FESEM: their morphology was preserved after the
treatment. This is an important result when considering the application of these films into
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DSCs or Li-Ions battery, because this morphology is particularly suitable for dye or
electrolyte impregnation.
The as-grown Zn thin film is characterized by a black appearance, due to the high light
scattering at the surface indicating the nanostructured nature of the layer. After the
oxidation treatment, the color of the thin film turns white, which is the typical look for
ZnO porous film (see insets Fig.3.20a-b).

Figure 3.20 FESEM morphological analyses of as-grown and oxidized Zn layer. (a) A crosssectional view of 5 µm thick nanostructured Zn and (b) ZnO; c) and d) show higher magnification
of b). Increasing the deposition time up to 10 hours, a 18.5 µm thick Zn layer could be obtained (e).
In the insets of a-b photograph of photoanodes before (left) and after (right) thermal oxidation are
reported.

Fig. 3.20a-d shows FESEM images of Zn (a) and ZnO (b-d) nanostructures, evidencing a
sponge-like nanostructure. In Fig. 3.20a-b a cross-sectional view of the film before and
after oxidation is proposed, where it is possible to notice how the films are actually
constituted by a thin highly dense layer at the interface with FTO and by a thick, porous
and branched structure up to the surface of the film. After the thermal oxidation, the
structures maintain almost the same morphology of the as-grown sample, with a moderate
volume expansion.
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Although Zn and ZnO films have similar morphology, some small differences can be
noticed. The as-grown Zn film consists of branches that are slightly more elongated than
those of the ZnO film.
The coral-like arrangement of the thick ZnO layer is shown in higher magnification
FESEM pictures in Fig. 3.20c-d. The diameter dimensions of the branches are of the order
of 40 nm, with spacing in the range 10-60 nm: taking into account an exciton length of 520 nm [31], they should guarantee for optimal electron transfer properties properties for
the DSC and Li-ion batteries applications.
Thicknesses up to 18.5 µm (see fig 3.20e), maintaining almost the same sponge like
morphology, can be obtained by simply increasing the deposition time (10 hours).

3.3.3.2 Energy dispersive X-ray spectrometry

Figure 3.21 EDX spectrum of ZnO sponge-like film and (insert) semiquantitative standardless compositional
analysis.

Chemical composition of the nanostructured thin film was investigated using energy
dispersive X-ray analysis. The results, shown in Fig. 3.21, confirm the presence of almost
stoichiometric zinc oxide, as evidenced by the semiquantitative standardless analysis
(table inset in Fig. 3.21).

3.3.3.3 Surface area analysis

Figure 3.22 N2 sorption isotherms for the surface area evaluation obtained on sponge-like ZnO
film.
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The nitrogen sorption isotherm is reported in Fig. 3.22. Shape and position of the
hysteresis loops are compatible with the branched porous ZnO structure and the calculated
specific area is 14.1 m2/g. This value is lower than in nanoparticulated TiO2 electrodes
usually employed in DSC, but comparable to that of other ZnO layer reported in literature
[32-33].

3.3.3.4 X-ray diffraction analysis
The diffraction patterns of the as grown and oxidized films are reported in Fig. 3.23. The
strongest peaks in the Zn XRD pattern are related to Zn (002), (100) and (101) crystalline
planes, while weaker peaks correspond to ZnO (100) and ZnO (002) planes. The
diffraction pattern of ZnO point out the good crystalline quality of the film, with the
presence of a pure hexagonal structure. A good control of the oxide stoichiometry is
evidenced, since no peaks related to metallic Zn are present after the thermal treatment
(JCPDS references: Zn 87-0713, ZnO 89-1397).

Figure 3.23 X-ray diffraction pattern of as grown and oxidized films, showing the complete oxidation of Zn
after thermal treatment. The experimental data are in perfect agreement with JCPDS reference patterns (Zn 870713, ZnO 89-1397), both in peak positions and relative intensities.

3.3.3.5 Transmission electron microscopy

Figure 3.24 TEM image of the ZnO powder obtained from the ZnO film synthesized on silicon.
The inset represents the related SAED (selected area electron diffraction) pattern.
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Fig. 3.24 shows a bright field TEM image acquired on the ZnO powder prepared
according to the method described in the previous section (3.2.2). The image represents a
portion of a branch of the ZnO film, in which the aggregation of different crystals is
visible. The rings present in the diffraction pattern (inset of Fig. 3.24) evidence the
polycrystalline nature of the material: the spongelike structure is, in fact, composed of
randomly oriented crystals of few tens of nanometers (≈ 20-40). Because of the specimen
preparation method, it was not possible to infer an orientation relation with the substrate.

3.3.3.6 UV/Vis measurements
The UV-visible transmittance spectra of spongelike Zn, ZnO and nanoparticulated TiO2
films with same thickness (8 µm, as comparison) deposited on the same kind of substrates
were measured and compared. The optical spectra are reported in Fig. 3.25, where the
effect of the thermal oxidation on the Zn film is evident: the transmittance was
approximately zero for the metallic film while a semi-transparent layer was obtained after
the oxidation. Moreover ZnO presents a transmittance of about 15% higher (for
wavelengths above 500 nm) than that of TiO2. Such a higher transmittance obtained with
ZnO is really promising for transparent DSC for solar windows applications.

Figure 3.25 UV-visible transmittance curves obtained for the Zn, ZnO and TiO 2 layers on
transparent conductive substrates with the same thickness (8 µm). The two metal-oxide
photoanodes are visualized in the inset.

3.3.3.7 Contact angle measurements
The wettability of the Zn layer drastically changes after oxidation, moving from
superhydrophobic to superhydrofillic behavior for Zn and ZnO respectively (Fig. 3.26 ab). Moreover, the oxide surface showed a good affinity with ethanolic solution (Fig.
3.26c), as the one used for dye impregnation step in DSCs fabrication.

50

Chapter 3

Metal-oxide nanostructures: growth and characterization

Figure 3.26 Contact angle images of DI-water on Zn (a) and ZnO (b) and ethanol on ZnO (c).

3.3.3.8 Electrical measurements

Figure 3.27 I-V curves obtained from ZnO under dark conditions and under illumination.

Around 3 µm thick ZnO spongelike films on silicon on insulator (SOI) wafers coated with
Ti/Au (10 nm/100 nm) metal layers were used as samples for electrical measurements.
I-V curves are shown in Fig. 3.27 and represent a Schottky-type potential barrier. This
non-linear characteristic is frequent in ZnO-Au junctions [34], and, more in general, it is
consistent with the behavior of materials with charged grain boundaries, whose electrical
properties are dominated by grain-boundaries interface states [35]. Under dark conditions
the current-vs-voltage characteristic is
only dependent on the polarization conditions. Under illumination, the current strongly
increases thanks to the contribution of the electron-hole couples photogenerated upon
absorption of light in the UV range of the solar spectrum. Thus, as it has been reported for
compact thin films [36], the interface between gold and spongelike ZnO can operate as
photodetector.
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Chapter 4
Technological processes for DSC fabrication
and characterization

In this chapter all the technological steps for the fabrication and characterization of
microfluidic front-side illuminated dye-sensitized solar cells are discussed. TiO2 and ZnO
photoanodes were obtained by anodic oxidation and sputtering deposition combined with
thermal oxidation respectively and implemented into microfluidic DSCs. The devices were
electrically characterized and the charge transport properties deeply investigated.

4.1

Microfluidic housing system

Several papers have been published suggesting the best fabrication procedure of the cells [1-2]
and moreover, in the papers reporting experimental results, the procedure used to obtain small
laboratory cells is quite always illustrated in details. Even if sometimes a simple clips closure
has been chosen, the use of hot-melt sealants is generally adopted for closure and protection
from the environment. For research purposes this can be somewhat limiting. Indeed some of
the fabrication steps, as dye adsorption and electrolyte filling, are often performed without any
direct/active control, being difficult to ensure reproducibility and reliability while fabricating a
large number of cells. Both during experiments and after them, the cell, being irreversibly
sealed, does not grant the possibility of control and inspection, or post-process modifications.
Recently the CSHR@PoliTo laboratory [3] has proposed a new technological procedure for
DSC fabrication, which is quite familiar to the field of microfluidics (see figure 4.1). We
designed a cell that is actually made by all the parts of the traditional Grätzel's device, in
which a microfluidic chamber has been designed by means of a PolyDiMethylSiloxane
(PDMS) membrane. PDMS exhibits a good spontaneous reversible adhesion to glass, metals
and oxides. The membrane acts as a spacer between the two electrodes, defining the inner
active volume of the DSC. To ensure a good sealing, the semiconductor layer (TiO2 or ZnO) is
designed having a circular shape entirely confined into the microfluidic chamber. This is
obtained performing a casting step into a tape-mould having a hole with a fixed diameter into
it. To definitively close the device, a housing system has been designed, with an external
clamp closed by screws. In this way the sealing procedure is reversible, granting inspection
and control also after the experiments. Sealing performances of such innovative structure were
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successfully evaluated by dynamic fluidic tests[3]. The microfluidic device offers good
flexibility and still grants low cost materials and technologies together with the use of very
small amounts of reagents. This modular device enables to substitute one or more components
and guarantees the reproducibility of the assembly parameters such as load distribution, screw
tightening, spacer and thicknesses control.
The TiO2 NTs and ZnO spongelike photoanodes fabrication will be discussed in paragraph 4.3
and 4.4. Here the adopted procedure for obtaining the microfluidic dye sensitized solar cell is
reported.
To fabricate the counter electrodes for DSCs, two small pin-holes for inlet/outlet connections
were drilled in the FTO glass (7 Ω/sq, Solaronix) through powder blasting technique.
Substrates were then cleaned with the same rinsing method described in detail below. A thin
layer of platinum was deposited by thermal evaporation. A 0.125 mm Pt wire (99.99% purity,
Goodfellow) was putted in a W crucible (ME5.005W, Testbourne) and connected with a high
current circuit controlled by a variac. The evaporation current was in the range 90-110 A, as
measured by a clamp meter. Deposition occurs in high vacuum conditions (pressure lower
than 5E-7 mbar), guaranteed by a series of a mechanical and a turbomolecular pump. The
distance between the metal source and the substrate was 10 cm. The thickness of the deposited
layer was measured by a quartz crystal microbalance and the deposition rate was maintained
constant at 0.01 nm/s. The inlet/outlet ports for electrolyte (Iodolyte AN 50, Solaronix) filling
were connected via low density polyethylene tubes and closed for operation with PDMS caps.

Fig. 4.1 (a) Scheme of the microfluidic DSC with the detail of all the elements constituting the
Cell and (b) a photograph of the final device.

The operating chamber was defined through a PDMS membrane, prepared by casting
technique. PDMS pre-polymer and curing agent (Sylgard 184, Dow Corning) were mixed in a
5:1 weight ratio and degassed in low vacuum for 1 h. The mixture was then poured into the
mould and cured in a convection oven for 1h at 70 °C. The membrane was then peeled off
from the mould and reversibly sandwiched between the electrodes. Accurate control in the
volume of the mould and on PDMS weight during casting process allowed a precise control in
membrane thickness (200 μm ± 15 μm) and uniformity. The PDMS membrane laterally
defines the active chamber of the cell. A double-drop membrane layout was chosen to promote
air bubble evacuation during electrolyte filling. The device is closed by an external housing
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system (made of two polymethyl methacrylate frames) that clamps the two electrodes and
allows fluids handling. A 50 μm retaining ring is designed on the membrane to follow the
profile of the chamber ensuring sealing by completely deforming when closing the device
with screws. The complete deformation of the retaining ring grants the final distance between
the electrodes to coincide with the thickness of the membranes. In this way the sealing
procedure is reversible, allowing inspection and control also after the experiments. All cells
had an active area of 0.78 cm2 and measurements were performed with a 0.22 cm2 mask.
Copper foils (50 μm thick, area 1.5 cm2) were used for electric connections at the electrodes,
dielectrically isolated by the PDMS membrane.

4.2

Device characterization

When the microfluidic DSC assembling procedure was carried out, all the cells were
characterized by electrical and electrochemical points of view. A theoretical background on
photovoltaic parameters and characterization techniques is provided in 2.1.3. I-V electrical
characterizations under AM1.5G illumination (1000 W/m2) were carried out using a class A
solar simulator (91195A, Newport) and a Keithley 2440 source measure unit. Incident photonto-electron conversion efficiency measurements were performed using a 150 W Xenon halogen
lamp equipped with a dual grating Czerny Turner monochromator and measuring the DC
current through a Keithley 2440 source measure unit. Open circuit voltage decay measurements
were performed using a 760D electrochemical workstation (CH Instruments). Electrochemical
impedance spectra were acquired using the same electrochemical workstation in dark condition
at different applied bias voltages; the amplitude of the AC signal was 10 mV and the frequency
range was 10-1 – 105 Hz. The collected spectra were fitted using an equivalent circuit (a detailed
description is reported in the paragraph 2.1.3.4) in order to obtain information about transport
and recombination of charges.

4.3

TiO2 based photoanodes

In this paragraph the fabrication step of titanium dioxide photoanodes are described and the
morphological characterization is reported. Usually, the NT array grown onto the opaque Ti
foil, once crystallized and dye-sensitized, can be used as DSC photoanode employing a
backside illumination set-up [4,5]. In this configuration, the cell is illuminated from the
counter electrode side, so the number of incident photons that can be absorbed by dye
molecules is partially reduced by the absorption and the reflection on the Pt thin film.
Moreover the iodine-based electrolytic solution between the two electrodes can absorb in the
UV-region, further reducing the device performances. A possible alternative is to fabricate
front-side illuminated NT-based DSC starting by Ti thin films deposited on transparent
conductive substrate [4]. In this case, the relatively low film thickness attainable with common
sputtering or evaporation techniques in reasonable time limits the maximum NT length
achievable. To overcome these constraints, self standing TiO2 NT membranes can be
anodically grown on Ti foil, detached and bonded on transparent sheet. Employing this
approach, the characteristic blocking layer usually present at the interface between the bottom
of the NTs and the bulky Ti foil can be avoided [6], thus reducing the recombination at this
interface.
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4.3.1 Fabrication/Technology
Titanium dioxide nanotube arrays were grown by a two-step anodic oxidation of Ti foil
following the recipe described in chapter 3. After the anodization, the oxidized Ti foils were
repeatedly rinsed in ethanol to remove the residual fluoride contaminants (see 3.2.3) and other
impurities adsorbed from the electrolytic solution during the growth process. Different
strategies have been presented in the literature to detach TiO2 NT membrane from Ti foil such
as mechanical splitting, electrochemical extraction, chemical dissolution or physical etching
[7]. Here, instead, a self-detachment procedure is proposed: following repeated rinsing of the
sample the TiO2 barrier layer at the end of the tubes was delaminated and the NT array
separated from the bulk.
The sol of TiO2 NPs used to obtain a good interface between the FTO and the TiO2 NT bottom
was prepared by sol-gel technique. In a typical synthesis, Titanium (IV) isopropoxide was
hydrolyzed using glacial acetic acid and excess of DI-water, according to a procedure similar
to that previously described in literature [8]. The reaction media were modified introducing
the non-ionic surfactant Tween 20, which helps in obtaining a better connectivity and
homogeneity when the sol is casted to form a thin film. The sol was aged for 48 h at ambient
temperature and subsequently concentrated in a rotary evaporator at 40 oC for 2 h under
vacuum. The final sol containing amorphous TiO2 nanoparticles was homogeneous and stable
for weeks.
FTO/glasses (7 Ω/sq, Solaronix) were cleaned in acetone in an ultrasonic bath and then rinsed
with ethanol. A cleaning in “piranha” solution (3:1 concentration of Sulfuric Acid: Hydrogen
Peroxide) was employed to remove organic residues on the surface.
With the purpose of investigating the effect of titanium tetrachloride some substrates were
incubated into a 50 mM TiCl4 aqueous solution for 20 min at 70 °C, rinsed many times in DIwater, dried under N2 flow and heat treated again at 450 °C.
The as-prepared photoanodes were incubated for 18 h into a 0.3 mM N719 ethanolic dye
solution at room temperature to obtain a dye molecules monolayer covering the semiconductor
material.
In order to compare the properties of the TiO2 NTs and the sponge-like ZnO with the most
commonly used material in DSCs, TiO2 nanoparticle-based photoanodes were also prepared,
using commercial TiO2 paste. FTO covered glasses were cleaned and a TiO2 layer (TiNanoxide D37 paste, Solaronix) with a circular shape was deposited on FTO by tape casting
technique and dried at 50 °C for 30 min on a hot plate. A sintering process at 450 °C for 30
min allowed the formation of nanoporous TiO2 film with a mean thickness of (7.5 ± 0.5) μm,
as measured by profilometry (P.10 KLA-Tencor Profiler).
Another approach to exploit TiO2 nanotubes lie in the fabrication of TiO2 NT/NP composite
electrodes. After the electrochemical growth, NTs were detached by the metal substrate
exploiting a slight bending of the foil and ground into a fine powder using a jade mortar and
pestle. NT powder was mixed under continuous grinding into commercial NP dispersion (TiNanoxide D37, Solaronix), made up of 11wt.% of TiO2 nanoparticles (around 30 nm
diameter) and a low amount of light-scattering nanoparticles (LS-NPs, with diameter in the
range 100-300 nm). FTO covered glasses were cleaned as previously described and the TiO2
NT/NP composite pastes, fabricated including different NT content (0 wt%, 5 wt% and 10
wt%), were deposited onto FTO covered glasses with a squeezing method. The samples were
dried at 70°C for 10 minutes then annealed at 450 °C for 1 hour to improve the anatase
crystalline phase of the composite material and to electrically interconnect the NPs and the
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NTs. Photoanodes were heated at 70 °C and soaked overnight (in dark condition) into a 0.25
mM N719 dye solution (Ruthenizer535bis-TBA, Solaronix) in ethanol at room temperature
and then rinsed in ethanol again to remove the un-adsorbed dye molecules.

4.3.1.1 TiO2 nanotubes
The various steps involved in the fabrication process of the NTs-based transparent photoanode
are described in Fig. 4.2. When the anodized Ti foil was removed from the electrochemical
cell (Fig. 4.2a), NT membranes could be detached by the metal substrate without any crack
following a self-detaching mechanism based on repeated rinsing in DI-water and ethanol (Fig.
4.2b). This is a very simple procedure since it does not involve any chemical etching or
mechanical splitting, unlike what has been proposed up to now. Subsequently the freestanding membranes were removed (Fig. 4.2c) and attached (Fig. 4.2d) on the transparent
conductive substrates employing a binding medium. In order to investigate the effect of the
adhesion layer two different materials were employed: a TiO2 sol produced in the
CSHR@PoliTo laboratories or a TiO2 nanoparticles commercial paste, previously casted on
the FTO surface.
Depending on the adhesion material employed the experimental steps to obtain a good
interface between NTs and FTO surface are different.
In the case of TiO2 nanoparticles commercial paste (Ti-Nanoxide D37, Solaronix), it was
deposited on FTO by tape casting technique and the NT membrane was transferred on it and
dried at 50 °C for 30 min on a hot plate.

Fig. 4.2 Schematic of the fabrication process flow of transparent photoanode employing TiO 2 NT array
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When using the sol-gel approach, instead, a 10µl drop of TiO2 sol was casted on FTO cleaned
surface and the NTs membrane was transferred on it. Afterwards, samples were left at room
temperature overnight.
Finally (Fig. 6e), a thermal treatment at 450 °C for 1 h is performed for all the samples in
order to crystallize both the nanotube array and the binding film of TiO2 nanoparticles.

4.3.1.1.1

Nanotubes array bonding on transparent substrate

A FESEM micrograph of the multilayered structure is shown in Figure 4.3a showing the TiO2
nanoparticles commercial paste as adhesion layer (with a mean thickness of 4 µm). In Figure
4.3b, a higher magnification of the NTs/NPs interface confirms the good adhesion between the
two layers. This process for membrane bonding is easier than others previously reported [910] since just one thermal step is required for membrane crystallization, for TiO 2 NP
interconnection and for NPs/NTs interface formation.

Figure 4.3 FESEM micrographs showing the cross section of the crystallized NT array: the
multilayered structure (a) and an higher magnification (b) of the TiO 2 NTs/NPs interface.

Following the same detachment procedure described in 4.3.1.1 NTs membrane were
transferred on FTO/glass substrate and a drop of TiO2 nanoparticle solution, previously casted
on the FTO surface, was used as binding medium. At last, thermal treatment is performed to
crystallize both the nanotube array and the binding film of TiO2 nanoparticles with crystals of
about 15 nm, as measured by FESEM analysis. Fig. 4.4 shows a FESEM micrograph of the
final multilayer structure consisting of glass / FTO / TiO2-np / TiO2-nt layers.

Fig. 4.4 Cross-sectional view of the multilayer structure consisting of glass / FTO / TiO2-np / TiO2-nt
layers (scale bar 10 µm).
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TiO2 nanotubes/nanoparticles composite

TiO2 NT/NP composite photoanodes were fabricated including different NT content into the
NP network. The NPs expose large surface areas for the dye anchoring, while the incorporated
nanotubes can improve the electron lifetime (acting as shortcuts for electron transport at the
electrode as depict in figure 4.5a-b) and scatter the incident photons thus enhancing the light
harvesting. After mixture into nanoparticle paste, NTs are completely included into the
particle network as shown in figure 4.5d.

Fig. 4.5 3D representation of electrons pathway in NP (a) and NT/NP (b) composite electrodes; FESEM
micrographs showing (c) the as-grown TiO2 NTs and (d, e) the TiO2 NTs (5 wt%) mixed with the NP
paste at different magnifications.

Figure 4.5e shows a lower magnification of a deep fissure transversely the NT/NP composite
film in which it is possible to distinguish the two components of the porous layer (NPs and
LS-NPs) and the presence of NTs included into the network.
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The TiO2 NTs were broken in shorter tubes during grinding and mixing of the powder into the
paste, with length ranging from 500nm up to 2 um (see figure 4.5d-e). These NTs incorporated
in the NPs network could act as scattering centers for the incoming light and consequently
contribute to increase the light harvesting and the optical path in the film [11,12].
TiO2 NT/NP composite films were fabricated squeezing the paste on FTO substrates in order
to obtain an 8 µm thick layer (measured by a profilometer). XRD analysis of the samples after
annealing show diffraction spectra in perfect agreement with the reference patterns for anatase
TiO2 (JCPDS 89-4921, result not shown here).

4.3.2

Evaluation of photovoltaic parameters

4.3.2.1 NTs bonding using commercial TiO2 paste
The drawback of this approach lies in the limitation in the choice of the membrane thickness
for transparent DSC electrode fabrication. NT membrane thinner than 25 µm were observed to
dash in many pieces after the single thermal treatment due to the stress releasing across the
entire NT array. On the other hand, if the length of the tubes is increased above a certain limit,
the dye molecules nearest to TiO2 NT bottom adsorb a consistent part of the incident light
resulting in a reduced carrier generation in the outer part of the tube and an increase of the
recombination rate (the so-called filtering effect) [13]. For the above reasons a 40 µm thick
TiO2 NT membrane was chosen as the optimal value in order to avoid fractures and to
maximize the dye loading without incurring in the filtering effect.
The NT-based photovoltaic cells were assembled employing the microfluidic architecture and
fully characterized, and their performances have been compared to those of NP-based DSCs.
In Figure 4.6 the current density vs. voltage curves measured for the two kinds of cells are
reported. In Table 1 are summarized the measured photovoltaic parameters and the evaluated
overall conversion efficiency (see Eq. 4 in 2.1.3.1). The cells fabricated with NTs exhibit
higher light conversion efficiency due to a higher current density with respect to the NP-based
ones.

Figure 4.6 Current density-voltage curves of TiO2 NP and TiO2 NT-based DSCs. Related IPCE spectra
are shown in the inset.
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Table 1. Photovoltaic parameters of TiO2 NP and TiO2 NT-based DSCs.

Cell

JSC (mA/cm2)

VOC (V)

FF

PCE (%)

NPs

9.75

0.634

0.65

3.99

NTs

12.56

0.646

0.59

4.82

The increase of the JSC values is also noticeable in the IPCE spectra, shown in the inset of
Figure 4.4 and can be ascribed to a most efficient charge collection in the NT-based
photoanode. In fact, in the NP-based DSC the electron transport pathways result longer and
intricate due to the random orientation and assembly of nanoparticle network, leading to
retarded electron collection by the FTO substrate. On the contrary the 1-dimensional NT
structure favors the electron transport, resulting in an improvement of the collection efficiency.
Moreover the reduced number of defects (such as grain boundaries) of the NT array with
respect to the NP layer is also responsible for a decrease of the recombination rate. This result
is confirmed by the OCVD measurements performed on the cells reported in Figure 4.7. A
slower decay of the photovoltage (meaning a higher charge lifetime, see Eq. 7 in 2.1.3.3 ) can
be clearly observed for the NT-based cell with respect to the NP-based one: the former, with its
lower number of trap-sites exhibits slower recombination kinetics.

Figure 4.5 Open circuit voltage decay curves of TiO2 NP and TiO2 NT-based DSCs.

A further confirmation of the reduced recombination in NTs-based devices came from the EIS
analysis. As shown in Figure 4.8a, the peak related to the photoanode contribution is
significantly shifted towards lower frequencies for the NT-DSC with respect to the NP-based
cell. In the latter, the oxide characteristic frequency fph moves towards higher frequency, with a
partial overlap with the peak related to the counter electrode. Since the fph value is inversely
proportional to the electron lifetime, it is clear that the NT-based DSC exhibits a superior
performance in terms of charge recombination. Exploiting the EIS analysis is it also possible to
evaluate the transport properties of the two photoanodes and to relate them to the charge
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collection efficiency, responsible for the higher photocurrent observed in NT-based DSC. Using
Eqs. 9-10 (see 2.1.3.4), the electron lifetime and diffusion coefficient values were calculated,
and the results of this analysis are reported in Figure 4.8b as a function of the chemical
capacitance Cμ. The evaluated charge lifetimes of the nanotubes array are one order of
magnitude higher with respect to those related to the nanoparticles, thus confirming the reduced
recombination rate thanks to the low-dimensional nature of NTs. Moreover the direct pathway
for the electrons in the nanotubes leads to an increase of the diffusion coefficient values. As a
direct consequence, the diffusion length at cell open circuit voltage, evaluated using Eq.11 (see
2.1.3.4), was found to be 86 µm and 13 µm for the NT and NP-based DSC, respectively. The
obtained value for the diffusion length of NT-based cell is in perfect agreement with other
results already reported in literature [14].

Figure 4.8 (a) Bode representation of phase impedance measured for TiO 2 NP and TiO2 NT-based DSC
at open circuit voltage; the point are experimental data and the continuous lines are fitting curves. (b)
Dependence of the calculated electron lifetime and diffusion coefficient in function of voltage for TiO 2
NP and TiO2 NT-based DSC.
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4.3.2.2 Nanotube bonding using homemade TiO2 sol
The employing of TiO2 sol instead of commercial paste allow to overcome the thickness
limitation described above mainly thanks to the reduced stress releasing of the binding
material during the thermal treatment. We compared the results obtained for the three different
nanotube lengths (12, 22 and 30 µm). With the purpose of increase the performance of this
electrode the influence of the TiCl4 treatment was investigated.
In Fig. 4.9 the results of I-V measurements, performed on the cells fabricated using the NT
array membranes employing the microfluidic architecture, are reported. The photovoltaic
parameters are summarized in Table 2. Looking at these values, it can be noticed an increase
of the photocurrent density while increasing the nanotube thickness (from 10.07 to 14.77
mA/cm2 passing from 12 to 30 µm). This improvement has to be attributed to the increase of
the total surface available for the dye anchoring. Moreover the TiCl 4 treatment led to a further
improvement of the photovoltaic performances for all the samples under study. In fact, a
downward shift of the TiO2 conduction band occurs due to the effect of this treatment [15], so
an enhancement of the electron injection efficiency is obtained; moreover a higher number of
charge separation interfaces is originated, leading to an intensified light absorption [16]. The
overall effect is an increase of the JSC values, and consequently of the photoconversion
efficiency. A maximum value for the PCE equal to 7.56% has been obtained for the cell
fabricated with 30 µm thick nanotube membrane treated with TiCl4.

Fig. 4.9 Current density-voltage curves of TiO2 NTs-based DSCs with and without TiCl4 treatment for
different nanotube lengths.
Table 2 Photovoltaic parameters of TiO2 NTs-based DSCs with and without TiCl4 treatment for
different nanotube lengths.

Cell

Jsc (mA/cm2)

Voc (V)

FF

PCE (%)

12 µm
12 µm TiCl4
22 µm
22 µm TiCl4
30 µm
30 µm TiCl4

10.07
11.41
11.84
13.17
14.77
17.47

0.628
0.657
0.651
0.677
0.646
0.677

0.66
0.62
0.64
0.65
0.66
0.64

3.64
4.65
4.97
5.82
6.26
7.56
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Fig. 4.10 Incident photon-to-electron conversion efficiency spectra of TiCl4-treated nts-based DSCs for
different nanotube lengths.

The observed increase of short-circuit current density with the increased nanotube length was
also confirmed by IPCE measurements, reported in Fig 4.10 for the TiCl4-treated cells. The
spectra show an upward shift in the wavelength range from 400 to 750 nm, with a maximum
IPCE value of 0.89 measured at 530 nm for 30 µm length nanotubes.
The effect of the NT length on the recombination kinetics in the fabricated devices was
studied through open circuit voltage decay measurements and the results are reported in
Fig.4.11. No difference in the exponential decay was observed for the different NT membrane
thickness, meaning that the electron lifetime is not dependent on nanotube length. A slower
decay of the photovoltage (meaning an increase of the charge lifetime) was instead observed
for the TiCl4-treated cells (as shown in the inset of Fig. 4.11): this is an evidence of a reduced
recombination rate due to the nanoparticle coverage on the nanotube walls that acts as barrier
for the interfacial recombination[15,17].

Fig. 4.11 Open circuit voltage decay curves of not-treated nts-based DSCs for different nanotube
lengths. In the inset the comparison between the cells fabricated with 22 µm thick nt membranes with
and without TiCl4 treatment is reported.
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In fact, as suggested by O’Regan and co-workers [18], the NPs could occupy nanotube surface
impurities, defects and ground boundaries (that are the sites on which the recombination
processes mainly occur).
In order to study in detail the recombination and transport properties of the NT membranes,
electrochemical impedance spectroscopy analysis was performed. From the equivalent circuit
fitting of the experimental curves, the effective electron lifetime τn and the diffusion length Ln
values in the oxide were extracted and the results are reported in Fig. 4.12. The same
parameters have been evaluated for a cell fabricated with a 8 µm- thick TiCl4-treated layer of
TiO2 NPs (also shown in Fig.4.12). As already observed from the OCVD measurements, it is
evident an increase of the carrier lifetime in the NTs-based DSCs due to the TiCl4 treatment,
while comparable values were obtained for the diffusion length, meaning that the charge
transport properties of the NTs are adequate for electron collection even without the treatment
[15].

Fig. 4.12 (a) Effective electron lifetime and (b) diffusion length dependence on the bias voltage for the
cells fabricated with 22 µm thick nt membranes with and without TiCl 4 treatment. For comparison, the
same parameters extracted for a cell fabricated with 8 µm of TiCl 4-treated TiO2 nanoparticles are
reported.
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A significant increase of both electron lifetime and diffusion length values was observed for
the NTs-based cells with respect to the NPs-based one. In fact the number of surface states is
proportional to specific area and the NT surface is a order of magnitude lower with respect to
the NPs one. For this reason the NT array presents a reduced number of defects and trap sites
(such as grain boundaries) with respect to the NP layer, and the charge recombination rate is
subsequently greatly reduced [19]. Moreover, thanks to the 1D structure, the charge transport
is improved in the NTs-based DSCs, while in the NPs-based ones the transport mechanisms
result more complicated due to a longer pathway for the electrons in the nanoparticle network.
A slight dependence of the diffusion length on the bias voltage can be observed in Fig. 4.12b.
At applied voltage higher than the Voc in fact the Ln decreases approaching the thickness of the
film. As suggested by Snaith and co-workers [20] this behavior can be ascribed to the reduced
collection efficiency occurring under these conditions due to the increased recombination rate.
The improved transport properties of the NTs-based cell are also confirmed by the effective
diffusivity values Dn, calculated through the Eq. 10 (see 2.1.3.4). We found, at cells open
circuit voltage, the values of 4•10-4 cm2/s, 3•10-4 cm2/s and 0.8•10-4 cm2/s for the NTs treated
cell, NTs untreated cell and NPs cell, respectively.

4.3.2.3 TiO2 nanotubes/nanoparticles composite
DSCs based on TiO2 NT/NP composite photoanodes were fabricated including different NT
content (0 wt%, 5 wt% and 10 wt%) into the NP network. The devices were assembled
employing the microfluidic architecture and the results of the I-V measurements are reported
in figure 4.13: the curves show an increase of the short-circuit current density (JSC) for the
composite photoanodes with respect to the NP-based one.
The PCE was found to be 5.76% when using 5 wt% of NTs, meaning a 10% enhancement
with respect to pure NP electrode. VOC and FF seem to be almost independent from TiO2 NT
inclusion into the composite photoanode.

Fig. 4.13 Current density-voltage curves of DSCs based on TiO2 NT/NP composite photoanodes
fabricated with different NT content under standard AM1.5G illumination; the photovoltaic parameters
are summarized in the table reported in the inset
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The increase of the JSC values is also evident in the IPCE spectra, shown in the figure 4.14:
this enhancement could be ascribed to a most efficient charge collection in the NT/NP
photoanode [21] and also to light scattering due to the presence of nanotubes [22].

Fig. 4.14 IPCE spectra of DSCs based on TiO2 NT/NP composite photoanodes fabricated with different
NT content.

In order to study the recombination mechanism into the composite film, Open Circuit Voltage
Decay measurements were carried out. The OCVD curves, reported in figure 4.15, clearly
show that the composite photoanode-based DSCs exhibit reduced recombination (slower
decay) with respect to the standard NP-based (faster decay).

Fig. 4.15 Open circuit voltage decay curves of the DSCs fabricated with NP-based photoanode (0 wt%)
and NT/NP composite photoanode (5 wt%).
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Fig. 4.16 a) Measured (symbols) and fitted (solid lines) impedance spectra at 0.6V of DSCs fabricated
with NP-based photoanode (0 wt%) and NT/NP composite photoanode (5 wt%). The equivalent circuit
exploited for the fitting of the curves is reported in the inset. b) Electron lifetime and diffusion
coefficient dependence on the bias voltage for the DSCs fabricated with NP-based photoanode (0 wt%)
and NT/NP composite photoanode (5 wt%).

In order to quantify the electron lifetime values for the different NT content into the NP
network, Electrochemical Impedance Spectroscopy measurements were performed.
In figure 4.16a the EIS curves measured at 0.6V for the two kinds of different cell are
reported, together with the results of the fitting. It can be noticed that the second arc, related to
recombination mechanisms, is wider and taller for the composite photoanode with respect to
the NP-based one, evidencing the lower recombination rate, as already observed by OCVD
measurements. From the fitting parameters, using the Eq. 9 (see 2.1.3.4) the electron lifetime
values were obtained, and in figure 4.16b they are presented as function of bias voltage. The
typical exponential dependence on the applied voltage is evident in the semi-logarithmic plots.
An improvement of the charge lifetime was evidenced in the NT/NP composite photoanode:
in particular, the lifetime values of the two cells, at 0.6V, were found to be about 16 ms and 3
ms for the composite-based cell and the NP-based cell, respectively. Moreover the former cell
exhibits higher diffusion coefficient values, meaning increased transport properties, which are
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responsible for the enhancement of the collection efficiency already observed in the IPCE
spectra. These results demonstrate the reduced recombination rate and the improved charge
transport properties related to the insertion of NTs into the NP network, as already observed in
other works [23,24].

4.4

Sponge-like ZnO based photoanodes

ZnO films were obtained as described in chapter 3 (3.3.1). Briefly, the substrates were
cleaned, placed in a RF magnetron sputtering system pumped down to a pressure in the range
of 4.3×10-5 and 5.3×10-5 Pa. The Ar plasma was created (Ar flow of 10 sccm at a pressure of
0.67 Pa) by applying an RF power of 100 W at 13.56 MHz between the two sputtering
electrodes. Deposition times ranging between 2 – 10 hours allow to obtain films with a
thickness from 5 up to 18 .
After the fabrication, photoelectrodes were heated at 70 °C and soaked into a 0.25 mM N719
ethanol-based sensitizing solution (Ruthenizer535bis-TBA, Solaronix) for different times (10
min, 20 min, 30 min, 1 h, 2 h, 5 h and 24 h) at room temperature and then rinsed in pure
ethanol to remove the un-adsorbed dye molecules.

4.4.1

Evaluation of photovoltaic behavior

Here are reported all the results obtained integrating Sponge-like ZnO nanostructures as
photoanodes into DSCs.
In order to investigate the coral-shaped ZnO photovoltaic performances, different dye
immersion times, different pH of the dye solution and different film thicknesses have been
tested. The experimental parameters, the representative results of the electrical
characterizations and the evaluated photoconversion efficiencies are summarized in Tab.3.
Table 3 Characteristics of the fabricated ZnO-based DSSCs and results of photovoltaic
characterization.

Sample
A
B
C
D
E
F
G
H
I
J
L
M

ZnO
thickness
(μm)
5
5
5
5
5
5
5
8
8
12.5
15
18

Dye
impregnation Solution
JSC
time
pH
(mA/cm2) VOC (V)
10 minutes
6.5
6.81
0.59
30 minutes
6.5
7.75
0.60
1 hour
6.5
8.23
0.62
2 hours
6.5
8.95
0.62
5 hours
6.5
7.45
0.62
24 hours
6.5
5.87
0.67
24 hours
9.0
7.66
0.58
2 hours
6.5
11.12
0.61
5 hours
6.5
9.08
0.62
2 hours
6.5
13.44
0.60
2 hours
6.5
14.37
0.566
2 hours
6.5
15.26
0.582

FF η (%)
0.58 2.47
0.58 2.84
0.58 2.99
0.57 3.09
0.52 2.50
0.48 1.90
0.58 2.56
0.53 3.59
0.53 2.98
0.54 4.58
0.59 4.83
0.59 5.25

R2 (Ω)
52.43
45.39
38.43
27.80
47.83
92.20
44.02
19.42
40.92
10.33
6.51
3.22
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4.4.1.1 Immersion time
In Fig.4.17, the experimental curves for current density versus voltage analysis and impedance
spectroscopy characterization for cells with 5 µm thick ZnO photoanodes subjected to
different immersion times in N719 solution (ranging between 10 min and 24 h, samples A-F)
are reported.

Figure 4.17. Current density-voltage curves (a) and impedance spectra (b) of ZnO-based DSSCs for different
impregnation times in dye solution (samples A-F, see Table 1). In (b) the points are experimental data while the
continuous lines are fitting curves.

The photovoltaic conversion efficiency values, evaluated from I-V curves,
Fig.4.18 as a function of the incubation time in dye solution. It emerges a
behavior, with a most favorable sensitization time of 2 hours. This trend
confirmed by efficiency measurements performed on a different set of solar
with impregnation times in the range 2-5 hours.

are reported in
non-monotonic

has also been
cells fabricated
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Figure 4.18. Efficiency behavior of 5µm ZnO-based DSSCs with different impregnation time in dye solution. The
corresponding oxide-electrolyte interfacial resistance R2 obtained by fitting the impedance spectra are also shown.

The lowering of cell efficiency during prolonged treatments is due to a progressive
degradation of ZnO surface. In fact, the modeling of EIS spectra evidences an initial decrease
of the charge-transfer resistance R2 related to electron recombination (central arc of the
impedance spectra), as emphasized in Fig.4.18. For immersion times longer than the optimal
value, the recombination processes related to the interface between the un-sensitized zones of
the oxides and the electrolyte gain importance. The initial rise in efficiency for short
incubation times is related to the slow kinetic of dye adsorption on the semiconductor surface.
For low coverage of ZnO surface with dye molecules, the efficiency is reduced both because
the number of photo-generated carriers is lower and because the recombination between the
un-sensitized ZnO and the electrolyte is higher. The unoccupied dye-absent sites on
semiconductor surface are supposed to increase the rate of interfacial electron transfer
(recombination) from the conduction band of ZnO to I3-. The decrease in efficiency when the
optimal incubation time is exceeded can be related to the formation of molecular aggregates
between dye molecules and dissolved Zn2+ ions originating from the ZnO surface. The
aggregates give rise to a filtering effect (inactive dye molecules), as previously reported by
Keis et al. [25]. In particular, three mechanisms are involved: adsorption of dye, dissolution of
Zn surface ions and formation of aggregates in the pores of the film.
In order to better analyze the Zn2+-dye aggregates formation, optical absorbance measurement
in the UV-visible range were performed on the sensitized ZnO photoanodes for different
soaking times. The resulting spectra are reported in Fig.4.19. The typical N719 adsorption
peaks (located at 400 and 535 nm) clearly increase while increasing the impregnation time
from 10 min to 5 hours, as confirmed visually by the color of the film, which becomes more
intense for longer dipping. After 24 hours of incubation, the behavior of the absorbance curve
drastically changes: the overall increase in absorbance evidences a higher content of dye
molecules, but the shift of the peak at 400 nm and the arising of new peaks (as shoulders of
the peak centered at 535 nm) indicate the formation of new aggregates. Such molecular
complexes show strong adsorption properties but are unable to inject electrons in the
conduction band of the semiconductor, as confirmed by IPCE spectra reported in Fig.4.20. In
fact, the curve related to 24 hours of incubation time shows the lowest values of photoconversion, while the 2 hour-cell shows the best performance.
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Figure 4.19 UV-visible absorbance curves obtained for the N719 dye on the ZnO photoanodes (visualized in the
insert), for different incubation times in dye solution.

Figure 4.20 IPCE curves of 5µm ZnO-based DSSCs for different impregnation time in dye solution.

4.4.1.2 Effect of PH
Since the long term formation of Zn2+/dye aggregates is partially suppressed when a more
basic dye solution is used [25], the effect of pH of the sensitizing mixture was experimentally
evaluated adding 0.3 mM sodium hydroxide to the N719 solution. The pH was thus modified
from 6.5 (normal solution) to 9 (hydroxide-containing solution) and the photovoltaic
parameters are summarized in table 3. The 5 µm ZnO sample incubated on the basic solution
for 24 hours showed an overall efficiency of 2.56%, significantly higher than the
corresponding value (1.90%) obtained with a dipping in the slightly acid solution for the same
time (see Tab.3). The deprotonation of the solution reduces the kinetics of Zn2+ ion release,
allowing longer sensitization suppressing the formation of aggregates.
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Figure 4.21 Current density-voltage curves (a) and impedance spectra (b) of ZnO based DSSCs varying dye
solution pH for 24 h immersion time (samples F and G, see Table 1). In (b) the points are experimental data while
the continuous lines are fitting curves.

The degradation mechanism of the ZnO layer brings to an increase of the charge
recombination process, and this effect is reduced while sensitizing the photoelectrode in the
basic solution. This feature is evident by comparing samples F and G, as shown in I-V and
EIS spectra in Fig.4.21. The charge-transfer resistance (92.2 Ω) of the sample F subjected to a
24 hours incubation in normal (slightly acid) solution is almost two times higher with respect
to the shortly-incubated cells, and is sensibly reduced for sample G (44 Ω) after the same long
incubation in the basic mixture. Thus, for an efficient long dye-sensitization process of ZnO
electrodes, dyes with no acidic protons are preferred in order to suppress the dissolution of Zn
surface ions and formation of Zn2+/dye aggregates. Our experimental evidences are in
agreement with the arguments proposed by Keis and co-workers [26]. For shorter incubation
times, the same beneficial effect is not evidenced, since the de-aggregation effect conflicts
with the dye desorption, that usually occurs in basic environment.

4.4.1.3 ZnO thickness
With the aim of exposing higher surface area to dye absorption in order to further increase the
conversion efficiency, the ZnO thickness was varied from 5 to 18 µm, by means of appropriate
choice of the sputtering deposition time. In the thicker films an increase of the photogenerated
charges injected in the conduction band of the oxide and a decrease of recombination processes,
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due to a lower number of trap sites (lower number of sites unoccupied by dye molecules) are
clearly observable (Fig.4.22). Using film of 12.5 µm and the optimal incubation time of 2
hours, a solar energy conversion efficiency of 4.58% was obtained.

Figure 4.22 Current density-voltage curves (a) and impedance spectra (b) of ZnO based DSSCs for different film
thicknesses with 2 h immersion time in dye solution (samples D, H and J, see Table 1). In (b) the points are
experimental data while the continuous lines are fitting curves. In (b) the insert shows the decreasing of the oxideelectrolyte interfacial resistance R2 while increasing ZnO thickness.

Photoanodes with a ZnO film with a thickness equal to 15 µm were fabricated and several
devices were tested and the relative error between different samples was within the 5%,
meaning a very high reproducibility. An incubation time of two hours was found to be optimal
for the sensitization also at higher thickness. In particular, an evident increase in Jsc is noticed,
while FF is almost independent from the sensitization procedure.
With the optimized sensitization time of two hours, the photovoltaic behavior of the device as
a function of the ZnO film thickness was tested. The results of the I-V characterization and the
Bode representation of the EIS phase are reported in Fig.4.23. The increase in photoanode
thickness from 12.5 µm to 18 µm in the microfluidic architecture allowed obtaining a higher
efficiency, with an increase on the short circuit current. 18µm thick ZnO film allow to reach a
maximum power conversion efficiency of 5.25 %.
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Fig. 4.23 I-V and EIS (Bode plot, inset) characterization of ZnO-based DSCs fabricated with different
photoanode thicknesses, 12.5 µm (black) and 15 µm (red). The sensitization time was 2 hrs.

All the photovoltaic parameters are summarized in Table 3. Thicker photoelectrodes are able
to load a higher amount of dye, thus allowing the injection of a higher number of carriers in
the conduction band of the semiconductor, and the charge transport is efficient enough to
allow the collection of the electrons at the FTO electrode. More interestingly, the carrier
lifetime show a dependence on the photoanode thickness. The experimental curves of EIS
were fitted using an equivalent circuit in order to obtain information about transport and
recombination of charges [27]. In particular, the electron lifetimes at open circuit voltage can
be estimated from the frequency f giving the maximum in the Bode plot reported in
Fig.4.23(b), as τ=1/(2πf). The evaluated charge carrier lifetimes at Voc were equal to 12 ms and
40 ms for the 12.5 µm and 15 µm thick ZnO photoanodes, respectively, and reached 55ms for
the 18 µm thick ZnO. The dependence of electron lifetime on the photoanode thickness is
probably related with the contribution of the back transfer of electrons at the FTO-electrolyte
interface [28]. For thicker photoanodes, this parasitic effect loose importance, giving as a
macroscopic result a higher overall carrier lifetime, as reported previously for mesoporous
TiO2 films [29].
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Chapter 5
Technological processes for LiBs fabrication
and characterization
In this chapter all the technological steps for the fabrication and characterization of Li-Ions
microbatteries was reported. TiO2 and ZnO anodes were obtained by anodic oxidation and
sputtering deposition combined with thermal oxidation respectively and implemented into
LiBs. The devices were electrically characterized and the charge transport properties deeply
investigated.

5.1

Cell components and assembling

The electrodes for the evaluation of the electrochemical properties have been prepared by
growing or depositing metal-oxide nanostructures onto metal foils: Ti foil for TiO2 Nts array
and stainless steel sheet for coral-shaped ZnO. Their fabrication is discussed in the next
paragraphs.

Fig 5.1 Schematic picture of the three-electrodes test cell [1].

After their transfer in an Ar-filled dry glove-box, the disks are weighted before their use in the
test cells and, by subtraction of the average weight of the Ti or SS disks, the weight of the
coating semiconductor is calculated. The electrodes are used in three electrodes T-cells with
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lithium metal (high purity lithium foils, Merck) as both the counter and the reference
electrodes and two glass-wool (Whatman GF/A) discs as the separator. The so-called T-cell
(see Fig. 5.1) is composed of a polyethylene T-shaped body in which three 304 stainless-steel
cylinders with a diameter of 10 mm can be inserted.
The procedure of T-cell assembly has been performed in the dry box as follows. A lithium foil
is attached on the side of a stainless-steel cylinder by applying a slight pressure on it, and the
cylinder is then inserted into the T-cell through one of the two facing holes. From the opposite
side two discs of carefully dried glasswool are inserted as separator before adding the cathodic
membrane electrode and the second stainless-steel cylinder. The two cylinders are then
tightened, and the holes are sealed using two threaded rings. Through the third central hole,
the electrolytic solution is poured inside the cell before the last cylinder is inserted, allowing
the excess electrolyte to exit, and finally sealed. For cyclic voltammetry experiments, the third
cylinder is provided with an attached lithium foil as the reference electrode. This kind of
container is air tight after a careful sealing, which allows the transfer of the cell outside the dry
glove-box for the electrochemical measurements. The liquid electrolyte used is 1M LiPF6
solution in a 1:1 mixture of ethylene carbonate (EC) and diethyl carbonate (DEC) [1].

5.2

Device characterization

The electrochemical response in liquid electrolyte of the samples was tested in polypropylene
three-electrode T-cells assembled as follows: a TiO2 NTs disk (area 200 μm2) as the working
electrode, a 1.0 M lithium perchlorate (LiClO4, Aldrich) in a 1:1 w/w mixture of ethylene
carbonate (EC, Fluka) and diethyl carbonate (DEC, Aldrich) electrolyte solution soaked on a
Whatman® GF/A separator and a lithium metal foil (high purity lithium foils, Chemetall Foote
Corporation) as the counter electrode. For cyclic voltammetry (CV), a lithium foil was added
at the third opening, in direct contact to the electrolyte, acting as the reference electrode.
Galvanostatic discharge/charge cycling tests (cut off potentials: 1.0–3.0 V vs. Li) and CVs
(between 1.0 and 3.0 V vs. Li, different scan rates from 0.05 to 1.00 mV s−1) were carried out
at ambient temperature on an Arbin Instrument Testing System model BT-2000. The
discharge/charge cycles were set at the same rate ranging from 0.12C and 12C. Note that 1C
corresponds to 0.08 mA with respect to a TiO2 active mass of about 0.25 mg. To confirm the
results obtained, the tests were performed at least three times on different fresh samples. Clean
electrodes and fresh samples were used for each test. Procedures of cell assembly were
performed in the inert atmosphere of a dry glove box (MBraun Labstar, O2 and H2O content <
0.1 ppm) filled with extra pure Ar 6.0.
Electrochemical impedance spectroscopy (EIS) analysis was carried out through an
electrochemical workstation (model 760D, CH Instruments) in three-electrodes configuration
(using Li discs as both the reference and the counter electrodes) at different applied bias
potentials in the frequency range between 100 kHz and 100 mHz (AC signal amplitude of 10
mV). The experimental data of EIS were fitted using an equivalent circuit in order to obtain
information about the transport properties of NTs.

5.3

Anodes fabrication

5.3.1

TiO2 nanotubes

As previously described in chapter 3, a very fast two-step electrochemical treatment (i.e., 20
min) led to the formation of densely packed TiO2 NT carpet on Ti foil. The samples were then
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rapidly annealed at 450 °C for 30 min to obtain the crystallisation of the material in the
anatase phase directly onto the Ti foil. The length of the tubes was found to be approximately
6 µm with external and internal diameters around 110 and 70 nm, respectively. In Figure
5.2a,b the cross sectional views of the crystallised TiO2 NTs carpet at different magnifications
are presented.

Fig. 5.2 FESEM micrographs showing the cross sections of the NTs carpet at different magnifications

5.3.2 Sponge-like ZnO
The electrodes were fabricated by synthesizing sponge-like ZnO films onto circular stainlesssteel (SS-316) substrates with an area of 0.78 cm2. The method adopted for the synthesis of
the ZnO films consisted of the two-step procedure described in details in chapter 3. The
deposition time was chosen to be 60 min, which resulted in 1 μm thick films. The obtained
ZnO samples were then thermally treated in a muffle furnace at a temperature of 380 °C for 30
min statically in ambient air.
FESEM micrographs reported in Fig. 5.3 show the characteristic morphology of the asannealed ZnO film deposited on silicon substrate, observed in cross-section, while the inset
report the top view.

Fig. 5.3 FESEM micrographs showing the morphology of the as-oxidized sponge-like ZnO films on
silicon with thickness of 1 micrometer. The inset report the top view of the films.
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5.4

Results and discussion

5.4.1

TiO2 nanotubes

The evaluation of the electrochemical performances in laboratory scale lithium test cells was
carried out at ambient temperature by means of cyclic voltammetry (CV), galvanostatic
discharge/charge cycling at various current regimes and electrochemical impedance
spectroscopy.
The cyclic voltammograms of the annealed sample (initial 10 cycles), performed at the scan
rate of 0.05 mV s 1 between 1.0 and 3.0 V vs. Li, show the behaviour expected on the basis of
the following equation [2]:

Current Density / mA cm

-2

TiO2 + xLi+ + xe = LixTiO2 (0 ≤ x ≤1)

eq. 1

0,4
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E vs. Li / V
Fig. 5.4 Cyclic voltammetry (cycles 1-10) of anatase TiO2 NTs in 1.0 M LiClO4 in 1:1 w/w EC:DEC
with a scan rate of 0.05 mV s 1 in the potential range of 1.0–3.0 V vs. Li.

In particular, the reduction/oxidation peaks appeared sharp and the Ti (IV)/Ti(III) redox couple
was found to be centred at an average potential of about 1.8 V vs. Li, where lithium
insertion/deinsertion process takes place. Looking at the symmetry of the CV curves reported
in Fig. 5.4, we can confirm the very similar Li-ion insertion/deinsertion capability inside the
nanotubes, revealing a good reversibility of the process. Moreover, the shape and position of
the peaks were very similar and no appreciable change in the redox peak positions was
evidenced during prolonged voltammetric cycling. This data confirmed the high stability of
the materials towards reactivity with Li+ ions.
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Fig. 5.5 (a) CV analysis at different scan rates of anatase TiO2 NTs in 1.0 M LiClO4 in 1:1 w/w
EC:DEC at ambient temperature, (b) cathodic and anodic peak current density dependence on the scan
rate for the TiO2 NT arrays. Each measure is done on fresh electrodes.

In addition, in order to evaluate the diffusion coefficient of Li+ ions inside the TiO2 nanotubes,
which is a fundamental factor in order to achieve high rate capabilities, various CV
measurements were performed at different potential scan rates, ranging from 1.0 to 0.05 mV
s 1, on fresh anatase NT carpets (see Fig. 5.5a). Since the reaction kinetics during CV
measurements is governed by the diffusion of the charges, the oxidation and reduction peak
current densities Jp measured at different scan rates v are proportional to the square root of
scan rate itself, as expressed by the following equation (eq. 2):

JP

2.69 105 n 3 / 2C0 D1/ 2 v1/ 2

kv1/ 2

eq. 2

where n is the number of electrons per molecule during intercalation, C0 is concentration of
lithium ions and D is the diffusion coefficient of Li+. The constant k (related to the diffusion of
lithium ions) can be evaluated by the slope of the Jp-v1/2 curve reported in Fig. 5.5b. k values
equal to 2.16 and 1.48 were found out for oxidation and reduction reactions, respectively,
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which are much higher than those previously reported in literature [2, 3], thus indicating a
highly efficient intercalation of Li+ ions into the anatase NT array.
The galvanostatic discharge/charge cycling behaviour of anatase TiO2 NT arrays at ambient
temperature and at different current regimes is shown in Fig. 5.6(a-c).
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Fig. 5.6 Typical ambient temperature galvanostatic discharge/charge cycling test of the TiO 2 NTs based
lithium cell, at different C-rates (from 0.12C to 12C): a) current vs. time profiles at various current
regimes, b) specific discharge/charge capacity vs. cycle number, c) durability test at high 6C current
regime.

The electrochemical process of this cell is the reversible removal-uptake of lithium ions to and
from the TiO2/LixTiO2 active materials (see eq. 1), which is expected to develop along an
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average 1.8 V vs. Li flat plateau. This is shown in plot a) of Fig. 5.6 which depicts some
typical current vs. time profiles: they clearly show the characteristic shape of anatase phase as
reported in the literature [2]; in particular, in good accordance with the CV results, we can
observe potential discharge/charge plateaus in the 1.9-1.75 V vs. Li range, that are attributed
to the Li reversible insertion/deinsertion process between the tetrahedral and octahedral sites,
typical of annealed TiO2 nanotubes. The difference between discharge and charge potential
values only slightly increases with the increase in the applied current, thus accounting for both
limited internal resistance at the electrode/electrolyte interface and limited cell overpotential
contributions. Plot b) in Fig. 5.6 shows the specific capacity vs. cycle number at ambient
temperature and at different current rates from low 0.12C to very high 12C current regimes.
The initial specific capacity approaches 170 mAh g−1 at low 0.12C rate. The capacity retention
is satisfactory: at 1.2C current rate the cell still delivers specific capacity values higher than
105 mAh g−1, while around 75 and approaching 60 mAh g-1 at 6C and 12C current rates,
respectively. Thus, the cell operates with the expected potential profiles delivering a sufficient
fraction of the theoretical capacity even at very high rates as high as 12C. The decrease in the
specific capacity observed when increasing the current rate can, in general, be ascribed to
limitations in the Li+ ion diffusion and in the electron transport through the porous nature of
the active material grains. However, if one considers that the electrode prepared here consists
of bare TiO2 NTs with no addition of electronic conductivity enhancer during their
preparation, the cycling performance appears highly valuable, particularly at very high Crates. Finally, it is important to note that the system behaves correctly, with no abnormal drift
even at high regimes; in fact, reducing the C-rate the specific capacity is completely restored
(see, in Fig. 5.5b, the specific capacity values from 12C to 1.2C after the 90th cycle).
In order to confirm the stability of the electrodes and, particularly, to study the transfer rate of
Li+ into the TiO2 nanotubes, electrochemical impedance spectroscopy measurements were
performed during the first stages of cycling: after fabrication, after the first discharge cycle,
after the first charge cycle, after the second discharge cycle, after the second charge cycle and
finally after 5 cycles at 0.12C constant current. Fig. 5.7a shows the comparison between the
impedance spectra of the fresh NTs cell, directly after assembly (measured at open circuit
potential, that is about 3.0 V vs. Li), and after five galvanostatic cycles (measured at 2.4 V vs.
Li); in Fig 5.7b, the spectra obtained after the first and the second discharges (measured at 1.5
V vs. Li) are presented, while the measurement after the first and the second charge processes
(measured at 2.4 V vs. Li) are plotted in Fig. 5.7c. All the spectra show a semi-circle in the
high-frequency range (clearly visible in the insets of each figure) that is associated to the
charge transfer at the NTs-electrolyte interface, and a straight line at low frequency related
with the diffusion of Li+ ions into the semiconductor structure [3]. It can be noted (see Fig.
5.7a) that, after 5 cycles, the Nyquist plot presents a larger semi-circle with respect to the fresh
spectrum, meaning an increased charge transfer time due to the repeated cycling; a slight
increase of the high-frequency arcs is also visible after the second charge and discharge cycles
(Fig. 5.7b and Fig 5.7c, respectively).
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Fig. 5.7 Measured (symbol) and fitted (solid line) EIS spectra of NT array at different stages of cycling.
The high frequency zoom is reported in the inset of each figure.
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It is noteworthy that the arcs related to the discharge cycles are always lower and narrower
with respect to the charge ones, thus suggesting a mechanism of discharge intrinsically faster
than the charge one. In order to quantitatively evaluate the charge transfer properties, the
impedance spectra were fitted exploiting an equivalent circuit, consisting in a series resistance
Rs (accounting for the electrolyte resistance), a parallel between the constant phase element Qdl
(representing the double layer capacitance at the oxide/electrolyte interface) and the resistance
Rct (corresponding to the charge transfer resistance) and the Warburg impedance W (associated
to ion diffusion into the NTs) [4]. The resulting fitting curves are plotted in Fig. 5.7 and the
evaluated parameters are reported in Table 1; in the same Table, the charge transfer time
values are also presented, calculated through the following equation (eq. 3):
1
ct

(Qdl Rct )

eq. (3)

where β is the exponent of the constant phase element Qdl. As already observed, going on with
cycling, an increment of the charge transfer time is observed, due to the increase of the charge
transfer resistance; the fresh sample shows a τct equal to 0.5 ms, that is increased to about 0.7
ms after the second charge and remains quite constant after 5 cycles.
Table 1 EIS parameters evaluated from the fitting of the experimental curves.

Sample

Potential (V)

Qdl (Ω-1∙sβ)

β

Rct (Ω)

τct (µs)

fresh

3.0

2.05E-05

0.78

125.8

495

post discharge 1

1.5

4.39E-05

0.75

59.6

358

post charge 1

2.4

2.00E-05

0.81

131.8

629

post discharge 2

1.5

4.61E-05

0.76

73.4

556

post charge 2

2.4

1.47E-05

0.83

163.0

697

post 5 cycles

2.4

1.44E-05

0.83

166.0

702

The very good stability and integrity of the nanostructured active material was confirmed in
the durability test at high 6C current rate shown in Fig. 5.7c. A slight decrease of the specific
capacity can be observed with cycling, though the decreasing degree is very limited (< 25 %
after 1100 cycles). Thus, we demonstrated that vertically aligned TiO2 NTs prepared by
anodic oxidation followed by rapid annealing can perform in lab-scale lithium cell up to >
1100 cycles with stable performance and good reversibility of discharge/charge process.
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Fig. 5.8 FESEM micrographs at different magnifications showing the top (a) and cross (b-c)
morphology of the NTs sample after > 1100 repeated discharge/charge cycles in lithium cell.

Furthermore, the structural stability after long-term cycling of the NTs was found to be very
good, with no pulverization of the electrode and/or no major damage to the electrode surface,
as confirmed by FESEM analysis after the electrochemical durability test; the corresponding
micrographs after > 1100 repeated discharge/charge cycles in liquid electrolyte are shown in
Fig. 5.8. It is clearly evident that the original tubular morphology is mostly maintained, with
no sign of huge fractures and/or pulverization of the electrode. Therefore, no deterioration of
the electrical contact between the NT layer and the underlying metallic Ti substrate after the
discharge/charge process should have happened, thus accounting for the very good stability
during very long term cycling.

87

Chapter 5
5.4.2

Technological processes for LiBs fabrication and characterization

Sponge-like ZnO

In this section, the evaluation of the electrochemical behaviour in laboratory scale lithium test
cells will be shown, to demonstrate that sponge-like ZnO nanostructures can be suitable as a
promising Li-ion battery negative electrode.
Fig. 5.9 shows the cyclic voltammetric profiles of the as-prepared sponge-like ZnO film vs.
lithium metal between 0.02 and 3 V vs. Li under a constant scan rate of 0.1 mV s 1. It shows
the typical electrochemical behaviour towards Li of ZnO expected on the basis of previous
reports [5]. In particular, the following equations are expected during the first cathodic scan
towards 0.02 V vs. Li:
ZnO + 2Li+ + 2e → Li2O + Zn
Zn + Li+ + e → LiZn

(Eq. 4)
(Eq. 5)

Thus, the formation of Zn metal and Li2O (eq. 14 is followed by the formation of LiZn
alloy (eq. 5) along with different minor irreversible processes. This reflects in the first
cathodic CV profile, where at below 1.0 V vs. Li the reduction of ZnO into Zn occurs along
with the growth of the SEI (solid electrolyte interphase) layer, that is the gel-type layer which
deposits at the surface of the Zn nanoparticles upon the decomposition some of the electrolyte
components [6]. The potentials at which these reactions take place are very close, thus only
one broad intense peak is clearly visible centred at approx. 0.5 V vs. Li, along with a shoulder
at about 0.75 V vs. Li. The LiZn alloy formation occurs at below 0.2 V vs. Li, as reflected by
the corresponding peak in the CV profile during cathodic scan. In the subsequent anodic scan
towards 3.0 V vs. Li, different oxidation peaks are observable, located in the 0–0.7 V vs. Li
range, which are ascribed to the average potentials of the multi-step process of LiZn
dealloying [5,6], finally leading to metallic zinc. The broad peak ranging from below 1.0 to
slightly above 2.0 V vs. Li could be eventually ascribed to the formation of ZnO by the
conversion reaction between Li2O and Zn, even if controversial reports can be found in the
literature [5,6]. After the first cycle, the curves tend to stabilise in shape and intensity of the
redox peaks, accounting for more reversible electrode reactions.
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Fig. 5.9 Cyclic voltammetry curves of ZnO in 1.0 M LiClO4 solution in 1:1 v/v mixture of EC/DEC
with a scan rate of 0.1 mV s 1 in a voltage range of 0.02 3 V vs. Li.
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To evaluate the electrochemical performance of our sponge-like zinc oxide film, the
potential vs. time profiles (and corresponding specific capacity vs. cycle number plot) were
obtained for an “oxide on stainless steel/Li” two-electrodes test cell cycled in the potential
range between 0.02 and 3.0 V (versus Li/Li+) at constant 0.1 mA current ( 0.6 C) for 100
cycles, in liquid electrolyte (1.0 M LiClO4 solution in 1:1 v/v mixture of EC/DEC). The
resulting behaviour is shown in the two plots (a and b) of Fig. 5.10. Plot a) shows the
discharge/charge cycling profiles of our as-prepared sponge-like ZnO nanostructures. The
profile well describe the presence of different steps related to the phase transitions involved in
the Li insertion/de-insertion and the LiZn alloy formation.
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Fig. 5.10 Typical ambient temperature galvanostatic discharge/charge cycling test of the sponge-like
ZnO-based lithium cell, at 0.1 mA current ( 0.6 C rate) in the 0.02 - 3 V vs. Li range: a) initial
potential vs. time profiles, b) specific discharge/charge capacity vs. cycle number.

The first discharge curve, after an initial shoulder at above 0.7 V vs. Li, shows a large plateau
at about 0.5 V vs. Li accompanied by a little but well-defined plateau below 0.2 V vs. Li.
When ZnO active material nanoparticles are electrochemically discharged with Li metal, the
destruction of the crystal structure occurs followed by the formation of metallic zinc
nanoparticles and Li2O (eq. 1). In accordance with the results shown by CV analysis, this
process gives rise to the large potential plateau above mentioned. Upon deep discharge, Zn
can further react with Li to form a Li–Zn alloy (1:1) (eq. 2). The experimentally observed
specific capacity upon the first deep discharge was 1504 mAh g 1, which much higher with
respect to the theoretical specific capacity of about 978 mAh g 1. The extra lithium inventory
consumption can be easily ascribed to the SEI layer formation [6]. During the following first

89

Chapter 5

Technological processes for LiBs fabrication and characterization

charge process, both the reverse reaction of eq. 2 and the partially reversible reaction of eq. 1
mainly occur [7, 8], even if the plateaus are less evident and 4 different slopes can be
observed. The specific capacity delivered was 917 mAh g 1, much lower than the first
discharge in which some irreversible processes occur but approaching the theoretical value.
After the first complete discharge/charge cycle, the profiles and plateaus (i.e., two-phase
equilibrium in the material) are similar in shape, indicating that the reactions become more
reversible, well matching the previous reports [5, 9]
As clearly evident in plot b) of Fig. 5.10 showing the prolonged cycling test of our sponge-like
ZnO nanostructures, a huge capacity fade is clearly observable during the initial cycles,
followed by a progressive slight decrease during cycling. In fact, even though the first
discharge and charge capacities were found to be high, its reversible capacities fade rapidly:
only about 38 % of the initial discharge capacity and 53 % of the initial charge capacity are
retained at the end of the initial cycles. This fast capacity decay is typical of nanostructured
ZnO materials, as shown by the results reported in the literature for nanostructures prepared
by different routes [6, 9]. Nevertheless, by comparison with previous reports, is apparent that
our sponge-like system exhibits a better initial capacity retention. After the initial cycles, a
good reversibility of the electrochemical redox processes is observed.
As already stated by our research group for similar systems [10, 11], the expansion and
shrinkage of the structure caused by the electrochemical redox reactions with lithium are
difficult to accommodate, leading to strong stresses that may affect the electrode integrity and,
consequently, the electrochemical performance. This was confirmed by FESEM analysis after
cycling, the results of which are shown in Fig. 5.11. As clearly evident, the electrode surface
appeared to be dramatically altered after only 10 complete cycles (image a) and the original
film morphology has almost disappeared.

Fig. 5.11 FESEM micrographs showing the surface morphology of (a) 1 μm thick ZnO film after 10
cycles and (b) after 100 cycles. The insets report some details of the surface at higher magnifications.

A double-layered structure was formed, the uppermost being composed of dense ZnO
(confirmed by EDX analysis). This is in agreement with the observations reported by Kushima
and co-workers [12], who stated that ZnO single-crystal nanowires were transformed into a
nano-glass having multiple glassy nano-domains by a three-step reaction mechanism. An
initial partial lithiation which induces multiple nano-cracks, thus dividing the NWs into
multiple segments, is followed by rapid surface diffusion of lithium ions leading to a solidstate amorphisation along the open crack surface, which finally merge, leaving behind a glassy
surface. This phenomenon is indicated as the main precursor to the electrochemically driven
solid-state amorphisation in ZnO. On the contrary, the underlying surface is mainly composed
of a residual film of nanostructured ZnO that however appeared less porous than in the as-
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grown film (see for comparison the micrograph reported in Fig. 5.3). The SS-316 current
collector surface was found to be also partially exposed, as can be observed in the inset of Fig.
5.11a where the circular holes formed at the surface are surrounded by nanostructured ZnO
structures. The mechanical degradation of the electrode is thought to be determinant for the
huge drop in electrochemical yielding, as it happens in bulk electrodes, most probably leading
to a loss of electrical contact between all the isolated islands which can correspondingly
induce a lower active area for the Li+ ions to enter inside the structure.
In the following cycles, the degradation process somewhat stabilized (see Fig. 5.11b which
depicts the surface morphology of the electrode after 100 galvanostatic discharge/charge
cycles) and the electrode morphology suffers no major modifications. In any case, no
pulverization of the electrode could be observed, thus accounting for the almost stable cycling
behaviour after the initial 50 complete cycles at around 200 mAh g 1 of reversible specific
capacity.
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In this chapter, a broad recap of the results described in this thesis is presented. As declared in
Chapter 1, the first objective of this work is devoted to the efficient synthesis of TiO2 NTs
membranes and ZnO sponge-like films on transparent conductive glasses in view of the
evaluation of DSCs performances when these films are employed for the photoanode
fabrication.
The second objective is to adapt the nanostructures developed for DSC as electrodes into
LiBs, trying to overcome the limitation imposed by commonly used materials. Considerations
and suggestions for future research on TiO2 nanotubes, ZnO nanostructures and their
integration into the studied electrochemical energy production and storage devices are also
proposed.

6.1 Metal-oxide nanostructures
6.1.1 TiO2 nanotubes array
Vertically oriented TiO2 NTs were obtained by anodic oxidation of a titanium foil and fully
characterized in terms of stoichiometry, crystalline phase and morphology.
In order to achieve a debris-free and well ordered NTs array with open top surface and fast
growth rate, NTs were synthesized in non-aqueous organic electrolytes containing ammonium
fluoride and a two-step electrochemical process was implemented.
Chemical composition analysis of the NTs confirmed the optimal control of the oxide
stoichiometry. The NTs array exhibited a specific surface area in line with the value measured
for other TiO2 nanostructures and suitable for the application in the selected electrochemical
devices. TEM and XRD analysis revealed the completely amorphous nature of the NT array
after anodic oxidation, while a crystalline anatase film was obtained after thermal treatment at
450 °C.
To further increase the specific surface area, that is one of the most important parameters for
metal-oxide nanostructures employed as active elements into electrochemical devices, a
possible strategy could be engineering the titanium foil surface via micro/nano-machining
techniques. The nano/micro structuration of the substrate could also lead to improvements in
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the mechanical properties of TiO2 NTs membranes thanks to the compensation of internal
stresses inside the film.
Additional optimization of the nanotubes by changing the anodization parameters could also
lead to improvements in the material properties.

6.1.2 Sponge-like ZnO film
A simple method for the formation of sponge-like nanostructured zinc oxide films with a
thickness up to 18 micrometers was described, starting from sputtered nanostructured zinc
films. All the characterization results demonstrated that the films grown by sputtering were
composed of zinc with oxide phases, likely due to the surface oxidation which occurred when
exposing the samples to air, and to the presence of residual oxygen inside the vacuum
chamber. XRD patterns revealed the wurtzite hexagonal structure of zinc. The optimum
deposition conditions giving rise to a nanostructured zinc film with larger pores (suitable for
the application in electrochemical devices) were found to be an Ar flow of 10 sccm, a RF
power value of 100 W and a gas pressure of 0.67 Pa. ZnO nanostructured films were then
obtained by simply treating the precursor zinc films on a hot plate in ambient air. By this
method, the morphology of the zinc film is well preserved after the thermal treatment. The
films showed a high density of branches, a relatively high specific area value and fine optical
transmittance. TEM and XRD analysis proved the formation of pure wurtzitic polycrystalline
ZnO nanostructures and no metallic phase could be detected.
In order to improve and better understand the oxidation process it could be very useful to start
a complete investigation on the dependence from different temperatures and oxygen flux.

6.2 Dye sensitized solar cells
6.2.1 TiO2 nanotubes array
The integration of TiO2 NTs in front-side illuminated DSC has been described: transparent
photoanode were fabricated transferring a self-standing NTs membrane onto a FTO/glass
sheet with an adhesion layer made of TiO2 nanoparticles (commercial or produced in the
CSHR@PoliTo Labs).
The approach presented for photoanode fabrication is innovative if compared to others
previously reported in the literature: no chemical dissolution or mechanical splitting were
involved for membrane separation and membrane crystallization/attachment steps were
coupled in the same thermal treatment.
The cell performances and the electron transport properties dependence on TiCl4 treatment
and tube length were characterized and a maximum value for the power conversion efficiency
(PCE) as high as 7.56 % was obtained for the cell fabricated with a 30 µm thick nanotube
membrane treated with TiCl4 bonded on FTO/glass substrate employing a TiO2 sol.
Information on the electron diffusion properties into the NTs was obtained by equivalent
circuit fitting of the EIS (electrochemical impedance spectroscopy) spectra.
A significant increase of both electron lifetime and diffusion length values was observed for
the NTs-based cell with respect to a standard TiO2 nanoparticles (NPs)-based one. The
improved charge collection efficiency was ascribed to the 1-dimensional structures that favor
the electron transport while the reduced recombination rate (and a subsequent higher carrier
lifetime value) could be attributed to the reduced presence of defects and trap-sites in the
nanotubes with respect to the nanoparticles layer.
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In addition, NTs were employed to fabricate composite NT/NP photoanodes by mixing NT
powder into commercial NP dispersion (with different NT content). The resulting PCE was
found to be higher for the composite photoanodes with respect to the NP-based one thanks to
higher values of short circuit current density. The enhancement of JSC was ascribed to a most
efficient charge collection efficiency and to the scattering effect caused by the NT included
into the NP network. Moreover, an increase of the electron lifetime was observed in the
NT/NP photoanode by means of EIS analysis, accounting for a reduced number of trap sites
with respect to the NP film.
The liquid electrolyte usually employed in DSC is still a drawback for long-term practical
operation and causes substantial problems in bringing DSSC onto market. Solid-state flexible
DSCs represent one of the most interesting proposed devices in the photovoltaic field.
Coupling TiO2 nanotubes with a polymer electrolyte can lead to numerous advantages with
respect to nanoparticle based electrode. NTs, due to their open structure, should allow the
polymer electrolyte to easily penetrate inside the film, thus increasing the interfacial contact
between the nanotubes/dye and the electrolyte. Moreover, the nanopores may provide
preferential pathways for the quick diffusion of charges into the electrolyte.

6.2.2 Sponge-like ZnO film
High efficient ZnO-based DSCs were fabricated studying the dependence of the cell efficiency
upon the dye incubation time, the chemical characteristics of the incubation solution and the
film thickness. I-V electrical measurements showed an improvement in the overall solar cell
efficiency from 1.90 % to 5.25 %, thanks to a controlled dye-sensitization procedure for
different film thicknesses, as confirmed from IPCE (incident photon-to-current efficiency)
measurements. EIS analysis and data modeling provided a much better understanding of the
electron transfer processes at the ZnO/dye/electrolyte interface evidencing a high charge
lifetime and diffusion coefficient values. A reduced recombination rate and an increased
diffusion length with respect to a standard TiO2 nanoparticle-based DSC were achieved thanks
to a more direct pathway for the electron collection.
The development of efficient flexible electrodes for DSCs can open new perspectives towards
the integration of solar harvesters as active elements in low power electronics for small
portable power sources. The biggest issue towards the fabrication of plastic-based devices is
the development of binder-free nanostructured metal oxide layers, avoiding the high
temperature treatment required for the sintering process in conventional nanocrystalline
photoanodes. Low temperature water treatment is considered a way to overcome the limitation
imposed by the thermal step, obtaining partial oxidation starting from Zn nanostructures.
In alternative, the fabrication of flexible photoanodes exploiting the same thermal process
described in this work but depositing the ZnO nanostructures onto high-temperature resistant
polymeric substrate (for example polyimide sheet) can be explored.

6.3 Li-ion batteries
6.3.1 TiO2 nanotubes array
Vertically oriented TiO2 nanotube arrays were tested for their electrochemical behaviour in
lithium test cells. The results obtained by galvanostatic discharge/charge cycling at ambient
temperature were found to be highly satisfying, particularly at very high current regimes: in
fact, at a very high 6 C rate, both upon discharge and charge, the lithium cell having the TiO2
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nanotubes as working electrode provided a stable specific capacity, with very high capacity
retention after very long-term cycling (up to > 1100 cycles). Thus, high surface area, 1-D
feature and good transport properties of the TiO2 NTs led to interesting electrochemical
performances.
In the next future, the present findings, along with the use of a proper solid polymer
membrane as electrolyte, can surely provide a new and easy approach to fabricate
nanostructured films with superior performance for the next generation of all-solid 3D micro
and/or thin film Li-based cells.

6.3.2 Sponge-like ZnO film
The testing on ZnO sponge-like nanostructures as anode in lithium test cells showed a
noticeable capacity fade occurring during the initial cycles, even though the first discharge and
charge capacities were found to be high, , followed by a progressive slight decrease upon
prolonged cycling. Although this fast capacity decay is typical of nanostructured ZnO
materials, that the prepared sponge-like system apparently exhibited a better initial capacity
retention. After the initial cycles, a good reversibility of the electrochemical redox processes
was observed, as confirmed by the increase in Coulombic efficiency which rapidly increased
to above 90 % and, then, stabilized to above 96 % after the initial 50 cycles.
The expansion and shrinkage of the structure caused by the electrochemical redox reactions
with lithium are difficult to accommodate, particularly in zinc oxide structures, leading to
strong stresses that may affect the electrode integrity and, consequently, the electrochemical
performance. This problem could be partially overcome by using a polymer electrolyte
membrane separator and/or selecting a novel approach for the production of core-shell ZnO/C
and/or ZnO/SnO2 nanostructures.
The energy harvesting and storage approaches proposed in this work are developed as
independent technologies but they can be used together as a power system. Traditionally, a
power pack is based on a silicon solar panel and a solid-state lithium battery considered as
two independent devices, and the resulting one is heavy and not flexible. In order to combine
them, hybridizing energy harvesting and storage units as an integrated power pack based on
same nanostructured substrates could be a valuable strategy to obtain a portable and highdensity energy system.
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