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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-to-
volume ratio and excellent surface activity.

Among the large number of semiconductive metal oxide nanostructures, TiO, 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 TiO, 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 TiO, nanotube
arrays obtained by anodic oxidation and with ZnO sponge-like films obtained by combined
sputtering/thermal oxidation techniques.

Vertically oriented TiO, NTs were obtained by anodic oxidation of titanium foil and fully
characterized in terms of stoichiometry, crystalline phase and morphology. TiO, 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 TiO, 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

Chapter 1

| ntroduction

In this introductive Chapter information on devides energy production and storage and on
nanostructured metal-oxide semiconductors is pealitbgether with a description of the
structure and the targets of the work. To clarife tscenario in which this work is

contextualized an overview on the worldwide enatgynand is reported.

1.1 Worldwide energy demand

“Perhaps the largest challenge for our global $pageto find ways to replace the slowly but
inevitably vanishing fossil fuel supplies by rené&earesources [...]" [1].

With these words Micheal Graetzel, professor at Huwle Polytechnique Fédérale de
Lausanne and inventor of the dye-sensitized saddly deals with the worldwide energy
situation. The need for power is nowadays maintisied by the use of conventional energy
sources based on oil, coal, natural gas and nugleaer that have proven to be highly
effective drivers of economic progress. Unfortuhatbe environmental impact of most of
these energy sources is tremendous, mainly bea#fuee emission of greenhouse gases,
which causes the increase in the global averagagdamature affecting the equilibrium in all
the ecosystems.

Moreover, the worldwide power consumption (whos@2@ata are reported in Figure 1) is
expected to double in the next 3 decades becaube aficrease in world population and the
rising demand of energy in the developing countriesding to an expected planetary
emergency of gigantic dimensions.

In this panorama the potential impact of renewalergy sources is enormous as they can in
principle meet many times the world’'s energy demarayiding sustainable energy services
based on the use of routinely available, indigemesesurces. A transition to renewable energy
systems is likely as the costs of solar and wingdgrosystems have dropped substantially in
the past 30 years, and continue to decline, whéeptice of oil and gas continues to fluctuate.
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Global energy demand by fuel type
Quadrillion BTUs
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Figure 1.1 Global energy demand [2]
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1.2 Devicesfor energy production and storage

The traditional approach to energy supply is basedhe generation of huge amounts of
energy in localized production sites and its follogvdelivery for minute use: this causes
significant losses across the distribution net.idgipexamples of this approach are petroleum
and coal industry, nuclear power stations, hydaigte dams, wind farms, and geothermal
power installations. However, for a huge classpifliaations, like mobile systems, low power
electronic devices or for use in rural area whaeedlectric net is not available, it is always
more interesting to supply a localized energy potidn. Therefore, the centralized production
of high quantities of energy can successfully beoagpanied by a distributed system of
energetic hot spots, able to produce very low artsoofhenergy, with high spatial density.
Recent studies have revealed that widespread adogtidistributed generation technologies
in power systems can play a key role in creatingean, reliable energy with substantial
environmental and other benefits [3].

A huge interest lies in the development of energyvésting systems able to gather low
amount of energy which is usually not collectedd@persed, like for instance in building
integrated solar facades or smart windows. In siade, the efficiency of the single energy
harvester still remains a crucial point, but othspects gain importance, such as flexibility,
integration in complex systems, and even aesthetics

Two complementary strategies can be consideredattage energy in energy supply systems.
A first class of devices, as batteries, fuel cells) supercapacitors, need a finite quantity or a
continuous supply of an active material or fueptoperly work. Devices of this kind can be
classified as non-regenerative power supplies. dorse class of tools, as photovoltaic cells,
mechanical harvesters, and thermoelectric devib@giot need any material or fuel to work
and can be classified as regenerative devices.1Fjillustrates the technologies that can
support distributed energy esources systems.
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The number of proposed devices is large, andistileasing: among all the dye-sensitized
solar cells (for energy generation) and Li-ionstdrés (for energy storage) have attracted a
lot of attention thanks to the easy fabricationcesses, the cheap materials involved and the
possibility to play an important role in the abawentioned application fields.

Distributed Energy Resources

I

- N

Distributed Generation Technologies Energy Storage Technologies

! J
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1 g
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Figure 1.2 Distributed energy resources technologies [3]

1.2.1 Dye-sensitized solar cells

Dye-sensitized Solar Cells (DSCs) have receivedsidenable attention since the original
work of O'Regan and Gratzel in 1991, as a cheap eifiective alternative for a new
generation of photovoltaic devices [4]. The majanéfits lie in the materials and the
technologies needed for DSCs production, suchwgdmperature and atmospheric pressure
based manufacturing processes, making them conwatith roll-to-roll mass production [5].
Moreover DSCs work effectively even in diffuse ligtonditions being suitable for indoor
application [6].

The standard DSC structure consists of a, fidhocrystalline layer deposited on a transparent
conducting oxide (TCO) covered glass, a rutheniompex dye, an electrolytic solution
containing an iodide/tri-iodide (I5) redox couple and a Pt-covered counter electrdte.
light-to-electricity conversion mechanism startshathe adsorption of visible light by means

3



Chapter 1 Introduction

of the sensitizer molecules; photoexcited electrans injected from the dye into the
conduction band of the semiconductor and colleatetie anode. The ground state of the dye
is reinstated by electron donation from the eldyteo while the holes are transported to the
cathode where the Pt layer acts as catalyst fauctexh of triiodide. The state of the art
overall energy conversion efficiency under AM 1 dight (100 mW/crf) is higher than
11% for such system [7] and exceeds 12% employipgrahyrin dye and Co-based redox
shuttle [8]. Although TiQ nanoparticles (NPs) can provide remarkable hanggiroperties
thanks to the high surface area for dye loading, dlectron path to reach the conducting
substrate is longer if compared to low-dimensi@yastem, with a higher chance of interfacial
losses [9,10]. For this reason great attention ltegen paid on the investigation of one-
dimensional metal-oxide nanostructures for a nemegaion of power sources, because of
their unique electronic properties, such as higlkctebn mobility and low carrier
recombination rate, high surface-to-volume ratid ercellent surface activity [11, 12].

Zinc oxide is a promising material for the fabrioatof DSC photoanodes. Is it possible to
easily grow a great number of one-dimensional Zréhogtructures like nanowires or
nanorods [13] or more complicated three-dimensiostalictures such as branched and
dendritic nanowires [14-15]. At present, the photoersion efficiencies of ZnO-based DSCs
are below 8% [16], so the suggestion of new strestiand/or architectures aimed at the
improvement of the cell performances is an excitihgllenge.

1.2.2 Lithium ions batteries

Lithium-ion batteries (LiBs) are one of the greaticeesses of modern materials
electrochemistry. Pioneer work with the lithiumteay began in 1912 under G.N. Lewis but it
was not until the early 1970s when the first notheggeable lithium batteries became
commercially available. Lithium is the lightest @if metals, has the greatest electrochemical
potential and provides the largest energy deneityveight. Attempts to develop rechargeable
lithium batteries failed due to safety problemsc&ese of the inherent instability of lithium
metal, especially during charging, research shittech non-metallic lithium battery using
lithium ions [17]. Although slightly lower in eneyglensity than lithium metal, lithium-ion is
safe. In 1991, the Sony Corporation commercialthedirst lithium-ion battery.

A lithium-ion battery consists of a lithium-ion ercalation negative electrode (generally
graphite), and a lithium-ion intercalation positelectrode (generally the lithium metal oxide,
LiC00,), these being separated by a lithium-ion condgailectrolyte, for example a solution
of LiPFs in ethylene carbonate-diethylcarbonate [18]. Alifjo such batteries are
commercially successful, a further increase ofaheady reached performances is unlikely
using the current electrode and electrolyte mdgeriBattery discharge is based on the
diffusion of lithium ions from the anode to the lwade through the current collector. This
moving mechanism is primarily based on diffusiongasses: delivering lithium ions to the
surface of the anode, transitioning to and diffodiorough the electrolyte, and transitioning to
and diffusion into the cathode. Diffusion is thegnbmiting factor in high-current discharge
and charge as well as in low temperature performafrt addition, the intercalation and

4
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deintercalation processes create a volume changheinactive electrode materials. This
repeated process due to cycling can initiate crackscan lead to eventual fracture with the
result of unusable active electrode material dugigoonnection to the current collector [19].
Efforts in materials processing and manufacturingncrease performance and to manage
unavoidable volume change have been leading towasshostructured materials.
Nanostructures can accommodate volume change withmal risk of crack initiation, and
their nano-scaled morphology results in minimafudiion path lengths [19]. A strong focus is
on packing density to maximize active material eoht open porosity to access the
electrolyte, and electronic continuity to guarantbarge exchange to the current collectors.

1.3 Nanostructured Metal Oxide semiconductors

Almost all the energy devices presented in the iptsv section are limited in their
performances by the properties of the employed madde The most used semiconductors for
photovoltaic cells are in fact characterized by rpoarrier transport properties and narrow
absorption wavelength range which limit the enarggversion efficiency. Concerning the
second class of devices (batteries, supercapac#ars fuel cells) they present insufficient
energy/power densities mainly due to the poor ahargd mass-transport properties and to the
required expensive and complicated production mse® For this reason nanostructured
materials are of great interest: they are expettetlave a great impact in the fields of
semiconductors, energy and environment.

1.3.1 Nanomaterials applications

Nanomaterials (materials with characteristic dinems at the nanometer scale) are able to
show completely different properties from convenéibbulk ones. The field of energy is one
of the most suitable to exploit the unique propsriof these materials. Among the inorganic
semiconductor materials, nanostructured metal-ogl®iconductors have recently invaded
the scientific activity related to devices for ememproduction and storage, such as third-
generation photovoltaic cells and lithium-batteridthese materials can overcome the
limitation imposed by the relatively poor propestief the standard electrodes, showing high
carrier mobility and significantly low charge recbimation rates.

Metal-oxide nanostructures are the focus of curresearch efforts in nanotechnology since
they are the most common minerals on the Earthktt@atheir special shapes, compositions,
and chemical, and physical properties [20]. Theyehaow been widely used in the design of
energy saving and harvesting devices such as hitidn batteries [21, 22], fuel cells [23, 24],
solar cells [25, 26], and even transistors/FETs B8], Light emitting devices (LEDs) [29-
30], hydrogen production by water photolysis ansl $torage [31, 32], water and air
purification by degradation of organic/inorganidlptants [33, 34], environmental monitoring
by their applications in the fabrication of gasptidity and temperature sensors [35, 36] and
photodetectors [37]. Nevertheless they have algdicgtions in biological and medical
sciences such as drug delivery, fluorescent imaging bio labeling [38, 39]. Oxides of
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transition metals have strong ferromagnetism pragsewith high Curie temperature and are
used as magnetic read, write heads and data stdeagees [40]. Transition metal doped
active oxides such as ZnO, CuO, 7,i@l,0; [41] are called diluted magnetic semiconductors
and are applicable in the fabrication of spin baaledtronic devices. Snanomaterials are
regarded as one of the most important sensor ratgeior detecting leakage of several
inflammable gases owing to their high sensitivitylow gas concentrations [42]. Indium-
doped tin oxide (In:SnO2, ITO) film is an ideal ma&l for flat panel displays because of its
high electrical conductivity and high optical traasency [43], and ZnO is regarded as an
ideal alternative material for ITO because ofdaér cost and easier etchability [44].

Besides the great application potential, oxide-dameomaterials such as ZnO and Ji@ve
recently revolutionized the nanomaterials resebetause of the availability of soft chemical
synthesis.

The application of semiconductor oxide nanomateriato the dye sensitized solar cells
structure could lead to several advantages optigiizhe mesoporous active layers and
demonstrating the possibility to achieve high satanversion efficiency. However, the
attainment of sufficiently high efficiency values $till limited by consistent losses during
photoinduced charge separation and charge trarsgass the electrode.

An important problem related to energy storagehis one of consumed batteries and
accumulators. Also in this case the implementatibnanomaterials could help improving the
device performances. For example MO nanostructouédcsignificantly increase the specific
capacity of traditional Li-ion batteries reducitgtpossibility of batteries catching fire.

1.3.2 Nanomaterials synthesis and deposition

Nanostructured metal oxide semiconductors can pedited on any type of substrates such as
metals, semiconductors, polymers, and flexibletigasinlike other 11l-V semiconductor and
silicon, which requires specific and costly sulistsa

All these metal-oxide materials can be producedlifferent shapes (such as nanowires,
nanobelts, nanorods, nanotubes, nanocombs, naspnagohelixes/nanosprings, nanocages
and nanosheets and nanostars [13-15, 45]) depeaditite synthesis routes, which can range
over a wide variety of techniques.

The methods usually employed for metal-oxide filepdsition can be divided into two groups
based on the nature of the deposition process.phlgsical methods include pulsed laser
deposition (PLD), molecular beam epitaxy (MBE), asplttering. The chemical methods
comprise gas phase deposition methods and soligamiques. The gas phase methods are
chemical vapor deposition (CVD), metal organic cloainvapor deposition (MOCVD) and
atomic layer deposition (ALD), while spray pyrolyssol-gel, spin- and dip-coating methods
employ precursor solutions.

Each method has certain advantages and disadvardagsesues ranging from ease of use to
operating expense to time required for growth targily and quality of material produced.

In molecular beam epitaxy (MBE) [46], atomic or e@llar beams are directly deposited onto
a substrate in an ultrahigh vacuum (UHV) systett0¢9Torr). In MBE, thin films grow by
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reactions between thermal-energy molecular or atdmeams of the constituent elements and
a substrate surface, which can be maintained #ffexesht temperature. The composition of
the deposited film depends on the relative arriaiés of the constituent elements, which
consequently depend on the evaporation rates ackingt coefficient of the appropriate
materials. The growth rate is typically 1 monoldge~3A/s) [75], which is low enough to
ensure surface movement of the impinging speciethergrowing surface and can result in
very smooth and uniform film.

Sputter deposition [47] is another common methothefal oxide film deposition. It involves
bombardment of a target (metal or metal-oxide) withlasma (usually a noble gas, such as
Argon). The relatively low target temperature malspsittering one of the most flexible
deposition techniques. The sputtered atoms ejeicited the gas phase, are not in their
thermodynamic equilibrium state, so they tend todemse back into the solid phase on the
substrate surface. It is a good method for depmgsiimooth, uniform films that exhibit good
adhesion to the growing substrate. Film grown ristewell controllable allowing the
reproducibility of the samples thickness. Growtlierare also high and comparable to
evaporation techniques. RF sputtering is consideiedbe a relatively low-cost, low
maintenance and effective process.

Pulsed laser deposition [48] has been establishedvarsatile technique for the generation of
nanoparticles and thin films of oxides. SimilarRBE sputtering, pulsed laser deposition uses a
pulsed laser beam to impinge on a target in omleleposit desired material as thin films. A
high vacuum chamber is commonly necessary for thegssing. Pulses of focused laser light
transform the target material directly from solidalasma. An expansion cools the plasma and
it reverts to a gas that is carried to the sulmstrahere it condenses to a solid state and the
growth happens. The crystal structure and oriertatif films grown by PLD are highly
dependent on thermodynamic stability. In PLD, thecjse control of the processing
parameters (such as species fluxes) is also diffitm realize, which is helpful for
understanding the nucleation and growth mechanidrisn films.

In chemical vapor deposition (CVD) [49], one or mqgprecursors, usually activated by
temperature, react at a substrate to form a filomd&posit pure films by CVD method there
are strict requirements for the precursor. The moés must have a vapor pressure high
enough to be transported to the reaction chamherydt they must have a high thermal
stability to prevent particles formation in the galsase. In this method, controllable film
growth rate and smooth films are attainable. Sigaift drawbacks include high cost and high
temperatures for many materials.

MOCVD [50] is a growth method especially suited é@mpound semiconductors that rely on
the surface reaction of organic or metal-organmmpounds and metal hydrides containing the
required chemical elements. Formation of the egtdayer occurs by final pyrolysis of the
constituent chemicals at the substrate surface, reguires relatively high growth
temperatures. In contrast to PLD or MBE process#83CVD growth is driven by chemical
reactions and takes place in the gas phase at atedpressures under near-equilibrium
conditions. This powerful and inexpensive technidues been developed mainly for the
production of highly stoichiometric materials oftuially all 11l/V semiconductor compounds

7
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but it has also been successfully used for the gr@fvother semiconductor materials such as
complex oxides.

Atomic Layer Deposition (ALD) [51], also known atomic layer epitaxy (ALE) or atomic
layer chemical vapor deposition (ALCVD), is a cheatigas phase deposition technique
developed in Finland in the 1970°s by T. SuntalaALD the reactant gases are separately
introduced to the substrates and growth is achigkiealigh self-limiting surface reactions.
This results in the high uniformity and an excellémckness control for which the ALD
technique is known, enabling deposition of verytiiims with a uniform thickness. The ALD
technique allows to deposit a wide variety of commis such as oxides, nitrides and
sulphides, as well as pure elements, mostly mefalghermore, using the ALD technique,
reactant species are enabled to reach into opeitiesaand evenly cover complicated
structures.

Spray pyrolysis [52] is a processing technique teppre dense and porous oxide films,
ceramic coatings, and powders. Unlike many other dieposition techniques, spray pyrolysis
represents a very simple and relatively cost-effeanethod, especially regarding equipment
cost. Spray pyrolysis does not require high qualitfpstrates or chemicals. The method has
been employed for the deposition of dense fiimspp® films, and for powder production.
Even multi-layered films can be easily preparedhaishis versatile technique. Typical spray
pyrolysis equipment consists of an atomizer, premursolution, substrate heater, and
temperature controller.

The sol-gel process [53] is a good method for thpodition of pure, homogeneous metal-
oxide films. A sol is a colloidal suspension oftides in a liquid. The sol undergoes a sol-gel
transition to a rigid two component system of s@id solvent, followed by removal of the
solvent. In a typical sol-gel process, the preaunsadergoes a series of hydrolysis and
polymerization reactions to form a colloidal suspen. Then the particles condense in a new
phase, the gel, which is a solid macromolecule inseain a solvent. To obtain a film, the sol
can be spin or dip coated onto a substrate. Thieeddim thickness is obtained by repeating
the process. After the “gel” film is crystallizetthe substrate and film are placed in a furnace
to be annealed.

Hydrothermal processing [54] can be defined as latgrogeneous reaction in an aqueous
solvent (or non-aqueous solvent for solvo-thermadcessing) under high pressure and
temperature conditions, which induces the dissmtutind re-crystallization of materials that
are relatively insoluble under ordinary conditioms. the context of nanotechnology, the
hydrothermal technique provides an ideal methodpfaducing ‘designer particulates’, i.e.
mono-dispersed particles with high purity, highstaflinity and controlled physicochemical
characteristics.

Electrodeposition [55] is a simple method for aghrig high quality films at low temperatures
and low production cost. In an electrodepositiarcpss, ions are moved through a solution by
an electric field to coat an electrode. The simplesm of an electrochemical cell is
performed using a 2-electrode system, consistirggagthode and an anode. In the 2-electrode
system, the voltage is measured between these legtragles, and the current is measured
anywhere in the circuit. Research has deepenedntherstanding of the deposition processes
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and electrochemical deposition today provides mexwjting routes for the synthesis of metal
oxides, alloys and nanostructured materials. Fued&mh aspects of electrochemical
deposition include the heterogeneous electron fearstep between the electrode and the
electroactive species present in the solution dkasethe transition of the discharged metal
atoms into the crystalline state. The depositiofmnexpensive and fast. The deposition of
metal oxides from aqueous solutions is mainly pené in alkaline solutions containing
metal complexes. Electrochemical deposition of metades can be carried out under
oxidizing conditions as well as reducing conditidream alkaline solutions. In both cases, the
metal ion dissociates from the complex and preaigit on the electrode as the oxide. What
controls the ability to deposit an oxide is thebgiy of that oxide under the experimental
conditions, i.e. the potential, temperature and pH.

Anodic oxidation [56] is the process of forming eride (MO,) on a metal surface by
applying an electrical current or potential trougleell containing a suitable electrolyte. The
metals that can be anodized belong to the so-caflba-metals group. The main feature of
the metals is the ability to form a highly resistarotective oxide film that grown when an
electric field is applied. The characteristics dhger treated with anodic oxidation can vary
according to the type and concentration of theteltes as well as the processing variables
used during anodic oxidation. Compared with othgntteesis approach, electrochemical
anodization is a simple and convenient techniquatidcate uniform layer of vertically self-
oriented nanostructures.

1.4 Targetsand Structure of thethesis

This PhD thesis investigates the fabrication ofed#nt metal oxide nanostructures and their
integration as electrodes into DSCs and LiBs: itigpaar the thesis deals with Ti@anotube
arrays obtained by anodic oxidation and with Zn@rge-like films obtained by combined
sputtering/thermal oxidation techniques.

The TiO, nanotube-based photoanodes for dye sensitizedcalla can be fabricated directly
using the NTs film on opaque Ti foil, with a celldkside illumination, but in that
configuration, the number of photons that can rahehactive part of the cell is reduced. An
alternative is based on nanotubes derived fromftlms deposited on transparent conductive
substrate that can overcome this drawback butah ¢hse it is difficult to obtain long NT
array starting from thin Ti layer. A new and vallealhpproach is proposed and followed in
this work: it consists in the fabrication of sethisding TiQ NT membranes that can be
transferred to transparent conductive sheets elmg@bonding interlayer.

Zinc oxide is well known as a promising alternatieetitanium dioxide for the fabrication of
photoanodes in DSCs. With respect to titania, Zn€sgnts higher electron mobility and
carrier lifetime, being these parameters very irtgurto improve the performances of DSCs.
In this work a novel method for the synthesis ofgus nanocrystalline layers of ZnO will be
presented.

Therefore, the first objective of this work is désa to the efficient synthesis of TAiQITs
membranes and ZnO sponge-like film on transparemduactive glasses in view of the
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evaluation of DSCs performances when these films employed for the photoanode
fabrication.

Nowadays research efforts for anode materialstioiutin ion batteries have been focused on
the safety and capacity retention: the metal-origeostructures can work well also into LiBs.
Thus the second objective of this work is to indéégrthe developed nanostructured materials
as electrodes into LiBs.

This thesis aims to provide readers an overviewetectrochemical device for energy
production and storage, focusing the attention be experimental fabrication and
characterization of alternative electrode morphyplagd materials for DSCs and LiBs.

The manuscript is divided in 6 Chapters: Chaptegrdvides introductive information on
energy production and storage devices and nantistegc metal-oxide semiconductors and
describes the objectives and the structure of wosk; Chapter 2 presents the detailed
description of the two devices investigated in twsrk, i.e. DSCs and LiBs, focusing the
attention on the different components and the wgrldrinciples. The experimental part starts
with Chapter 3, which presents the synthesis armd rttaterial characterization of TiO
nanotube array by anodic oxidation and ZnO spoikge-Iflms by combined
sputtering/thermal oxidation techniques. Chaptend Chapter 5 describe the technological
approaches and the results of the characterizatioretal-oxide nanostructures integrated into
DSCs and LiBs respectively. Finally, Chapter 6 jutes the concluding remarks and outlooks
of this PhD thesis.

This work is the result of collaboration among tteenter for Space Human Robotics
IT@PoliTo” of Istituto Italiano di Tecnologia, théApplied Science and Technology
Department” of Politecnico di Torino and “Electrogsiand Telecommunicatiol®partment”
of Politecnico di Torino.
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Chapter 2

Electrochemical devicesfor energy conversion
and storage

In this chapter a detailed description of the tvewides investigated in this work, i.e. DSCs
and LiBs, is provided, focusing the attention oe tlifferent components and the working
principles.

21  Dyesensitized solar cells

Dye-sensitized Solar Cells have received considierattention since the original work of
O’Regan and Gratzel in 1991 [1], following the end®we research in semiconductor photo-
electrochemistry started in the 1970s.

The major benefits lie in the materials and tecbgi@ls needed for DSCs production. In fact,
these kinds of solar harvesters can be producdd amtindantly available organic materials
and widely diffused inexpensive semiconductorsngisimple and scalable technologies and
avoiding high temperature and high-vacuum treatmanaking them compatible with roll-to-
roll mass production [2]. Moreover DSCs work effeely even in diffuse-light conditions
being suitable for indoor application [3].

The working principle of the cell [4] is based ¢ fpresence of dye molecules, which are able
to harvest photons from sunlight (mainly in theiblis range) and convert them to electrons.
The molecules of the sensitizer are excited frotoveer to a higher energetic level, thus
creating an electric potential that can be usegrtmuce current. The light absorber is
anchorated as a monolayer on the surface of a natakbased film of a wide band gap
semiconductor (usually T¥in the most common DSC architecture). The semicota
works as electron collector, since the photogemdraharges are quickly injected in the
conduction band of the nanostructured metal-oxddeareful design of the molecular energy
levels of the dye makes the charge transfer towhed oxide strongly favored from an
energetic point of view, thus drastically reducthg electron hole recombination process. The
dye is electrically regenerated by electrons donafiom an electrolyte (usually a solvent-
based liquid in which redox shuttles are dissolyadhich penetrates the pores of the
nanostructures to have a close proximity with th@lecules of the sensitizer, creating 3D
interpenetrating junctions. The electrolyte is ani¢ conductor able to accept hole from (or
donate electrons to) the oxidized dye. The mogustid redox couple is thelk, which is
able to guarantee excellent efficiency (around )1[8% while the record performances (12
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%) have recently been obtained with liquid elegtied containing Co-based redox shuttles
[6]. The electrons percolate through the nanogdagjowhich are interconnected thanks to a
sintering process, and are collected by an exteinalit. Electric power is generated without
causing any permanent chemical transformation ensid cell.

The role of the nanostructures in obtaining highdyforming photoanodes is crucial. In fact,
as reported by Graetzel during its experimentspierges that it is possible to move from a
sunlight-to-current conversion efficiency of 1.2%ing a polycrystalline anatase film [7] to
7.9% using a nanostructured mesoporous, Tle&er [8], just varying the active exposed
surface area of the electrode. The monolayer of alyghored on a flat surface is able to
absorb only a little percentage of the impingingtoins, since its optical cross-section is
smaller with respect to the occupied area. By usiagostructured semiconductive materials,
it is possible to enhance the charge transportegutigs and to enlarge the surface area
available for dye anchoring, thus increasing thergy harvesting efficiency of the DSC.

2.1.1 Structure and materials

The standard DSC structure is depicted in Figute i2.manly consists of a wide band gap
nanocrystalline semiconductor deposited onto asgtasered by a transparent conducting
oxide (TCO), a ruthenium-complex dye, an electiolygolution containing an iodide/tri-
iodide (I/15) redox couple and a Pt-covered counter electrode.
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Figure 2.1 Typical Dye-sensitized solar cell structure [9]
2.1.1.1 Transparent conductive substrate

TCO-coated glasses are the standard substratabricate DSC electrodes. The reason lies in
their high transparency in the visible range and &heet resistance, which are fundamental
properties in this kind of photo-electrochemicavides. This class of materials belongs to n-
type semiconductors, with a large band gap (ar@ued), in which conduction is guaranteed
by three fundamental sources: interstitial metalifapurities, oxygen vacancies, and doping
ions. Moreover, they show high thermal and chemstalbility, other two important features
since during photoanode fabrication relatively htgmperature treatments (around 450 °C)
are needed and the cell environment is quite agiyeeqsince electrochemical reactions
occur). A lot of TCOs were developed and studiethm last thirty years and, among them,
Fluorine-doped Tin Oxide (FTO) and Indium Tin Oxid&O) are mostly used because they
are considered the best compromise in terms oficition process, optical and electrical
properties.
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2.1.1.2 Photoanode

The wide band gap semiconductor deposited onto iEGQually called photoanode, being the
support material on which the dye-molecules (tleose absorbing the light photo-generating
electrons) are anchored. The semiconductor magdgives photo-generated carriers from the
dye and, thanks to suitable diffusion propertiediects them at the TCO layer.

Plenty of materials can be considered good carelidét do that job. Historically, the first
proposed material was titanium dioxide (3iGn the form of nanocrystals. Tithas some
unique properties that make it the semiconductorclobice for DSSC application. Its
conduction band edge lies slightly below the extgtate energy level of many dyes, which is
a crucial condition for an efficient electron injen. Another positive aspect is the high
dielectric constant of TiQ(e = 80 for anatase phase) that provides good ekatio shielding

of the injected electrons from the oxidized dye exales, thus preventing their recombination
before dye reduction. Moreover, its refractive dhas a suitable valua € 2.5 for anatase)
resulting in an efficient diffused scattering ofetlimpinging light enhancing the light
absorption. Most important in view of its practiagbplication, TiQ is a low cost, easily
available, non-toxic material.

Zinc oxide (ZnO) is well known as a promising att&tive to titanium dioxide for the
fabrication of Dye-sensitized Solar Cells photoa®dl10]. ZnO is a wide band gap
semiconductor (energy gap 3.37 eV), with a conductiand edge positioned approximately
at the same level as for TiOThis means that ruthenium-based dyes developet@i@ can
efficiently work also when anchored to ZnO. Witlspect to titanium dioxide, ZnO presents
higher electron mobility and carrier lifetime, tBeparameters being very important to
improve the performances of DSCs. Moreover, zin®xs well known for its ability to
easily grow in a wide variety of nanostructurele lfor instance nanoparticles[11], nanowires
or nanorods[12], nanotubes[13], nanosheets[14]pmlants[15] and nanotetrapods[16].

The ability to tune the morphology at the nanoseae open up wide opportunities in the
control of charge transfer dynamics in the photcetele. In fact, by appropriately tuning the
morphology, it is possible to combine the fast dcir¢ransport in 1D or quasi 1D
nanostructures (like nanowires and nanorods) wighmtide exposed area for dye sensitization
typical of mesoporous layers. The 1-D structures eharacterized by superior charge
transport properties along the c-axis direction duiter for the reduced value of surface area
if compared to nanoparticles. In fact, the spedifiea is one of the most important features in
DSC photoanode since it can affect the number chard dye molecules: the resulting
photovoltaic performances of low-dimensional nanagtired ZnO electrodes are therefore
rather poof17]. On the other hand, 3D structures possessdhee good transport properties,
maintaining, at the same time, a discrete numbesite$ for the dye sensitization. The great
issue is the higher degree of complexity, whichitrthe reproducibility of the fabrication and
the scalability towards larger area devices[17]prgsent, the photoconversion efficiencies of
Zn0O-based DSCs are below 8%[11, 17, 18], so theyesigpn of new structures and/or
architectures aimed at the improvement of thepmtflormances is an exciting challenge.

2.1.1.3 Dye

The sensitizer, i.e. the dye, constitutes the refatite DSC: it uses sunlight to pump electrons
from a lower towards a higher energy level andhis tvay it generates an electric potential
difference, which can be exploited to produce elegtork.
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A lot of attention is dedicated to its synthesi®rder to optimize the light absorption and the
charge transfer dynamics. The most common sensiteeployed in DSCs are ruthenium
(Ru) complexes, due to the easily tunable phototeiehemical properties of these molecules
and the favorable oxidation states of the metalelvha photon of proper wavelength is
absorbed by the dye molecule, an electron is akéitem its fundamental state, i.e. the highest
occupied molecular orbital (HOMO), to the lowesbooupied molecular orbital (LUMO).

An ideal sensitizer for highly efficient DSCs shddatisfy some basic requirements [19]: it
should contain an anchoring group that stronglydsoto the TiQ surface, thus ensuring
electron coupling with the substrate, and it shalddorb the largest fraction of the visible and
near-IR region. Moreover, the molecule should bgireered in such a way that a suitable
match between its discrete energy levels and teetrehic bands of the oxide would be
realized(see Fig. 2.2a)with the formation of a staggered (or type llXdrejuction [20].
Here, the LUMO of the dye has to be sufficientlgthior efficient electron injection into the
TiO, conduction band, while the HOMO has to be posittbrinside the semiconductor
forbidden band-gap to avoid direct recombinatioonfrthe semiconductor valence band.
Moreover, it has to be sufficiently low for efficieregeneration of the oxidized states by
accepting electrons from the redox mediator. Rndhe synthetic pathway should be easy
and economical, also in terms of sustainability kfeecycle assessment.

2.1.1.4 Electrolyte

The electrolytic solution that fills a DSC must eegrate the dye molecules (oxidized after
photo excited electron injection into the semicartdt) and transport holes at the counter
electrode to close the circuit.
Electrolytes employed in DSSC can be classifietloasd, quasi-solid and solid, depending
on their viscosity. Several aspects are essewtiatfy electrolyte to be used in DSCs:
1. it must be chosen in a proper way in order to takeaccount the redox potential and
recombination properties of the dye;
2. the electrolyte must allow fast diffusion of theache carriers into the device and have
intimate contact with the porous nanocrystallinelexayer and the counter electrode.
3. it must have long-term stability, including chenjcahermal, optical and
electrochemical properties, to prevent degradaifdhe dye from the oxide surface;
4. the electrolyte should not exhibit a significansaitption in the range of visible light.

Any type of liquid electrolyte is composed by twaim components: organic solvent and
redox couple. In order to reduce recombinationdssa the electrolyte, some additives are
added. The most popular one is 4-tert-butyl pyadiei]. It is adsorbed onto the TiGurface
acting as barrier to the recombination betweenctap electrons in the oxide and oxidized
species of the redox couple. The most importantpoorent of the ionic liquid electrolyte is
the redox couple: it has the charge transfer fondti the device.

In cells based on thé&lk redox couple, the transfer of electrons from thiel@xnaterial to the
I3 ions is a two electron process governed by thenatee dissociation of theyl This step is
very slow with respect to the one occurring at¢banter electrode: the recombination ©f |
into I' [22]. The regeneration process is acceleratechéyptesence of the catalyst (generally
Pt) on the electrode and the fast diffusion’tf linto the liquid media.
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2.1.1.5 Counter electrode

The counter electrode is fundamental to close tbetrecal circuit through the reduction of
trilodide into iodide. This reaction needs to b&abaed, thus a thin layer of platinum (Pt) is
deposited onto the TCO/glass substrate. Pt is thst msed material for this task since it
guarantees a low charge transfer and shows a dmodical 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 DSCeugihg the charge transfer mechanisms
involved in photocurrent generation. Sunlight isvieated by the sensitizer that is attached to
the surface of a large band gap semiconductor.oRhatitation of the dye (1) results in the
injection of electrons into the conduction bandtlé oxide (3). The dye is regenerated by
electron donation from an electrolyte (8) thatnfilrated into the porous films. Reduction of
S+ by iodide regenerates the original form of tie while producing triiodide ions.
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Figure 2.2 schematic of DSC structure and corresponding ehmegnsport mechanism (a); timescale of
charge dynamics into a DSC (b): favorable proceisskght blu and recombination in red.
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This prevents any significant builtup of S+, whicbuld recapture the conduction band
electron at the surface (4). The iodide is regdadran turn by the reduction of the triiodide
ions at the counter-electrode (7), where the alastiare supplied via migration through the
external load completing the cycle (6). Thus, tleeick is generating electricity from light
without any permanent chemical transformation.

The parallel electron transfer processes occurompetition with each other and having
different characteristic times (see Fig. 2.2b). Whiminated, the dye molecule is excited in
few femtoseconds [23] and the electron injecti@mrLUMO to the photoanode conduction
band is in the sub picosecond range [23]. The rexowsl-ranged relaxation of excited states
is rather slow compared to that of injection, emgusufficient time for the favorable process
to take place [24]. The ground state of the serggiis then reinstated byih the microsecond
domain. This time scale effectively reduces thenckaof recombination of the injected
electron to LUMO level, which usually takes few liséconds [24]. This is followed by the
two other important processes: electron percolatioross the photoanode structure and
collection of electrons by the oxidized (which forms }) within milliseconds.[25] The
perfect matching of time constants of these praeissthe key for achieving high conversion
efficiencies in DSCs.[24]

2.1.3 Photovoltaic parameters and characterization teciasi

2.1.3.1 Current-Voltage measurements

A solar cell is a device able to contemporary gatesr power and current on an external load
upon illumination. In order to explain and complgteinderstand a solar device, some
important parameters must be introduced.

I
Isc \
I}[P Pmax
> V
P Voc
Pmax
» V

Var
Figure 2.3 I-V characteristic of a solar cell.

When the cell is illuminated and its terminals ateort-circuited, the maximum flowing
current that can be measured is called short tircurrent (). Another measurable
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parameter is the maximum voltage produced whercuinent flow is forbidden, called open
circuit voltage (\¢). In the I-V characteristic (see the example ragabrin Fig. 3.2), the
Maximum Power Point (fAx) is the point of the curve in which the produetveeen the
current and the voltage is maximum. All these qitiastare illustrated in Figure 2.3.

For any intermediate resistance value, the celegd#as a potential between 0 angkVand
the corresponding current satisfying the relatiorr\R_| (where R represent thexternal
load). Generally, in order to have universally cangble quantities, instead of the current, the
current density is preferable.

Having defined the Maximum Current Density,{)J and the Maximum Voltage @),
another important parameter to analyze the perfoces of the cell is the Fill Factor (FF). It
is defined as the ratio between the maximum powert@nd the product between the open
circuit voltage and the short circuit density:

FF = VMmpJmp

1
VocJsc @

In an ideal cell, the Fill Factor is equal to 1 aheé cell has a |-V characteristic that is a
perfectly rectangular. The power density generbtethe cell, is defined as:

Pyax = VoclscFF (2)

Another important parameter is the overall photavewsion efficiency PCE (af), namely
the ratio between the maximum power generatedrendhtident optical powerdpy, i.e.:

P %4 FF
n = PCE = 2MAX _ oclsc 3)
Popr Popr

2.1.3.2 Incident photons to current conversion efficiency

The current density is related to the spectrunmefitnpinging light by the quantum efficiency
QE(E), defined as the probability that an absonbleoton with energyw is able to produce

the excitation of an electron. Using the quanturficiehcy, it is possible to write an

expression for the current density:

Jsc = q [ bs(E)QE(E)dE (4)

where R(E) is the flux density of incoming photons (i.the number of incident photons per
time unit and with an energy between E and E +atie) g is the elementary charge.

In addition ton, the External Quantum efficiency (EQE, also knaaenincident photons to
current conversion efficiency or IPCE) can be dadin

Number of charges collected by the solar cell ( )

EQE = IPCE =

Number of photons of a given energy shining on the solar cell from outside

An example of EQE curve recorded for a dye sersitenlar 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 Rumplex dye.

Considering the integral over all wavelengths ef spectrum:

J_ImAcm™ = j ekl X dEEs X [ -dA
. 1.99x107" 100 6.24x10" ©)

it is possible to obtain theslalue.

The measurement of the IPCE is very important iteprto obtain information about the
photoelectrical response of the DSC allowing thevidedge of the frequency range in which
the dye molecules are able to absorb photons dicteafly convert them into electrons.

2.1.3.3 Open Circuit Voltage Decay

Open Circuit Voltage Decay (OCVD) is a well knowcheique used to study the

recombination kinetics in DSCs [26]. The cells kept under constant illumination at open
circuit condition until they reach a steady voltagdue. Then, the light is suddenly switched
off and the photovoltage is measured as a funaifdime. Since under open circuit voltage
condition all the photogenerated electrons cannetcbllected by the electrode, they
recombine with an approximately constant rate, tiedsicing the photovoltage. Therefore, the
decrease of/oc depends only on charge recombination, and carsdecited to the electron

lifetime through the formula:

-1
T:_kB_T(dVOCj (7)
q dt

wherekgT is the thermal energy.
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2.1.3.4 Electrochemical Impedance Spectroscopy

In order to study the recombination and transpodperties of DSCs, Electrochemical
Impedance Spectroscopy (EIS) is one of the moselwidsed techniques, being at the same
time a simple but powerful tool. A sinusoidal vgigeof variable frequency is applied to the cell
and the impedance is measured. In the typical Begeesentation of phase impedance in
DSCs, three main peaks can be observed (Fig. 273) the first one at high frequency (above
100 Hz) related to the charge transfer at the dtfielyte interface, the second one at middle
frequency (1-100 Hz) related to the recombinatiothe photoanode/electrolyte interface and to
the charge transport into the semiconductor, andhhid one at low frequency (below 1 Hz)
related to the charge diffusion into the electmlyt

Phase (degree)

o N\

>

AN

Freq. (Hz)
Figure 2.5 Typical Bode diagram of a DSC [28]

The experimental curves of EIS can be fitted usingequivalent circuit in order to obtain
information about transport and recombination airges. The modelling circuit is depicted in
Figure 2.6: the resistandg represents the TCO series resistance, the paGiiR.c takes
into account the counter electrode/electrolyte riatee and the impedancg,, models the
photoanode behaviour. The charge diffusion intodleetrolyte solution was not considered in
the fitting circuit because no contribution arousedhe measured spectra at low frequencies.
The photoanode impedanZg, (reported in Figure 1) was modelled though a trassion line,
according to what proposed by[28}: stands for the transport resistanBe;r models the
charge transfer resistance related to charge reoatiin, and the constant phase element
(CPE) Q. represents the generalized form of the electrodd®ntapacitance (CPE was
introduced instead of a common capacitance to rbeftscribe the porous interface). The
corresponding electrochemical capacita@gés:

1 1,

C,=(Q.)"(Ry)” ®)

Starting from the fitting parameters, one can camphe effective electron lifetime the
diffusion coefficientD and the diffusion length using the following formulae

r=(RyQ, )"’ ©)
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d2
D= (20)
R.C,
L=(Dz)"? (11)
whered is the oxide thickness.
RCE
R. Z,
Mm
R, Cee
______ M
Q,
zph — Rer % S

Figure 2.6 Equivalent circuit used for the fitting of EIS daZ, (reported below) is the transmissi
line model of the photoanode.

Typical DCS Nyquist plotpresent three arcs associated with the differdhtemponent as
depict in Figure 2.7The first arc (above 1 kHz) is related to theeifdce between tt
electrolyte and the counter electrode, the secord(i-100 Hz) is associated to the interf:
between the electrolyte and the photoanode, andhing dne (under 1 Hz) accois for the
charge diffusion into the electrolyte [19] [2!

A
A
g Z
g Z1 23
4 >
< r<—r« g B 2
Ry Ry Rs R,
Real part ()

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

Lithium-ion batteries (LIB) are one of the greatestcesses of modern electrochemistry of
materials. Their science and technology have bewmnsively reported in reviews [29] and
dedicated books [30] to which the Reader is refefoe more detailed discussion.

A commercial LIB does not contain lithium metal: gdomprises a negative electrode
(generally, graphitic carbon) and a positive elaadr (generally, layered lithium metal oxides
such as LiCog), both capable of reversibly intercalat€ ions, these being separated by a
solvent based lithium-ion conducting electrolyter{grally, a separator diaphragm soaked in a
mixed ethylene — diethyl carbonate solution of LgPF

Charge (energy storage) ——ji— e-

L_wmwm— =
e- —af}—— Discharge (power to the device)

Electrolyte Alog:

=) s =3

Al current collector
Cu current collector

Separator

Figure 2.8 Sketched picture of a LiB [31].

The active materials for Li-based batteries musbb#h electronic and ionic conductors in
order to allow their correct operating, because ébe&ctronic conductivity or low mobility of
Li* would limit the current flow and, consequentlye fhower delivered by the device. Thus, it
is important to fabricate nanostructured electnodéerials that provide high surface area and
short diffusion paths for ionic transport and alecic conduction. Moreover, nanoscale
materials can better tolerate the typical volumanges and structural evolution upon Li ions
insertion/deinsertion, which greatly affect theleyservice life of LiBs.

Several advantages can be obtained by employingnmaterials into LIBs:

(a) the strain associated with lithium ions insertileinsertion is better accommodated (along
with a wider solid-solution region), thus improvisgrvice life as shown in Figure 2.9;

(b) new electrode reactions are enabled to ocaurate not possible for materials composed
of micrometer-sized patrticles;

(c) a high surface area permits a more extensarelde/ electrolyte contact area, leading to
higher charge/discharge rates;

(d) the reduced dimensions significantly reduce pia¢h lengths for electronic and Li
transport, thus permitting operation with low eteaic conductivity and/or at higher power.
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Figure 2.9 Example of how nanostructuring can help in impngvihe performances of Li-ion battery
electrodes by reducing the strain associated vtitluin ions insertion/removal [32].

As for disadvantages, the following have been ifledt (a) an increase in undesirable (side)
reactions with the electrolyte due to the high tetae/electrolyte contact area, possibly
leading to self-discharge, poor cycling and caletiifia

2.2.1 Structure and materials

Future advances in rechargeable Li-ion batterygoerdnce are strongly related to today's
technologies, through a selective use of apprapsaaisting or new materials for the negative
and positive electrodes. Actually, choosing théhtrignaterials is crucial for the battery’s
overall performance [33].

In order to be a successful electrode materiabrapound should satisfy a number of criteria
[34,35]:

J The intercalation/insertion compound should be &blaccommodate a large number
of lithium ions, in initially empty sites, to maxiee the cell capacity. This depends on the
number of available lithium sites in the host stuue as well as the ability of the transition-
metal to access multiple oxidation states.

. The Li" insertion/de-insertion process has to be reversihtl accompanied by no, or
very small, changes in the host structure.

. It must be chemically and structurally stable otlee whole voltage range, and
insoluble in the electrolyte.

. It should be environmentally safe, easy to produdth a low overall cost and high
stability in air for easy handling.
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It is also necessary to take into account otheuirements to choose a good candidate as
electrode material:

. Cathode materials should have a high potentialsgel§/Li; whereas anode materials
should have a low potential versus/Li.

. Good performance in a wide temperature range.

o The intercalation/insertion reaction kinetics slaoloé fast.

2.2.1.1 Anode

The most attractive material for use as an anodedhargeable batteries would appear to be
lithium metal because of its high potential and cHpe capacity. However, the poor
rechargeability of the lithium anode prevents itactical use. This is due to the formation of
Li dendrites after prolonged deposition/dissolutioypcling, which brings about serious
problems in terms of safety and cyclability [33Jh€l use of micro-porous separators can
prevent the dendrite growth of lithium metal, bttiicreases the production costs of the
system.

To overcome these problems, alloys of lithium with or Si have been considered;
unfortunately, alloy electrodes survived only ailed number of cycles, owing to extreme
changes in volume during operation. Besides intalthe alloys, other systems have also
been identified and intensively studied, like tiilas-metal oxides that can reversibly host Li
ions and, more recently, intermetallic compoundgirttaa strict structural relation to their
lithiated products. Nowadays, the “standard” anodgerial for Li-ion batteries is carbon in
its different layered structures. Carbon exhibihbelectronic and ionic conductivity and can
incorporate a large number of lithium ions. Due tteir low cost, availability, low
intercalation potential and good cycling properti@sbonaceous materials have become, so
far, the most attractive choice for anodes in pratti-ion cells.

There are lots of modifications of carbon that barused to produce anodes, e.g. natural and
synthetic graphite, activated carbon, coke, caftimars, carbon nanotubes, etc.

Both the extent of lithium ions intercalation ar treversibility of the intercalation process
strongly depend on the morphology and structuthetarbonaceous host material.

The electrolyte decomposition results in the foioratof a surface protective film (solid
electrolyte interface, SEI), consisting of a variet solvent and salt reduction products, which
allows the continuous operation of the carbonacemades. SEI can be considered as a
passivation layer for the carbon surface that presvés further reaction with the electrolyte
influencing the lifecycle and charge/discharge.rate

As outlined above, in the last years, various anogdéerials, alternative to carbonaceous
compounds, have been investigated. In particulaghmeffort has been devoted to the use of
transition-metal oxides, MO-type compounds (where=NCo, Ni, Fe, Cu or Mn) having a
rock-salt structure and containing metal elemehid tlo not alloy with lithium [36]. The
mechanism of lithium reactivity in such materiaiats from the classical processes, and it is
nested in the electrochemically driven, in sitiniation of metal nanoparticles during the first
discharge, which enables the formation and decoitpoof Li,O upon subsequent cycling.
The reactions are highly reversible, providing ¢éagapacities (two to three times those of
carbon) that can be maintained for hundreds ofesycl
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2.2.1.2 Cathode

A typical cathode material for Li-ion batteries shb have reasonably good electronic
conductivity and provide a network of pathways thoe lithium ions to diffuse in and out of
the structure. The best host candidates have shtomeel oxides [37,38], as they can support
both high-valence-state cations, to obtain a higénocircuit voltage, and good 3d-electron
conductivity on a transition-metal cation arrayaisition-metals are the elements that provide
the redox activity to the material. Monovalent Innakes a primarily ionic bond with oxide
ions, particularly where the oxide ions belong wypnions, which allows rapid diffusion
through a host with an interconnected interstftie¢ volume.

Many different crystallographic structures are pried by transition-metal oxides, but not all
of them are suitable for the intercalation/insergwocess. In fact, the ionic arrangement in the
lattice must provide the two main requisites okrnalation compounds, namely ionic and
electronic conductivity. The ionic conductivity niuse guaranteed by the presence of mono-
dimensional, bidimensional or tri-dimensional difilon paths for the intercalating lithium ions
(respectively defined as "tunnels" and "layers'hnfed by adjacent empty interstitial sites.
The electronic conductivity is determined by thenagement of the transition-metal cations in
the lattice that must allow conductivity through @tbitals vicinity on adjacent cations.

2.2.1.3 Separator

The separator used in Li-ion batteries has two maoo functions [39]:

o avoiding the direct contact of the anode and cathedile allowing the free mass
transfer of the electrolyte;

o shutter action to stop the mass transfer in the oaaccidental heat generation, which
causes it to melt down, resulting in sealing thie$iat the portion in question.

The material should be soft and flexible enougbhegavounded by lying between both sheets
of the electrodes. It should also be sufficienthbte for a long time while kept in contact with
both the electrode materials and the electrolytierdporous polyethylene and polypropylene,
are the most widely separators used.

2.2.1.4 Electrolyte

As previously outlined, the electrolyte, which coomly refers to a solution of salts and
solvents, is the third key-component of a battery.

Under the ideal conditions, the selected electeolyt addition to provide a high ionic
conductivity, should be able to induce the morpgially best protective film over the anode
and to sustain the high operational potential ef¢hthode. It should also have low reactivity
with the other components. Moreover, it should havéigh thermal stability for Li-ion
batteries to be used in devices working at relbtikieggh temperatures.

A rechargeable Li-ion battery generally operatesvben —20 and +60 °C, thus solvents with
low melting point, high boiling point and low vappressure are highly desirable [40].

Due to unavoidable electrolyte reduction at thedanasolvents that form a complete and
stable SEI layer must be used. EC has an excelEhtforming ability and it is frequently
used to facilitate lithium-ion intercalation in gfate-based anodes. However, EC is solid at
room temperature and, therefore, it must be dissbin another solvent. A suitable choice is a
solvent mixture such as EC/DEC, the same usedntohel electrochemical tests shown in the
experimental part of this thesis.
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Soluble lithium salts are added to the solventsctaas charge carriers of the current passing in
the cell during the electrochemical process. Gadldlity and charge separation of anions
and cations are necessary in order to obtain adoghductivity. Lithium hexafluorophosphate
(LiPFg) is the most widely used salt in commercial Li-ibatteries. It has a high ionic
conductivity in carbonate-based solutions, low ¢dyi and it shows excellent cycling
properties at ambient temperature. However, it shpaor thermal stability [41], and it is
highly moisture sensitive.

The most recent developments in the secondaryri_batteries technology are directed to the
replacement of the liquid electrolyte with a polynmeembrane capable of operating both as
the separator and the electrolyte, in order tdlfirechieve the fabrication of batteries having
a full-plastic structure4p]. This is an appealing concept since it provides prospect of a
favourable combination of high energy and long, lifdich are typical of the Li-ion process,
with the reliability and easy processability, whiate typical of the plastic configuration.

2.2.2 Working principle

The working principle of a secondary Li-ion batt&yschematically explained in figure 2.10.

PPCT MCEalive Aduminum positrye
Eril covleclin rrent collect

Figure 2.10 Schematic of working principle of a LiB.

In general, both the electrodes of a lithium-iortdrg have a structure capable of lithium
storage. Rather than the traditional redox galvaiton, Li-ion secondary cell chemistry
depends on an “intercalation/de-intercalation” naagsm.

During charge, the Liions are de-inserted from the positive electrodth relative oxidation
of the active material IM,Y,

Li,M,Y, < LignM,Y, +nLi* + ne
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they migrate across the electrolyte and are indert® the crystal structure of the negative

active material, which is reduced. At the same tithe compensating electrons travel in the

external circuit and are accepted by the host kanka the reaction. The discharge process is
just the opposite:

A.B, +nLi"' + né < Li,ABy
Accordingly, the overall reaction can be generalias follows:
Li,M,Y, + ApBw < LignyM,Y, + LisA.Bu
The process is completely reversible. Thus, théulih ions pass back and forth between the

electrodes during charging and discharging. Thisdigen rise to the names “rocking chair”,
“swing” or “shuttlecock” to describe the Li-ion ¢&[37].

2.2.3 Battery parameters

The performance of a battery is expressed by mamgntgies. The most important, in
designing a battery, are capacity and energy densit

Capacity (Q) is defined as the total amount oftelecharge supplied by the system or by the
electrode materials and it is usually expressadrims of Coulomb (C) or Ampere hour (Ah);
1 Ah = 3600 Coulombs. It can be calculated as tbdyzxt of the current by the time: Specific
capacity means the capacity per unit mass (Ah gr per unit volume (Ah di). The
Theoretical capacity (Qis the maximum amount of charge that can be etddafrom a
battery with respect of the amount of active materi

The energy (E) of an electrochemical power sousre supply is expressed in Joule (J) or
more commonly in Watt hour (Wh). Specific energy sually energy density) is defined as
the energy output from a battery per unit mass ¢Whor per unit volume (Wh dm.

2.2.4 Characterization techniques

Galvanostatic cycling is an important method toleai® the appropriateness of a compound
to be used as electrode material. A direct andtaahgurrent (1) is here applied to the cell;
simultaneously, the voltage is monitored as a foncof time (t) in order to verify the
potentials of the reduction/oxidation processethefactive material and the total amount of
charge passed per unit mass of electrode mateérgal the specific capacity C) during
complete discharge (or charge). The potential lstive to the lithium metal used as anode.
This technique gives information about, for ins@nihe reversibility of the electrochemical
process during cycling, the long-term cycling bebaand the rate capability, measuring the
amount of charge passed through the cell in thegehand discharge of each cycle. Also, the
shape of the potential versus time curve can hdlafmation on phase transitions. A gently
sloping curve points to a solid solution of lithiimthe host material, while discrete plateaus
can identify the existence of stoichiometric phases

Cyclic voltammetry (CV) is a potentio-dynamic te@ure in which a linear scan of the
potential is imposed on the working electrodentttbe current flowing between the working
electrode and the counter-electrode is recordeds kmportant to monitor the reference
electrode for the measurement of the potential ftbencounter-electrode through which the
current passes with the aim of avoiding over-paa¢rdue to charge transfer and other
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contributions of the resistance. The diagram of ¢herent as a function of the applied
potential so obtained shows the peaks correspontiinghe electrochemical processes
occurring in the potential range considered. Thelysof such diagrams allows one to obtain
gualitative information about the potential at whihe electrochemical processes occur (by
the position of the peak) and the exchanged cuitarihg the process (by the area of the
peak).

The resistance and electrochemical stability ohleéctrode materials and cells is generally
tested by electrochemical impedance spectroscopy) (Bnalysis at ambient temperature
(usually, in the frequency range from 100 mHz td® MMz, at open circuit potential),
following the behavior of the test cell for severahsecutive 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 TiO, 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 TiO, nanotubes

A 250 pm thick titanium foil (99.6 % purity, Goodfellow) and a Pt sheet (99.99 % purity,
250 um thick , Goodfellow) were employed as anode and cathode in a two-electrode
configuration Teflon cell. The electrolytic solution was prepared adding 0.5 wt. % NHF
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 technigues

The morphological characterizations of the TiO, 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 N, sorption
isotherms (Quantachrome Autosorbl) by multipoint method within the relative pressure
range of 0.1-0.3 P/P,.
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X-ray diffraction technique was used to determine the crystalline structure of the films
(Panalytical PW1140-PW3020, Cu K, X-ray source). The scans were performed in a
parallel beam geometry with a fixed angle of incidence ®=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 uL.

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 TiO, Nanotubes

3.2.1 Growth mechanism

This paragraph presents information on perhaps the most impressive and unexpected 1D
metal-oxide nanostructure: self-organized TiO, 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 TiO, 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 TiO, nanotubes [7]. The first one is
obtained by growing the TiO, 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 NH4F
instead of HF it was shown that self-organized nanotube TiO, layers with thicknesses
higher than 2 um 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 um [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 TiO, nanotube membranes in fluorine-based electrolyte starts with the
oxidation of the metallic surface which releases Ti** ions and electrons (Eq.(1)).

2Ti > 2Ti*" + 8¢ Eq.(1)

An oxide layer is deposited on the metal surface from interaction of Ti** ions and O, or
OH' ions of water. Egs.(2) and (3) describe the formation of hydrated anodic and oxide
layer.

Ti*" + 40H > Ti(OH), Eq.(2)

Ti*" + 20* 2 Ti0, Eq.(3)

The Titanium Dioxide is produced from the hydrated anodic layer by a condensation
reaction (Eq.(4)).

Ti(OH); = TiO,+ 2H,0 Eq.(4)

At the cathode (Eq.(5)), hydrogen evolution occurs and the entire process of oxide
formation is expressed in Eq.(6).

8H" + 8¢ = 4H, Eq.(5)

Ti + 2H,0 =2 TiO, + 2H, 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 withTi** 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 (Egs.(7) and(8)).

TiO, + 6F + 4H > TiFs® + 2H,0 Eq.(7)

Ti(OH),+ 6F = TiFs” + 40H Eq.(8)
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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. lonic species (F, O,, 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. lons Ti*" migrating from the
metal to the oxide/electrolyte interface dissolve in the HF electrolyte (Eq.(9)). The free O,
anions migrate toward the metal/oxide interface and further interact with the metal.

Ti" + 6F > TiFs” Eq.(9)
Ti
Ti+ O, =TiO, Pore made by chemical
dissolution of 'Ti(),
¥
o . .
Ti* ¥ Ti** + 0 "= TiQ, (oxide formation)

r 0¥ TiQ, + F = TiF, (chemical dissolution)

j o Ti*" + F "= TiF, (electrochemical efching)

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: 1) 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 Il, 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 Ill, the current drops again as a
regular nanopore or nanotube layer forms.

porous oxide (PO)

compact oxide (CO)

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 TiO, 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 Al,O; [15]. For
Al,O3, 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 TiO, nanotubes suggest a similar mechanism for the growth of TiO, 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 3x2 cm pieces, cleaned by ultra-sonication in
acetone and rinsed in isopropyl alcohol. The TiO, 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. % NH,F 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, 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.

a)

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

Figure 3.5. 3D image of TiO, 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 TiO, nanotube shape, supported by FESEM
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micrographs showing cross sectional views at different heights (one about each 10 um) of
the NT membrane.

The dependence of TiO, 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 pm 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].

70

60

"y a
o o
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10 -
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Figure 3.6. Dependence of TiO, NT array length on the anodization time.

Figure 3.7 FESEM micrographs showing the surface of the TiO, 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 TiO, NT array grown after the second anodization.
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A one-step anodic oxidation process can lead to the synthesis of disordered TiO,
nanowires (NWs) on the top of the TiO, 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,
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
inc,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 TiO, NTs as composed by
two layers: an outer shell of pure and dense TiO,, 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.

o] As grown Ti
Treated @ 450°C, 1 h
Element Weight% Atomic%
- 7 TiK 60.0 333
= o 40.1 66.7 -
g Totals 100.0
L
=
g o Element Weight% Atomic% Ti
7]
= cK 4.2 7.7
FK 219 25.3
Ti TiK 37.6 17.3
- o 36.3 49.8
c Ti
Totals 100.0
r 7 : 7 ; 7 x 7 . : -
0 1 2 3 4 5 6
Energy (keV)

Figure 3.9 EDX spectra of TiO, 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 TiO, NTs array. The
specific surface area as measured by BET is about 40 m?g, in line with the value
measured for TiO, 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).
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Figure 3.10 N, adsorption/desorption isotherms for the surface area evaluation of TiO, 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.
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Figure 3.11 X-ray diffraction pattern of as-grown and annealed TiO, 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 um. 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.
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———annealed @ 450°C
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Figure 3.12 X-ray diffraction patterns of Ti foil (a) and TiO, 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 TiO, NTs (a-c), and of the
annealed TiO, NTs (b-d),. In the inset of ¢ and d, the SAED (selected area electron diffraction)
pattern related to the as grown and annealed TiO, 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 TiO, 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 TiO, 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 TiO, 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 400-
800nm. This confirms the good quality of the material, since in nanostructured TiO,
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samples the increase in the visible absorption is attributed to increased sub-gap defects
and/or oxygen vacancies concentration [21].

T T T T T T T T T
200 300 400 500 600 700

Wavelength (nm)

T %

|

T T T T T T T T T T T T T
200 200 400 500 600 700 800

Wavelength (nm)

Fig. 3.14 UV-Vis absorbance F(R) calculated with Kubelka-Munk function [22] and transmittance
spectra of a 12 um thick TiO, 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
TiO, 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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36°
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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 pum thick TiO, nanotube arrays on titanium foil were used as samples for
electrical measurements. The 1-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/TiO, interface.
The as-grown sample is characterized by a higher resistance with respect to the annealed
one, of the order of 510’ Q, 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*10* Q*cm, in
agreement with the typical values for polycrystalline TiO, anatase films (10°-10" Q*cm)
[27]
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Fig. 3.16 I-V curves of as-grown and annealed samples (semilog. scale is shown in the inset )
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3.3 Zn0O

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/T, where T is the substrate temperature and T, 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 so-
called 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.

Transition Morphology
with No Long Range Structure
Beyond the nm-Level

Consisting of Parallel Grain Structure
Columns with Domed Tops

Recrystallized Crystalline
Grain Structure

Porous Morphology
Consisting of Tapered
Columns Separated
by Voids

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 coating-
material 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 8x10—6 Pa to about 6x10-5 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 pm and 4.3 pum. 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].

(a) (b)
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Figure 3.18 FESEM micrographs showing the cross-sections and the top views of Zn films
deposited at 40 sccm / 0,67 Pa (a, ¢) 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-lons 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 cross-
sectional view of 5 um 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 um 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 5-
20 nm [31], they should guarantee for optimal electron transfer properties properties for
the DSC and Li-ion batteries applications.

Thicknesses up to 18.5 pm (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

< Element Weight%  Atomic %
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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
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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 m?/g. This value is lower than in nanoparticulated TiO, 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).
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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 87-
0713, 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 TiO,
films with same thickness (8 um, 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 TiO,. Such a higher transmittance obtained with
ZnO is really promising for transparent DSC for solar windows applications.

154

——7n0

10 H

Transmittance (%)

«
|

T ' I ! T
400 500 600 700
Wavelength (nm)

Figure 3.25 UV-visible transmittance curves obtained for the Zn, ZnO and TiO, layers on
transparent conductive substrates with the same thickness (8 um). 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 a-
b). Moreover, the oxide surface showed a good affinity with ethanolic solution (Fig.
3.26¢), as the one used for dye impregnation step in DSCs fabrication.
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HQ on Zn — 137° HQ on ZnQ — 7,8° CoHs0H on Zn0 — 67
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
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Figure 3.27 1-V curves obtained from ZnO under dark conditions and under illumination.

Around 3 um 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. TiO, 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 Gratzel'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 (TiO, 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 TiO, 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 €/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 (lodolyte AN 50, Solaronix) filling
were connected via low density polyethylene tubes and closed for operation with PDMS caps.

It
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(a)
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 um + 15 um) 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 um 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 cm” and measurements were performed with a 0.22 cm® mask.
Copper foils (50 um thick, area 1.5 cm?®) 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. 1-V electrical
characterizations under AM1.5G illumination (1000 W/m?) were carried out using a class A
solar simulator (91195A, Newport) and a Keithley 2440 source measure unit. Incident photon-
to-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" — 10° 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 TiO, 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 TiO, 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 TiO, 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 TiO, barrier layer at the end of the tubes was delaminated and the NT array
separated from the bulk.

The sol of TiO, NPs used to obtain a good interface between the FTO and the TiO, 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 °C for 2 h under
vacuum. The final sol containing amorphous TiO, nanoparticles was homogeneous and stable
for weeks.

FTO/glasses (7 Q/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 TiCl, aqueous solution for 20 min at 70 °C, rinsed many times in DI-
water, dried under N, 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 TiO, NTs and the sponge-like ZnO with the most
commonly used material in DSCs, TiO, nanoparticle-based photoanodes were also prepared,
using commercial TiO, paste. FTO covered glasses were cleaned and a TiO, layer (Ti-
Nanoxide 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 TiO, film with a mean thickness of (7.5 £ 0.5) pum,
as measured by profilometry (P.10 KLA-Tencor Profiler).

Another approach to exploit TiO, nanotubes lie in the fabrication of TiO, 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 (Ti-
Nanoxide D37, Solaronix), made up of 11wt.% of TiO, 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 TiO,
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 TiO, 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 free-
standing 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 TiO, sol produced in the
CSHR@PoliTo laboratories or a TiO, 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 TiO, 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.

Anodic Ox. i
. 5 d)-"."‘.:“-'i‘c o Nts bonding - sol

Nts detachment  b) e e)

B Tifoil TiO, sol
l Amorphous TiO, nts

FTO/glass substrate

] crystallized TiO, nts and nps

Fig. 4.2 Schematic of the fabrication process flow of transparent photoanode employing TiO, NT array

57



Chapter 4 Technological processes for DSCs fabrication and characterization

When using the sol-gel approach, instead, a 10pl drop of TiO, 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.

43111 Nanotubes array bonding on transparent substrate

A FESEM micrograph of the multilayered structure is shown in Figure 4.3a showing the TiO,
nanoparticles commercial paste as adhesion layer (with a mean thickness of 4 um). 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 [9-
10] since just one thermal step is required for membrane crystallization, for TiO, NP
interconnection and for NPs/NTs interface formation.
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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, 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 TiO, 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 TiO, 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 / TiO,-np / TiO,-nt layers.

TiO, nts

el

Fig. 4.4 Cross-sectional view of the multilayer structure consisting of glass / FTO / TiO,-np / TiO,-nt
layers (scale bar 10 pm).
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43.1.1.2 TiO; nanotubes/nanoparticles composite

TiO, 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.

e
Fig. 4.5 3D representation of electrons pathway in NP (a) and NT/NP (b) composite electrodes; FESEM

micrographs showing (c) the as-grown TiO, NTs and (d, €) the TiO, 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 TiO, 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].

TiO, NT/NP composite films were fabricated squeezing the paste on FTO substrates in order
to obtain an 8 um 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
TiO, (JCPDS 89-4921, result not shown here).

4.3.2 Evaluation of photovoltaic parameters

4.3.2.1 NTs bonding using commercial TiO, 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 um 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 TiO, 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 um thick
TiO, 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.
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Figure 4.6 Current density-voltage curves of TiO, NP and TiO, NT-based DSCs. Related IPCE spectra
are shown in the inset.
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Table 1. Photovoltaic parameters of TiO, NP and TiO, NT-based DSCs.

Cell Jsc (mA/cm?) Voc (V) FF PCE (%)
NPs 9.75 0.634 0.65  3.99
NTs 12.56 0.646 059 482

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.
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Figure 4.5 Open circuit voltage decay curves of TiO, NP and TiO, 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 f,, moves towards higher frequency, with a
partial overlap with the peak related to the counter electrode. Since the fy, 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
Egs. 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 C,. 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 um and 13 um 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].

0 - Y.y evees e ™ B T B | M - | .
0.1 1 10 100 1000 10000
Frequency (Hz)

T

1 . - v . S — . — 10
bl
°
L1
)
0.1 " =
- ° o
* =
0 Lol @
2 - -]
g 0014 —+ 1 NPs 3
= ) * ©
£ o1 NTs - @
- D NP Loo1 3
s nivrS &
B 134 D _NTs =
= 4 o)
b L1E3 3,
)
1E-4 - -
L 1E-4
1E-5 T —— — 1E-5
2x10 4x10 6x10

Chemical capacitance (F/cm®)

Figure 4.8 (a) Bode representation of phase impedance measured for TiO, NP and TiO, 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,
NP and TiO, NT-based DSC.
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4.3.2.2 Nanotube bonding using homemade TiO, sol

The employing of TiO, 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 pum). With the purpose of increase the performance of this
electrode the influence of the TiCl, 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/cm? passing from 12 to 30 pum). This improvement has to be attributed to the increase of
the total surface available for the dye anchoring. Moreover the TiCl, treatment led to a further
improvement of the photovoltaic performances for all the samples under study. In fact, a
downward shift of the TiO, 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 um thick nanotube membrane treated with TiCly.
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Fig. 4.9 Current density-voltage curves of TiO, NTs-based DSCs with and without TiCl, treatment for
different nanotube lengths.
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Table 2 Photovoltaic parameters of TiO, NTs-based DSCs with and without TiCl, treatment for
different nanotube lengths.

Cell Jse (MA/cm?) Ve (V) FF PCE (%)
12 um 10.07 0.628 0.66 3.64
12 um TiCl, 11.41 0.657 0.62 4.65
22 um 11.84 0.651 0.64 4.97
22 pm TiCl, 13.17 0.677 0.65 5.82
30 pm 14.77 0.646 0.66 6.26
30 um TiCl, 17.47 0.677 0.64 7.56
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Fig. 4.10 Incident photon-to-electron conversion efficiency spectra of TiCl,-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 TiCl,-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 um 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 TiCl,-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].
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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 um thick nt membranes with
and without TiCl, 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 z, and the diffusion length L,
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 um- thick TiCl,-treated layer of
TiO, 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 TiCl, 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].
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Fig. 4.12 (a) Effective electron lifetime and (b) diffusion length dependence on the bias voltage for the
cells fabricated with 22 pm thick nt membranes with and without TiCl, treatment. For comparison, the
same parameters extracted for a cell fabricated with 8 um of TiCl,-treated TiO, 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 V. in fact the L, 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 D,, calculated through the Eqg. 10 (see 2.1.3.4). We found, at cells open
circuit voltage, the values of 4¢10™ cm?/s, 3+10* cm?/s and 0.8+10™ cm?/s for the NTs treated
cell, NTs untreated cell and NPs cell, respectively.

4.3.2.3 TiO, nanotubes/nanoparticles composite

DSCs based on TiO, 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 TiO, NT
inclusion into the composite photoanode.
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Cell Jsc (mA/em?) Voc (V) FF PCE (%)

0 wt% 13.16 0634 065 5.39
5 wt% 14.38 0623 064 5.76
10 wt% 13.55 0623 065 5.52
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Fig. 4.13 Current density-voltage curves of DSCs based on TiO, 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].
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Fig. 4.14 IPCE spectra of DSCs based on TiO, 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).
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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 4.3x10®° and 5.3x10™ 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.

Zn0O Dye
thickness  impregnation Solution Jsc

Sample  (um) time pH  (mAlcm®) Voc (V) FF 5(%) R, (2)
A 5 10 minutes 6.5 6.81 059 058 247 52.43
B 5 30 minutes 6.5 7.75 0.60 058 2.84 4539
C 5 1 hour 6.5 8.23 062 058 299 3843
D 5 2 hours 6.5 8.95 0.62 057 3.09 27.80
E 5 5 hours 6.5 7.45 062 052 250 47.83
F 5 24 hours 6.5 5.87 067 048 190 92.20
G 5 24 hours 9.0 7.66 058 058 256 44.02
H 8 2 hours 6.5 11.12 061 053 359 1942
I 8 5 hours 6.5 9.08 0.62 053 298 40.92
J 12.5 2 hours 6.5 13.44 060 054 458 10.33
L 15 2 hours 6.5 14.37 0.566 0.59 4.83 6.51
M 18 2 hours 6.5 1526 0582 059 5.25 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 pum thick ZnO photoanodes subjected to
different immersion times in N719 solution (ranging between 10 min and 24 h, samples A-F)

are reported.
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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, are reported in
Fig.4.18 as a function of the incubation time in dye solution. It emerges a non-monotonic
behavior, with a most favorable sensitization time of 2 hours. This trend has also been
confirmed by efficiency measurements performed on a different set of solar cells fabricated
with impregnation times in the range 2-5 hours.
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Figure 4.18. Efficiency behavior of 5um ZnO-based DSSCs with different impregnation time in dye solution. The
corresponding oxide-electrolyte interfacial resistance R, 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 R, 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 I5". 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 Zn** 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 Zn**-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 photo-
conversion, 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.
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Figure 4.20 IPCE curves of 5um ZnO-based DSSCs for different impregnation time in dye solution.

4.4.1.2 Effect of PH

Since the long term formation of Zn*'/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 um 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 Zn** 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 Q) 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 Q) 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 Zn*/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 um, 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 um and the optimal incubation time of 2
hours, a solar energy conversion efficiency of 4.58% was obtained.
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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 oxide-
electrolyte interfacial resistance R, while increasing ZnO thickness.

Photoanodes with a ZnO film with a thickness equal to 15 pum 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 Js 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 pum to 18 um in the microfluidic architecture allowed obtaining a higher
efficiency, with an increase on the short circuit current. 18um 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 um (black) and 15 um (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 =1/(2xf). The evaluated charge carrier lifetimes at V,. were equal to 12 ms and
40 ms for the 12.5 um and 15 pm thick ZnO photoanodes, respectively, and reached 55ms for
the 18 pum 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
TiO, 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-lons
microbatteries was reported. TiO, 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.

51  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 TiO, Nts array
and stainless steel sheet for coral-shaped ZnO. Their fabrication is discussed in the next
paragraphs.

Stainless
steel cylinder

=({(

4‘ Lithium foil ‘

Glass fiber separators l]

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 TiO, NTs disk (area 200 um?) as the working
electrode, a 1.0 M lithium perchlorate (LiCIO,, 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™*) 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 TiO, 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, O, and H,O 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 TiO; 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 TiO, 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 pum with external and internal diameters around 110 and 70 nm, respectively. In Figure
5.2a,b the cross sectional views of the crystallised TiO, 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 stainless-
steel (SS-316) substrates with an area of 0.78 cm?. 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 pum thick films. The obtained
Zn0 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 as-
annealed 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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54 Results and discussion

5.4.1 TiO; 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™* between 1.0 and 3.0 V vs. Li, show the behaviour expected on the basis of
the following equation [2]:

TiO, + xLi* + xe™ = Li, TiO, (0 <x <1) eq. 1

-2

0,44

0,2 1

0,0

_0,2_

Current Density / mA cm

-0,4

1,4 1,6 1,8 2,0 2,2 2.4 2,6 2,8
Evs. Li/V

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

In particular, the reduction/oxidation peaks appeared sharp and the Ti™¥/Ti"" 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 TiO, NTs in 1.0 M LiCIO, in 1:1 w/w
EC:DEC at ambient temperature, (b) cathodic and anodic peak current density dependence on the scan
rate for the TiO, NT arrays. Each measure is done on fresh electrodes.

In addition, in order to evaluate the diffusion coefficient of Li* ions inside the TiO, 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!, 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 J, measured at different scan rates v are proportional to the square root of
scan rate itself, as expressed by the following equation (eg. 2):
Jp =2.69%10°n¥°C,D"*V"? = kv""*
eg. 2
where n is the humber of electrons per molecule during intercalation, Cq 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-vl’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 TiO, 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, 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, ¢) 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 TiO,/Li,TiO, 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 TiO, 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 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, while around 75 and approaching 60 mAh g™ 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 TiO, NTs with no addition of electronic conductivity enhancer during their
preparation, the cycling performance appears highly valuable, particularly at very high C-
rates. 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 90" cycle).

In order to confirm the stability of the electrodes and, particularly, to study the transfer rate of
Li* into the TiO, 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 Qg
(representing the double layer capacitance at the oxide/electrolyte interface) and the resistance
R.t (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):

_ s
TCt - (Qd| RCt) eq. (3)
where £ is the exponent of the constant phase element Qg. 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 7 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) Qq Q%" g Ret () 7t (U9)
fresh 3.0 2.05E-05 0.78 1258 495
post dischargel 1.5 4.39E-05 0.75 59.6 358
post charge 1 24 2.00E-05 0.81 1318 629
post discharge2 1.5 4.61E-05 0.76 734 556
post charge 2 2.4 1.47E-05 0.83 163.0 697
post 5 cycles 24 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 TiO, 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.
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5.4.2 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™. 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” — Li,0 + Zn (Eq. 4)
Zn+Li"+e —LiZn (Eq. 5)

Thus, the formation of Zn metal and Li,O (eqg. 14 is followed by the formation of LizZn
alloy (eg. 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 Li,O 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 LiCIO, solution in 1:1 v/v mixture of EC/DEC
with a scan rate of 0.1 mV s 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 LiClO, 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 Li,O (eg. 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™, which much higher with
respect to the theoretical specific capacity of about 978 mAh g*. The extra lithium inventory
consumption can be easily ascribed to the SEI layer formation [6]. During the following first
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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™, 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 pm 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 solid-
state 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™ of reversible specific
capacity.
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Chapter 6

Conclusions and consider ationsfor futureworks

In this chapter, a broad recap of the results desdin this thesis is presented. As declared in
Chapter 1, the first objective of this work is d@a to the efficient synthesis of TAMTs
membranes and ZnO sponge-like films on transpacentuctive glasses in view of the
evaluation of DSCs performances when these films employed for the photoanode
fabrication.

The second objective is to adapt the nanostructdesgloped for DSC as electrodes into
LiBs, trying to overcome the limitation imposed dymmonly used materials. Considerations
and suggestions for future research on ,Ti@&anotubes, ZnO nanostructures and their
integration into the studied electrochemical engogyduction and storage devices are also
proposed.

6.1 Metal-oxide nanostructures

6.1.1 TiQ nanotubes array

Vertically oriented TiQ NTs were obtained by anodic oxidation of a titamifoil and fully
characterized in terms of stoichiometry, crystallphase and morphology.

In order to achieve a debris-free and well ordé¥dd array with open top surface and fast
growth rate, NTs were synthesized in non-aqueogamt electrolytes containing ammonium
fluoride and a two-step electrochemical processimatemented.

Chemical composition analysis of the NTs confirntb& optimal control of the oxide
stoichiometry. The NTs array exhibited a specitidace area in line with the value measured
for other TiQ nanostructures and suitable for the applicatiothenselected electrochemical
devices. TEM and XRD analysis revealed the comiyle@morphous nature of the NT array
after anodic oxidation, while a crystalline anatike was obtained after thermal treatment at
450 °C.

To further increase the specific surface area, ithahe of the most important parameters for
metal-oxide nanostructures employed as active elsmiato electrochemical devices, a
possible strategy could be engineering the titanfaihsurface via micro/nano-machining
techniques. The nano/micro structuration of thessake could also lead to improvements in
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the mechanical properties of TAITs membranes thanks to the compensation of @tern
stresses inside the film.

Additional optimization of the nanotubes by chaiggthe 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-likenastructured zinc oxide films with a
thickness up to 18 micrometers was described,irsaftom sputtered nanostructured zinc
films. All the characterization results demonstilateat the films grown by sputtering were
composed of zinc with oxide phases, likely duéhosurface oxidation which occurred when
exposing the samples to air, and to the presenceessflual oxygen inside the vacuum
chamber. XRD patterns revealed the wurtzite hexalgstructure of zinc. The optimum
deposition conditions giving rise to a nanostruaetuzinc film with larger pores (suitable for
the application in electrochemical devices) werentbto be an Ar flow of 10 sccm, a RF
power value of 100 W and a gas pressure of 0.67ZR@. nanostructured films were then
obtained by simply treating the precursor zinc §ilon a hot plate in ambient air. By this
method, the morphology of the zinc film is well geeved after the thermal treatment. The
films showed a high density of branches, a relatibggh specific area value and fine optical
transmittance. TEM and XRD analysis proved the &irom of pure wurtzitic polycrystalline
ZnO nanostructures and no metallic phase coulcebectid.

In order to improve and better understand the @xidarocess it could be very useful to start
a complete investigation on the dependence froferéifit temperatures and oxygen flux.

6.2 Dye sensitized solar cells

6.2.1 TiQ nanotubes array

The integration of TI@QNTs in front-side illuminated DSC has been desaiktransparent
photoanode were fabricated transferring a selfeéstgn NTs membrane onto a FTO/glass
sheet with an adhesion layer made of Ji@noparticles (commercial or produced in the
CSHR@PoliTo Labs).

The approach presented for photoanode fabricatommovative if compared to others
previously reported in the literature: no chemidasolution or mechanical splitting were
involved for membrane separation and membrane alligsttion/attachment steps were
coupled in the same thermal treatment.

The cell performances and the electron transpapeties dependence on TjGfeatment
and tube length were characterized and a maximune ¥ar the power conversion efficiency
(PCE) as high as 7.56 % was obtained for the abltidated with a 30 pum thick nanotube
membrane treated with Tiglbonded on FTO/glass substrate employing a, T8Ol
Information on the electron diffusion propertiegoirthe NTs was obtained by equivalent
circuit fitting of the EIS (electrochemical impeda&nspectroscopy) spectra.

A significant increase of both electron lifetimedadiffusion length values was observed for
the NTs-based cell with respect to a standard, Tn@noparticles (NPs)-based one. The
improved charge collection efficiency was ascribedhe 1-dimensional structures that favor
the electron transport while the reduced recomhmnaiate (and a subsequent higher carrier
lifetime value) could be attributed to the redugwdsence of defects and trap-sites in the
nanotubes with respect to the nanopatrticles layer.
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In addition, NTs were employed to fabricate com@o®T/NP photoanodes by mixing NT
powder into commercial NP dispersion (with differéil content). The resulting PCE was
found to be higher for the composite photoanodéls mispect to the NP-based one thanks to
higher values of short circuit current density. Hmancement afsc was ascribed to a most
efficient charge collection efficiency and to theattering effect caused by the NT included
into the NP network. Moreover, an increase of thecteon lifetime was observed in the
NT/NP photoanode by means of EIS analysis, accogritr a reduced number of trap sites
with respect to the NP film.

The liquid electrolyte usually employed in DSC tdl @ drawback for long-term practical
operation and causes substantial problems in ImgnBISSC onto market. Solid-state flexible
DSCs represent one of the most interesting propak®dces in the photovoltaic field.
Coupling TiQ nanotubes with a polymer electrolyte can lead umerous advantages with
respect to nanoparticle based electrode. NTs, duéeir open structure, should allow the
polymer electrolyte to easily penetrate inside fitme, thus increasing the interfacial contact
between the nanotubes/dye and the electrolyte. dWere the nanopores may provide
preferential pathways for the quick diffusion ofaches into the electrolyte.

6.2.2 Sponge-like ZnO film

High efficient ZnO-based DSCs were fabricated sthuglyhe dependence of the cell efficiency
upon the dye incubation time, the chemical chareties of the incubation solution and the
film thickness. I-V electrical measurements showaedimprovement in the overall solar cell
efficiency from 1.90 % to 5.25 %, thanks to a cold dye-sensitization procedure for
different film thicknesses, as confirmed from IP@Ecident photon-to-current efficiency)
measurements. EIS analysis and data modeling mdvadmuch better understanding of the
electron transfer processes at the ZnO/dye/elgtérahterface evidencing a high charge
lifetime and diffusion coefficient values. A reddceecombination rate and an increased
diffusion length with respect to a standard Fi@anoparticle-based DSC were achieved thanks
to a more direct pathway for the electron collattio

The development of efficient flexible electrodes BE5Cs can open new perspectives towards
the integration of solar harvesters as active ehtsnén low power electronics for small
portable power sources. The biggest issue towéelgabrication of plastic-based devices is
the development of binder-free nanostructured metable layers, avoiding the high
temperature treatment required for the sinteringc@ss in conventional nanocrystalline
photoanodes. Low temperature water treatment isidered a way to overcome the limitation
imposed by the thermal step, obtaining partial atiah starting from Zn nanostructures.

In alternative, the fabrication of flexible phot@ales exploiting the same thermal process
described in this work but depositing the ZnO namsures onto high-temperature resistant
polymeric substrate (for example polyimide sheat) be explored.

6.3 Li-ion batteries

6.3.1 TiQ nanotubes array

Vertically oriented TiQ nanotube arrays were tested for their electroctantiehaviour in
lithium test cells. The results obtained by gahsiatc discharge/charge cycling at ambient
temperature were found to be highly satisfyingtipalarly at very high current regimes: in
fact, at a very high 6 C rate, both upon dischamy charge, the lithium cell having the FiO
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nanotubes as working electrode provided a stal#eifsp capacity, with very high capacity
retention after very long-term cycling (up to > D16ycles). Thus, high surface area, 1-D
feature and good transport properties of the,TNJs led to interesting electrochemical
performances.

In the next future, the present findings, alonghwihe use of a proper solid polymer
membrane as electrolyte, can surely provide a new aasy approach to fabricate
nanostructured films with superior performancetf@ 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 asleann lithium test cells showed a
noticeable capacity fade occurring during the ahitiycles, even though the first discharge and
charge capacities were found to be high, , followgda progressive slight decrease upon
prolonged cycling. Although this fast capacity deda typical of nanostructured ZnO
materials, that the prepared sponge-like systenarapgly exhibited a better initial capacity
retention. After the initial cycles, a good revbiliiy of the electrochemical redox processes
was observed, as confirmed by the increase in @aitefficiency which rapidly increased
to above 90 % and, then, stabilized to above 96tés the initial 50 cycles.

The expansion and shrinkage of the structure cabigetie electrochemical redox reactions
with lithium are difficult to accommodate, partiadly in zinc oxide structures, leading to
strong stresses that may affect the electroderibgegnd, consequently, the electrochemical
performance. This problem could be partially overeoby using a polymer electrolyte
membrane separator and/or selecting a novel apgpfoathe production of core-shell ZnO/C
and/or ZnO/Sn@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 high-
density energy system.
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