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Abstract

Thick and thin films of Nb,Os have been prepared by the sol-gel process using cheap niobium
pentachloride as precursor and a new synthesis route. The microstructure of the films was
tailored by adding poly(ethylene glycol) (PEG) and carbon soot into the sol and varying the
sintering temperature. The thesis describes the properties of the sols and their influence on the
properties of the resulting nanocrystalline Nb,Os films as electrodes in dye sensitised solar
cells, electrochromic devices and rechargeable lithium batteries. A solar light-to-electric
conversion efficiency of Ru(II) sensitised Nb,Os solar cell as high as 7% under 120 W/m’
illumination was obtained. An equivalent electric circuit of the dye sensitised
electrode/electrolyte interface based on the electrochemical impedance spectroscopy was
modelled and found to fit all the results. The values obtained for the electric elements from the
simulation of the results were found to relate material parameters to the cell performance and
their influence on the cell performance are illustrated. The electrochromism and Li'-charge and
discharge of the Nb,Os films exhibited also good performance.

Kurzfassung

Dicke und diinne Nb,Os-Schichten wurden mit der Sol-Gel Technologie hergestellt, wobei
gtinstiges Niob(IV)-Chlorid als Precursor und eine neue Syntheseroute eingesetzt wurden. Die
Mikrostruktur der Schichten konnte durch den Zusatz von Polyethylenglykol (PEG) und
Kohlenstoff-Rufs zum Sol und durch Variation der Sintertemperatur verdndert werden. Im
Rahmen der Arbeit wurden die Eigenschaften der Sole und deren Einfliisse auf die
Eigenschaften der resultierenden nanokristallinen Nb,Os-Schichten als Elektroden in
farbstoffsensibilisierten Solarzellen, in elektrochromen Zellen und in Lithiumakkumulatoren
untersucht. Mit einer Ru(ll)-sensibilisierten Nb,Os-Solarzelle wurde zur Umwandlung von
solarer in elektrische Energie ein Wirkungsgrad von 7% bei Belichtung mit 120 W/m’ erzielt.
Basierend auf der elektrochemischen Impedanzspektroskopie wurde ein Ersatzschaltbild als
Modell fiir die farbstoffsensibilisierte Nb,Os-Elektroden/Elektrolyt-Grenzfliche erstellt, mit
welchem die gemessenen Werte gut simuliert werden konnen. Die elektrischen Elemente und
deren Werte, die aus der Simulation der Mefwerte erhalten wurden, konnten
Materialparametern der Zelle zugeordnet und ihr Einfluf3 auf die photoelektrochemischen
Eigenschaften der Zelle beschrieben werden. Die Nb,Os-Schichten zeigten dariiber hinaus
auch  gute  elektrochrome  Eigenschaften — und  gute  Li -Beladungs-  und

Entladungscharakteristiken.



Zusammenfassung

Unter Verwendung von billigem NbCl; wurden viskose kolloidale Nb,;Os-Sole iiber den Sol-
Gel Prozess hergestellt, die zur Abscheidung von diinnen und dicken Nioboxid Schichten auf
Glassubstraten geeignet sind. Durch Zugabe einer definierten Menge Wasser, findet eine
teilweise Hydrolyse des Niobchloroethoxy-acetat statt, das sich beim Losen des NbCls in
einem Ethanol/Eisessig Gemisch bildet. In einer Komplexierungsreaktion werden Chlorid-
lonen durch Sauerstoffatome des PEG in den Kolloiden ersetzt. Es resultiert ein hochviskoses
und stabiles Sol, bestehend aus kleinen kolloidalen Partikeln. Die Reaktionsabldufe wihrend
der Reaktion werden diskutiert. Ein Erhitzen des Sols auf 96°C verbessert dessen Stabilitit.
Durch Zugabe eines Binders wird eine starke physikalische Adhesion und mechanische
Belastbarkeit des Films wdihrend des Trocknungs- und Sinterungsprozess gewdhrleistet. Ein
Einbringen von Polyethylenglycol (PEG) und Russ in die Beschichtungslosung beeinflusst die
Struktur und die Morphologie der resultierenden Schichten deutlich. Die Herstellung dicker
Nb,Os Schichten erfolgte im Spin-Coatingprozess. Bei einer Sintertemperatur von 400°C
beginnen die Schichten zu kristallisieren und bestehen aus einer einzelnen hexagonalen
Phase. Wird die Sintertemperatur auf 600°C erhoht, kristallisieren die Schichten in einer
orthorombischen Nb,Os Phase aus. Ohne Zugabe von PEG und Russ bestehen die Schichten
wenn sie bei einer Temperatur von 400°C gesintert werden, aus hexagonalen Nioboxid und
orthorombischen Nb;O;Cl Phasen. Bei Sintertemperaturen grosser als 600°C enthalten die
Schichten neben orthorombischen Nb;Os noch einen kleinen Anteil von orthorombischen
Nb;O;CIl Phasen. Durch die Seperation bzw. Dispersion des PEG und das Austreiben der
organischen Riickstinde aus der Schicht wihrend des Sinterprozesses, nimmt ihre Oberfldche
und ihr Rauhigkeitsfaktors erheblich zu. Beide Faktoren bestimmen die Menge des
Farbstoffes, der von der Schicht absorbiert werden kann. Direkt verkniipft mit der Menge des
absorbierten Farbstoffes ist die Lichtausbeute. Je héher die Menge Des absorbierten
farbstoffes ist, umso grosser ist die Lichtausbeute. Durch die Temperaturbehandlung der
Schichten verdndert sich die Grossenverteilung und die Form (von einer tintenfassartigen
Form mit engem Hals zu einer mehr zylindrischen Form) der Poren. Dartiber hinaus wird die
Verbindung zwischen den Kristalliten verbessert. Die hohe spezifische Oberfliche, die
passenden Korngrdssen, die hohe Porositit und die gewiinschte Phasenbeschaffenheit des
nanocrystallinen Nb,Os, durch die Zugabe von PEG und C, sind verantwortlich dafiir, das
das Material, als Elektrode in Farbstoff-Sensibilisierten Solarzellen eingesetzt werden kann.
Mittels  Thermoanalyse, Infrarotspektroskopie, —Rontgenbeugungsanalyse und BET
Oberflichenanalyse konnte gezeigt werden dass die Verdnderung in der Zusammensetzung
und Mikrostruktur der Schichten von der Zugabe der Additive und der Temperaturbehandlung
abhdngig ist. TEM und SEM bestdtigen die Ergebnisse. Die hergestellten Nb,Os Proben
wurden mit kommerziellen TiO, (P25, Degussa) verglichen.



Nicht Farbstoff-Sensibilisierte Nb,Os Elektroden zeigen photoelektrochemische Eigenschaften
bei Bestrahlung mit UV Licht. Die Bandliicke des Materials wurde mit E,= 3.06eV bestimmit.
Aufserdem konnte bestitigt werden, dass die Schichten einen kleineren photokatalytischen
Effekt bei der Photoelektrolyse von Wasser als TiO;-Schichten besitzen.

Die photoelektrochemische Eigenschaften von verschiedenen mit Ru(ll)- Komplexen
sensibilisierten Nb,Os Elektroden wurden mit Hilfe der linear sweep Voltametrie untersucht
und das Photostrom Aktionsspektrum gemessen. Die photoelektrochemische Eigenschaften
der Elektroden werden entscheidend von den Additiven, der Sintertemperatur, der
Schichtdicke und der Art des Redoxsystems beeinflusst. IPCE bis zu 64% bei 545 nm konnten

erreicht werden

Weiterhin wurden das Verhalten von Farbstoff sensibilisierten Nioboxidschichten mitttels von
Elektrochemischer Impedanz Spektroskopie untersucht. Der Nyquist Plot zeigt zwei
Halbkreise. Alle Ergebnisse konnten mit einem Ersatzschaltbild angefittet werden. Es besteht
aus einem in Serie geschalteten Widerstand R,, und 2 Schaltkreisen, die sich aus einem
Widerstand und einem parallel angeordneten CPE Element zusammensetzten. Fiir die aus der
Simulation erhaltenen Werte der elektrischen Komponeten, findet man eine Abhdngigkeit vom
Elektrodenmaterial, von den in das Sol eingebrachten Additiven, von der Sintertemperatur,
von der Schichtdicke und von der Zusammensetzung des Elektroyts. Der Gesamtwiderstand
von Elektrolyt und Elektrode (Nb,Os+TCO) kann mit Hilfe eines frequenz-unabhdngigen
Widerstand beschrieben werden. Der erste parallele RC Stromkreis im hoch frequenz Bereich
ist verkniipft mit frquenzantwort der Schichtmikrostruktur, der Kontaktierungseigenschaften
zwischen Schicht und Substrat und der Verbindung zwischen den Nanokristalliten. Der zweite
parallele RC Stromkreis bei niedrigen Frequenzen (> 1 kHz) beschreibt die
photoelektrochemischen Eigenschaften der Farbstoff sensibilisierten Elektroden. Dabei steht

R, fiir einen kinetischen Faktor und Cy fiir einen thermodynamischen Faktor.

Die photovoltaische Leistung von Solarzellen hdngt im starken Mafle vom verwendeten
Losungsmittel im Redoxsystem, von der Geometrie der Elektroden und der Lichtintensitdt ab.
Bei einer Bestrahlung von 100W/m’ betrigt der Wirkungsgrad 7%. Allerdings sinkt der
Wirkungsgrad kontinuierlich mit steigenden Lichtintensititen. Trotzdem sind die
beobachteten Ergebnisse als besser, als vergleichbare aus der Literatur. Der allmdhliche
Riickgang des Umwandlungswirkungsgrades unter Sonneneinstrahlung kann durch einen
hohren Serienwiderstand der Zelle und einer steigenden Anzahl von Umkehrreaktionen
erkldrt werden. Der Wirkungsgrad der Nioboxidsolarzellen ist niedriger als von Solarzellen

bei denen TiO, verwendet wird.

Dicke nanokristalline Nioboxid Schichten wurden ebenfalls hinsichtlich ihrer Eigenschaft als
Lithium Ionen speichernde Elektroden fiir Batterien untersucht. Obwohl sie eine hohe
Entladungskaparzitit besitzen, ist die Reversibilitit der Elektroden schlecht und nur eine
kleiner ~ Teil  der  anfdnglichen  Entladungskapazitit — kann  durch  einen

Wiederaufladungsprozess wieder hergestellt werden. Es konnte gezeigt werden das die



Entladungskapazitit durch Einsetzen eines cut-off Potential fiir die Ladung gesteuert werden
kann. Bei niedrigeren Kapazitdt zeigen die Nb,Os Schichten eine gute Reversibilitit (>1000
Zyklen).

Es wurden diinne transparente Nb,Os-Schichten mit Hilfe des Spin Coating Verfahren
hergestellt. Als Beschichtungslosung wurde eine Nb,Os +PEG20000 Lésung verwendet. Die
electrochromen Eigenschaften der Schichten wurden bestimmt. Der Ein- und Ausbau Vorgang
von Lithium in 1 M LiClOPC Lésung fiihrt zu einer Anderung der optischen Transmission
(AT 550um =41%). Die Untersuchung der Kinetik des Einfdrbungs- und Entfdrbungsprozess
zeigt, das der Ubergang der Lithiumionen an der Grenzfliche Elektrolyt Schicht der
geschwindigkeitsbestimmende Schritt wihrend der Einfdarbung ist. Bei der Entfarbung ist die
Geschwindigkeit von der Bewegung der Lithiumionen in der Schicht abhdngig . Es konnten

keine besseren Ergebnisse als die Literaturbekannten gefunden werden.

Gegenwirtig ist Nb;Os das zweitbeste Material um eine Graetzelzelle herzustellen.
Extrapoliert man die in dieser Arbeit gefunden Ergebnisse auf eine bessere Zellgeometrie (0,5
cm x 0,5 cm’) und wird ein besserer Elektrolyt ausgewdhlt, kann ein Wirkungsgrad von bis zu
7% bei Sonneneinstrahlung erwartet werden. Verbesserung sind moglich, wenn es gelingt die
Porengrésse zu erhohen oder durch die Verwendung besserer Farbstoffe, wie z. B. dem
sogenannten Schwarzfarbstoff. Gegenwirtig wird fiir Solarzellen mit vergleichbarer Effizienz
TiO, aufgrund seines giinstigen Preises bevorzugt. Bedenkt man aber, das der Anteil des
Preises fiir Nano-TiO, nur 7% der Gesamtkosten der Solarzelle betrdigt, TiO, Zellen gegen
UV- Bestrahlung geschiitzt werden miissen und das Nioboxid weniger photokatalytisches
Verhalten als TiO, zeigt, kann Nioboxid als vielversprechendes Material, gerade fiir

grofiflichige Einzelssolarzellen oder Module, angesehen werden.
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1 Introduction and objectives 1

1 Introduction and objectives

Global environmental problems have attracted increasing attention in recent years. Fossil fuels
such as petroleum are a result of processes that used solar energy at an energy conversion
efficiency of about 0.02% for a period of about 200 million year. Humans activities are close to
depleting these energy sources in just 100 - 200 years and are also resulting in a rapid increase
of carbon dioxide and sulphur oxide in our atmosphere, thereby causing abnormalities in our

global environment.

The increase of the world’s population combined with the growth per capita of energy
consumption are expected to bring an explosive rise in energy consumption. To solve these
problems, we need to save energy, increase the efficiency of equipment’s transforming energy

and develop the use of new sources of energy.

Solar energy is attracting a great deal of attention because it is a clean energy source and will
not be depleted. Among the devices available for utilising the sun’s energy, the most prominent
one is the solar cell, which uses the photovoltaic effect of semiconductors to convert solar light
energy to electric energy [1-4]. A conventional p-n junction photovoltaic cell can be made for
example from silicon. When light enters the cell, an electron is excited, leaving behind a hole,
these entities separate across the p-n junction and the positive and negative charges diffuse
toward two supported electrodes. To avoid charge carrier recombination during the diffusion,
the concentration of defects in the solid must be small. This impose severe requirements on the
purity of the semiconductor material, rendering solid-state devices of the conventional type

expensive.

Gritzel et al. [5-14] have developed an original molecular photovoltaic system for solar light
harvesting and conversion to electricity. It is based on the spectral sensitisation of a TiO,
nanocrystalline semiconductor film by suitable transition-metal complexes. Gritzel has
ingeniously found a solution in which the light harvesting efficiency reaches nearly 100% by
using a high surface area TiO, film with a 1000-fold roughness factor. In contrast to the
conventional system, the function of the light absorption and that of the carrier transport are
separated. The light harvesting is carried out by the sensitizer which is excited by photons to
produce electrons rather than electron-hole pairs. This renders unnecessary the use of
expensive solid-state components in the system. The system is also not sensitive to defects in
the semiconductor. Oxide semiconductors such as TiO,, ZnO, Nb,Os, WOs3, SnO,, In,O3 and
SrTiOs can be used. The photovoltaic performance of the solar cell depends remarkably on the
semiconductor materials and their microstructures. The combination of dye and semiconductor

is also very important to obtain highly efficient dye-sensitised solar cells.

The dye-sensitised nanocrystalline solar cell is at present a potential competitor to solid state
junction devices for conversion of solar energy into electricity. The INAP consortium in
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Germany has recently produced a 120 cm” Z-type interconnected module having an efficiency
of 7% [15]. A watch powered with a dye-sensitised nanocrystalline solar cell produced by the
Swatch Group Corp. of Switzerland was reported in the technical press [16].

Nb,Os possesses similar semiconductor properties as TiO,. It is known from works of
Aegerter et al. [17-28] that Nb,Os films can be prepared by many sol-gel routes and open the
way to new wide-ranging application. In the field of solar cell Nb,Os appears as an alternative
electrode material which does not decompose the dyes, contrary to TiO,. The unique optical
and electronic features of nanocrystalline Nb,Os can be also exploited to realise opto-electronic
devices exhibiting outstanding performance. They include super-capacitor, sensors,
photovoltaic cells and electrochromic windows, as well as intercalation batteries. This work
deals with the synthesis of niobia sols and porous nanocrystalline Nb,Os coatings, their
microstructural characterisation and their application for solar-to-electric energy conversion,

batteries and electrochromic devices.

Fundamental aspects of solar cells, rechargeable batteries, electrochromic devices as well as
the physical and chemical properties of Nb,Os and a brief description of the sol-gel process are
given in chapter 2.

Chapter 3 presents the state of the art of the preparation of Nb,Os semiconducting coatings
and their use for the development of the above devices.

The experimental procedure, synthesis of sols, preparation of niobia films and powders and
devices and the different techniques used for their characterisation, is the subject of chapter 4.

In particular section 4.1 a new sols synthesis to prepare both thick and thin films using cheap
niobium pentachloride as precursor is described.

Chapter 5 presents the results and several discussions. The influence of the chemical
composition, the content of water added into the sols, the hydrolysing and reflux time, the
addition of binders etc. on the viscosity of the sols and sol-to-gel transition is studied to give
an understanding about the Nb,Os sol-gel process is shown in section 5.1.

The preparation of powders and porous, nanocrystalline Nb,Os films deposited on conducting
transparent oxide (TCO) glass by dip or spin coating techniques and the optimization of the
coating conditions and drying and sintering processing is shown in section 4.2, 4.3, 5.2 and 5.3

respectively.

The characterisation of their microstructural properties such as specific surface area, pore size,
pore volume, density nanocrystallite size, crystal phase, and morphology of Nb,Os films and
powders using thermal analysis, infrared spectroscopy, X-ray diffraction, nitrogen adsorption
and desorption, scanning electron microscopy, high resolution transmission electron
microscopy, and scanning white interferometer is shown in section 5.2 and 5.3. The
microstructure of films tailored by adding organic binders into the sol and varying the sintering
temperature is also discussed.
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The main objective, i.e. the study of their properties as electrodes in dye sensitised solar cells,
rechargeable lithium batteries and electrochromic devices is reported in section 5.4, 5.5, 5.6
and 5.7, respectively. In such multi-component systems, the overall performance of the devices
where found to critically depends on the individual properties of the constituent components
and processes. Particularly, by dealing with dye sensitised nanocrystalline solar cell, the
structure, morphology, optical and electrical properties of the nanoporous Nb,Os layer, the
chemical, redox, photophysical and photochemical properties of the dye, the visco-elastic and
electrical properties of the electrolyte carrying the redox mediator, the redox and optical
properties of the redox mediator, the electrical and optical properties of the counter electrode
are some of the major properties which are discussed. For this complicate system regarding
key processes are investigated using an electrochemical impedance technique. A
comprehensive understanding of the operating mechanism of dye sensitised solar cells and the
key factors controlling the power conversion of the solar cells are given. Moreover,
commercial TiO, powder (P25) and TiO, films (INAP) are compared with our Nb,Os powders
and films. In addition, the electrochromism and Li'-charge and discharge of the Nb,Os films
are reported.
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2 Fundamental aspects

2.1 Principle of solar cells

2.1.1 Conventional photovoltaic solar cells

Solar cells are devices which convert solar energy (light) into electricity either directly via the
photovoltaic effect or indirectly by first converting the solar energy into heat or chemical

energy.

The most common form of solar cells uses the photovoltaic (PV) effect in which light falling
on a two layer semiconductor device produces a photovoltage (potential difference) between
the layers. This voltage is capable of driving a current through an external circuit and thereby
producing a useful work. The silicon p-n junction solar cell serves as a reference device for all
solar cells. In such a cell the silicon is doped in such a way to create a p-type and a n-type
region and thereby producing a p-n junction. A silicon atom has 4 relatively weakly bound
(valence) electrons, which bond to adjacent atoms. Replacing silicon atoms with atoms that
have either 3 or 5 valence electrons, e.g. boron or phosphorus respectively, will therefore
produce either a space with excess holes (p-type) or excess electrons (n-type) that can move
more freely than the former (figure 1).

Free

Boron H electron
atom . \J w v/
@I ) @ ) .@ ) ’ @ )
= A . Electrons sharsd
Phosphorus by neighbaouring
aoms

Figure 1: Silicon crystal lattice with dopant atoms [29].

Figure 2 shows the principle of a typical silicon p-n junction solar cell. Visible and UV light
inciting on the front surface generates electron-hole pairs on both sides of the junction, i.e. in
the n-layer and in the p-layer, and the internal electric field produced at the junction separates
positive charges ("holes") from the negative charges (electrons) within the photovoltaic device:
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the holes diffuse to the positive p-layer and the electrons diffuse to the negative n-layer.
Although these opposite charges attracted each other, most of them can only recombine by
passing through an external circuit outside the material because of the internal potential energy
barrier. Therefore power can be produced from the cells under illumination, since the free
electrons have to pass through the load to recombine with the positive holes.

n-type
silicon
junction
p-type

silicon

n-type n-p_junction p-type

Erergy

+ hole flow

Figure 2: Principle of a silicon p-n junction solar cell [29].

The amount of power available from a PV device is determined by the type and area of the

material, the intensity and the wavelength of the sunlight.

Currently single crystal silicon solar cells, for example, can convert up to 25% of the solar
energy into electricity, and the values is limited by the radiation in the infrared region of the
electromagnetic spectrum which does not have enough energy to create positive and negative

charges in the material.

Polycrystalline silicon solar cells have an efficiency of less than 20% while that of amorphous

silicon cells is presently about 10%, due to their higher internal energy losses.

2.1.2 Photoelectrochemical solar cells

Besides the semiconductor solid-state contacts used in photovoltaic cells, the semiconductor-
electrolyte contact can also be used for conversion of light energy into electric power [30-38].
A photoelectrochemical cell (PEC) is defined as an electrochemical cell having photoactivity,
in other words, a cell generating an electric potential or inducing electrochemical reactions
under illumination. A typical photoelectrochemical cell is made of a semiconducting electrode,
a counter metal electrode and an aqueous solution containing a redox couple, as shown in

figure 3.
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Figure 3: A typical PEC cell, composed of a semiconducting (SC) and a metal electrode (CE)
immersed in a redox solution (electrolyte).

Figure 4 shows the principle of a typical regenerative photoelectrochemical solar cell. For the
case of a n-type semiconductor, having its Fermi level higher than that of the redox solution,
electron transfer occurs in the equilibrium state from the semiconductor electrode into the
redox species, reducing the oxidised species Ox to Red until the Fermi levels of both the
electrode and the solution become equal. In this way, a depletion layer and a band bending are
formed in the semiconductor, as in a Schottky junction between a semiconductor and a metal

where a potential barrier is formed between them.

Under illumination, electron-hole pairs are generated in a space charge region by absorption of
the photon energy. Holes in the valence band reach the semiconductor surface, and oxidise the
reduced species Red to oxidised species Ox. As the Ox concentration increased near the
electrode surface, they diffuse toward the counter electrode and are reduced there. Electrons in
the conduction band of the semiconductor reach the counter electrode surface through the
external circuit. A photovoltage and a photocurrent are generated in the PEC cell. This

therefore produces a steady regenerative photovoltaic cell.

Table 1 summarises the results obtained for energy conversion efficiencies in regenerative

photoelectrochemical solar cell on a laboratory scale.

Although conversion efficiencies of over 15% have been obtained in the eighties, the
photocorrosion of semiconductor electrodes still remains a serious problem limiting the
practical application of this type of liquid-junction solar cells.



2 Fundamental aspects 7

L ™R | e—'ér—l

Ox Ox

IeU
C E) y%”EF

Red Red

Figure 4: Principle of a typical regenerative photoelectrochemical solar cell [32].

Table 1: Energy conversion efficiencies using regenerative photoelectrochemical cells.

Semiconductor E,, eV Redox couple Solvent n, % References
n-CdSe 1.7 Fe(Cn)e ™" NaOH/NaCN  16.4 [39-41]
n-Si/Pt In SiO, 1.1 Br/Br, H,0 14.9 [42]
n-WSe, 1.2 /15 H,0 >14 [43]
n-Si 1.1 Fc/Fc' CH;OH 14 [44-47]
n-Cd(Se, Te) 1.6 Se”/Se,” H,O 12.7 [48, 49]
n-GaAs 1.4 Se”/Se,’ NaOH 12 [50-53]
n-Si/Pt In SiO, 1.1 Br/Br, H,0 12 [54]
n-CulnSe,/In,0; 1.01 I'/15 H,O 11.7 [55]
p-InP 1.3 V¥V HCI 11.5 [56]
n-Si 1.1 Br/Br, H,0 11.4 [57, 58]
n-GaAs 1.4 Fc/Fc' CH;CN 11 [59]
poly-n-CulnS, 1.01 I/l H,O/H" 9.7 [60]
n-CdS 2.5 /15 CH;CN 9.5 [61]
n-MoSe, 1.2 /15 H,0 9.4 [62]
n-CdSe 1.7 S*/S.7/Se* NaOH 6.9 [63]
n-FeS, 0.95 /15 H,0 2.8 [64]

Fc: ferrocene derivative

2.1.3 Dye sensitised solar cells

2.1.3.1 Principle

Oxide semiconductors such as TiO, or Nb,Os have exceptional thermal and photochemical
stability against corrosion but their large band gap reduces enormously the fraction of solar
irradiation that can be harvested. The spectral response can be improved by doping the
semiconductor with appropriate metal ions or by coating them with highly colored dry
molecules. It is therefore possible to induce photocurrents with light of energy lower than the
band gap. The sensitization of large band gap semiconductors using colored dye molecules has
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been under investigation since many years [65-67] and there is an extensive industrial interest
in this field for possible applications such as photography, photochromism and
photolithography [68-70]. Although attempts to use dye sensitised photoelectrochemical cells
in energy conversion have been made before, the efficiency of such devices was extremely low
and practical application was remote. One problem was the poor light harvesting. On a smooth
surface, a monomolecular layer of sensitizer absorbs less than 1% of incident light. A dye
sensitised solar cell was developed by Gritzel in the early 90s [7] and is attracting considerable
interest since then [71-95]. The key factors were, first, to increase the roughness of the
semiconductor surface so that a larger number of dye molecules can be adsorbed on it and be
simultaneously in direct contact with the redox electrolyte and, second, the development of a
ruthenium(Il) complex dye which absorbs most photons in the visible light region and
effectively allows to inject electrons into the semiconductor conduction band.

The nanocrystalline dye sensitised solar cell (nc-DSC or DSSC) of the Gritzel type consists of
a nanocrystalline thick film deposited on a transparent conducting glass substrate where the
particles are coated with a monolayer of a Ru(Il)-complex adsorbed chemically, an electrolyte
containing an iodide/triiodide redox mediator and a counter electrode comprising a catalyst. A
scheme of the operating principle of the nc-DSC is given in figure 5. This type of cell is based
on the mechanism of a regenerative photoelectrochemical process (section 2.1.2) and it differs
from the conventional semiconductor devices in that the function of the light absorption is
separated from that of the charge carrier transport. The heart of the system is a mesoporous
oxide layer composed of nanometer size particles sintered together to allow electronic
conduction to take place. Attached to the surface of the particles is a monolayer of the charge
transfer dye. The solar cell photocurrent is generated by visible light absorption by the dye.
The excited electrons are then injected into the conduction band of the semiconductor, diffuse
through the interconnecting network of particles and are collected at the transparent
conducting electrode. The resulting oxidised dye molecules are reduced by I ions, regenerating
the original dye molecules. The oxidised iodide ions diffuse back to the Pt counter electrode as
I5” ions, where reduction occurs to complete the cyclic process, the circuit being completed via
electron migration through the external load. The high-surface-area of the nanocrystalline
porous film electrode increases the incident light harvesting efficiency as more dye can be
attached on the electrode. The voltage generated under illumination corresponds to the
difference between the quasi-Fermi level of the electron in the solid and the redox (Nernst)
potential of the electrolyte.

2.1.3.2 Model

Many models were introduced by Stangl et al. [97], Ferber et al. [98], Cahen et al. [99],
Gritzel et al. [100], Matthews et al. [101], Huang et al. [102] and Gregg et al. [103]. A
scheme and a generalised energy diagram are shown in figure 6. The cell is modelled as a one-

dimensional, pseudo-homogeneous medium of thickness d consisting of an intermixed meso-
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or nanoporous semiconductor, a charge-transfer dye and a redox electrolyte I/I5". The direct
contact of each dye molecule with the semiconductor is important for an efficient electron
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Figure 5: Principle of a regenerative dye sensitised photoelectrochemical cell (adapted from

[96]).

A photon is only absorbed by the dye with a rate k; which passes from the electronic ground
state to the excited state (reaction 1). Neither spurious absorption by direct interband
excitation nor the adsorption of triiodide in the blue spectral range is taken into account.

hv+D —>D* (1)

The excited electron is then rapidly injected into the conduction band of the semiconductor
(reaction 2, rate k,) and the dye becomes oxidised

D - D'+e (2)
Simultaneously the oxidised dye molecule is reduced by an electron transfer from the redox
species in solution (reaction 3, rate k)

D" +red - D +ox 3)

Because the reactions 1 to 3 are very fast (typically 10" 010" s’

rate) the light-induced
electron injection is directly coupled with the electrolyte oxidation. When the back-reaction b,
the recombination of electrons in the conduction band with holes in the dye ground state (10" O
10° s rate) in figure 6 is neglected, the desired reactions 1 to 3 can be merged into one and as
a consequence, the dye molecules D are not taken into account in the resulting net reaction.

They compete with the electron loss reactions a, b and ¢ (figure 6).

(a) A light excited dye molecule may relay directly to its ground state. This process is usually
neglected, since the ratio of the relevant rate constants k./k, is of the order 1000 [97].
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(b) Conduction band electrons may return back to oxidised dye molecules. Their neutralisation
should ideally occur via reaction 3 in the redox electrolyte. Since the rate constant k; of the
latter reaction is approximately 100 times higher than &, [97], the reaction b can be
neglected, as long as the electron donor (I') concentration in the electrolyte remains

sufficiently high which will be the case in this study. In practice, this condition is usually met
also under open-circuit condition.

(c) Conduction band electrons may also be captured by the triiodide oxidised species of the
electrolyte. This will be the only recombination considered in this study.
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Figure 6: Scheme (lift) and energy diagram (right) of the modelled dye sensitised solar cell
(see text) [104].

The total reaction of the iodide/triiodide redox electrolyte is a two-electron reaction:

31 =1;+2e” 4)

The observed photocurrent density iy, is thus given by

l.ph:l.inj _ir (5)

where i;,; is the electron injection current density resulting from the dye sensitisation and i, is
the surface recombination current density resulting from reaction c.

in; 18 related to the incident photon flux density ®(A) by the expression [97]

800nm
iy=q [aod)e @ a (6)
. 300nm
where q is the electron charge, (M) is the absorptivity of the dye, x is the distance from a point
in the semiconductor layer to the surface of the transparent conducting oxide (TCO).

Under illumination the charge is transferred completely at the surface between the electrolyte
and the dye sensitised semiconductor according to the equation (4). The electrode reaction can
thus be treated as an electrochemical half-cell. If there is a charge-transfer overpotential only,

the photocurrent-overpotential characteristic would be given by the Butler-Volmer equation
[105].
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Cis C-
where ;2" the exchange current density, is proportional to the standard rate constant k2,
. % %
l?:angcg“ﬂcﬁ (8)

where n is the number of electrons in the equation (4) (in our case n is 2), F is the Faraday

constant, O is the transfer coefficient, C;; and C,- are the bulk concentrations of I3 and I’,
C;(0,¢) and C;-(0,¢) are the surface concentrations at the electrolyte/semiconductor
interface and E’ is the quasi-Fermi level. This last parameter depends on the electron density

n. in the conduction band of the semiconductor and is given by

Ncp

Er=Ec—kTn (9)

ne

where Ec; is the energy of the conduction band edge and N¢p is the effective density of states
in the semiconductor conduction band [106]

«, \%
27TmekT) (10)

Nep = 2( hz
where mz is the effective mass of the electron and Er.q. is the electrode potential of the
electrochemical reaction (equation 4). In open circuit condition no photocurrent is flowing

under illumination and this reaction reaches a dynamic equilibrium. Eg.., 1is given by the

Nernst’s equation

*
+% In Crs 3
(7]

where E%.q. is the formal potential, an approximate value of the standard redox potential.

oc — 1o
ERedox - ERedox

(1D

By applying a sufficiently small perturbation to the dye sensitised solar cell system in open
circuit condition, i.e. U(f) = Esin(a) = E% — Eue, Cr:(0,6)=Cy and C,-(0,£) = CF and
the equation 7 can be simplified and written as

o 2FUG)
L =L A" RT

(12)

It shows that the net photocurrent is linearly related to the small perturbation U(?) at or near

open circuit photopotential E% .

Ul(t
The ratio ——,( ) has the dimension of a resistance and is often called the charge transfer
L,

resistance, R,
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RT
2F"

o

R.= (13)

This parameter can be evaluated by an impedance measurement, and it is a convenient index to
describe the kinetic process. For an ideally reversible process the exchange current density and
consequently the standard rate constant k;, are infinitely high (equation 8) and R

(equation /3) tends to zero.

The evaluation of the surface recombination current density i, is guided by the following

remarks:

because of the absence of holes in the semiconductor, the recombination process takes only
place between electrons injected into the semiconductor and hole carriers localised on the
trilodide anions at or within a tunnelling distance of the semiconductor/electrolyte interface, i.
e. within an electrochemical double layer (figure 7). This distance (< 3nm) is smaller than the
particle size (LBOnm). It therefore implies that the probability for tunnelling will be tremendous
if the specific surface area of the semiconductor is high. On the other side, because the surface
area is large, the recombination process may strongly deteriorate the dye sensitised solar cell
performance. However one possible reason that this does not occur is that the hole carrier I3’
has a negative absolute charge, which will tend to reduce the recombination rate due to an
electrical field screening.

electrolyte electrolyte

©
o @) H+
© Nb,Os o
O ()., H+

I —————

Figure 7: Schematic description of the charge distribution near the Nb,Os surface (adapted
from [99]).

The dyes used are acids and release protons upon binding with the semiconductor. These
protons, together with other cations in the electrolyte, become part of the oxide surface region.
Dipoles are formed across the Helmholtz layer between the negatively charged (iodide and
dye) species and cations. The galvanic electrical potential produced by the dipoles drops across
the Helmholtz layer by Ag(H) [10.3eV [99, 102] and helps to separate the charges and to

reduce the recombination. The surface recombination current density /, is therefore given by

> = M _?TqF(E;_ERcm_qA’p(H)) - M (I_Z’T)HF(E;_ERM{‘IA’?(H)) (14)
lr lo C* e C* e
I3 I~
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where i, is the surface recombination exchange current density. The reaction ¢ (figure 6)

I5+2¢ [ 3] is an irreversible process due to the galvani electrical potential Ag(H) at

the semiconductor/electrolyte interface. When the overpotential is larger than 0.118/n V at
25°C, the back reaction of equation (4) (anodic process) contributes less than 1% to the
current [105]. It implies that the Butler-Volmer expression can be simplified by neglecting the

second exponential term, so that

i = ir C1*§ e_[;;F(E;—ER“M—qAﬂH)) = irc—ie%(ljd_qﬂﬂh’))
r o C[g o C[g

(15)

where U, = E — Ereaor 18 an applied negative bias.

When the system is in the dark, i,, = 0 and i;,; = i, = i;, The measured dark current and

equation 15 can be written as

RT - RT
o Ing ——
anF "° a'nF

U, =qA@(H) + Inj, (16)

The parameters O’, and i, can be obtained by linear sweep voltammetry as described in
section 4.7.2.

2.1.3.3 Parameters used to characterise solar cells
Several parameters are commonly used to characterise the Grétzel's cell.

The incident monochromatic photon-to-current conversion efficiency (IPCE) or quantum yield
is controlled by the position of the conduction band edge of a semiconductor and the kinetic of
the electron injection from the dye excited state into the conduction band of the semiconductor
(reaction 2, figure 6). Moser et al. [107] has described a model for the interfacial electron
transfer reaction. One of the favourable thermodynamic condition is that the lowest level, v’ =
0, of the dye excited states D" lies above the conduction band edge. They gave a reason why
the cell made with Nb,Os has a smaller IPCE in the visible light region and why TiO, gives an

injection quantum yield close to unity.
The IPCE is given by [19, 108]
IPCE(A) = LHE(A) X ®,,; X1, (17)

where LHE(A) is the light harvesting efficiency, @i, is the quantum yield for charge injection,

Ne. is the charge collection efficiency at the back contact.
The light harvesting efficiency is given by
—_1 _1n-Tad)
LHE(A)=1-10 (18)

where [ is the number of moles of sensitizer per square centimeter of projected surface area of

the film, o()) is the absorption cross section in units of cm’/mol obtained from the decadic
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extinction coefficient (units of M™'em™) by multiplication with 1000 cm’/L, and G is 1.42 x 10’
cm’/mol [19, 108].

The charge injection quantum yield is given by (see figure 6)

®,, = ks 19
i”!/_k2+kr ( )

where k, is the rate constant for charge injection into the conduction band of the
semiconductor which can be obtained by time-resolved luminescence and microwave
absorption measurement [109], and k, = k, + k, is the sum of the rate constants of the non-
productive channels (figure 5 and 6).

The typical current-voltage curve of these cells is shown in figure 8. This curve is described by
the following set of parameters: the short-circuit current recorded when the voltage is zero: I
(in mA/cn’), the open circuit voltage when the current is zero V.. (in V), the efficiency (1) and
the fill factor (FF). From figure 8, the fill factor is given by

Vm X Im
VOC X ISC

fill factor (FF) = (20)

where V,, (in V) and I, (in mA/cm’) are the cell voltage and photocurrent at maximum power
output. The conversion efficiency of solar to electric energy is given by the ratio of the
electrical power delivered the cell and the power of the light illuminating the cell and calculated

using equation 21

,7(%) - Vﬂ‘l x Im
lightint ensity (W / cm?)

1)
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Figure 8: typical current-voltage characteristics of a solar cell under illumination (see text).
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2.2 Rechargeable lithium batteries

Nb,Os, alike many other transition-metal oxides, exhibits a reversible intercalation of Li" ions
into its lattice and is used as a positive or negative electrode in batteries. Figure 9 gives the
principle of such a device using a positive electrode. The driving force of the battery is the
difference between the chemical potential of the negative Li-electrode and the positive Li-ions
in Nb,Os electrode. During the discharge, the negative Li-electrode is the source of electrons
for the circuit. The electrons come from the oxidation reaction of Li atoms shown in
equation (a) and pass via the external circuit (where they do work) to the positive Nb,Os-
electrode or the cathode, where electrochemical reduction of Nb,Os occurs with intercalation
of Li" into the oxide according to equation (b). Each of the reaction, (a) and (b), is known as a

half-cell reaction, while the sum of the two reactions gives the cell reaction, equation (c).

discharge
Anode Li =—= Lit+e (@)
charge
discharge
Cathode xLi* +xe~+NbyOs ==—= Li,Nb,Os (b)
charge
] discharge
Cell xLi + Nb2Os ——= Li,Nb,O5 (c)
charge

The battery can be charged by reversing the discharge process by applying an appropriate
potential. Cell voltage of about 2 V and charge density of about 160 [ 180 mAh/g have been
reached with this system [110, 111].

gﬁﬂﬁﬁe electrolyte gf;iitt:‘cla?:le
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Figure 9: Principle of an insertion Nb,Os electrode-based rechargeable lithium battery

[112].
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2.3 Electrochromic devices

Electrochromism is defined as a reversible color change of a material caused by the application
of an electric current or potential [21, 113]. The current causes oxidation and reduction
reactions. An electrochromic device consists of an electrochromic layer (EC) deposited on a
conductive glass substrate, an ionic conducting layer which may be a liquid electrolyte or
preferentially a solid electrolyte for large area application, and a counter electrode which serves
as an ion storage layer (figure 10).

hv

A

Figure 10: A typical electrochromic device. 1: glass, 2: transparent conducting oxide (TCO),
3: counter electrode or ion storage coating, 4: ion conductor, 5: electrochromic coating. I :
inserting ion, e’: electron [114].

Most of electrochromic materials are inorganic oxide of transition metals [21]. Usually the
coloration and bleaching of these materials is described schematically by [115]

MeO,+xI"+xe o I, MeO, (22)

where Me is a metal atom, I' is a singly charged ion such as H', Li’, Na', K', Ag', ¢ is an
electron and n depends on the particular type of oxide.

2.4 Physical and chemical properties of Nb;Os

Niobium oxide occurs in many forms such as NbO, NbO,, Nb,O; and Nb,Os. Nb,Os is the
most oxygen-rich one of the niobium oxides [116]. Crystalline Nb,Os can be obtained by
oxidation of metallic niobium or low oxygen niobium oxides, for instance, by heating metallic
niobium up about 550°C in the air. Nb,Os powder is produced by reaction of NbCls with NO,
under exclusion of water at 400°C. Amorphous Nb,Os is formed by heating niobium powder
between 260°C and 350°C or by dehydration of niobium hydrous oxides. Crystalline Nb,Os is
obtained by heating amorphous Nb,Os. It is also prepared by hydrolyzing solutions of alkali-
metal niobates, niobium alkoxides (e.g., Nb(OC,Hs)s), or niobium pentachloride, or by
precipitation from hydrofluoric acid solutions with alkali-metal hydroxides or ammonia.

Depending on the method used, the oxide hydrate formed is either a gel that is difficult to filter
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or is flocculent. The oxide hydrate is filtered, washed, and calcined at 800 - 1100°C. The
temperature and treatment time determine which of the various crystalline modifications is
formed. Nearly all the phase changes are irreversible [117, 118]. Nb,Os coatings can be
prepared by many well-known procedures such as anodic oxidation, sputtering, pyrolysis and
the sol-gel procedure.

Niobium oxide (NbO) has a unique structure, shown in figure 11, which gives for each metal
atom a square coordination. It is what remains of the NaCl structure if all the atoms at the
center and vertices of the unit cells are removed [119].

Figure 11: The NbO structure. Small ball: Nb atom, large ball: Oxygen atom [120].

Niobium pentoxide (Nb,Os) [CAS-No.: 1313-96-8], also called niobia or niobic acid has a
molecular weight MW = 265.81 g/mol and a melting point mp = 1495°C. It is a colourless
powder that can only be dissolved by fusion with acidic or alkaline fluxes such as NaOH,
KHSO, or in hydrofluoric acid.

Nb,Os has complex structural relationships. According to the nomenclatures of Brauer [121]
and Schéfer et al. [117] niobia exists as TT-, T-, B-, N-, P-, M-, R- and H-Nb,Os. Many of
these forms are metastable under normal conditions, and some of them are structurally quite
similar. Several of these phases are built of MOs octahedra sharing edges and corners
(figure 12), but this can be done in an almost unlimited number of ways. By partial oxygen loss
various Nb"”/Nb"™ phases, for example, Nb;,0,9 and Nb,,0s, can form. The simplest structure,
the R-Nb,Os, contains blocks with cross sections of 2X2 octahedra. The structure of H-Nb,Os
(and a-Nb,Os) is highly ordered and consists of two different sizes of ReOs-type blocks: 5%3
and 4%3 groups of corner-or edge-shared octahedra [122]. M-Nb,Os has a related structure
[123]. The high density structure of B-Nb,Os consists of rutile-like ribbons of edge-sharing
NbOg octahedra [124, 125]. The TT and the T-phase are low temperature forms and do not
have a block structure [126]. They have a similar crystal structure because they exhibit a
similar x-ray diffraction patterns. However, as the TT phase does not always appear with pure
components as starting materials, it was suggested that this form, indexed as pseudohexagonal,
may just be a less crystalline form of the T phase, stabilized by impurities such as OH’, CI' or
vacancies [127, 128]. The more frequently observed forms are the TT-, T-, M- and H-phases.
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The phase transformations of niobium oxide strongly depend on the preparation method of the
compound and the heat treatment [126, 130-132]. Figure 13 shows an example of the phases
obtained as a function of the temperature starting from amorphous niobium oxide [28]. The T
and TT phases are essentially observed below 800°C.

Figure 12: The corner-sharing of NbOgs-octahedra. (@): Nb atom, (O): oxygen atom [129].

850-950°C 900°C
*M

| v

500-600°C 600-800°C 850°C

(@) amorphous —— > TT T > H
320°C R 410°C - 817°C 960°C

(b)  Nb,O; > TT > T > B > H
600°C 850°C 1050°C

(c) amorphous > T » M > H

Figure 13: Temperature evolution of the most important crystalline phases of niobium oxide
(amorphous, TT, T, M, and H) for different preparation methods according to references
[117](a, b) and [121] (c).

Stoichiometric Nb,Os is an insulator [28, 116] with, for example, a conductivity 0 = 3 x 10
S/cm for H-Nb,Os single crystal. However, it becomes a n-type semiconductor at lower
oxygen content and Nb,O,¢75 has a conductivity 0 = 3 x 10° S/cm. The conduction band is
built from the 3d orbitals of Nb atoms and the valence band from 2p orbitals of oxygen. The
index of refraction n and density p both depend on the type of phase: for amorphous niobia n
was found to vary between 2.0 and 2.26 and p between 4.36 and 5.12 g/cm’. For the TT and T
phase, p takes the values of 4.99 and 5.00 g/cm’ [28, 116].

Traditionally, niobium pentoxide is used in metallurgy for the production of hard materials. In
optics it is used as an additive to molten glass to prevent the devitrification and to control the
properties such as refractive index and light absorption of special glasses. In electronics its
compounds such as LiNbO; or KNbO; single crystals are used for the preparation of
electroacoustic or electrooptical components such as modulators, frequency doublers and wave

filters, and Pb(Mg;;Nb,3)O; for the manufacture of ceramic capacitors [133].
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However, in recent years its interesting semiconducting properties and the advent of more
sophisticated methods of preparation allowed to obtain in a controlled way innovative systems
such as highly porous materials, very fine powders and coatings. These new materials have
found further important application in the fields of electrochromism, batteries, solar cells and
catalysis [28].

2.5 Sol-gel processing

The sol-gel process is a wet-chemical procedure in which a solution of a metal compounds or a
suspension of very fine particles in a liquid (referred to as a sol) is converted into a semirigid
mass (a gel). The process allows to fabricate ceramic or glass materials in a wide variety of
forms: ultra-fine or spherical shaped powders, thin films, ceramic fibers, microporous inorganic
membranes, monolithic ceramics and glasses, or extremely porous materials (aerogels). An
overview of the sol-gel process is presented in figure 14. It appears attractive because it offers
several obvious advantage [134]: (1) low processing temperature, (2) high homogeneity and
purity of resulting materials, (3) possibility of various forming process.
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Figure 14: An overview of the sol-gel process and technology [135].

2.5.1 Sols and gels

The starting materials used in the preparation of the sols are usually inorganic metal salts or
metal organic compounds such as metal chlorides, metal alkoxides and nano-sized solid
particles. Two different sol-gel processes can be distinguished, depending on whether a
polymeric or colloidal sol is used /7/36]. A basic flow chart outlining the processing steps for
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the two solutions is shown in figure 15. Starting with a colloidal sol, the gelled material
consists of identifiable small particles that have been joined together by surface forces to form
a network (figure 16b). When a polymeric sol is used, typically a solution of metalorganic
compounds (such as metal alkoxides) which undergo slow hydrolysis and polymerization rates,
the gelled material in many cases consist of a network of polymeric chains (figure 16a).

Solution
(of metal alkoxides)

s e
Sal/ Sol
(polymeric) (suspension of fine particles)
| |
gelation gelation
I !
Polymeric Gel Colloidal Gel
| |
drying drying
Dry Gel Dry Gel
|
firing firing
l l
Sintered Product Sintered Product
(a) (b)

Figure 15: Basic flow charts for sol-gel processing using (a) a solution and (b) a suspension
of fine particles [136].

Polymer

| Liquid

Particles —__|

Polymeric gel

(a

Colloidal gel
(b)

Figure 16: Schematic diagram of the structure of (a) a polymeric gel from a solution and (b)
a particulate gel formed from a suspension of fine particles [136].
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Single-component colloidal gels are prepared as following: colloidal particles are dispersed in
water and peptized with acid or base to produce a sol. Two main methods can be employed to

achieve gelation:
(a) removing of solvents from the sol by evaporation to reduce its volume or
(b) changing the pH to slightly reduce the stability of the sol.

The titania system is a good example of a sol-gel process used for the preparation of colloidal
gels. Ti('OPr), is hydrolyzed in a large excess of water to form an aggregated precipitate
consisting of very fine nanosized colloidal particles This precipitate is peptized (dispersed) by
the addition of acids or bases, which will charge the particles by protonation or deprotonation
of the surface and lead to a stable and homogeneous, translucent colloidal sol [137].

Polymeric gels are prepared by chemical reaction involving the hydrolysis, condensation and
polymerization of metal alkoxides in solution.

hydrolysis: the hydroxyl groups of water become attached to the metal atom by replacing the
ligands in the precursor (equation 23).

M(OR), +xH,0 - M(OR)_ (OH) . +xROH (23)

condensation: the hydroxyl groups merge to form metal-oxygen-metal bonds, releasing a water
molecule, resulting in the formation of solid particles or clusters or polymer chains by
combining monomers, growth of particles or clusters, and linking of particles or clusters into
chains and networks that extend through the sol. An oxolation connects two hydroxide
branches releasing a water molecule (equation 24) while an alcoxolation connects a hydroxide

branch with an alkoxide branch releasing an alcohol molecule (equation 25).
Oxolationn -M-OH + HO-M- - -M-O-M - + H,O (24)
Alcoxolation.-- M -OH + R-O-M - - -M -O -M - + ROH (25)

A fast hydrolysis continued with a slow condensation generally leads to the formation of
polymeric gels. Fast hydrolysis and fast condensation often yield colloidal gels or gelatinous
precipitates. In contrast, slow hydrolysis and condensation reactions lead to the production of
colloidal solutions. The rates of hydrolysis and condensation can be systematically controlled
with pH, electrolyte, metal alkoxide precursors, temperature, solvent, and hydrolysis ratio
[138-140].

polymerization of the species formed by the hydrolysis and condensation reactions together
with interlinking and cross-linking of the polymeric chains eventually leads to a marked
increase in viscosity of the reaction mixture and to the production of a gel, a biphasic system
consisting of a continuous solid network having a finite elastic shear modulus and a fluid phase

(solvents).
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2.5.2 Deposition of sol-gel coatings

Certainly one of the most technologically important aspects of sol-gel processing is that the
fluid solution is ideal for preparing thin films by such common processes as dipping, spinning,
spraying, screen printing, etc. [140]. More than 80% of the most important commercial
products are optical coatings such as antireflection coatings, Schott-type coatings for
architectural glass, hydrophilic and hydrophobic coatings, antiscratch and hybrid hard coating
for plastics, UV shielding coatings, coatings for heads-up display, colored Ormosil coatings for
containers, etc. [141]. Sol-gel film processing has many advantages and has been successfully
applied in the following main applications: optical, electronic, protective and porous coatings
[140, 142, 143]. Compared to traditional coatings or film forming processes such as thermal
spray, CVD and PVD, the sol-gel film formation requires considerably less equipment, is
potentially less expensive and has the ability to allow a precise control of the microstructure of
the deposited film.

The two main techniques used for producing film are the dip coating process and the spin
coating process. The two coating methods are briefly described in the following two sections
[144].

2.5.2.1 Dip coating process

In this technique the substrate is immersed in the coating bath and normally withdrawn
vertically from the bath at a constant speed. This process can be divided into five stages:
immersion, start-up, deposition, drainage and evaporation. The thickness of the deposited
liquid film depends on the density, viscosity and surface tension of the solution and on the
selected withdrawal speed and can be estimated by the Landau and Levich relation [144, 145]:

2

(nU,)3

1

h, = 0,94
ViveAl P8

(26)
hy - deposited film thickness

N - viscosity of the liquid

Uy - withdrawal speed

Yov - liquid-vapor surface tension

p - density of the liquid

g - gravitational acceleration constant

Evidently the film thickness increases with the viscosity of the liquid and the withdrawal speed.

2.5.2.2 Spin coating process

This technique differs from dip-coating in that the depositing film thins by centrifugal draining
and evaporation. It can be divided into four stages: deposition, spin-up, spin-off and
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evaporation. In the spin-up stage, the liquid flows radially outward, driven by the centrifugal
force. In the spin-off stage, the excess liquid flows to the perimeter and leaves the substrate as
droplets. The final film thickness is little affected by the deposition and spin-up stages, but is
essentially determined by the spin-off stage in which the thickness becomes uniform. The
thickness of an initially uniform film during spin-oft is described by [144]

_ ho
T (1+4paf kit ]3n)

h(?) 12 (27)

h(t) - thickness with spinning time
h, - initial thickness

p - density of the liquid

n - viscosity of the liquid

- angular velocity

t - time

2.5.3 Drying and sintering

Drying accompanies both the dip- and spin-coating processes and leads to the formation of an
elastic or viscoelastic gel-like state. Before the evaporation begins, the meniscus formed by the
solvent in a pore (figure 17a) is flat. The evaporation of the solvent gives rise to capillary
tension which develops at the interface, as the solvent adopts a shape to prevent the exposure
of the solid phase to the vapor, and the solid network shrinks (figure 17b). As the network
stiffens, the tension rises to a critical value untill the radius of the meniscus drops equals the
pore radius (figure 17) and the gel shrinkage stops. After the critical point, the liquid is first
removed from the largest pores. The tension in the neighboring small pores deforms the pore
wall and causes cracking [146]. A dry gel, called a xerogel, is obtained by removal of the
solvent at temperatures up to 150°C [145].

(a) (b)

Figure 17: Drying process: (a) the liquid adopts a curved liquid/vapor interface, (b)
compressive forces on the solid phase cause a shrinkage [146].

Difficulties arise when trying to prepare microporous films due to an increased tendency for
cracking. As the film dries, it shrinks in volume. Since the film is attached to the substrate and
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is unable to shrink parallel to it, the reduction in volume is accommodated completely by a
reduction in thickness. The critical thickness for crack propagation or for the formation of
pinholes has been estimated by [144]

-(5a)
=g (28)

h, - critical thickness

K. - critical stress intensity

Q - function that depends on the ratio of the elastic modulus of the film and
substrate (for gel films Q = 1)

O - stress of the film

If the network becomes stiff enough to resist to the capillary stresses, a residual porosity will
be formed. The addition of binders into the sol provides a stronger adhesion between the film
and substrate and such compounds act as a mechanical support of the film during the drying.

Sintering is the reduction in the surface area of a body, driven by gradients in curvature [147].
Amorphous and crystalline phases can be obtained at different temperatures. The two phases

differ strongly in their sintering behaviour.

Crystalline materials sinter by diffusion (transport of matter) whereas amorphous materials
sinter by viscous flow [136]. In crystalline materials, matter transport takes place along definite
paths: along a surface, through the lattice, along grain boundaries, or through the vapour
phase. All of these paths lead to the growth of necks between the particles, producing bonding
between the particles, so that the strength of the consolidated powder increases during
sintering. In an amorphous materials, viscous flow leads to neck growth as well as to

densification with reduction of the surface area.

The sintering of films differs from that of bulk gels in several ways [147]. The initial state of
the film is generally denser and less crosslinked than a bulk gel made with the same sol, and
these factors enhance the densification rate of the film. The substrate constrains the shrinkage
of the film, leading to high stresses that retard the densification and can influence the phase
transformations. The substrate is a site for heterogeneous nucleation, and the presence of
crystallites make the densification more difficult. In this way the competition between sintering
and crystallisation is particularly important in films. Therefore, the crystallisation process and

the microstructure of films can be varied by choosing adequate heating rates.
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3 State of the art

Sol-gel chemistry provides a convenient approach for the preparation of wide-band-gap
semiconductors with distinct advantages over other semiconductor processing routes
[138, 139, 148]. These include the ability to tailor surface and bulk properties under ambient
conditions, low-temperature processing, and the ability to cast the materials in virtually all

shapes or forms [149].

3.1 Sol-gel Nb,0O5 semiconducting films

Niobia coating solutions have been prepared by the two sol-gel routes described in
section 2.5.1 using either colloidal particles or polymeric molecules. Nb,Os gels were first
obtained by Alquier et al. [150] with these two classical ways using either niobium
chloroalkoxides or the high cost niobium alkoxides as the precursors. Lee and Crayston [151]
have studied the kinetics and mechanism for the hydrolysis and gelation of niobium
chloroalkoxide solutions in sol-gel processing.

Since then many sol compositions and preparation methods have been tested, most of them to
obtain thin electrochromic electrodes. Two different sol preparations have been reported by
Aegerter et al. [17, 20, 26, 152-154]. The first sol was made by dissolving NbCls in dry n-butyl
alcohol. After reacting with sodium butoxide in butanol, the sodium chloride was removed. A
second type of sol was prepared by dissolving NbCls in butanol and acetic acid. The solution
was then sonocatalized for a few minutes resulting in a transparent and viscous solution stable
for several months at room temperature. The method was then extended to other alkoxy
groups by Schmitt et al. [27] who dissolved niobium chloride in ethanol and by Macek et al.
[155-157] who used a sol made by dissolving NbCls in propanol, following a method described
by Barros Filho et al. [23].

Lampert et al. [158-160] obtained a coating solution by mixing niobium ethoxide, absolute
ethanol, and glacial acetic acid while stirring. A clear light yellow solution was obtained after
stirring for 2 h.

The colloidal route was used to obtain thick Nb,Os films. Lee and Crayston [161] obtained ca.
5 pm thick film on ITO glass by dissolving NbCls in ethanol in the presence of H,SO4. Thick
films were prepared using the spin coating technique. The electrode was then placed in
aqueous solution containing H,SO, to complete the hydrolysis and the gelation.

Hu et al. [162] prepared niobia colloidal suspensions by hydrolysing a niobium alkoxide
solution in a triethylamine ethanolic aqueous solution and autoclaving at 250°C. The
suspension was then concentrated in vacuum. A few drops of Triton X-100 were then added
into the suspension solution. Niobia films were prepared by spreading the colloidal suspension
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on a substrate. The films fired at 500°C had the TT structure, were porous and presented a
morphology consisting of needles. The thickness of the films was around 6 pm.

Wolf [163], using similar preparation techniques, showed that the specific BET surface area of
the sintered materials was in the range of 30 to 50 m*/g.

Lenzman [164, 165] prepared stable colloidal solutions of Nb,Os based on the hydrolysis of a
niobium alkoxide precursor modified with acetylacetone in the presence of a large excess of
water, ethanol, and 1,8-diazabicyclo(5.4.0)undec-7-ene(1,5-5) (DBU) solutions. The
hydrolysis of the modified alkoxide solution did not lead to the precipitation of the hydrated
oxide. This hydrolysed solution was then heated to 230°C in an autoclave for 12 h. A viscous
paste, suitable for doctor-blading, was prepared by adding hydroxypropylcellulose. After firing
at T > 500°C, 5 pm thick crack-free films were obtained from a single cast. They consisted of
an agglomeration of about 20 nm poorly defined particles, several of them having also large
needle shape, with a BET area of 55 m’/g at 600°C.

Sayama et al. [166], Hara et al. [167] and Eguchi et al. [168] prepared aqueous slurries for the
doctor-blade process. A commercial Nb,Os powder was ground in a mortar with water,
acetylacetone and Triton X-100 to break up the aggregates into a dispersed paste. After drying
in air, the Nb,Os films were deposited on conducting glass and then calcined for 1 h at 500°C

In air.

3.2 Application

In the last decade, Nb,Os prepared by the sol-gel process became a promising material for
possible applications as electrodes in electrochromic (EC) devices, batteries and
nanocrystalline solar cells and for catalysis [28].

(a) Electrochromism: pure and doped Nb,Os coatings have been thoroughly studied for their
electrochromic properties. Although such system colors readily with blue, brown or grey
colors in electrochemical cells under Li' insertion, the development of EC devices was
disappointing and still wait for the discovery of a good counter electrode allowing to store
enough Li" ions [114, 169].

(b) Batteries: There is a definite need for rechargeable microbatteries that can be fully charged
in the voltage range 2-3 V as it is required by most integrated circuits. Niobium pentoxide is
one of the few candidates for the 2 V class rechargeable Li batteries. The material is used
practically as a negative electrode in LiNb,Os/V,0s batteries [170] and more recently as a
high energy density LiAl/Li\Nb,Os secondary batteries.

(c) Dye sensitised nanocrystalline solar cell: Nanocrystalline sol-gel Nb,Os films turned
recently a promising material to substitute TiO, in dye sensitised solar cell. Hu et al. [162]
obtained a quantum conversion efficiency (IPCE) of 40% and an open-circuit voltage of 0.4 V
with a cell made with sol-gel Nb,Os film sensitised by the Ru(Il)-complex. Wolf [163] obtained
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an almost constant conversion efficiency of 2.5% under simulated solar light irradiation up to
1000 W/m® (1 sun) and an IPCE of 33% at 550 nm for a cell of 0.45 cm® size. Lenzman [164]
reported a cell efficiency of 4%, a fill factor of 69%, an open-circuit voltage of 0.595 mV and a
short-circuit current density of 9.7 mA/cm’ for a 0.5 cm” Ru(II)-complex sensitised cell made
with 15 pm thick films prepared by a hydrothermal sol-gel processing. The current response
was found linear between 100 and 1000 W/m® solar light irradiation. Sayama et al.[166]
reported a conversion efficiency of 2% under AM1.5 (1000 W/m®) illumination and an IPCE of
32% at 548 nm. An improvement was obtained by dropping a niobium alkoxide on the Nb,Os
film electrode and then heat-treating the electrode again at 500°C before the dye adsorption.
Eguchi et al. [168] found that a Nb,Os-TiO, composite electrode had a higher short-circuit
current density and thus a higher power output, than those made with pure Nb,Os-based
electrodes and TiO,-based electrodes. A combination of Nb,Os with oxides having a higher
flat-band potential such as SrTiOs, Ta,0s, and ZrO, leads to a higher open-circuit.

3.3 Comparison of dye sensitised oxide-based solar cells

Since Gritzel's discovery [7, 8, 14] many other wide-band-gap semiconductors such as ZnO
[108, 109, 166, 167, 171-176], SnO, [166, 167, 177-183], SrTiO; [184, 185] WO; [166]
[186], CeO, [187], In,O5 [166] [167], and Nb,Os, have been studied. So far TiO, is the most
successful material for the light-to-electric energy conversion. Gritzel and co-workers have
developed nanocrystalline TiO, films wusing a hydrothermal sol-gel processing
[19, 137, 188, 189]. The coatings, consisting of crystalline particles with an average size of
15 nm, are porous and have a thickness about 10 pm, with a roughness factor of 780. The
overall conversion efficiency measured under 1000 W/m® solar simulator irradiation varies
typically between 7% and 12% with an open-circuit photovoltage 0.7 - 0.8 V, and an IPCE of
85 to 90%. [5-7,19, 71, 74, 87, 94, 190]. The stability of these cells sustains at least 10’
turnovers and the longest reported continuous exposure time has been 10 months,
corresponding to about 6 years of outdoor illumination. The first titania dye solar cell
manufacturing operation has opened in New South Wales, Australia in 2001 [191].

One key factor for the successful commercial application of such a solar cell is its stability.
Tributsch et al. [192, 193] have however confirmed that the ruthenium complex attached to
TiO, is decomposed photoelectrochemically into fragments and is irreversibly consumed under
insufficient regeneration by iodide or from the oxide. One of the reasons of the
photodegradation of dye sensitised TiO, solar cells is that TiO, presents a large photoelectric
effect under UV-light illumination [23, 194]. During this process the holes generated from the
electron-hole pairs swept to the surface and oxidise the dye attached to TiO, into an
irreversible product. However, Solaronix has recently reported [195] that modules tested
under 2500 W/m? (no UV) for 8300 h at 20°C (equivalent to a 20 years outdoors equivalent)
did not change their power output, although the power of similar modules tested at 1000 W/m?
(1 sun) at 45°C (3.5 years equivalent) dropped by 15% after 3400 h. A decrease of the power
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by 5%, respectively 25% was also observed after a 2200 h test in the dark at 60°C,
respectively 80°C. Compared with TiO,, Nb,Os was shown to have a smaller photoelectric
effect in the UV range and this may be an advantage as the undesirable catalytic effect of the
sun UV light at the semiconductor/electrolyte interface will be reduced.

As mentioned in section 2.1.3.1, the open-circuit voltage of dye-sensitised solar cells is
determined by the potential difference between the electrode potential of the redox system and
the Fermi level of the semiconductor electrode (near the flat band potential of a n-type
semiconductor). The conduction band of Nb,Os lies at least 250 mV above that of TiO, [196-
198] and Sayama et al. [166] and Eguchi et al. [168] have confirmed that a Nb,Os solar cell
has a higher open-circuit photovoltage for a given kind of dyes.

Table 2 shows the results of several dye-sensitised solar cells. TiO, matches well with Ru(II)-
complex with two carboxylate groups, as reported by Gritzel [5] and this system transfers
efficiently solar energy into electric energy.

Table 2: Parameters of several Ru(ll) dye-sensitised solar cells.

Photoelectrode Bandgap Vi overalln IPCE LHE @, Ne Kini
[Reference]  [eV] (V) (x0.1)  [%] [%] (%] (%] [%)] [s7]

TiO,[7] 3.2 0.2 10-12 097 98 999 99 >1.4x10"

ZnO[109] 3.0 1.2% 14 45 085 31  54x10

Sn0,[199] 3.8 0.5 1.4% 22 0.82 4.2%10

Nb,O5[164] 3.2 0.0 4 60

Nb,0s[166] 3.2 0.0 2 18 60

*: under monochromatic light illumination. #: Data from [196].
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4 Experimental procedure

4.1 Synthesis of Nb,Os sols

The detailed synthesis route of Nb,Os sols is shown in figure 18. The niobium chloroethoxide
solution was prepared by dissolving 86.46 g of NbCls (0.32 m) in 800 ml absolute ethanol.
After addition of 38.43 g CH;COOH (0.64 m), the mixture was submitted to ultrasound
(550 W, 20 kHz) for 5 min. De-ionised water, to get different H,O:Nb ratio, was added to the
solution during 90 min, under vigorous stirring, and then the solution was again submitted to
ultrasound for 5 min. The solution was boiled with reflux for 2 h and was concentrated under
40 mbar vacuum at 30°C until the Nb,Os solid content is about 90 g/l. The sol was finally
filtered through a 0.2 pum polymer filter (FP30/0.2CA, Schleicher & Schuell) to remove the
large particles. Such sols can be directly spin coated on substrate. To improve the morphology
of the coatings and to increase the coating thickness, PEG with molecular weight ranging
between 600 and 20000 and carbon soot have been also added after the refluxing and
distillation processes. The sols are stable for several years at room temperature when kept in a
closed glass recipient.

NbCl;, ethanol
I I
molar ratio Nb:AC=1:2 - -
< acetic acid (AC)
Cultrasound (5 min)>
molar ratio Nb:H,0=1:5 to 50
« H,O

< ultrasound (5 min)>
b

( refux@h) )
PEG
0-60 wt.-% Nb,O, |_ (M_: 600, 20000)

distillation
(40 mbar, 30°C)
concentration |_

v ; carbon soot
@ltrasound (5min)>

»  spin-coating sol )<

Figure 18: Schematic representation of the synthesis route of Nb,Os sols.
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4.2 Preparation of Nb,Os powders

The above sols, with or without additives, were concentrated by evaporating the solvent in air,
and then dried in an oven between 100 and 110°C. The solid residues were then ground into
powders in an agate mortar. The powders were heated at different temperatures
characterisation: thermogravimetric and differential thermal analysis (TG/DTA), Fourier
transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), nitrogen adsorption and
desorption analysis and high resolution transmission electron microscopy (HRTEM).

4.3 Preparation of Nb,Os films

Nanocrystalline Nb,Os sol-gel films have been produced on different glass substrates by spin
coating technique using the above sols. Conducting glass supports (ITO, tin-doped In,O;
10 Q. (Asahi) or TEC-8 glass, fluorine-doped SnO,, 8 Q (Libbey Owerns Ford)) were used to
build photovoltaic cells, lithium batteries and electrochromic devices. The electrodes were
fabricated as follows: the transparent conducting oxide (TCO) glasses were first etched at
90°C by dipping them in concentrated H,SO4 for 1 min to facilitate the spreading of the sol on
the substrate and to improve the Nb,Os film’s adhesion to the substrate. The conductivity of
the glasses was not altered by etching, however their optical transmission was slightly changed
(figure 19). One edge of the conducting glass was masked with a 10 mm broad Tesa" tape in
order to protect a conducting area during the deposition procedure. Single layer Nb,Os film
with thickness ranging between 0.05 and 5 pum could be produced by varying on the spinning
rate and time. For the dye-sensitised, photoelectrochemical and Li ion storage electrodes, a
thin 80 nm and compact coating was first produced by using a 300 pl sol at a spinning rate of
2000 rpm during 15 s in order to improve the adhesion of the thick Nb,Os film and to protect
the conducting glass from direct contact with electrolyte solution. Then a thick and porous
coating was deposited at 1000 rpm for 3 s. After deposition, the coating was dried at room
temperature and then heat treated at 400°C for 10 min, and the deposition procedure was
repeated to increase the thickness of the coating. Finally the multilayer coatings were sintered
for 30 min in air at temperatures between 400°C and 600°C. For films deposited on
borosilicate glass or AF45" glass, the thin coating was omitted and sintering was performed at
temperature up to 650°C.
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Figure 19: Transmittance spectra of ITO-coated glass before and after H,SO, etching.

4.4 Characterisation of Nb,Os sols, powders and films

4.4.1 Kinematic viscosity

The homogeneity of the coating on the entire substrate and of the layer thickness are
influenced by the viscosity of the solution. The kinematic viscosity of the Nb,Os sol was
measured by the Ubbelohde method between 1.2 to 10 mm’/s. The measurement principle is
based on the time that needs a defined volume of liquid to flow in a capillary with defined
length and diameter [200]. The viscosity is determined by the following equation [201]

V=KXt (29)
where v is the kinematic viscosity in mm’/s, K is the capillary constant in mm?®/s>, which

depends on the length and the diameter of the capillary, t is the flow time in s.

The temperature was kept at 20°C during the measurements.

4.4.2 Photon correlation spectroscopy (PCS)

Particle size and particle size distribution measurements were carried out with a PCS apparatus
(ALV/DLS-5000) at 20°C. Prior to the measurements, the required amount of Nb,Os sol was
filtered through a 0.2 pm polymer filter to remove the dust particles. The measuring duration
was 300 seconds. The measuring angle was kept at 50°.

A schematic set-up of the PCS apparatus is shown in figure 20. The principle of the
measurement is based on the analysis of the fluctuations about the time average of the light
intensity scattered by the dispersed particles in a liquid medium illuminated by a narrow
monochromatic and coherent source (single wavelength laser beam). The total scattered light is
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the superposition of the contribution of the individual dispersed particles and is detected at a
certain angle with respect to the incident direction. The disperse particles or macromolecules
suspended in a liquid medium undergo a Brownan motion which causes fluctuations of the
local concentration of the particles, resulting in local inhomogeneities of the refractive index.
This in turn results in fluctuations of intensity of the scattered light with time.

R ZFoniometer
Focusing optics. ™ _~7  Base | Fy-----------ooo-n Thetmostat
L Sample cell

Laser n I Beam attenuator
power supply aser } .
------------ Tutret pinholes

------------- Receiving optics

- Amplifier- discriminator

Personal computer PMT

power supply

| Single-hoard correlator

Figure 20: Schematic set-up of the photo correlation spectroscopy apparatus.

4.4.3 Thermoanalysis and mass spectroscopy

Thermogravimetric (TG) and differential thermal analysis (DTA) are thermal analysis
techniques which allow to characterise endothermic and exothermic reactions and the weight
loss of sample occurring during the heating process. The variation of the temperatures and
weight can be detected during phase transformation and decomposition reactions [202, 203].

TG/DTA and mass spectroscopy (MS) were carried out using a Netzsch STA409-QMS 420
apparatus. Xerogels prepared by drying a sol at 110°C were used as samples. An empty
alumina crucible was used as reference and all the experiments were carried out under synthetic
air atmosphere (80% nitrogen and 20% oxygen, flow rate: 75 cm’/min). About 70 mg samples
were placed in an alumina crucible and the samples were heated up to 800°C at a heating rate
of 10 K/min. The temperature difference between sample and reference is recorded by
thermocouples. The positive or negative deviations of potential signal of the sample against the
reference temperature represents an exothermic or endothermic process, respectively. TG was
carried simultaneously during the DTA measurement by recording the change of weight with
the temperature.

The molecular weight of fragments have been determined by mass spectrometry (MS). The
analysis involves the re-assembling of fragments, working backwards to generate the original
molecules [204-206]. In this work the mass spectroscopy was pursued by detecting gaseous
reaction products evolved from the samples simultaneously during the DTA/TG analysis. The
equipment is hermetically connected by a capillary to the DTA/TG furnace. The MS signals are
somewhat delayed due to the local separation between sample and the mass spectrometer and
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this caused a small shift of the MS signals towards higher temperature in the diagram. Also,
large molecular fragments may condense in the cold capillary and may not arrive in the mass

spectrometer.

4.4.4 X-ray diffraction analysis

X-ray diffraction (XRD) provides structural information about the investigated materials [207].
The measurements were carried out using a Siemens D 500 diffractometer with Cu K, at
40 kV and 25 mA using 20 scanning from 10° to 80° for powder samples and using a Philips
x Pert MAD diffractometer with Cu Ky at 40 kV and 25 mA using 6/26 scanning from 15° to
80° for thick coating samples.

The average grain size was estimated from the X-ray line broadening analysis using the

Scherrer’s formula

g= kA
" Beosb

(30)

where d is the average grain size, k is a dimensionless constant = 1, A is the X-ray wavelength,
B is the full width at half maximum of the diffraction peak, and 28 is the diffraction angle.

4.4.5 High resolution transmission electron microscopy (HRTEM) and
scanning electron microscopy (SEM)

The powder’s and coating’s morphology was studied by HRTEM and SEM. HRTEM
investigations were performed by means of a Philips CM 200 FEG transmission electron
microscopy having a Schottky type field emission gun (FEG) generating a beam energy up to
200 KeV. The samples were prepared by dipping a copper grid coated with carbon film into
the Nb,Os powder suspensions. SEM analysis were carried out using a JEOL JSM 6400F
equipment at an accelerating voltage of 15 KeV.

4.4.6 Fourier transform infrared spectroscopy (FTIR)

The composition of the dried and heat treated xerogels was investigated by FTIR spectroscopy
(Bruker, IFS66V) [208]. 1 wt.-% of the sample was mixed with KBr powder and pressed into
a thin plate. The measurements were carried out in vacuum (3 mbar) in order to eliminate the

influence of CO, in air. This matrix was scanned from wavenumbers 333 to 5000 cm™.

4.4.7 Coating thickness

A Tencor P-10 Surface Profiler has been used for measuring the surface roughness R, and the
thickness of the films across the substrate [209]. The equipment characterises a surface by
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scanning a diamond stylus on it (mechanical finger). The vertical movement of the stylus is
transferred into an electrical signal by piezoelectric transducers and passed on to the computer.
The analysis is made by a specific software. The resulting trace represents a cross-sectional
view with high vertical and spatial resolution.

To measure the thickness, a groove was scratched through the film with a sharp knife. The
stylus scanning speed and scanning length were 50 pm/s and 500 pum for thin films and 0.1 mm
and 8 mm for thick films. The mean film thickness was calculated by averaging the data
obtained at many different position on the sample.

4.4.8 Nitrogen adsorption and desorption

The surface area and pore size distribution of porous nanocrystalline Nb,Os powder or film can
be obtained by a gas adsorption technique [210]. Dry samples are usually evacuated and
cooled to liquid nitrogen temperature (77 K). At this temperature nitrogen physically adsorbs
on the surface of the sample. This process is a reversible condensation or layering of molecules
on the sample surface during which heat is evolved. The surface area is obtained by measuring
the amount of nitrogen required to form a monolayer on the surface. From such a measurement

the total surface area can be calculated knowing the area of nitrogen molecules.

An adsorption isotherm at a define temperature is recorded as the volume of gas adsorbed
(cc/g, at STP condition at 273.15 K and 101.325 kPa) versus the relative pressure p/p, (i.e. the
ratio of the sample pressure to the saturation vapour pressure). The isotherms can be
qualitatively analysed by comparing their shape to standard isotherm types classified by the
IUPAC (International Union of Pure and applied Chemistry) [210-212].

The BET (Brunauer, Emmett and Teller) [213] equation is used to obtain the specific surface

arca.

P/P, _ 1 (C-) P
va-pr/pP) V.C V.C P,

€2y

where P is the sample pressure, P, is the saturation vapour pressure, V,, is the monolayer
capacity and C is a function of the energy of interaction between adsorbent and adsorbate,
expressed as

Cc= exp(qI;Tqu (32)

where q; is the heat of interaction for the first layer and qy is the latent heat of condensation for
the adsorbate.

The constants C and V,, are in practice determined by the slope and the intercept of the
P/P

— P/P,.
Fa=p) Py VoS

straight line obtained by plotting
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Finally the BET surface area is the calculated from
162 x 6.022 x10”
22414 % 10*

where the value 16.2 A® is the area occupied by one nitrogen molecule and V., is measured in
cm’ at STP/g.

BET surface area (m*/ g) = V,.=43525V, (33)

The average particle size is estimated from the surface area assuming that the particles are
spherical (equation 34)

6000
Seer(m’/ )% p(g/ e’

dBET (nm) = (34)

where dggr is average particle size, Sger is the BET surface area and p is the density.

The pore size distribution and porosity of the sample have been obtained by analysing the
adsorption and desorption branches of the isotherms using the BJH method (Barrett, Joyner
and Halenda) [214]. It is based on a model of the adsorbent as a collection of cylindrical pores.
The theory accounts for capillary condensation in the pores using the classical Kelvin equation,
which in turn assumes a hemispherical liquid-vapour meniscus and a well-defined surface

tension.

The porosity is calculated using equation 35:

Total pore volume (cm’/ g)
1

Density p(g/ cm3))

Porosity ;... (%) = x100% (35)

(Total pore volume (cm’/ g) +

The pore size distribution determined from the adsorption data reflects the value of the core
diameters of the body and that obtained from the desorption data reflects the value of the core
diameters of the neck [210] (figure 21).

2r,
2r

(a) (b)

Figure 21: Cross-section of interconnected pores (a) ink-bottle pore, (b) cylindrical pore.

The BET surface and pore size distribution of the powders and coatings were studied using a
nitrogen adsorption and desorption apparatus (model ASAP 2400, Micromeritics Instrument
Corp.) [215]. Prior to measurement the samples were degassed and dehydrated in the
integrated vacuum degassing unit at a temperature of 130°C for at least 12 h, and until the
vacuum reached 100 mTorr.
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The system is controlled by a computer allowing for a fully automated data collection and data
evaluation on the basis of the BET and BJH methods. The sample weight was typically ca.
400 mg. The blank BET surface area of an AF45" glass substrate without Nb,Ojs coating was
measured. This value is 0.143 m*/g , (0.0572 m” 0.4 g). The influence of glass substrate on the
further measurements of the samples was therefore omitted.

4.4.9 Scanning white light interferometry

The topography of the films was observed by using a scanning white light interferometer New
View 100 System (Zygo®). Figure 22 illustrates the principle of operation. A white light beam is
split in a special interference microscope objective, where part of the light travels to a spot on
the sample of interest, and the remainder is directed toward a reference mirror. When the two
beams recombine, interference fringes appear at the point of focus. A piezoelectric stack
moves the objective in the vertical direction with a scan of 5 to 100 pm. Fourier transform
algorithms convert the recorded data into surface topography information which is graphically
displayed.

The surface roughness of the coating was characterised using the Root-Mean-Square (rms) of
the height profile measured along the sampling length. The equation is

R, =

| v=L 1/2
— Jdex] (36)
L x=0

where Ry is the rms roughness (Mm), Y is the ordinate height of the curve of the profile,

relative to the mean line (Mm) and L is the measured length.

Light
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Objective
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e

Figure 22:Schematic set-up of a scanning white light interferometer.



4 Experimental procedure 37

4.4.10 Measurements of optical properties

The transmission, reflection and absorption spectra of the samples were carried out using a
Varian CARY 5-E UV-VIS-NIR spectrophotometer. The measurements cover the wavelength
region from 300 to 3000 nm. The measurements of the refractive index n were carried out with
the Variable Angle Specular Reflectance Accessory (VASRA). The sample holder was rotated
from an angle varying between 20° and 70° with respect to the plane of incidence of a vertical
polarised light (using a +HA-PGT-S1V Glan Thompson Polarisator) at the desired wavelength.
This method determines the refractive index [216] of a transparent film by measuring the
reflectance at the Brewster’s angle &; value, the intensity of light reflected by the film is the
same as that of the substrate

n=tandy (37)

The value of n can be determined with an accuracy of + 0.002 for isotropic and homogenous

transparent layers.

4.5 Synthesis of the dye ruthenium cis-di(thiocyanato)-
N,N"-bis(2,2 -bipyridyl-4,4"-dicarboxylic acid) complex

The dye was synthesised following the references [19, 217]. The synthesis procedure is
described in detail in the Appendix A3. The resulting RuL,(NCS),.2H,0 was then purified by a
chromatographic separation. Solid RuL,(NCS),.2H,O was dissolved in a small amount of
DMF. This solution was passed through a Sephadex LH 20 column (¢15%x500 mm), using
DMF as mobile phase. Most of the violet -red liquid part was collected and then concentrated
in a rotary evaporator. Pure crystalline RuL,(NCS),.2H,0O was obtained by adding ether into
the concentrated solution, centrifuging and drying in a 10>-10” Torr vacuum at 40-50°C. The
structural characterisation of the dye was carried out by FTIR spectroscopy, UV-VIS-NIR
absorbance spectroscopy and 'H-NMR spectroscopy.

4.6 Nb,0Os electrode preparation and cell assembly

4.6.1 Preparation of the Nb,Os electrodes

The Nb,Os films were deposited using spin coating technique on TCO glasses. An edge of the
conducting glass without coating was connected with an adhesive copper/carbon band 12 mm
broad and attached to a conducting wire. Such electrodes were used as working electrodes for

photoelectrochemical and electrochemical measurements.
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4.6.2 Sensitisation of the Nb,O5 electrodes

Dye sensitisation was carried out by soaking the films for 30 h in a 1 x 107 M solution of the
ruthenium complex in absolute ethanol. This procedure was done immediately after drying the
Nb,Os coatings at 130°C for 24 h in order to avoid the rehydration of the Nb,Os surface or the
capillary condensation of water vapour from ambient air inside the nanopores of the film. The
electrodes were dipped into the dye solution while they were still hot.

The amount of absorbed dye was determined by spectroscopic measurement. For that the
adsorbed dye was desorbed from the semiconductor surface by immersion in a 0.1 N NaOH-
mixture of water and ethanol (50/50% by volume). The optical absorption of the solution was
measured from a plot of the absorbance vs. standard concentrations of the dye.

Some practical information about the microstructural properties of the coatings was obtained
using the measurements of the amount of the Ru(Il)-complex dye adsorbed in the coatings.
The surface area occupied by the dye, Sqye, the porosity and the roughness factor are calculated
as follows:

dee=NA><Fg xAdye XIO_IS (38)

where Sy is the surface area occupied by the dye (m’/g), N, is the Avogadro constant 6.022 x
10* (mol™), [, is the number of moles of dye per gram (mol/g), A4y is the area of a dye
molecule, assumed to be 1 nm® [218].

) PP,
Porosity (%) = - x 100% (39)

where p is the density of Nb,Os (5 g/em’ [116]) and p, is the measured value of the porous
Nb,Os coating.

Roughness factor (normalised for a10um thickness) = N 4 XT yea X Auye x107" (40)

where [e is number of moles of dye per square centimetre (mol/cm’ normalised for a
thickness of 10 um)

4.6.3 Electrolyte compositions

Two kinds of electrolyte were used for measuring the photoelectrochemical properties of the
non-sensitised electrodes. One was a 0.1 N KCIl in 0.1 N HCI aqueous solution, the other was
a 0.2 N LiClOy. in aqueous solution.

The electrolyte for measuring the charge and discharge properties and electrochromic
properties of the Nb,Os coating was a 1 M solution of LiClO, dissolved in propylene carbonate
(PO).
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The electrolytes used for the dye sensitised solar cells and the measurement of their
photoelectrochemical properties consisted of mixtures of acetonitrile and propylene carbonate,
and the redox system was based on the iodine/triiodide system shown in table 3.

Table 3: Electrolyte compositions used for the dye sensitised solar cells and the measurement
of their photoelectrochemical properties.

No. PC' ACN® L (Pr) NI’ Lil (Bu),NI*

[vol-%]  [vol-%] [M] [M] [M] [M]

1 - 100 0.05 0.5 - _

2 50 50 0.05 0.5 - -

3 80 20 0.05 0.5 - -

4 100 - 0.05 0.5 ; _

5 80 20 0.05 - 0.5 -

6 80 20 0.05 - - 0.5

1) PC: propylene carbonate; 2) ACN: acetonitrile; 3) (Pr)4sNL tetrapropylammonium iodide; 4) (Bu)4NL
tetrabutylammonium iodide.

4.6.4 Cell assembly

4.6.4.1 Photoelectrochemical and electrochemical cells

The determination of the photoelectrochemical, charge-discharge and electrochromic
properties were performed using a special single compartment three-electrode cell shown in
figure 23. The cell consisted of a work electrode (7 cm’, @ = 30 mm) in contact with the
electrolyte solution and 4.9 cm’® (@ = 25 mm) of light radiating area), a 25 x 10 mm platinum as
counter electrode. The reference electrode was a 0.01 M Ag/AgClO4 in 1 M LiCIO, PC
solution when the electrolyte was an organic medium or a saturated calomel electrode (SCE)
when the electrolyte was an aqueous solution. The potentials of the Ag/AgClO, electrode
versus the normal hydrogen electrode (NHE), the SCE and the Li electrode are +0.87, +0.63
and -3.915 V, respectively.

The dye sensitised photoelectrochemical cells were built in a glove box under nitrogen
atmosphere with a relative humidity RH < 1%. The cells were sealed using rubber gaskets and

O-rings in the glove box. The photoelectrochemical measurement was made in air.
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Figure 23: Scheme of the single compartment three-electrode cell for photoelectrochemical
and electrochemical measurements. (1) swivelling stopper, (2) working electrode, (3)
electrical contact, (4) inlet for reference and counter electrodes, (5) filling, (6) Fused quartz
glass disk and (7) electrolyte. Reference electrode: (A) a saturated calomel electrode (SCE)
or 0.01 M Ag/AgClOy in 1 M LiCIlO, PC, (B) seal and (C) electrolyte: 0.1 M LiClO, in PC for
Ag/AgClO, electrode, saturated KCI for SCE.

4.6.4.2 Dye sensitised Nb,Os solar cells

A typical sandwich-type two-electrode electrochemical cell for photovoltaic measurements
(solar cell) consists of a dye sensitised Nb,Os electrode, a counterelectrode, a spacer, and an
organic electrolyte (figure 24). The counterelectrode was a Pt layer sputtered on a FTO glass.
The spacer was a 1.1 mm thick VHB" acrylic foam tape (3M Scotch™). The used electrolytes
are given in table 3. The solar cells were fabricated in a glove box as the presence of water
vapour was found to decrease significantly the efficiency of the cell. They were sealed with a
two components epoxy resin L and R&G hardener L.

Glass
FTO, 8Q,

 —— Ptlayer

I~ Electrolyte (I/I;" in PC + ACN)

IHH BB 5 to 25 m thick Nb,Os
ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ (spin coated, 400 T, < 600°C)

500 nm Nb,O:s (spin coated, Ts =400°C)
i Etched FTO, 8Q,

Light Glass

(Solar simulator, 1 cm? spot)

Figure 24: Scheme of a 2 x 2 cm’ dye sensitised solar cell construction showing the
illumination through the dye sensitised Nb,Os layer.
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4.7 Photoelectrochemical and electrochemical

characterisation

4.7.1 The incident photon to current conversion efficiency (IPCE)

The incident photon-to-current conversion efficiency (IPCE) defined in section 2.1.3.3
(equation 17) is calculated as the ratio of the number of electrons generated by light in the
external circuit (n.) to the number of incident photons (n,).

IPCE (%) = 2% x100 (41)

np
The number of electrons n, generated by the light per second and per cm’ (cm™s™) is expressed

as

_ix107°
B e

(42)

ne
where e is the elemental charge (1.60218 x 10" C) and i is the photocurrent density (A/cnr’).
The flux of incident photons n, (cm™s™) is obtained from the following equation

_1,x107 I, xAx107"
T T ke

(43)
where 1, is the intensity of light (W/cm?®), hv is its energy (eV), A is the wavelength (nm) and ¢

is the velocity of light (2.99792 x 10° m/s).

The IPCE can be therefore obtained by dividing equation 42 by equation 43

124 xi (A | em®)
I,(mW | cm®) % A (nm)

IPCE (%) = (44)

The photocurrent action spectra (IPCE) were carried out using a set-up consisting of a UV-
visible light source (Miiller, Typ SVX 1530), a monochromator (Spex 270M), a potentiostat
(Bank, LB 94) and a silicon photodiode (figure 25). The measurements were performed with
two different light sources. The IPCE in the UV range (200-400 nm) was measured using a
150 W Xenon lamp and in the visible light range (400-800 nm) using a 150 W Tungsten lamp.
The three-electrode cell (figure 23) was employed. The photocurrent in the short circuit
condition and the calibrated incident light intensity were simultaneously recorded with a
scanning step of 5 nm and analysed by a computer.
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Figure 25: Experimental set-up for IPCE measurements with light source (a) (150 W Xenon
lamp or 150 W Tungsten halogen lamp), (b) monochromator with (1) RS 232 interface, (c)
beam splitter, (d) lenses (e) photoelectrochemical cell, (f) silicon photodiode, (g) amplifier,(h)
potentiostat, (i) A/D converter and (k) computer.

4.7.2 Photoelectrochemical and photovoltaic measurements

A Princeton Applied Research (EG&G) Model 273 A potentiostat/galvanostat was used for the
photoelectrochemical and photovoltaic measurements. The three-electrode cell shown in
figure 23 was used for measuring the photoelectrochemical properties. A 100 W tungsten-
halogen lamp (Oriel) with a UV filter (< 400 nm cut-off) was used for excitation of the
electrode in the back face (substrate side) configuration. Without notice, the scanning rate was
5mVi/s.

Sandwich-type two-electrode solar cells shown in figure 24 were used for measuring the
current-voltage characteristics in the dark and under illumination. A commercial solar
simulator with filters to simulate AM 1.5 global condition (Oriel, Model SP81160-1452) was
used as the light source. The light intensity was adjusted by setting the lamp power and with a
series of square aluminium sliding apertures. The incident light intensity was measured before
each experiment with a broadband (0.19-20 um) thermopile detector (Ophir Optronics, Model
2A-SH and NOVA-display).

The fill factor defined in section 2.1.3.3 is calculated as

Vu(mV)x 1, (mA/ cm’)
Il factor (FF) = 45
Sl factor (FF) Voe(mV) X I . (mA /[ cm?) 45)
and the solar to electric energy conversion efficiency by
100 x FF XV, (V) X1 .(A/ m’
(%) = W) x1.e(4/m) (46)

light intensity (W | m*)
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4.7.3 Cyclic voltammetry (CV)

Cyclic voltammograms were carried out using the potentiostat/galvanostat (Princeton Applied
Research Model 273A). A potential scan rate of 50 mV/s was used throughout the
measurements. Single or multiscan cyclic measurements were performed within the potentials
range -2.2 to +1.0 V vs. Ag/AgClO,.

4.7.4 Chronoamperometry (CA)

Chronoamperometry (CA) employs three electrodes with a square wavefunction as the input
for the Nb,Os electrode. The double-step technique was used, in which the first step is used to
generate a reduction reaction with lithiation and the second is used for the oxidation reaction
with delithiation. The potential jumps immediately from the equilibrium potential to -2.2 V for
120 s and then jumps to +1.0 V vs. Ag/AgClO,4 for 120 s. The electrode transmission was
recorded as a function of time during the voltage supplied to the samples.

The kinetics of coloration and bleaching of electrochromic electrodes may be studied by
stepping the potential between the bleached state and the coloured state, while monitoring the
time dependence of the current (chronoamperometry) and the transmittance at 550 nm. The
current-time response is described by Cottrell equation [105]:

«o:fﬂgégﬁg (47)

where A is the area of electrode, C, is the bulk concentration of Li", D, is the diffusion
coefficient of Li" and t is the time.

The coloration efficiency () for electrodes is given as:

p=B0Dx 4
0

where AOD is the change of the optical density between the bleached and coloured state, A is

(43)

the area of electrode and Q is the total charge passed during coloration.

4.7.5 Chronopotentiometry (CE)

Chronopotentiometry was used for measuring the charge-discharge properties of Nb,Os
electrode. A constant current (-0.2 mA/cm’) was applied to the electrode to cause a Li
insertion (discharge) and the time evolution of the potential of the electrode was recorded. The
potential of the electrode rapidly changes toward more negative values until a new second
reduction process starts. The current can also be reversed after some time. In our case the
current was changed to an anodic current of equal magnitude (+0.2 mA/cm’) (charge).
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4.7.6 Electrochemical impedance spectroscopy (EIS)

4.7.6.1 Basic concept [219, 220]

Impedance spectroscopy is a method to analyse the impedance response of a sample to an
external electric stimulus. It is a powerful method for characterising many intrinsic properties
that influence the conductivity of materials and their interface with conducting electrodes and

medium.

The behaviour of an electrochemical system can be often modelled with an equivalent circuit
consisting of discrete electrical components which are representative of the physical and
chemical processes taking place in the system. A resistance represents a conductive path that
might account for the bulk conductivity of the material or a chemical step associated with a
reaction. Similarly, a capacitance is generally associated with a space charge polarisation
region. In the AC impedance method, a cell is perturbed with an alternating signal of small
magnitude and one observes at steady state the way in which the system follows the
perturbation as a function of the frequency. A sine wave input signal of angular frequency wis
the most appropriate for electrochemical studies:

U(t) = Esin(at) (49)

The current response of the system is a phase shifted sine wave

i(t) = Isin(at +¢) (50)
where @ is a phase shift.
The impedance
Z(w) = & (51)
i(1)

is a complex parameter which can be represented either in polar coordinates (i.e. Bode plot) or
in Cartesian coordinates (i.e. Nyquist plot):

‘ E
Z(w) =|Z|e*, |7 = " -Bode plot (52)

Z(w)=Re(Z) +jIm(Z) -Nyquist plot (53)

where Re(w) and Im(w) are the real part and the imaginary part of the impedance. The
relationships between these quantities are:

|z = (Re(w))? +(Im( @)’ (54)
: Im(w) s
@= arc tan Re(c) (55)

Re(w) = Z,. =|Z| cos ¢ (56)
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Im(w) = Z;,, =|Z| sin ¢ (57)

The two type of plots used to describe these relationships are illustrated in figure 26 for a
typical equivalent circuit of an electrochemical cell

(1) _

U
Z(W)=—"=Ro+—m— 58
R (58)
a b R+R_ c
l !
N s
¢—/ RQ
w
z — Q Iog(.\)"
Z=R,+ R/(1+jCR) Nyquist plot Bode plot

Figure 26: Equivalent circuit and impedance plots of a typical electrochemical cell.

The impedance spectroscopy of many electrochemical systems represented in the Nyquist plot

resembles a depressed semicircle, whose centre is at some distance below the Z.-axis
(figure 27).

n x 90°

Figure 27: Nyquist plot of a constant phase element (CPE). The semicircle is depressed by an
angle of (1-n) x90°.

A constant phase element (CPE) is therefore used as an equivalent circuit to fit the spectrum. It
can be thought of having a characteristic intermediate between a capacitor and a resistor, i.e. a
"leaky” capacitor. Mathematically, a CPE impedance is given by [221].

A (59)

_ 1
wc( %O)n

1
where n is a number smaller than 1 (1 is the value case of a pure capacitance Z = ol ).
J
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A consequence of this simple equation is that the phase angle of the CPE impedance is

independent of the frequency and has a value of -(nx90°). This gives the CPE’s name.

Depressed semicircles have been related to various phenomena, depending on the nature of the
system being investigated. Most of them have been linked to some non homogeneous property
of the system or to a distribution of the value of some physical property of the system. For
instance one physical explanation of a CPE behaviour was related to the electrode roughness.
For a rough, fractal surface, the fractal dimension Dy of the surface lies between 2 (absolutely

flat) and 3 (resembling a porous cube). In this case n = [221]. Non homogeneous

D,-1
reaction rates occurring on a surface on which there is a distribution of active sites with
different activation energies also leads to a CPE behaviour [219]. A third explanation was
related to a varying thickness or composition of a coating. For example, if the conductivity of a
coating changes with the distance through the coating, the resulting impedance spectrum can

closely approximate that of a CPE with n =1 —g [221], where d is thickness of an insulating

surface layer and x is the penetration depth of the conducting material into the insulating layer.

4.7.6.2 Measurements and analysis

Impedance measurements were carried out using an IM6d impedance analyzer (Zahner
Elektrik). Impedance spectra were potentiostatically measured by applying an ac voltage of
10 mV amplitude over the frequency range 100 kHz to 100 mHz after the electrode had
attained an equilibrium at each potential (figure 28). The single-compartment cell and the light
source have been described in section 4.6.4.1 and 4.7.2, respectively.

Frequency response Counter electrode
analyzer

Reference
electrode

Computer Potentiostat

Working electrode

Figure 28: Scheme of the impedance measurement

The simulation of the impedance spectra (IS) with an equivalent electric circuit was done using
the software “SIM* supplied by Zahner Elektrik following the flow diagram shown in
figure 29. Such fitting is accurately accomplished by the complex non-linear regression least
squares fitting (CNRLS) method used in the software.
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Electrochemical system

IS-measurement

Equivalent circuit

Curve fitting
(e.g. CNRLS)

Physicochemical model

System characterization

Figure 29: Flow diagram for the measurement and characterisation of the dye-sensitised
solar cell.
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5 Results and discussion

5.1 Nb,Os sols

The experimental procedure to obtain viscous colloidal Nb,Os solutions was shown in
figure 18. In this section, the chemistry of niobium chloroalkoxide precursors for the
preparation of stable and viscous Nb,Os sols are discussed.

5.1.1 Niobium chloroethoxide and chloroethoxo-acetate

Niobium chloroethoxides are easily prepared by dissolving NbCls in anhydrous ethanol
according to equation 60.

NbCls + xEtOH — NbCls-,(OEt) +xHCI (x =2,3) (60)
With an excess of EtOH only one species, NbCl,(OEt)s, exists in the solution [150, 222, 223].

Although niobium chloroethoxides are less reactive against water than NbCls or the pure
alkoxides, which produce Nb,Os precipitates, their complexion with acetic acid still retards the
hydrolysis and condensation reaction rates and allows to obtain homogeneous colloidal
solutions rather than a precipitate. The chemical modification of NbCl,(OEt); is presumed to
form niobium chloroethoxo-acetates according to equation 61 and is accompanied by a weak

exothermic reaction.
Nb Cl,(OEt),+ yHOAc = Nb Clz(OEt)3_y(0Ac)y + yHCI (»=0,1,2) (61)

The acetate group is a stronger complexing reagent than the ethoxy group so that ethoxy
groups are preferentially exchanged by acetate ligands. Niobium atom has a coordination
number of 6. According to the infrared spectrum and 'H- and "C-NMR spectra reported by
Griesmar et al. [224], the chloroethoxo-acetates are always a mixture of monomeric and
dimeric species (figure 30). For AcOH/Nb = 2, the dimeric ones are the dominant species and
have 6-fold coordinated niobium atoms bonded together via carboxylate bridges (figure 30a).
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Figure 30: Structure of niobium chloroethoxide modified by acetic acid (AcOH/Nb = 2). (a)
Dimeric niobium chloroethoxo-acetate. (b) monomeric niobium chloroethoxo-acetate with
one acetate substituent. (c)monomeric niobium chloroethoxo-acetate with two acetate
substituents (adapted from [224]). Positions 1 and 2 are occupied by ethoxy group or
chloride ion.

5.1.2 Niobium chloroethoxo-acetate hydrolysis

The mechanisms of hydrolysis and condensation are described by the following simplified
equations 62 and 63:

Hydrolysis:

Forl<a<2:

Nb CL(OE?),_ (OAc), +a H,O < NbCly(OEt),,_, (OAc),(OH), + aEtOH

Fora=3: (62)
NbCL(OEY),_,_,(0OAc) (OH),+3H,0 - NbCl,(OH);+ (3 - y)EtOH + yAcOH
NbCL(OH); is a completely hydrolysed product [150].
Condensation and polymersation:
nNb Cl(OE)3 _ ), — ,(04c) ,(OH) , ~ [(O)b Nb Ci(OE?) . (OAc) ,(OH )dJn 63)

+nb(}{ O + EtOH)

Similar to Ti(Opr'),(OAc),, the OEt groups and the chloride ions of NbCl,(OEt)s.,(OAc), are
preferentially hydrolysed [140, 225], whereas the acetate ligands remain bonded to niobium
throughout most of the condensation process. Since they are not hydrolysed, the CH;COO
ligands effectively alter the condensation pathway, promoting probably the formation of linear
polymers.
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For saturated niobium atoms (coordination 6), both hydrolysis and condensation occur by
nucleophilic substitution (Sy) mechanisms. This is followed by a proton transfer from the
attacking molecule to an ethoxide, a chloride, an acetate- or a hydroxo-ligand during the
transition state and the removal of the protonated species as either ethanol, HCI, acetic acid or

water.

An excess water leads to a stable colloidal sol. The most likely molecular structure of the
niobium chloroethoxo-acetate colloid is shown in figure 31.

H3C
M
BN cl OEt
O_ | PN l\|lb 0 N|b/o\
Nb -
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o7 | |
o) <|3 o
|

Figure 31: Structural model of the oxopolymer network of the niobium chloroethoxo-acetate
colloid (adapted from [224]).

The effect of water content on the hydrolysis and the condensation of niobium chloroethoxo-
acetates prepared with a 2:1 glacial acetic acid to chloroethoxide molar ratio was observed by
preparing a series of sols with molar ratios of water to niobium atom ranging from 5 to 60. As
seen in figure 32, the turbid degree of the sols increases with increasing the molar ratio of
H,O/Nb. Clear and transparent sols are obtained with H,O/Nb molar ratio up to 25:1 (sol No.1
and 6) while translucent sols are formed when H,O/Nb = 30:1 and 35:1(sol No.7, 8) and a gel
is formed (sol No.10) for H,O/Nb [J40. A high content of water results in a high degree of
hydrolysis, which further promotes the condensing polymerisation.

Table 4 gives the effect of water content on the gelling time. It decreases with increasing the
molar ratio H,O/Nb and when the kinetics of the hydrolysis is faster than that of the
condensing polymerisation, a precipitate appears. The translucent gels which contain
amorphous precipitates within their network are obtained at a high content of water.

The variation of the sol kinematic viscosity and the colloidal particle size with the H,O:Nb
molar ratio is shown in figure 33. Without water and up to H;O:Nb = 10, the particle size is
smaller than 2 nm, but the viscosity increases. This is due to a partial hydrolysis and a low
degree of polymerisation of the niobium chloroethoxo-acetates. The viscosity remains low up
to HO:Nb = 20 and then increases drastically in parallel with the increase of the particle size,

corresponding to the formation of a translucent sol.
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Figure 32: Nb,Os sols with different H,O:Nb molar ratio (before reflux).

Table 4: The effect of water content on gelling time

Sol No. OIS el s Remarks
(molar ratio) [min]
8 35 830 very soft and white translucent gel
9 37 290 soft and white translucent gel
10 39.1 150 white opaque gel
11 41.5 120 white opaque gel
12 48.3 95 white opaque gel
13 62.9 80 white opaque gel
8 - 40
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£ 61 30 o
—_— 4 I QD
= =1
= 5 F25 &
Q ] H )
3 4- L 20 2
2 47 (20 §
2 5 L1535
: 31 15 3
2 2- 10
X E L
14 -5
0 — T T T T T T T 0
-5 0 5 10 15 20 25 30 35

HZO/Nb molar ratio

Figure 33: Sol viscosity and particle size of Nb,Os sols as a function of the H>O:Nb molar
ratio (before reflux).
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5.1.3 Heat treatment of the sols

The hydrolysis and condensation reactions do not stop with time, but heat treatment which
accelerates the hydrolysis and condensation rates can give a stable sol. Figure 34 shows the
variation of the particle size after reflux at 96°C. For a given H,O:Nb ratio the particle size
increases slowly with the refluxing time. The origin of the dip observed at around 90 min is still
unknown.
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Figure 34: Influence of the refluxing time on the particle size of a niobia sol (H,O:Nb = 10:1,
refluxing temperature 96°C).

A heat treatment of the Nb,Os sol plays an important role in adjusting the properties and the
stability of the sol. Figure 35 shows the influence of a 2 h reflux on the viscosity and the
particle size. Compared with non-refluxed sols (figure 33), colloidal particles were already
observed for H,O:Nb = 5:1. The particle size increases slowly up to H,O:Nb = 30:1 but the
viscosity of the sols remains constant for H,O:Nb > 10. Stable Nb,Os sols have been obtained
up to a 40:1 H,O:Nb ratio. For higher value a precipitation occurs readily as soon as the
heating is started. The precipitate may be an aggregate of completely hydrolysed niobium
chloroethoxo-acetates, NbCL(OH);. Owing to the strong coordinative properties of the OH
groups, the complex is not stable as a monomer and olation leads to the formation of a white
opaque gel. The heating of the sols therefore increases the hydrolysis rate, leading to the
formation of low molecular weight polymerised species, retarding the gel formation. This
explains why the viscosity of the sols does not vary with increasing water content and why
small colloidal particles are formed.

Figure 36 shows pictures of 2 h refluxed Nb,Os sols with different H,O:Nb molar ratio. Clear,
transparent colloidal sols are obtained up to H,O:Nb = 10:1 (sol No.15) while translucent
colloidal sols with increasing turbidity are formed in the range 15:1 to 40:1 (sol No.16, 20,
21). A white opaque gel is obtained for a ratio 50:1 (sol No.22). No obvious change have been
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observed after 33 months. The measurement of X-ray diffraction (not shown) indicates that the
colloidal particles are amorphous.

1 1 1 1 1 1 1 1 1
- 40
4_
w
€
- 30
E 39 — 9
> =
B =)
8 (0]
w
(2] - —_
S 24 20 o
k3 it
"(-U‘ 5
£ $ — 3
£ 1 - 10
X
O T T T T T T T T T T T T O

. — —
-5 0 5 10 15 20 25 30 35 40 45
HZO/Nb molar ratio

Figure 35: Sol viscosity and particle size of Nb,Os sols as a function of the H,O:Nb molar
ratio (after 2 h reflux).

Sol No. 16 Sol No. 20 Sol No. 21 Sol No. 22
H,0:Nb=14.8:1 H,0:Nb=34.9:1 H,0:Nb=40.2:1 H,0:Nb=50.2:1

Figure 36: Appearance of Nb,Os sols with different H,O:Nb molar ratio after a 2 h reflux at
96°C (after 33 months).

5.1.4 Effect of chemical additives

It is known that the reaction schemes as well as the resultant morphology of the sols can be
modified by adding chemical compounds such as polymeric and organic molecules. Additives
are used to modify the surface tension, to enhance the viscosity of the sols, to vary the
compatibility among the colloidal particles, to stabilise the sols or to supply a ceramic skeleton
to obtain crack-free nanoporous coatings after sintering.

The additive used in this study is poly(ethylene glycol) (PEG) with different molecular weight.
Its effect has been only tested for the niobia sol hydrolysed with a H,O:Nb ratio of 30.
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Figure 37 shows the molecular structure of poly(ethylene glycol). It is assumed that the
unshared electron pairs of the ether oxygen, which give strong complex groups to the polymer,
can take part in complex chemical reactions in which niobium atoms and chloride ions are
released (figure 38). In this way chemically modified Nb,Os colloidal particles may be stabilised
and prevented to aggregate. PEG will also provide a support for the gel and prevent the
collapse of the pores during the evaporation of the solvent (drying stage) and the shrinkage of
the film (sintering stage). As shown later the addition of poly(ethylene glycol) (PEG)
effectively allows to obtain thick, crack free and more porous coatings and also to avoid the
formation of a Nb;O,Cl phase during the sintering process.

%%

| ¢=1.93 nm |

Figure 37: The molecular structure of poly(ethylene glycol), where @ represents the ethylene
group and O is the oxygen atom [226].
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Figure 38: Schematic of physical and chemical effects of the poly(ethylene glycol) as the
additive in the Nb,Os sol.

Conclusions

Colloidal Nb,Os sols have been prepared by hydrolysing niobium chloroethoxo-acetates. These
precursors have been obtained by complexing, with glacial acetic acid, niobium chloroethoxide
prepared by dissolving cheap commercially available NbCls in anhydrous ethanol. The stability
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of the sols prepared with a HO:Nb molar ratio up to 40 has been drastically improved (up to 3
years) by refluxing them at 96°C during 2 h. The kinematic viscosity of the sols which will
influence the thickness of the coatings, and the niobia colloidal size can be controlled by
varying the H,O:Nb molar ratio. Typical values are 3.5 mm’/s and 10 nm respectively for a
H,O:Nb ratio of 30. In order to increase the nanoporosity and BET surface area of the
coatings, niobia sols with H,O:Nb = 30 containing different amount of PEG600, PEG20000
and carbon soot have been also prepared.

5.2 Structural properties of Nb,Os powders

5.2.1 Thermal analysis

In order to study the sintering process of the Nb,Os films, the thermogravimetric and
differential thermal analysis (TG/DTA) coupled with a mass spectroscopy (MS) analysis have
been carried out for xerogels obtained by drying the sols prepared with different H,O:Nb molar
ratio and with different additives for three days at 110°C.

Niobia xerogels without additive

Figure 39 shows typical DTA/TG/DTG curves for a xerogel obtained from a refluxed sol
prepared with a molar ratio H,O:Nb = 0. The total weight loss at 800°C is 26.6% and occurs
in three steps labelled I, II, III. Step I is characterised by a broad endothermic peak at 189°C
attributed to the loss of residual free water and alcohol entrapped in the micropores of the
powder, as confirmed by the mass spectroscopy analysis (figure 40). The TG curve shows a
substantial weight loss of 16.8% from room temperature to about 250°C. Subsequent heating
up to 425°C induces only a small weight loss, accompanied by a broad exothermic DTA peak,
suggesting a partial crystallisation of the gel and the carbonation of the organic groups
chemically bonded to the oxide network. The water evolved (figure 40) comes from the
dehydration of the organic ligands. The second step, occurring in the temperature range 420-
480°C, is characterised by a sharp exothermic peak at 459°C and a 4% weight loss. It is
assigned to the crystallisation process and is accompanied by a loss of structural water by
dehydration condensation of hydroxyl groups and the burning of carbon as shown by the MS
analysis of the H,O, CO, and O, curves (figure 40). A further 5% weight loss is observed from
525°C to 635°C (step III). This stage is linked to the hydrolysis degree of the sols as weight
loss appears at around 672°C for H,O:Nb = 9.9, 660°C for H,O:Nb = 30.6, and 656°C for
H,O:Nb = 50.2 (figure 108 in appendix A4).
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Figure 39: DTA/TG/DTG of a Nb,Os xerogel (molar ratio H-O:Nb = 0 without additive).
Heating rate 10 K/min.
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Figure 40: Mass spectroscopy analysis of a Nb,Os xerogel obtained during the DTA/TG run
of figure 39.
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Figure 41: DTA curves of Nb,Os xerogels prepared with different H,O:Nb molar ratio
without additive (a) H;O:Nb = 0, (b) H:O:Nb = 9.9, (c) H;O:Nb = 30.6, (d) H-O:Nb = 50.2.

Figure 41 shows the DTA curves of Nb,Os xerogels obtained from refluxed sols prepared with
different H,O:Nb molar ratio. The broad endothermic peak between room temperature and
about 250°C for all xerogels is due to the evaporation of the water and alcohol physically
trapped in the open pores. The exothermic peak at about 470°C, associated with the
crystallisation process, the loss of structural water and the burning of carbon, strongly
decreases with the water content. This can be understood by inspecting equation 62 which
shows that water and acetic acid are released during hydrolysis. Therefore with an increasing
H,O:Nb ratio, less organic groups especially carbon and structural water remain in the
network.

Niobia xerogels with additive

Figure 42 shows DTA/TG/DTG curves of a Nb,Os xerogel prepared by adding 20 wt.-%
PEG20000 to a substoichiometric hydrolysed sol (H,O:Nb = 30.6) and figure 43 shows the
H,0O and CO, mass spectroscopy analysis. The total weight loss during the heating from room
temperature to 800°C is 31.7% and takes place in four steps (I, II, III, IV). Step I between
25°C and 165°C is characteristic of an endothermic evaporation of the water and solvent. The
weight loss is 6.9%. The 14.8% weight loss of the step II occurring between 165°C and 288°C
can be assigned to organic decomposition and oxidation. At 241°C the organic fragments with
molecular weight 15, 25, 26, 27, 31, 39, 41, 42, 43, 45, 49, 50, 51, 52, 57, 58, 61, 62, 63, 64,
66, 88, 93 and 95 are detected by mass spectroscopy (figure 110 in appendix A4). Step III
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between 288°C and 440°C with a weight loss of 3.7% is due to the carbonation and oxidation
of the organic residuals and the partial crystallisation of the xerogel. Step IV between 440°C
and 600°C with a 6.3% weight loss is attributed to the removal of hydroxyl groups in the

crystalline network and the complete burning of carbon.
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Figure 42: DTA/TG/DTG of Nb,Os xerogel prepared with molar ratio HO:Nb = 30.6 and 20
wt.-% PEG 20000. Heating rate 10 K/min.
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Figure 43: Mass spectroscopy analysis of H,O, CO, of the Nb,Os xerogel obtained during the
DTA/TG run of figure 42.

The overall behaviour of the DTA curve of Nb,Os xerogels (H,O:Nb = 30.6) prepared without
and with different additives is quite different (figure 44). The strong exothermic peaks
observed between 250°C and 600°C with the modified xerogels are due to the high amount of
organic species which are decomposed, oxidised and burned within this temperature range and
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which provide a high heat of combustion for calcination. The curves with PEG600 and
PEG20000 are however similar (figure 44b and c).
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Figure 44: DTA curves of Nb,Os xerogels (HO:Nb = 30.6) prepared without additive (a)
(figure 41c), and with additive PEG600 (b), PEG20000 (c) (figure 42), PEG20000 + C (d).

5.2.2 Infrared spectroscopy

The purpose of this study is to give further information on the structure of the dried and heat
treated gel. Four different xerogels have been measured: one prepared with a nonhydrolysed
sol, one prepared with a hydrolysed sol (ratio H,O:Nb = 30.6) and the same xerogels
containing PEG20000 and PEG 20000 + carbon soot.

Nonhydrolysed xerogel

The spectrum of nonhydrolysed xerogel (figure 45) dried at 150°C shows a very large band in
the vicinity of 3200 cm™ corresponding to the fundamental stretching vibration of free or
bounded -OH hydroxyl groups. The small sharp band at 1605 cm is related to molecular
water. The bands located in the range 2870 -2970 cm™ can be identified as the C-H stretching
vibration of the alkyl groups of the ethoxy and acetate ligands, and those at 1390 and 1445 cm’
" as the bending vibration of the same species. The bands in the range 1020 - 1120 cm™ should
correspond to the C-O-C,Hjs stretching vibrations of different ethoxy ligands bound to niobium
atoms. The low-energy wavenumber range is mainly dominated by two large bands around 870
and 595 cm™ due to the Nb-O stretching vibrations. This shows that the Nb-O oxo-polymer

network is already present at low temperature.
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The heat treatment temperature affects the IR behaviour. The intensity of the 3200 and
1605 cm™ bands as well as those related to organic ligands decrease and disappear for T >
450°C in agreement with the DTA/TG/MS results (figure 39 and 40). The carbon dioxide peak
at around 2335 cm™ appears for T > 400°C and originates probably from the burning of
residual carbon (figure 39 and 40) and unable to escape (closed pores). The temperature
behaviour of the Nb-O stretching vibration is summarised in table 5. The broad peaks at 870
and 595 cm™ observed at 150°C shift to 910 and 640 cm™ respectively at 250°C. This is due to
the breaking of the Nb-O-C,H;s bonds of the oxo-polymer network. As shown in section 2.4
and figure 13a, niobia can have several phases with different structural unity [227]. Therefore
the positions of the Nb-O vibration peaks will depend on the sintering temperature.
Identification of the position of the peaks with a structural unit has not been performed. But
the results obtained at 800°C are consistent with those reported in [228].

| 1 | 1 |

800°C

600°C

U

450°C

s — A5

250°C

150°C

Transmission

T I T I T I
4000 3000 2000 1000
Wavenumber [cm'1]

Figure 45: Infrared spectra of nonhydrolysed Nb,Os xerogel (molar ratio H,O:Nb = 0) heat
treated at different temperature.
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Table 5: Wave numbers of Nb,Os IR peaks (data from figure 45).

Temperature Nb-O vibration wavenumber

[°C] [cm']

150 870 595
200 905 610
250 910 640
450 865 660
600 810 600
800 805 730 605
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Figure 46: Infrared spectra of hydrolysed Nb,Os xerogel (molar ratio HO:Nb = 30.6) heat
treated at different temperature.

The temperature behaviour of the infrared spectrum of hydrolysed Nb,Os xerogel is shown in
figure 46. The spectrum at 150°C is typical of an amorphous niobium oxide network. The peak
at 1600 cm” is due to the stretching vibration of free water (H-O-H) and the fundamental
stretching vibration band (3200 - 3400 cm™) due to the different O-H hydroxyl groups is not
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present (not shown). As before, a weak CO, peaks appears around 2332 cm™ for T = 450°C
and the Nb-O vibration bands shift toward lower wavenumbers during the crystallisation

process and phase transformation and a new peak around 365 cm™ appears.
Hydrolysed xerogels with PEG20000 additive

Figure 47 shows the infrared spectra of PEG20000 and a hydrolysed Nb,Os xerogel (molar
ratio H,O:Nb = 30.6) containing 20 wt.-% PEG20000 heated at different temperatures.

For PEG20000 the bands at 2948 and 2890 cm™ are ascribed to the asymmetric and symmetric
CH,; stretching bands. The C-O-C stretching vibration gives very strong bands at 1150, 1100
and 1060 cm™”. The band at 1470 cm” is assigned to the CH, scissoring mode of the ether
methylene units in the PEG chains and those at 1282 and 1245 cm’™ are twisting vibration. The
bands at 1343 and 960 cm™” correspond to the ether CH, wagging and rocking modes,
respectively [229-231].
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Figure 47: Infrared spectra of hydrolysed Nb,Os xerogel (molar ratio HyO:Nb = 30.6) with
20 wt.-% PEG20000 heat treated at different temperature and PEG20000.

Almost all the peaks of PEG20000 are found in the spectrum of the xerogel heat treated at
150°C together with the vibration peaks of the free molecular water, OH and Nb-O groups.
The PEG peaks are however slightly displaced (table 6). The three strong split peaks at 1150,
1100 and 1060 cm™ corresponding to the C-O-C stretching vibrations merged into one. At
250°C only the C-O-C peak at 1065 cm™ and the CH, scissoring mode at 1450 cm™ are
observed. As mentioned in section 5.1.3, a complex between the niobium chloroethoxo-acetate
colloids and the ether groups of PEG may be formed, resulting in the presence of ether and
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CH, groups. All the other PEG peaks have disappeared. At 350°C a weak CO, vibration peak
at 2330 cm’' is again observed. The band at 1620 cm™ shows the presence of water up to
600°C. As noted before, the position of the Nb-O bands shifts slightly with increasing sintering
temperature from 862 cm' and (645 cm™ (sintering at 250°C and 350°C) to 815 cm’ and
615 cm™ (sintering at 600°C). At this temperature the spectrum is quite similar to that of the
standard sample [228].

Table 6: Positions of the IR peaks and their vibrational mode assignments for PEG 20000
and hydrolysed Nb,Os xerogel (molar ratio HO:Nb = 30.6) with 40% PEG20000.

PEG20000 Nb,Os xerogel with PEG20000 assignments and remarks
[cm'] [cm']
150°C 250°C
3150 OH stretching
2948 2920 CH, asym stretching
2890 2970 CH, sym stretching
1616 1595 molecular water
1470 1455 1450 CHj; scissoring
1343 1355 CH, wagging
1282, 1245 1300, 1250 CH, twisting
1150, 1100, 1060 1105 1065 C-O-C stretching
960 940 CH; rocking
810, 590 862, 645 Nb-O stretching

Hydprolysed xerogel with PEG20000 and carbon soot

Figure 48 shows the infrared spectra of a hydrolysed Nb,Os xerogel containing 20 wt.-%
PEG20000 and carbon soot after different heat treatment. A comparison with figure 47 shows
that the addition of carbon soot does not alter the infrared spectra of the xerogel. The carbon
particles are dispersed in the xerogel network.
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Figure 48: Infrared spectra of hydrolysed Nb,O;s xerogel (molar ratio H;O:Nb = 30.6) with
20% PEG20000 and carbon soot heat treated at different temperature.

5.2.3 X-ray diffraction

The samples were also analysed by powder X-ray diffraction at room temperature for phase
identification. Typical spectra are shown in figure 49 for nonhydrolysed and hydrolysed
xerogels.

Nonhydrolysed xerogel

For heat treatment below 400°C the samples are amorphous to X-ray. At 400°C the
nonhydrolysed Nb,Os xerogel is composed of a mixture of an amorphous and the hexagonal
TT phase of Nb,Os [232] and of the orthorhombic phase of Nb;O,Cl [233] with fairly weak
peaks (figure 49a). As at this temperature the Nb,Os TT phase presents a low crystallinity and
is probably stabilised by impurities such as OH’, CI' or vacancies [127], it is reasonable to
expect that the Nb atoms may react with binding CI' of the network to form Nb;O,Cl. With
increasing temperature the TT and Nb;O,Cl phases transform into the stable orthorhombic T
phase [234]. The amount of this crystalline phase increases with the sintering temperature, and
that of Nb;O,Cl decreases but still persists up to 600°C as observed in a magnified XRD plot
(not shown). This is in agreement with the mass spectroscopy results [26].

Hydrolysed xerogel

The XRD pattern of hydrolysed Nb,Os xerogel heated at 400°C shows only an amorphous and
the hexagonal TT phase of Nb,Os (figure 49b). The low temperature hexagonal form (TT)
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transforms into the stable orthorhombic one (T) on sintering between 400°C to 600°C. The
peaks at 20 = 28.5 and 36.4° start to split into doublets at 600°C showing that the stable

orthorhombic phase is formed more easily in a hydrolysed xerogel.
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Figure 49: Powder X-ray diffraction patterns of niobium pentoxide xerogel samples sintered
at different temperatures. (a) nonhydrolysed Nb,Os xerogel, (b) hydrolysed Nb,Os (H,O:Nb =
30.6), (W) TT-phase Nb,Os (No. 28-317), (@) T-phase Nb,Os (No. 71-336), (O) Nb;O-Cl

(No. 73-295).

The results are summarised in table 7.
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Table 7: Influence of heat treatment on niobium pentoxide xerogel

Heat treatment Nonhydrolysed Nb,Os Hydrolysed Nb,Os

[°C] Phase(s) Colour Phase(s) Colour

110 amorphous white amorphous white

200 amorphous brown amorphous light brown

300 amorphous black amorphous dark brown
amorphous, amorphous

400 h-Nb,Os, dark grey h N]:I;p 0 ’ grey
0-Nb;0,CI” () 2

500 2:131;? O()7thi/2;, silver white h- and 0-Nb,Os | silver white

600 2:131;? 007-CI\?22VCS))5, shiny white h- and 0-Nb,Os | silver white

*: h- = hexagonal; **: o- = orthorhombic; s = small, vs = very small.

Hydprolysed xerogel with PEG20000 and carbon soot
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Figure 50: Powder X-ray diffraction patterns of hydrolysed niobium pentoxide xerogel
samples (H,O:Nb = 30.6) sintered at different temperatures. (a) with addition of 20%
PEG20000, (b) with addition of 20% PEG20000 and carbon soot, (m) TT-phase Nb,Os (No.
28-317), (@) T-phase Nb,Os (No. 71-873).

Table 8: Influence of heat treatment on niobium pentoxide xerogel (with additive).

Heat treatment Addition of PEG Addition of PEG and carbon soot
[°C] Phase(s) Comments Phase(s) Comments
110 amorphous light yellow amorphous dark grey
200 amorphous yellowish brown | amorphous dark brown
300 amorphous black amorphous dark violet
400 E{l;\(;gélz)us, dark grey E{?\?gg?us’ dark grey
500 h- and 0-Nb,Os, |light grey h- and 0-Nb,Os | shiny white
600 h- and 0-Nb,Os, | shiny white h- and 0-Nb,Os | shiny white

h: hexagonal (TT); o: orthorhombic (T).

Figure 50 shows the X-ray powder diffraction patterns of hydrolysed Nb,Os xerogel prepared
with PEG20000 and carbon soot. Although the overall behaviour remains similar to that for
powders prepared with hydrolysed sol, some differences have to be noted. The hexagonal (TT)
and orthorhombic (T) phases coexist in the structure up to 600°C and, as before, the amount
of the orthorhombic phase increases with the sintering temperature. Moreover the Nb;O,Cl
phase is never observed (see section 5.3 for a discussion). The results are summarised in
table 8.
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5.2.4 Nitrogen adsorption and desorption
Xerogels without additive

Figure 51 and 52 show the pore size distributions of nonhydrolysed and hydrolysed Nb,Os
xerogels heated treated at 500°C and 600°C, respectively, calculated from the adsorption and
the desorption data. Their BET surface area is summarised in Table 9. Porosity and surface
area of both systems are quite small. The surface area and pore size distribution of the
hydrolysed xerogel decrease with increasing sintering temperature (figure 51b and 52b), while
they increase for the nonhydrolysed xerogel (figure S1a and 52a). In the nonhydrolysed gel
network the residual carbon from the carbonation of the organic groups is burned above 500°C
and leads to an increase of the pore volume and surface area, while for the hydrolysed gel, the
organic groups are substituted by OH groups and denser Nb,Os powders are obtained.

16X1O-3 L1l L1l 1 a0l a0l
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——500°C
= 1.2x10° | ---600°C B
T
2
S
o 4
— 8.0x107" -
o
S
=
o
>
o 4
S 4.0x10™ -
o
0.0 Tt T rrr——
1 10 100 1

Pore diameter [nm]

Figure 51: Pore size distributions of Nb,Os xerogels calculated from adsorption data. (a)
nonhydrolysed, (b) hydrolysed (H,O:Nb = 30.6).
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Figure 52:Pore size distributions of Nb,Os xerogels calculated from desorption data. (a)
nonhydrolysed, (b) hydrolysed (H,O:Nb = 30.6).

Table 9: Surface area of xerogels without additive sintered at different temperatures.

Sintering temperature nonhydrolysed xerogel hydrolysed xerogel
[°C] [m?/g] [m?/g]
500 5 7
600 9 4

Xerogels with additive

The pore size distributions are shown in figure 53 and 54 and their microstructural
characteristics are given in table 10. An inspection of the figures and table 9 and 10 shows that
the incorporation of additives increases drastically the BET surface area and the total pore

volume.

The adsorption and desorption data of Nb,Os + PEG and the Nb,Os + PEG + C xerogels
sintered at 500°C (see figure 113 in appendix A7) shows that the mesopores have an ink-bottle
shape with an average core diameter of 9.6 and 13.1 nm and an average neck diameter of 6.0
and 10 nm, respectively. The pore size distribution shifts towards larger size with increasing
sintering temperature and the average core pore diameter remains larger than the average neck

diameter (figure 53 and 54). The ink-bottle shape of the pores however evolves toward a more
cylindrical shape as the temperature increases.
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Table 10: Microstructural characteristics of the Nb,Os and TiO, powders.

Pore size distributions of hydrolysed Nb,Os xerogels (H,O:Nb = 30.6) with
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Nb,Os + PEG Nb,Os + PEG + C
500°C 600°C 500°C 600°C

BET surface area [m’/g] 39 23 42 22
Average particle size dggr [nm]* 30.8 579 28.6 545
Total pore volume < 120 nm
[x107 cm/g] 9.6 10.3 12.7 10.8
Micropore volume 0.14 0.1 0.06 0.1
[x107 cm’/g] ' ' ' '
Average pore diameter [nm] 10 18 12.2 19.5
BJH adsorption average pore core 96 271 13.1 252
diameter (4 V/A) [nm] ’ ’ ’ ’
BJH desorption average pore neck 6.0 172 10 275
diameter (4 V/A) [nm] ' ’ ’
Porosity [%] 32 34 39 35

*calculated according to equation 34 with a Nb,Os density of 5 g/cm® [1 16]

5.2.5 Morphology

Figure 55 shows transmission electron micrographs of hydrolysed Nb,Os powders sintered at
different temperatures. They are all made of aggregates of crystalline particles. The influence
of the sintering temperature on the microstructure is obvious. The powder fired at 500°C
shows poorly defined small crystalline particles (figure 55al and a2), while clearly defined
large crystalline particles with a broad size ranging from 10 to 200 nm are obtained at 550° and

600°C (Figure 55b and 55c).

0.20 ym

Diffraction contrast
WB205 crystalline particles from sol 55-8, without addiives,
) file:55-08-1
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Figure 55: TEM micrographs of hydrolysed Nb,Os xerogels (H.O:Nb = 30.6) sintered at
different temperature. (al, a2) 500°C, (b) 550°C and (c) 600°C.
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Figure 56: TEM micrographs of hydrolysed Nb,Os + PEG20000 xerogels sintered at
different temperature. (a) 400°C, (b) 500°C, (c) 550°C and (d) 600°C.
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Figure 56 shows TEM micrographs of hydrolysed Nb,Os + PEG20000 xerogels sintered at
different temperature. The results indicate that the addition of PEG hinders the crystalline
growth of Nb,Os particles. The powder fired at 400°C shows a porous agglomerate structure
consisting mainly of spherical particles with about 5 nm diameter and amorphous particles.
After the burn-out of the organic products, the particle size grows to 10 -15 nm (500°C) and
to 20 - 50 nm (600°C).

Figure 57 shows TEM micrographs of hydrolysed Nb,Os + PEG20000 + carbon soot xerogel
sintered at 600°C. The influence of carbon soot is not obvious. The particle size distribution
ranges between 20 and 50 nm.

[ '
tFlh:mgzéli] ine agglomeration 6000(: 600°C

Figure 57: TEM micrographs of hydrolysed Nb,Os + PEG20000 + carbon soot xerogel
sintered at 600°C.

Conclusions

The structural evolution of niobia powders sintered up to 600°C strongly depends on the sol
composition. The crystalline structure of xerogels prepared without additive evolves from an
amorphous state for T <400°C to the hexagonal-TT form (400-550°C) and finally to a mixture
of TT and orthorhombic-T forms at 600°C. However a very low content of the Nb;O,Cl
crystalline phase was found at all temperature for powders prepared from a nonhydrolysed sol.
All these powders present a small porosity and BET surface area and are therefore not
promising for our purpose.

The phase evolution of powders prepared from sols with additives follows a similar trend and a
mixture of TT and T phases are obtained at high temperature. The Nb;O,Cl phase was never
observed. The porosity and BET surface area are however much higher and the values
obtained slightly decrease with the sintering temperature while those of the average pore size
increase. Typical values obtained at 500°C are: BET = 42 m’/g, total pore volume 12.7 x 107
cn’/g, average pore size 12.2 nm and porosity 39%. The shape of the pores evolve from an

ink-bottle shape at T = 500°C to a more cylindric shape as the sintering temperature increases.
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TEM micrographs have shown that the size of the particles increases strongly with the
sintering temperature for all powders. However the incorporation of the additives strongly
hinders the growth of the particles.

5.3 Structural properties of Nb,Os films

5.3.1 X-ray diffraction

Figure 58 shows the temperature evolution of the X-ray diffraction patterns of multilayer
coatings made with the most promising sols i.e. (a) a hydrolysed sol (H,O:Nb = 30.6) (b) the
same sol containing 20 wt.-% PEG20000 and (c) the same sol containing 20 wt.-% PEG20000
and carbon soot. In all samples the crystallisation starts at about 400°C, but two broad halos
(amorphous material) centered around 20 = 25° and 55° are present up to 500°C. The
temperature evolution of the phases and the crystallite size calculated by the Scherrer’s formula
(equation 30) are summarised in table 11.

Films without additive (figure 58a)

At 400°C an amorphous, the Nb,Os-hexagonal (TT) and the orthorhombic phase of Nb;O,Cl
[233] are observed. The presence of the Nbs;O,Cl phase up to 500°C stabilises the phase
transformation of the TT phase into the orthorhombic T phase. However the Nb;O,Cl phase is
thermally decomposed between 550°C and 600°C and at 600°C only the orthorhombic T phase
of Nb,Os is observed. The average crystallite size increases with the sintering temperature
(table 11). As mentioned in the section 5.2.3, the Nb;O;Cl phase is not observed in the
hydrolysed xerogel prepared with the same sol. This is due to the different procedures adapted
in the preparation of the powders and coatings. The powders were obtained by heating the sols
during 3 days at 110°C in air. The reaction of the CI ions bound to the chloroethoxo-acetate
colloids with the humidity of air during this laps of time this was probably sufficient to remove
all of them so that no Nb;O,ClI could be observed. This is not the case for coatings which have
been quickly heated to high temperature after processing.

Films with additives (figure 58b and 58¢)

The evolution of both systems is similar and the use of PEG with different molecular weight
does not affect the results (see figure 112 in appendix A6). At 400°C, similar to powders,
amorphous and hexagonal (TT) phase are dominant. The amount of the orthorhombic (T)
phase continually increases with the sintering temperature and becomes preponderant at
600°C. As observed for the powders (see section 5.2.5), the presence of PEG stabilises the
crystallite size as little variation is observed with the temperature. However the most striking
difference is the absence of the Nb;O;Cl phase. This result is discussed below and it
emphasises the complex role of PEG in the preparation of niobia colloidal sols.
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Figure 58: X-ray diffraction patterns of niobium pentoxide coating samples sintered at
different temperatures from (a) hydrolysed sol (H,O:Nb = 30.6), (b) hydrolysed sol with
addition of 20% PEG20000, (c) hydrolysed sol with addition of 20% PEG20000 and carbon
soot. (m) TT- phase Nb,Os (No. 28-317), (@) T-phase Nb,Os (No. 71-873), (o) Nb;O-ClI (No.
73-295).
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Table 11: Phase and crystallite size at different sintering temperature (26 = 23.8°).

T, Nb,O;s Nb,Os + PEG Nb,Os + PEG + C
[°C] phase(s) crystallite phase(s) crystallite phase(s) crystallite
size [nm] size [nm] size [nm]

h-Nb,Os, 243 amorphous, amorphous,

400 1 Nb,0,C1” ~ | h-NbO; 302 |h-Nb,O; 31.6
h-Nb,Os, 28.2 amorphous, amorphous,

430 | 5 Nb,0,Cl ~ | h-NbO; 31.7 | h-Nb,O; 36.6
h-Nb,Os, 30.9

500 0-NbsO,Cl ) h- and 0-Nb,Os 333 h- and o- 34.5

szOs

h-Nb,Os, 33.6

550 O-Nb307C1 _ O-Nb205 32.5 O-Nb205 33.2
O-szOs, 34.3

600 0-Nb;O,Cl (vs) ) 0-Nb,0O;s 33.0 0-Nb,0O;s 33.2

*: h = hexagonal; **: o0 = orthorhombic.

5.3.2 Nitrogen adsorption and desorption

5.3.2.1 Influence of additives

Figure 59 shows the pore size distribution of Nb,Os coatings prepared without and with
different additives into the sols. A summary of the microstructure properties is given in
table 12. As shown in the next section all the coatings exhibit pores with an ink-bottle shape
and narrow necks. The BET surface area increases but the average particle size decreases
markedly by adding 20 wt.-% PEG600, PEG20000 and PEG20000 + C to the sols. Assuming
spherical crystallites, about 4 of them on average are aggregated in each Nb,Os particle
prepared without additive but those obtained by using additives are made of a single crystallite.
The BJH adsorption and desorption average pore size are only slightly altered, although the
total pore volume and porosity increase by adding the binder.
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Figure 59: Pore size distributions of Nb,Os coatings prepared without and with adding
different additives into the sols calculated from (a) adsorption and (b) desorption data.
Sintered at 500°C, 30 min.

Table 12: Influence of the additives on the microstructural characteristics of the Nb,Os
coatings sintered at 500°C 30 min.

Nb,Os Nb,Os +20% Nb,Os +20% Nb,Os +20%

PEG600 PEG20000 PEG20000 + C
BET surface area [m’/g] 24.4 42.6 38.4 44.1
Average particle size [nm] 49.2 28.2 31.3 27.2
Average pore diameter [nm|] 93 8.9 9.8 9.5
Total pore volume 6.0 95 95 105
[x107 cm’/g]
Micropore volume 0.07 0 0 0
[x107 cm’/g]
Misbopinowngerre 94 g2 92 9
BJH desorption average pore 59 55 63 63

neck diameter (4 V/A) [nm]

Porosity [%] 23 32 32 34
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Figure 60:Influence of the amount of PEG20000 on the pore size distribution calculated from
(a) adsorption and (b) desorption data. Sintered at 500°C, 30 min.

Table 13: Influence of the amount of PEG20000 on the microstructural characteristics of the
Nb;Os coatings sintered at 500°C 30 min.

PF&?_%/OO?O 5 10 20 40 60
BET surface area [m’/g] 24.2 29.5 38.4 37.9 32
Average particle size [nm] 49.6 40.7 31.3 31.7 37.5
Average pore diameter [nm] 10.7 9.8 9.8 8.3 8.0
Total pore volume 6.5 7.3 9.5 7.9 6.4

[x107 cm’/g]

Micropore volume 0.05 0.02 0 0 0
[x107 cm’/g] ' '

BJH adsorption average pore 11 0.8 9.9 oy 4
core diameter (4 V/A) [nm] ' : : .

BJH desorption average pore 3.3 6.9 6.3 53 6.0
neck diameter (4 V/A) [nm] ' : : : :

Porosity [%] 25 27 32 28 24

To study in more details the influence of the binder addition on the coating microstructure
different amounts of PEG20000 were added to Nb,Os sols. The pore size distributions of
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coatings sintered at 500°C are presented in figure 60 and the microstructure properties are
given in table 13. The average pore diameter and the shape of their distribution are nearly
identical for all samples, although the total pore volume, the porosity and the BET surface area
are altered by increasing the amount of PEG20000 (figure 60a and 60b), passing by a

maximum for about 20 wt.-%.

5.3.2.2 Influence of the sintering temperature
Films without additive

Figure 61 shows typical N,-adsorption and desorption isotherms of Nb,Os coatings prepared
with hydrolysed sols without additive sintered 30 min at 400°C and 650° C, respectively.
Coatings sintered at 400°C show an adsorption isotherm of type IV with a hysteresis of type
H2, typical of ink-bottle shaped mesopores. At 650°C the adsorption isotherm is also of type
I'V but the hysteresis tends to the type H1, typical of cylindrical pores.

The pore size distribution calculated from the desorption data (which gives information on the
average neck diameter of the pores) is shown in figure 62b and the microstructural
characteristics are given in table 14. At 400°C the BJH average neck diameter is very small
(3.5nm) with a narrow distribution and the total volume of pores is about 0.04 cm’/g. With
increasing sintering temperature the average neck diameter shifts steadily to higher value, the
pore size distribution also increases and the total pore volume slightly increases to a maximum
value of 0.072 cm’/g, at 650°C.

Figure 62a and table 14 show the results obtained from the adsorption isotherms (which gives
information on the core diameter of the pores). At all sintering temperatures the pore size
distribution is wider than those obtained from the desorption values. The average pore

diameter also shifts enormously towards larger values as the sintering temperature is increased.

The BET surface area of the coatings is small and remains practically constant (25 m*/g) up to
550°C and then slightly decreases while the porosity increases up to 500°C and then remains
constant (about 26%).
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Figure 61: N,-adsorption and desorption isotherms of Nb,Os coating sintered at 400 and

650°C. Solid symbols: adsorption,; open symbols: desorption.
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Figure 62: Pore volume distribution of Nb,Os coatings without additive sintered at different
temperatures, calculated from adsorption data (a) and desorption data (b).
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Table 14: Influence of the sintering temperature on the microstructural characteristics of
Nb,Os coatings without additive.

Sl TAREEeinis 400 450 500 550 600 650
[°C]
BET surface area [m’/g] 19.1 24.7 26.2 23.8 17.2 12.9
Average particle size [nm] 62.8 48.6 45.8 50.4 69.7 93.0
Average pore diameter [nm] 8.4 8.5 9.3 12.1 16.9 22.4
Total pore volume 40 53 6.1 79 73 79
[x10° cm'/g] : : : : : :
Micropore volume 0.03 0 0.07 0 0 0
[*10™ cm’/g]
BJH adsorption average pore g
) 5 8.0 9.4 11.2 16.6 23.7
core diameter (4 V/A) [nm]
BJH desorption average pore 3
) 5 3.8 5.2 7.7 10.5 16.8
neck diameter (4 V/A) [nm]
Porosity [%] 17 21 23 26 27 26
Films with additives
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Figure 63: Pore volume distribution of Nb,Os coatings prepared with PEG20000 additive
sintered at different temperatures, calculated from adsorption data (a) and desorption data
().
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Table 15: Influence of the sintering temperature on microstructural characteristics of Nb,Os
coatings prepared with 20 wt.-% PEG20000 binder.

Sintering temperature 400 500 550
[°C]

BET surface area [m’/g] 4.7 38.4 23.0
Average particle size [nm] 255 31.3 52.2
Average pore diameter [nm] 9.4 9.8 13.2
Total pore volume 11 95 76
[x107 cm’/g] ' ' '
Micropore volume 0 0 0
[%x107 cm’/g]
BJH adsorption average pore 98 92 11.8
core diameter (4 V/A) [nm] ' ' '
BJH desorption average pore

. 6.1 6.3 9.2
neck diameter (4 V/A) [nm]
Porosity [%] 5 32 28

The coatings prepared by adding 20 wt.-% PEG20000 to the Nb,Os sol were fired at 400, 500
and 550°C in air during 30 min to study the influence of the sintering temperature on the final
coating microstructure. The results are shown in figure 63 and table 15. The coating sintered at
400°C possesses a small and narrow pore size distribution due to a large number of residual
carbon in the coating. At 500°C the carbon is burned out and this leads to an enormous
increase of the pore volume and BET surface area. The decrease in surface area measured at
550°C reveals that the sintering is occurring. The pore size distribution shifts towards larger
pores and the number of small pore decreases substantially.

5.3.3 Adsorption and desorption of Ru(II)-complex dye sensitised coatings

Table 16 shows the effect of the different sol preparation on the microstructure of Nb,Os
coatings sintered at 520°C for 30 min and of a commercial TiO, coating (for comparison)
which all have been sensitised with a Ru(II)-complex. For niobia coatings made without and
with PEG20000 + C additives, the amount of dye adsorbed I, increases from 3.3x10™ to
8.8x10™* mol/cm’(10pum) and the roughness factor increases from 200 to 530, respectively. The
values for the TiO, coating are in the same range: 5.9 x 10® mol/cm’(10 pm) and 360
respectively.
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Neglecting the reflection and the scattering effects, the light harvesting efficiency LHE
(section 2.1.3.3) of 10 pm Nb,Os coatings prepared with Nb,Os and Nb,Os + PEG + C sols is
0.66 and 0.94, respectively while that of the TiO, coating is 0.86. Using equation 38 and the
BET results of table 15, only 40% of the surface area of the particles has been utilised for the
adsorption of the Ru(Il)-complex dye. This implies that the ink-bottle shape of the pores (too
small neck diameter) hinders the adsorption. Another reason is the possible existence of a
concentration gradient of the dye adsorbed between the surface of Nb,Os coating and the glass
substrate. The density and porosity are nearly independent of the sol preparation.

Table 16: Comparison of density, porosity, amount of adsorbed dye, surface area and
roughness factor of coatings prepared with Nb,Os and Nb,Os + PEG20000 + C sols sintered
at 520°C for 30 min and for a commercial TiO, coating.

Nb,Os Nb,Os + PEG + C TiO,
ff(l;.)su[n;l glt;g]y el 134 2.74 i
Surface area Sy, [m*/g] 8.1 16.5 .
fﬁ)?guglgifgf (Egzm)] 3.3 8.8 5.9
BET% of dye coverage 32 40 -
LHE 0.66 0.94 0.86
Density p, [g/cm’] 2.74 2.70 -
Porosity [%] 45.2 46 -
Roughness factor
(10pum thickness) 200 530 360

Table 17 shows the effect of the sintering temperature for Nb,Os + PEG + C coatings. The
amount of dye adsorbed on the particle’s surface and the surface area is practically constant up
to 550°C and then decreases. The percentage of the BET surface area used by the dye
(equation 38) is 34, 40, 45 and 48% for coatings sintered at 500°C, 520°C, 550°C and 600°C,
respectively. The increase is due to the improvement of the ink-bottle shape, especially that of
the average neck diameter which allows the dye molecules to better diffuse into the structure.
The sintering of the particles at higher temperatures leads to a pore coarsening, in which the
small pores merge and expand causing a decrease of the density and an increase of the

porosity.
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Table 17: Influence of the sintering temperature on density, porosity, amount of adsorbed
dye, surface area and roughness factor of Nb,Os + PEG + C coatings.

Amount of absorbed dye I',
x10” [mol/g]

Surface area Sy [mz/ g]

Amount of dye I e,
x10™* [mol/cm’*(10um)]

BET% of dye coverage
LHE

Density p, [g/cm’]
Porosity [%]

Roughness factor
(10pum thickness)

2.50

15.1

7.5

34
0.91

2.87

42.6

450

2.74

16.5

8.8

40
0.94

2.70

46

530

2.56

15.4

7.3

45
0.91

2.47

50.6

440

1.85

11.1

4.7

48
0.78

2.34

53.2

280

5.3.4 Morphology of the coatings

Figure 64 shows SEM cross-sections of a 6 um thick coating sintered at 500°C for 30 min

with two different magnifications. Figure 64a shows the three-layer structure of the electrode:

glass substrate, FTO-layer and the 6 um thick Nb,Os coating. Figure 64b shows the porous

morphology of the coating made of fine nanocrystalline Nb,Os particles. The contact between

the nanocrystalline coating and the conducting FTO layer appears good.

- -
FEG-SEM, SE. Eo = 15 keV,

glass / FTO / Nb205, without additives, sintered at 500°C, 30,

specimen: Y129, file: yf28-1

FEG-SEM, SE, Eo= 15 keV,
2.00 pm glass / FTO / Nb205, without additives, sintered at 500°C, 30,
specimen: Yi29, file: yf29-3

1.00 um

Figure 64: SEM cross-section images of nanocrystalline Nb,Os coating deposited on

conducting FTO glass substrate sintered at 500°C for 30 min.
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Figure 65 shows 2D (left) and 3D (right) surface topography of porous Nb,Os films prepared
with different sols sintered at 520°C for 30 min and measured by scanning white light
interferometry. The coating prepared with Nb,Os sol is smoother and has a roughness R, =
0.31 pm and those prepared with Nb,Os + PEG and Nb,Os + PEG + C are rougher with a
roughness Ry = 3.9 and 2.3 pm, respectively.

+11. 18176

Figure 65: Scanning white light interferometry topography of the Nb,O:s films prepared with
different sols sintered at 520°C for 30min. Left: two dimension, right: three dimension. Top:
Nb>Os, middle: Nb,Os+PEG, bottom: Nb,Os+PEG+C.

Conclusions and discussion

The evolution of the structural properties of multilayer thick coatings have been studied as a
function of the sintering temperature for three different systems.

The X-ray data of coatings made without additive are quite different from those of the
corresponding powders as a strong Nb;O,Cl phase is present together with the TT niobia
phase up to 550°C and then is transformed into the stable orthorhombic T phase at 600°C. No
particular information have been gained in the study of the nitrogen adsorption and desorption
curves as the data are practically similar to that the powders.

The data for coatings made with additives followed that obtained for powders. The results
confirm that the incorporation of PEG hinders the growth of the crystallites. The analysis of
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the nitrogen adsorption and desorption data also confirm that the incorporation of PEG and
carbon soot contributes substantially to improve the porous morphology with however slightly
smaller values for the average pore diameter, core and neck diameter and pore volume. At
500°C, optimum results seem to be achieved for a 20 wt.-% PEG20000 incorporation. The
Nb;O,Cl phase does not exist in those coatings because the complexing effect of PEG with
niobium atoms releases CI ions during the preparation of the colloidal sols.

The influence of the sintering temperature on the microstructural characteristic for films made
without additive shows that the BET surface area is maximum at 520°C, and that all other
parameters (e.g. total pore volume, average pore size diameter, core and neck diameter)
become larger at higher temperature. The data for coatings made with additive appear more
promising for a sintering at 520°C, except for the core and neck diameter which are slightly
larger at higher temperature.

The analysis of the nitrogen adsorption and desorption data for all niobia systems sintered at
520°C and then dye sensitised shows that the addition of PEG and carbon soot also improves
the dye coverage, although only 40% of the BET surface area is used. The value increases
continuously up to 48% for a sintering at 600°C.

As the performance of a dye sensitised solar cells still depends on many other parameters
(electrolyte, etc.), it is difficult at this stage to propose an optimum niobia coating.
Nevertheless, from the above results, the characteristics of coatings made from hydrolysed sols
with incorporation of PEG and carbon soot sintered at around 600°C appear the most
promising because of the higher core and neck diameter of the pores which will facilitate the
dye regeneration and the better interconnection between the particles which will decrease the
electric resistance of the coating.

The influence of other parameters is described in the following section.

5.4 Non- and dye-sensitised Nb,Os electrodes

5.4.1 Photoelectrochemical properties of non-sensitised Nb,Os electrodes
IPCE

Band gap excitation of TCO/semiconducting films in aqueous electrolytes leads to the
oxidation of water by photogenerated valence band holes [235, 236]. This process can be
quantified by measuring the photocurrent action spectrum i.e. the incident photon to electron
conversion efficiency (IPCE) of such electrodes. Figure 66 shows a comparison of the IPCE
spectrum of Nb,Os layers of same thickness (ca. 13 um) prepared with and without additives
and sintered at 600°C and of a commercial TiO, electrode 6.25 pm thick. The layers were
immersed in aqueous 0.1 N KCl and 0.1 N HCl solution (pH = 1). The data were obtained in a
short circuit condition with illumination on the substrate side. They have been corrected for the
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absorption of the glass and the FTO conducting electrode. For both materials the IPCE
increases for wavelengths shorter than 400 nm but the Nb,Os spectra are slightly shifted to
lower wavelengths. Therefore, under UV light irradiation, both materials can be used as
photocatalyst for photoelectrolysis of water, photodegradation of residual organic pollution
and photosynthesis of organic compounds.

70

| ——Nb,0,
- - - Nb,0+PEG+C
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Figure 66: Photocurrent action spectrum of Nb,Os electrodes (ca. 13 um thick) prepared with

and without additivse, sintered at 600°C for 30 min and a commercial TiO, (anatase)
electrode (6.25 um thick) measured in aqueous 0.1 N KCI and 0.1 N HCI solution.
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Figure 67: Plots of [IPCE (hV)]’ (a) and [IPCE (hv)]"? (b) vs. hv calculated from the data
of figure 66.
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Neglecting the recombination of electrons and holes in the space charge layer (width W), and
assuming that the penetration depth of the light (1/a, o being the optical absorption
coefficient) is much higher than W and the hole diffusion length (L), the quantum efficiency
(IPCE) can be correlated to the photon energy by the equation [237]

IPCE (hv) = A(L +W) (hu—E g)" (64)

where hv is the photon energy (eV), A is a constant, E, is the band gap energy and m are % for

a direct electronic transition and 2 for an indirect one.

The plots of [(IPCE (hv)]"™ vs. hv are shown in figure 67 for the 3 electrodes. For both
materials a linear relationship can only be obtained for m = 2 indicating that the excitation
process is an indirect transition, in agreement with most of the results reported in the literature.
From the extrapolation of the plots, the band gap energy for niobia is about 3.05 eV and that
that of TiO, is 3.16 eV. The E, value of Nb,Os only agrees with those reported by Lenzmann
[164] for coating sintered at 600°C (3.05 eV) and Barros Filho [238] (3.14 eV). On the other
hand Arita et al. [239] found E, [13.4 eV (indirect process), Barros Filho et al. [23] found
either E, [13.4 eV or 3.1 eV (indirect process) while Lenzmann [164]] could not decide if the
transition was a direct process with E, [13.4 eV or an indirect process with E, = 3.05 eV. The
value for TiO, (anatase) agree with those of Kavan et al. [237] and Tang et al. [240] (E, =
3.2 eV) although the same value was reported to be a direct transition by Ninoura et al. [241].
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Figure 68: Photocurrent action spectrum of Nb,Os sintered at different temperatures.

Figure 68 shows the photocurrent action spectrum of Nb,Os films sintered at 500°, 550° and
600°C for 30 min. The photoelectrochemical response of the film sintered at 500°C is very
small, but increases with the sintering temperature. Although the coatings are crystalline, this
shows that the interconnection among the nanocrystallites is only obtained at high temperature
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and plays an important role on the photoelectrochemical performance. A low sintering degree
leads to the recombination of a large amount of photogenerated electrons and holes at the
grain boundaries. The analysis of the curves for 550 and 600°C (not shown) confirms that the

excitation process is indirect (m = 2) with the same band gap energy (3.05 eV).

Photocurrent-voltage characteristics
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Figure 69: Photocurrent-voltage characteristics of Nb,Os and TiO, electrodes measured in
aqueous 0.1 N KCI and 0.1 N HCI solution in the dark and under 1000 W/m’ (AM1.5 direct)
illumination. (a) Nb,Os, (b) Nb,Os+PEG+C and (c) TiO-.

The photocurrent-voltage characteristics of the Nb,Os electrodes sintered at 600°C and of the
TiO; electrode measured in the dark and under 1000 W/m®> (AM1.5 direct) illumination are
shown in figure 69. In the dark the electrodes showed a good rectifying property. A cathodic
current resulting from the accumulation of electrons in the particles flows under cathodic
polarisation and a very small anodic current flows for positive voltages. Under illumination, the
anodic photocurrent increases and then levels up. The oxide films have a characteristic of a n-
type semiconductor with particles in close contact to each other. The electrons produced by
light excitation move through the layer and the circuit and a reduction of H' into H, 2H" + 2¢”
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— Hy) occurs at the counter electrode. The photogenerated holes move to the surface of the
particles and cause the oxidation of water to O, (H,O + 2h" - 1/20, + 2H"). The onset
potential of the anodic photocurrent determined under high intensity illumination, can be taken
as the values of the flat band potential of the semiconductor in the electrolyte [236]. It is -
0.01 V vs. SCE for the Nb,Os film prepared with and without additive sol, -0.033 V vs. SCE
for the Nb,Os film prepared with additives and 0.0 V vs. SCE for TiO,. The values for niobia
agree with those reported in the literature and determined using the same methodology.
Narayanan et al. [242], using niobia pressed pellets found a value of -0.08 V vs. SCE at a pH =
1.85 and -0.6 V vs. SCE at pH = 12.18. Arita et al.[239], using an oxide film made by anodic
oxidation got a value of +0.06 V vs. SCE and Lenzmann [164] using sol-gel niobia reported a
value close to -0.03 V vs. SCE in aqueous solution of 0.1 M CF;SO;H. The value determined
for TiO, (anatase), -0.06 vs. SCE, also agrees with the those determined by Lenzmann [164]
using the same methodology, -0.04 V vs. SCE. However it strongly disagrees with those
reported by Kavan et al. [237] for a single crystal (-0.40 V vs SCE at pH = 0) and by
Rothenberger et al. for a polycrystalline material [243]. However the methodology for the

determination was different.

The current-voltage characteristic of Nb,Os electrodes prepared with and without additives
was also measured in aqueous 0.2 N LiClO; solution (pH = 6.9) (not shown). It is known that
the pH of the electrolyte shifts the flat band potential to smaller value. The observed shift was
typically about -0.024 V/pH. This value is smaller than those determined by Arita et al. [239] (-
0.06 V/pH) and Kavan et al. [244] (-0.05 V/pH). Accordingly, we proposed that

Ew (V vs. SCE) =0.01 - 0.023pH

for niobia layer (without additives )
Eg (V vs. SCE) = 0.06 - 0.025pH

for niobia layer (with additives)
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Figure 70: Transmission spectrum of the 0.2 N LiClO, aqueous solution before and after a
photocurrent action spectrum measurement with UV light.
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The transmission spectrum of the aqueous 0.2 N LiClO, electrolyte was affected during a
IPCE measurement of the Nb,Os or TiO, photoelectrodes (figure 70). The adsorption of the
solution in the UV range increases. This implies that a photocorrosion of the semiconductor
occurs under UV light illumination.

Conclusions

Non-sensitised niobia and titania (anatase) coatings exhibit photoelectrochemical properties
under irradiated by UV light irradiation, i.e. with photons having an energy higher than the
band gap. In aqueous acid electrolyte the oxidation of water to O, is observed at the electrode
and the reduction of H' to H, is seen at the counter electrode. The shape of the action
spectrum is very similar for both materials although it is slightly shifted to lower wavelengths
for Nb,Os. They follow closely the absorption spectrum. The excitation process was found to
be an indirect one with a band gap value of ca. 3.06 eV for Nb,Os and 3.16 eV for TiO,. The
pH of electrolyte shifts the flat band potential toward more negative potential. However the
value found, -0.025/pH, is smaller that those reported in the literature.

5.4.2 Photoelectrochemical properties of dye sensitised Nb,Os electrodes

This section describes the solar-to-electric energy conversion of various nanocrystalline Nb,Os
films sensitised with the Ru(Il) complex, and the influence of PEG addition, sintering
temperature, film thickness, type of solvent, type of cation in the redox system and applied
potential on their photoelectrochemical properties.

5.4.2.1 Influence of additives

Figure 71 shows the photocurrent action spectrum determined in short circuit condition and
the current-potential characteristics of Ru(II) sensitised Nb,Os electrodes sintered at 600°C
prepared with and without PEG additives measured with the electrolyte No. 3 (solution of
80 vol.-% PC and 20 vol.-% ACN with 0.5 M (Pr),NI and 0.05 M I,). Both parameters were
measured with light irradiation on the substrate side. The values obtained have not been
corrected for reflection and absorption loss in the glass/TCO coating. The true IPCE values are
obtained by multiplying the results by a factor of about 1.3.

The IPCE spectrum is now displaced in the visible region and its shape follows the absorption
spectrum of a Ru(Il) complex solution. The maximum IPCE at 545 nm is high and increases
from 48% (without PEG) to 66% (with PEG). This is due to the higher specific surface area of
the last coating (see section 5.3.2.1).

The photocurrent-potential curves reflect again a semiconducting behaviour and in the dark the
electrodes show a good rectifying property. The cathodic dark current corresponds to a
recombination current due to the reduction of triiodide (I;” + 2¢° — 3I'). That for Nb,Os
electrode prepared without additive shows a slower rise (figure 71c). Under illumination the
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anodic photocurrent is much higher than that presented above for the non-sensitised electrodes
as the number of photons adsorbed per unit time is higher. The values obtained for the Nb,Os
electrode prepared with additive is slightly enhanced. The values of the potential determined at
zero current (about -1.2'V vs. Ag/AgClO4) correspond to the value of the open circuit
potential (OCV). It is lower for the electrode made with additives (see section 5.4.3.3 for a

discussion).
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Figure 71: (a) Photocurrent action spectrum of Ru(ll) sensitised Nb,Os electrodes prepared
with PEG (16 um thick) and without PEG (14.3 um thick), sintered at 600°C for 30 min.
Electrolyte: No.3, (b) normalised spectra of IPCE and absorbance of Ru(ll) complex (c)
current-potential characteristics in the dark and under 100 W/m’ illumination.
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5.4.2.2 Influence of the sintering temperature
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Figure 72: (a) Current-potential characteristics in the dark and under 100 W/m’ illumination,
(b) photocurrent action spectrum of Ru(ll) sensitised Nb,Os electrodes(10 fim thick) prepared
with PEG + C and sintered at different temperature and (c) normalised spectra at their
maximum IPCE. Electrolyte: No.3.

The effect of the sintering temperature on the current-potential characteristics and the
photocurrent action spectrum of 10 pm thick Ru(II) sensitised Nb,Os + 20 wt.-%PEG +
carbon soot electrode is shown in figure 72. The dark current curves practically overlap each
other. However, under illumination an increase of the photocurrent is observed with the
sintering temperature (figure 72a). Figure 72b shows that the overall values of the IPCE also
increase with the sintering temperature and is maximum for an electrode sintered at 600°C.
When normalised to their maximum value, the curves are slightly red-shifted by increasing the
sintering temperature. This was also observed by Lezmann [164] and explained as a decrease
of the concentration of defects (possibly oxygen vacancies) giving rise to occupied inter-band
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gap states which can back transfer electrons to the excited state of the dye followed by their
relaxation to the ground state. At the short wavelength side the relative IPCE’s values also
slightly increase with the sintering temperature. This was also observed by Lenzmann [164]. A
lower concentration of defects may also reduce the recombination rate of the photogenerating

electrons travelling toward the conducting electrode.

5.4.2.3 Influence of the film thickness
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Figure 73:(a) Film thickness dependence of the current-potential characteristic in the dark
and under 100 W/m’ illumination and (b) photocurrent action spectrum of Ru(Il) sensitised
Nb,Os electrodes prepared with 20 wt.-%PEG + C soot and sintered at 600°C for 30 min.
Electrolyte: No.3.
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Figure 73 shows the current-potential characteristic and photocurrent action spectrum of the
Ru(II)-sensitised niobia electrodes of different film thickness.

Under illumination the photocurrent increases strongly with the film thickness (figure 73a). For
a value of 13.8 um it is as large as 2 mA/cm’ at -0.7 V vs. Ag/AgClO,, ie. 3 times the
photocurrent of a 5.2 pm film thickness. Moreover the potential at which a saturation of the
anodic photocurrent appears, the potential corresponding to the onset of the anodic current
and the potential at which the dark current reaches a zero value shifts towards more positive
potential with increasing thickness. The first observation indicates that the fill factor of the
solar cell will decrease with the electrode thickness and the last two that the open circuit
potential of the solar cell will follow a similar trend. Both effects are due to an increase of the
electron-redox recombination (path c, figure 6) with the thickness as the injected electrons
have to be transported across a larger number of nanoparticles and grain boundaries and to the
increase of the resistance loss. The overall value of the IPCE increases linearly with the film
thickness up to 16.2 pm reaching a maximum value of 64% (figure 73b). However the IPCE
for A > 600 nm is slightly improved for film thickness d > 16 um. This is attributed to the
increase of the photon’s path length which increases the probability of absorption at long
wavelength light. Thus there is an optimal thickness to obtain a maximum photocurrent, open
circuit potential and fill factor.

5.4.2.4 Influence of the type of solvent in the redox system

Figure 74 shows the current-potential characteristic in the dark and under 100 W/m’
illumination of 10 pm thick Ru(Il) sensitised Nb,Os electrodes prepared with additives and
sintered at 550°C measured in PC + ACN electrolytes containing different percentage of PC.
The cation for all electrolytes is tetrapropylammonium (the composition of the electrolytes is
given in table 3).

The electrolyte solution affects strongly the measurements. Under 100 W/m” illumination high
saturation photocurrents are obtained with the electrolyte 2 (50 vol.-% PC in ACN) and 3
(80 vol.-% PC in ACN). The current drops by a factor of 10 for pure ACN (electrolyte No. 1)
and by a factor 2.3 for pure PC (electrolyte No. 4). As it will be shown later (section 5.4.3.3)
this is in agreement with the evolution of the charge transfer resistance R, and the capacitance
of the double charge layer Cy4 . The variation of the potential for the onset of the anodic
current is also in agreement with the value of the open circuit potential (section 5.5).
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Figure 74: Current-potential characteristics of Ru(ll) sensitised Nb,Os electrodes (10Lm,
sintered at 550°C, 30 min) measured in PC + ACN electrolyte containing different
percentage of PC in the dark and under 100 W/m’ illumination.

5.4.2.5 Influence of the type of cation in the redox system

Figure 75 shows the current-potential characteristics in the dark and under 100 W/m’
illumination and the photocurrent action spectrum of the Ru(Il) sensitised Nb,Os electrodes
prepared with additives and sintered at 600°C measured in a 80 vol.-% PC in ACN electrolyte
containing Lil (electrolyte 5), tetrapropylammonium iodide (electrolyte 3) and
tetrabutylammonium iodide (electrolyte 6) as the redox system. The use of an electrolyte
containing the smallest cation, Li’, leads to the highest anodic current at saturation and the
lowest potential for the onset of the anodic current. The opposite behaviour is observed for the
electrolyte containing the largest cation, tetrabutylammonium (figure 75a). These results agree
with Liu et al. [245]. The corresponding maximum IPCE at 545 nm are 64% (Li" electrolyte
and tetrapropylammonium iodide) and 47% (tetrabutylammonium iodide), respectively
(figure 75b).
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Figure 75: (a) Current-potential characteristics in the dark and under 100 W/m’ illumination
and (b) photocurrent action spectrum of the Ru(Il) sensitised Nb,Os electrodes (prepared with

PEG + C, sintered at 600°C for 30 min, thickness of 16 m) using different cation electrolyte
solution.

5.4.2.6 Influence of the applied potential

Figure 76 shows a plot of the IPCE of a 12 pm thick sensitised Nb,Os electrode prepared with
PEG + C additives, sintered at 600°C and measured at 545 nm as a function of the applied
potential. The value is independent of the applied potential between -1.1 to -0.5V vs.
Ag/AgClO,. Similar results have been obtained with other niobia coatings. Since the light
intensity is very small, the anodic current is saturated in the whole potential range. This
suggests that the Ru(II) sensitised Nb,Os photoelectrodes possess a high efficient charge
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collection. This behaviour is different from that reported for a Ru(Il) sensitised ZnO electrode
by Redmond et al. [108] and Bedja et al. [109] for which the external potential was found to
control directly the Fermi level of the semiconductor and hence modifies the energy gap

leading to an increase in the charge collection efficiency.

50
45
X 40{ —m—Emg = [ mE B =
L
O [ |
a
35 _ A=545nm
30 T T T T

v T T T T T T T T T
-114 -10 -09 -08 -07 -06 -05 -04
Potential [V vs. Ag/AgCIO ]

Figure 76: IPCE-potential curve for a 545 nm irradiation of a 12 m thick Ru(Il) sensitised
Nb,Os photoelectrode prepared with PEG + C, sintered at 600°C for 30 min.

5.4.2.7 Comparison of Nb,Os and TiO, dye sensitised electrodes

Figure 77(a, b) shows the current-potential characteristics in the dark and under 100 W/m’
illumination and the photocurrent action spectrum of a Ru(Il) sensitised Nb,Os sintered at
600°C and a commercial TiO, electrodes measured under the same experimental conditions.
The thickness of the Nb,Os and TiO, films are 9.7 pm and 6.8 pum, respectively. As the IPCE
curves were shown to increase scale linearly with the thickness up to 16 pm (figure 73),
figure 77b shows also the calculated Nb,Os spectrum for a thickness equal to that of TiO, i.e.
6.8 pum.

Figure 77c shows the ratio (IPCE)nw0s/(IPCE)rio: calculated for the same thickness 6.8 pm.

For wavelength up to 750 nm both IPCE have the same shape but the value for Nb,Os are
about 65% of that of TiO,. The same hold for the current-potential characteristics. The
constant ratio observed below 550 nm is understandable. The IPCE is defined as equation 17.
Moser et al. [107] found for A < 550 nm that the electron injection quantum yield from the
excited states of the dye molecules into the niobia particles was only 75% of that of TiO,.
Using the values measured for LHE (0.78 for Nb,Os and 0.86 for TiO,, section 5.3.3) and
assuming that 1. is the same for both materials, we get a ratios of 0.59 in good agreement with

figure 77c. However the electron injection efficiency for Nb,Os was found to drop rapidly for
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A > 550 nm and no injection was possible for A = 650 nm, contrary to TiO, for which the yield
remains unity up to about 700 nm. Therefore the ratio curve of figure 77¢ should not remain
constant but should drastically decrease with increasing wavelength. Recently, Lenzmann [164]
using surface photovoltage spectroscopy (Kelvin Probe) found however that the onset of the
electron injection for Nb,Os sintered at 600°C was at 740 nm and only 40 nm blue-shifted (i.e.
0.09 eV) compared to TiO,. According to this results, the constant IPCE ratio would be

somewhat red-shifted but it cannot explain our result for wavelength longer than about
750 nm.
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Figure 77: (a) Current-potential characteristics in the dark and under 100 W/m’ illumination,
(b) measured photocurrent action spectrum, the curve (——) has been calculated by
multiplying the experimental curve by 0.7. (c) ratio of photocurrent action spectrum of Ru(Il)
sensitised Nb,Os (Nb,Os+PEG+C) calculated for a thickness of 6.8 um and TiO..
Electrolyte: No.3.
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Conclusions

The IPCE of Ru(Il) complex sensitised niobia coatings was effectively shifted into the visible
range and the overall shape of the spectrum is identical to that found for TiO, coatings. Nb,Os
is therefore a promising candidate for solar cell development. However the electro-optical
properties strongly depend on many parameters.

An optimum solar cell will require a high IPCE value. To achieve that, the niobia coatings are
best prepared using a sol containing additives such as PEG and carbon soot because of the
higher specific surface area of these coating. The sintering temperature of the layers should be
in the range of 550°C to 600°C and the thickness of the coatings should not exceed about
20 pm. The composition of the electrolyte is of most importance. Mixed solvents of PC in
ACN appear better than pure PC or pure ACN and a small size of the cation (e.g. Li') is also
preferable.

However such requirements will also have an influence on the open circuit potential (OCP) and
the fill factor (FF) which are factors that should be also maximised. However the addition of
PEG, the increase of the thickness, the addition of PC in ACN and the use of small cation
decrease the OCP while the sintering temperature has probably no influence. The highest
values have been obtained with on layers made from sols with additives, a sintering between
550°C and 600°C and the use of a PC electrolyte containing tetrapropylammonium iodide.
These conditions are unfortunately not those found to optimize the IPCE. The comparison of
IPCE and current-potential characteristics of Nb,Os and TiO, of same thickness measured in a
same electrolyte have also shown that the values obtained for Nb,Os are about 65% of those
obtained for TiO, and that the IPCE ratio remains practically constant up to 750 nm. This
already indicates that niobia coatings will be less efficient than the TiO, ones.

It is also necessary to recall that all the current-potential measurements under light (100 W/m®)
have been done using a tungsten-halogen lamp where light filtered by a 400 nm UV filter. The
emission spectrum of such a lamp is somewhat different from that of a solar simmulator of the
same intensity. This should effect the I vs.V values but should not effect the different

comparisons.

It is also worthwhile at this stage to mention that other parameters, as for instance the size and
the shape of the cells (as reported later) have also a drastic influence on their final properties.
Compromises should therefore be found to build the best complete cells.

5.4.3 Impedance analysis of non-sensitised and Ru(II)-sensitised electrodes

This section shows that complementary information on the photoelectrochemical and the
intrinsic properties of non- and dye-sensitised electrodes can be gained by analyzing impedance
spectroscopy data (EIS). The experimental details were given in section 4.7.6. We however
recall that the results have been obtained in the frequency range 10" Hz to 10° Hz with the
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coatings immersed in an electroactive electrolyte. Otherwise noted, it consists of 80 vol.-% PC
in ACN containing 0.5 M tetrapropylammonium iodide and 0.05M I, as redox system
(electrolyte 3). The size of the coatings was 7 cm?. The area of the light spot shined on the

coatings was 4.9 cm?.

As shown later, all the Nyquist plots consist of two slightly depressed semicircles either
completely or partially resolved. They have been described using an equivalent electrical circuit
comprising 3 circuits in series: a resistor Ry and two parallel RC circuits each containing a
constant phase element (CPE) replacing the capacitors (figure 78). The physical meaning of the
electrical elements will be discussed later.

\ |
\ |
o | RSC | Rre O
R CPE1 CPE2

electrolyte + electrode double charge layer

(TCO, niobia)

semiconductor coating

| |
| |
| Csc | Cd|
| |
| |

Figure 78: Equivalent circuit of the dye sensitised solar cells used for the analysis of
impedance spectra.

For the sake of clarity we first describe the results obtained in the dark and then those obtained

under illumination.

5.4.3.1 Impedance spectroscopy in the dark
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Figure 79: Impedance spectra of FTO, 90 nm and 16 pm thick Nb,Os electrodes in the dark.
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As only one paper has been yet reported in the literature for the EIS behavior of
semiconducting coatings immersed in an electroactive electrolyte [246], a systematic study has
been performed on the following non-sensitised systems: an FTO coating alone, a 90 nm thick
Nb,Os deposited on FTO glass, a 16 um nanocrystalline Nb,Os deposited on the previous
system. The thick niobia coatings have been obtained with a sol containing 20 wt.-% PEG and
C soot and have been sintered at 600°C.

Figure 79 shows typical experimental Nyquist plots. The upper three curves have been
measured at open circuit potential i.e. at a strictly zero dark current (i.e. V =-0.652 V for the
FTO coating, V = -0.643 V for the 90 nm thick Nb,Os-layer and V= -0.72 V for the 16 um
thick Nb,Os coating) while the other plots, which only refer to the 16 um thick nanoparticles
Nb,Os, have been obtained by applying either a lower or a higher potential. Similar behaviors
have been obtained for all the other coatings. The solid lines are fit using the model and the
agreement is excellent for all the plots.

The plots consist of two slightly depressed semicircles whose resolution depends on the
applied potential.

The size of the small semicircles at high frequency (f> 1 kHz) does not change practically with
the applied potential. They are well described by the resistance R, and the first RC circuit and
the values of the electrical elements are independent of the applied potential. For all coatings
the value of Ry is of the order of 7 + 1 Q and corresponds to the resistance of the electrolyte
and the FTO conducting coating. Rgsc is typically of the order of 77 £ 5 Q/cm? (FTO coating),
95 + 5 Q/cm? (90 nm Nb,Os) and 120 £ 5 Q/cm? (16 pm Nb,Os). Csc is typically 0.5 pF/cm?,
0.4 £ 0.03 pF/em? and 0.18 = 0.03 pF/cm? respectively. n is independent of the type of
coatings and has the value n = 0.88 + 0.02. Rsc and Cgc are characteristics of the
semiconducting materials and represent the resistance and the capacitance related to the grain
boundaries of the semiconducting coatings and/or to the interface between the coatings. The
high value of n indicates that all the coatings have a low roughness.

The size of the large semicircles at low frequency (f < 1 kHz) depends on the type of the
material and above all on the applied potential. The semicircles are only fully resolved for
applied potential V <-0.8 Vand V > -0.4 V vs. Ag/AgClO; but all the results can be very well
described by the parallel circuit comprising the resistance R,. and the CPE2 (Cy) in parallel.

The physical meaning of both electrical elements for the different coatings can be understood
by examining the evolution of their values as a function of the applied potential (figure 80),
remembering that V = -0.65 V corresponds to the equilibrium potential for which the dark

current is strictly zero (open circuit condition).

Figure 80a shows the evolution of the dark current density. For more positive potential than
the equilibrium potential, it continuously increases positively and the curves are practically
superimposed for all coatings. This dark current originates from the reaction occurring at the

negatively bias Pt electrode: I;” + 2¢” (from Pt) = 3I" (normal potential in aqueous solution = -
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0.4V vs. Ag/AgClO4). Under the applied field, the so produced I" ions diffuse through the
electrolyte toward the semiconducting electrodes where they transfer back their electronic
charge (oxidation) and regenerate the redox system according to the following steps:

I =1I,te (given to the electrode); [,+ ] = [; (in the electrolyte) (65)
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Figure 80: Dark current density, R,. and Cy of FTO, 90 nm and 16 pim thick Nb,Os electrodes
as a function of the applied potential.

Figure 80b shows the evolution of the resistance R... It is high at zero dark current, about
3.6 MQ/cm? for FTO, 2.6 MQ/cm? for the 90 nm thick niobia and 400 KQ/cm? for the 16 um
thick Nb,Os. All the values strongly decreases under more positive potential, the curves for the
different coatings being practically superimposed. It is also remarkable to observe that within
the error of the measurements, the evolution of R, is almost identical to that calculated from
the ratio dn/di where n is the difference between the applied potential and the equilibrium
potential (overpotential).

On the other hand, the double charge layer capacitance (figure 80c) remains low and constant
for all coatings with a value of about 4 pF/cm? for the FTO coating and about 6 pF/cm? for
both the niobia coatings. They are therefore independent of both the potential and the value of
the surface area (interface or particles) of the coatings indicating that the bulk of the
nanoparticles niobia films does not become electroactive.
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These results can be explained as followed (figure 81b). The resistance R,. acts as a charge
transfer resistance and is a measure of the facility of the electronic transfer between I" and the
semiconducting material (equation 65). This transfer is difficult at the equilibrium potential but
an increase of the applied field furnishes an extra energy for the electronic transfer and
consequently R,. decreases. Also, as the surface of the particles as well as of FTO are
positively charged, the cation of the electrolyte will be driven away of the semiconducting
surfaces. The I' ion will therefore easily approach the semiconducting surface so that the

electronic transfer will be greatly facilitated.
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Figure 81: Schematic description of the charge distribution in the double-layer region, (a) V
< equilibrium potential, (b) V > equilibrium potential.

It may happen strange that the double charge layer capacitance remains small for all the
coatings. This is obvious for the FTO coating, as the surface available for the electronic
transfer is that of the geometric area. For the niobia coatings, as the diffusing I ions are
originating from outside the niobia coatings, the electronic transfer will essentially occur at the
interface coating/electrolyte and the participation of the electrolyte inside the pores should be
negligible. Therefore the area available to build the double charge layer capacitance is also the
geometric area. The capacitance therefore remains small and constant whatever the value of
the field is (V > equilibrium potential), the type and the structural configuration of the niobia

coatings.

The behavior is somewhat different when more negative potentials than the equilibrium value
(about -0.65 V) are applied. Figure 80a shows that a negative dark current flows in all
coatings, the one observed for the thick nanoporous Nb,Os coating being however larger. This
current originates from the injection of electrons from the now negatively polarized conducting
electrode either directly into the electrolyte (case of the FTO coating), or from the FTO
electrode into the niobia coatings and then into the electrolyte filling the pores where the
oxidation reaction 2e” + I;” = 3I takes place. These negative ions diffuse toward the now
positive Pt electrode where they transfer back their charge (31" = 2¢” (given to Pt) +15). The
higher negative dark current observed for the thick niobia coating is an indication that the

electronic current is favored in this material.



5 Results and discussion 105

Figure 80b shows that the values of R,. determined either by EIS or by calculating the ratio
0n/0i decrease in a similar fashion by lowering the applied potential. On the other side, the
value of Cy ( figure ¢) for the FTO coating remains small (about 4 pF/cm?) in the whole
potential range, but it increases and saturates to about 22 pC/cm? for the 90 nm thick Nb,Os
coating and it increases to much higher values (without saturation) for the 16 pm thick

nanoparticles coating.

This shows that the bulk of the niobia films becomes electroactive at very low potential and
that this activity depends essentially on the value of the surface area. The interpretation of
these results is not straightforward but qualitatively follows the idea proposed by Zaban et al.
[79] and Gregg et al. [103]. For a porous coating deposited on a conducting electrode, the
applied potential drops only in the region where it is conductive. In other words when the dark
current is small (potential at or near the equilibrium value), the electrons injected into the
niobia coatings remain close to the FTO interface so that the total particle’s area available
where the reduction reaction of the redox system occurs is small. Therefore the double charge
capacitance remains small and the value of the resistance R,. which act as a measure of the
kinetic of the reaction is high. When the potential is lowered to more negative values, the dark
current increases and therefore the injected electrons are driven further by the field into the
niobia particles and the cations in the electrolyte (tetrapropylammonium) are driven into the
opposite direction (figure 81a). Therefore the value of R,. decreases and Cg increases as the
available surface of the particles increases. For the FTO coating, C4 remains of course low and
constant as the layer is not porous. For the thin 90 nm niobia coating, a simple calculation
using the value of Sger and a 50% porosity, shows that the total surface available from the
particles is about 6 cm?. This explains the small increase of Cy and its saturation (about 6 times
the value determined for FTO), observed for V < -1.4 V. At or below this value the whole
thickness of the coating is electroactive. For the 16 um thick niobia coating, Cy also increases
but to higher values, because the total available surface area of the particles, depending on the
potential applied, can be as high as 1000 cm®. This should lead to a saturation value of several
mF/cm?, but this value will only be obtained at very low potential, i.e. when the total area of
the particles will be used.

5.4.3.2 Impedance spectroscopy under illumination”

Figure 82 and 83 show typical Nyquist plots of a 10 um thick Ru(Il) dye sensitised
nanoporous electrode sintered at 600°C, measured at open circuit potential (ie. i=0at V = -
1.334 V vs. Ag/AgClO,) for different light intensity (figure 82) and measured under 100 W/m?
illumination as a function of the applied potential from -1.334 V (open circuit, zero current) to

"The measurements have been done using the fillered tungsten-halogen lamp (spot area 4.9 cm?) and the values
of some parameters will certainly be somewhat altered if similar measurements are made with a solar simulator
of some intensity.



5 Results and discussion 106

-0.638 V (short circuit) (figure 83). The lines calculated from the model and drawn through the
experimental points fit well the data.

As expected, the high frequency circle (figure 83) does not drastically change with the applied
potential and the values of the circuit elements are typically

R=12+1Q Rgc=75%5Q/cny? Csc=0.87 £0.03 pF/cm? n=0.90 + 0.02
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Figure 82: Impedance spectrum of a 10 um thick nanocrystalline dye sensitised Nb,Os-
electrode at open circuit potential (-1.334 V), under different illumination.
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Figure 83: Impedance spectra of a 10 lm thick nanocrystalline dye sensitised Nb,Os-
electrode measured under illumination of 100 W/m’ with different applied potentials: open
circuit (oc), short circuit (sc) and externally applied potential vs. Ag/AgClO,.

However, under illumination, considerable variations are observed for the low frequency
semicircle. The evolution of the current density, R, and Cg is shown in figure 84. Due to the

change of the equilibrium potential when light excites on the layer, the values are here reported
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as a function of the "overpotential" n, defined as "applied potential - open circuit potential”.
= 0 corresponds therefore to the open circuit potential, i.e. -0.638 V vs. Ag/AgClO, for the
values obtained in the dark and to -1.334V vs. Ag/AgClO, for those obtained under

illumination.
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Figure 84: Current density, R,. and Cy of 10 pm thick Nb,Os electrodes as a function of the
applied potential in the dark and under illumination. The values in parenthesis are in W/n".

The overall evolution of R, and Cg under both conditions appears analogous, just being
shifted. However the origin of these components are different as the physico-chemical situation
is different. It should be remembered that, when light irradiates the semiconducting system, the
Ru(IT) molecules (D”) adsorbed on the surface of the particles are excited and transfer quickly
one electron to the particles. This leaves behind positively charged ions (D) which will take
part to the oxidation of I" according to the overall reaction 2D"'+31" = 2D + 15~

At n = 0 no electronic current is flowing through the particles. Therefore, depending on the
rates of the different reaction (recombination and oxidative process, path ¢ and 3 respectively
in figure 6) a certain equilibrium between electrons and D" will be established at the niobia
particles and between I and I3 in the electrolyte filling the pores of the coating. Therefore
under light irradiation a double charge capacitance will be built at each particles surface and as
the total surface available is high (about 600 cm? in this case) the value of Cy is relatively high,
about 280 pF/cm? under 100 W/m? illumination (figure 85). This value increases if the light
intensity is increased to higher value than 100 W/m? (figure 84).
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light ———

Figure 85: Schematic description of the double charge layer near the dye sensitised Nb,Os
surface under illumination at 1] = 0.

On the other hand, R, is small, about 55 Q/cm? under 100 W/m? illumination and still
decreases for higher illumination intensity (figure 84).

At n = 0 this resistance can be regarded as a true charge transfer resistance giving an idea of
the facility of the exchange of charges at the particles surface. An exchange current can be
calculated as i,™ = RT/2FR,, (equation /3) and its value gives a sort of characteristic speed of
the exchange of charges. It is relatively high, i = 0.23 mA/cm?, as confirmed by the high
initial slope of the current density (figure 84).

When the potential is scanned to more positive value, a current starts to flow through the
particles and it is accompanied by an ionic current due to the regeneration of the dye at the Pt
electrode (2¢” + 137 = 3I). The current density increases initially linearly with n but tends to
saturate already for N = 0.3 V. As less charges are available at the particle's surface, Cgy
therefore decreases drastically down to a few pF/cm? as the current increases and R, starts to
increase however at a slower rate as the concentration of I' is sufficiently high to maintain a
high rate of the oxidation reaction. As the potential is scanned to higher value (n > 0.3 V), the
current saturates and R,. reaches a maximum value of about 45 kQ/cm?, much lower that that
observed in the dark. The saturation of the current is an indication of a limitation of the
diffusion of I' (produced at the Pt electrode) into the pores of niobia as reflected by the
increase of R,. A saturation of the current density to higher values will lead to a lower
resistance value. This diffusion process within the pores filled by the electrolyte is without any
doubt the limiting step to obtain a high value of the current density.

5.4.3.3 Influence of other parameters

The influence of several process parameters and of the electrolyte composition on the EIS
results of a dye sensitised nanoporous coating has been further analysed in the dark and under
100 W/m? illumination. The most significant results are reported and discussed below. For
memory purpose the values of all the electrical elements determined by fitting the Nyquist plots
with the model are given in the appendix A8 in form of tables. All the results have been
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obtained at open circuit condition, i.e. at a potential of about -0.75 V vs. Ag/AgClO, in the
dark, and at about -1.25 V vs. Ag/AgClO, under illumination.

a) Influence of the sintering temperature

The influence of the sintering temperature has been determined for a 10 um thick nanoporous
niobia coating prepared with a sol containing 20 wt.-% PEG and carbon soot.

In the dark the most significant variation was encountered for the high frequency semicircle
where the value of Rgc drops from 735 Q/cm? (500°C) to 168 Q/cm? (550°C) and to 77 Q/cm?
(600°C) and n (CPE1) increases from n = 0.56, n = 0.73 and to n = 0.91 respectively. The
decreases of Rgc is attributed to a better interconnection between the nanocrystallites with the
increase of the sintering temperature (see also next paragraph). The increase of n indicates that
the porosity and the roughness of the niobia coating and that of the interface between the
Nb,Os film and the TCO coating are both reduced with the sintering temperature in agreement
with the results obtained from BET measurements (section 5.3.2.2).

10
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Figure 86: Variation of the ratio R,""/R,""" " with the sintering temperature.

Under 100 W/m? illumination, an increase of Cq (low frequency circle) from 0.79 mF/cm?
(500°C) to 1.55 mF/cm? (600°C) is observed. The layer sintered at higher temperature presents
therefore a lower ¢ + D" back recombination process (path b, figure 6). For all sintering
temperature the value of Rsc (high frequency circle) is about 91 Q/cm?. This implies that
probably the Nb,Os-SnO,:F interface is not an ideal ohmic contact at 500°C and that it exists
an energy barrier at this interface. Under illumination the electrons injected into the Nb,Os
conduction band by the excited dye molecules accumulate in the Nb,Os layer causing a
decrease of Rgc. The ratio Rgc™*/Rsc""™™" (figure 86) is strongly reduced at higher sintering
temperature and tends to unity for Ts = 600°C. The energy barrier at the Nb,Os-TCO contact
is therefore drastically reduced.
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b) Influence of the Nb,Os film thickness
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Figure 87: Variation of the exchange current density, i”" (a), and of the double charge layer
capacitance, Cy (b), with the film thickness under 100 W/m’ illumination.

The influence of the thickness on the electric elements has been determined with coatings made
from sols containing 20 wt.-% PEG + C soot and sintered at 600°C. When measured under
100 W/m? illumination some parameters show an interesting behavior. This is the case for
instance of the exchange current i, and the double charge layer capacitance Cq (low
frequency circle) (figure 87). Although the data are somewhat scattered, we observe a definite
increase for both parameters up to a thickness of about 16 pm and then a level-up for higher
values. It should be remembered that under illumination the whole bulk of the layer is
electroactive. Therefore the amount of surface available to absorb the dye increases with the
thickness (about 62 cm?/um). The double charge capacitance should therefore increase with it.
The increase of i,” (or the decrease of the charge transfer resistance R indicates that the
initial slope of the current density increases with the thickness. This was already observed
(figure 73) and understandable since the total amount of charge injected into the particles per
unit time increases with the thickness. For porous coatings made of nanoparticles it is probably
possible to attribute a single "R." and "Cq" to each particle. As the particles are in contact,
these elements will be connected in parallel in a layer and the measured R, and Cq will
decrease and increase respectively with the thickness. The saturation of Cyq and i™ for
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thickness higher than about 16 um is now understandable. A similar behavior was already
observed with the determination of the IPCE's. The light shined on the substrate side of the
system is then absorbed by the coating. Its intensity therefore decreases exponentially with the
thickness. Therefore 16 pm appears as the optimum thickness to get a fully electroactive
coating. The dye coated niobia particles beyond 16 um are not excited by the light and
therefore do not participate to the photo- and electrochemical reactions. Therefore the values

of Cy and i,”" saturate.
¢) Influence of the solvent in the electrolyte

Different compositions of the electrolyte have been tested ranging from pure propylene
carbonate (PC) to pure acetonitrile (ACN) but keeping the same redox system,
tetrapropylamoniumiodide + I,. The layers were made with a sol containing 20 wt.-% PEG and
C soot, sintered at 600°C and were 10 um thick.

Figure 88a shows that R, measured in the dark or under illumination slightly increases with the
concentration of PC in the electrolyte. This is probably due to the increase of the viscosity
(figure 88a, right scale) with the amount of PC which lowers the diffusion of the ions

contained in the electrolyte.

However larger changes are observed in the analysis of the low frequency semicircle measured
under illumination. Both i,”" and Cy strongly increase to a maximum value (at about 70% PC)

and then slightly decrease.

The effect of solvents on dye sensitised TiO, solar cell efficiency was reported by Kebede et al.
[247] and Stanley et al. [81]. The interaction of I, I and I5 in the electrolyte with various
solvents was explained using a donor-acceptor approach. In the solar cell, I, I and 15" are in
equilibrium in the dark and in a steady state under constant light intensity.

ACN+1; = ACNI" +21" (66)

The Lewis acidity of these chemical species are ordered such

I"<I;<I,<ACNI" (67)

The I, molecules and the ACNI" solvent complex are therefore better electron acceptors than
the negatively charged I' and I3 ions and are expected to scavenge the electrons in the
conduction band. Therefore in the presence of ACN as solvent, the rate of the recombination
reaction (path c, figure 5 and 6) is increased leading to high value of R, (or low value of i,™)
and to a reduced efficiency of the solar cell. A similar behavior is observed for Nb,Os: a high
amount of ACN leads to a very low value of Cy and i,” (figure 88b, c).
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Figure 88: Variation of the resistance, R, the kinematic viscosity of the solution, the
exchange current density, i,”", and the double charge layer capacitance, Cy,, with the amount
of PC in ACN. (a) in the dark, (b) and (c) under 100 W/m’ illumination .

PC was found to successfully convert I, into I3 [247] and its basicity is stronger than the weak
base ACN so that the [-PC bonds is stronger than the [-ACN bond. A similar reaction to that
shown by the relation (66) also occurs with PC. As PC molecules intrude the ACN solvation
shell of iodine preferentially, a substitution of ACN by PC takes place in the solvation shell
when the amount of PC in ACN increases. Since the PCI" complex is sterically bulkier than the
ACNI" complex they will not easily approach the Nb,Os particle's surface to interact with the
conduction band electrons. Consequently the rate of the recombination reaction (path c,
figure 5 and 6) will be smaller and both i,”"" and C will increase. This is effectively observed up
to a value of about 70% (figure 88b, c).

The viscosity of the electrolyte also increases with the concentration of PC (figure 88a). This
certainly limits the diffusion of the redox couples through the pores of the nanoporous
electrode. We believe that this explains the slightly lower values of i,” and Cqy observed for PC

concentration > 70%.
d) Influence of the cations in the redox system

The influence of cations on the impedance spectrum is reported for Lil (No. 5),
tetrapropylammonium iodid (No. 3) and tetrabutylammonium iodide (No. 6) in the 80/20 vol.-
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% PC/ACN electrolyte. Csl and KI as source of iodide could only be partially dissolved in this
mixed solution and the results are not given. The Nb,Os layers have been prepared with 20
wt.-% PEG and C soot and sintered at 600°C. Their thickness was 16 um.

We have noted that the open circuit photovoltage (difference between the open circuit
potential measured in the dark and under light) increases from 0.468 to 0.578 V with the
increase of the cation radius (Li" < tetrapropylammonium < tetrabutylammonium). This effect
is caused by the fact that small radius cations are more readily adsorbed on the Nb,Os surface
than those having a large radius (see figure 7). A high amount of cation adsorbed on the
particles surface increases AQ(H) (equation 14) leading to a decrease of the photovoltage and
an improvement of the electron injection. In other words, the excess of positive charges in the
double charge layer is neutralized by the mobile negatively charged 15" and I'. The electron
recombination (path c, figure 5, 6) will decrease when more cations are adsorbed because the
electrical field screening of electrons due to the diffusion of more I3 or I will improve
[99, 248].

The high frequency semicircle is also influenced by the type of cations in the electrolyte. The
larger the cation radius is, the lower is its diffusion in the electrolyte and the larger the
resistance Rs is (8.3 Q for tetrapropylammonium, 14.5 Q for tetrabutylammonium). It was
expected a lower value for Li". The one found was however intermediate, 11 Q. This is

probably due to the fact that these ions can be easily solvated.
e) Influence of additives

A comparison has been done for layers sintered at 550°C obtained with sols made with or
without PEG additive. The high frequency circle is not significantly affected. However the
additive of PEG decreases the charge transfer resistance (and increases the exchange current)
by almost a factor two. This is related to the substantial increase of the specific surface area of
niobia discussed in section 5.3.2. Similarly with the addition of PEG and under illumination,
the double charge layer capacitance Cy also increases about 30 to 50% and n (CPE2)
decreases (about 15%). The observation means that a more porous and rougher microstructure

was obtained for the particles/electrolyte interface.
f) Comparison of Nb,Os and TiO, dye sensitised electrodes

A comparison between a Nb,Os layer made with the sol containing 20 wt.-% PEG and carbon
soot, sintered at 600°C and a commercial TiO, layer having the same thickness, 6.25 pm, has

been realized using identical configuration and measuring conditions.

The overall shape of the Nyquist plots measured in the dark and under illumination is the same.
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Under 100 W/m? and in open circuit condition, the main differences were found for

Nb,Os TiO,
a) R, [Q] 6.3 9.3
b) Re [Q/cn??] 63 25
i,P" [mA/cn?] 0.20 0.51

These most significant results indicate that the sensitised TiO, electrode presents a higher
initial slope of the current density and that the regeneration rate of the dye is higher than in
Nb,Os. Therefore cells made with TiO, will present a higher fill factor and quantum efficiency

and larger photocurrent and consequently a higher light-to-electricity conversion.

Nb,Os TiO,
c) Cq [mF/cm’] 0.84 0.32

This result shows that a larger amount of dye can be adsorbed on Nb,Os than on TiO,.
Conclusion

The impedance analysis of niobia coatings have been analysed using an equivalent electrical
circuit comprising three circuits in series. All the Nyquist plots consisted of two semicircles,
either partly or fully resolved, and have been well fitted with the model.

The results obtained in the dark showed an unusual behavior when the applied potential was
lower than the equilibrium potential (zero current). A drastic increase of the double charge
capacitance (interface niobia particles/electrolyte) was observed and shown as a characteristic
of the nanoparticulate nature of the coating, particularly to the Helmholtz capacity of the
Nb,Os surface. The otherwise insulating material becomes electrically conductive and
accessible to the potential variation at the back contact and the inner surface of the electrode

contributes more and more to the capacitance.

A different behavior was observed under illumination as now all the Ru(Il) coated particles
become electroactive. The influence of several process parameters (film thickness, sintering
temperature) and electrolyte composition have been determined. A comparison between Nb,Os
and TiO, dye sensitised layer has been performed. The results have basically confirmed those
obtained in the previous section. Good solar cell properties should be obtained with niobia
coatings prepared from a sol made with PEG and C soot additives, a sintering between 550°C
and 600°C and a thickness smaller than about 16 um. The best electrolytes should be those
containing between 50 to 80% PC in ACN. It is also expected a lower efficiency than the one

which could be obtained for a TiO, coating.

It is however recalled that the results have been obtained with rather large coatings (7 cm? in
the dark, 4.9 cm? light spot size). As reported later, the size and geometry of the solar cells are
also important parameters and no EIS experiments have been made to test the influence of
these parameters. An extrapolation of the results should therefore be taken with care.
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5.5 Photovoltaic cells

The results described in sections 5.4 and 5.5 show that many parameters related to the
morphology of the layers and the electrolyte composition influence drastically the photovoltaic
properties of Nb,Os coatings. Some two-electrode sandwich cells have been prepared
following the scheme described in section 4.6.4.2. They have been tested with the solar
illuminator (AM 1.5 global) with light intensity up to 1000 W/m?.

The first example show the results obtained for a 2 x 2 cm? cell tested with a light spot size of
1 cm?. The niobia coating was made with a sol containing 20 wt.-% PEG 20000 and C soot
additives which ensures the highest porosity and average pore size (section 5.3.2.1), a high
photocurrent (section 5.4.2.1) as well as a low charge transfer resistance (section 5.4.3.3). The
coating's thickness was 12.8 um and they were sintered at 600°C which ensures a good contact
between the particles, the highest IPCE (section 5.4.2.2) and a lower back recombination
process (path b, figure 6) as shown in section 5.4.3.3. Although higher IPCE's and current-
potential characteristics have been obtained with thicker layer (section 5.4.2.3), a somewhat
lower thickness was preferred to ensure a better diffusion of the regenerated redox species into
the pores of the electrode. The choice should lead however to a lower efficiency. The
electrolyte chosen was 80 vol.-% PC in ACN and tetrapropylammoniumiodide + I, as redox
species (electrolyte No. 3). It should ensure a small rate of recombination and a high exchange
current I,”" (section 5.4.3.3).

Figure 89 shows typical I - V curves obtained for different solar light illumination intensity and
figure 90 shows the variation of the light-to-electricity conversion (n, equation 21), the
photovoltage at open circuit Voc, the photocurrent at short circuit Isc and the fill factor FF
(equation 20, figure 8).

As expected, the conversion efficiency at low illumination intensity is not very high (n = 4% at
100 W/m?) and moreover it decreases continuously with increasing incident intensity. This is
due essentially to the fast saturation of the current Isc, but, overall, to the large initial decreases
of the fill factor. In a photoelectrochemical cell Isc is related to the incident light intensity Iy
by the equation 68 [249]

r.o(n.) (68)

where y is the number of photons required to generate an electron for the external circuit. The
initial slope is 0.9, close to unity, indicating that the photogeneration of the charge carriers is a
single photon process and that the red-ox regeneration is efficient. However the behavior
deviates already for Ii,. > 300 W/cm?. The decrease of the fill factor can be due to the too high
viscosity of the electrolyte (figure 88a) or to a light intensity increase of the rate of the back
reactions (figure 6). This was already reported for TiO, by Huang et al. [102] and Nazaeruddin
et al. [19]. An increase of the fill factor and open circuit voltage was observed after a
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pretreatment of the electrode with 4-tert-butylpyridine blocking the reactions of I5” with the
electrons of the conduction band.

light intensity [W/m?]
5

Photocurrent [mA/cm?]
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Voltage [V]

Figure 89: Photocurrent-voltage characteristics of 2 x 2 cm? 12.8 um thick Ru(ll)-sensitised
Nb,Os prepared with PEG and C soot, sintered at 600°C measured as a function of the
intensity of an AM 1.5 global solar light irradiation (size of light spot is 1 cm?).
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Figure 90: Photovoltaic properties vs. radiant power for the cell described in figure 88. n =
light-to-electricity efficiency, Voc = open circuit voltage, Isc = short circuit current, FF = fill
factor (spot size was 1 cm?).

There is however other important factors to be considered: the size of the spot light and the
size of the cell. The highest efficiency reported for a TiO, cell has been obtained for size of a
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few mm?. The effect of the light spot size on the 2 x 2 cm? Nb,Os cell is reported in figure 91
and 92. Drastic effects are observed when the irradiation spot diameter is smaller than 1 cm: a
linear increase of Isc is observed up to 1 sun, the fill factor being however only improved for
smaller light spot diameter (< 0.49 cm). The (smaller) decrease of FF still leads to a decrease
of n but the variation is much smaller. The chosen square shape of the cells is therefore not
adequate and e.g. a 0.5 cm (or even smaller) X 5 cm geometry with electrical contacts made on
the 5 cm side of the cell will be much better and probably solve the light intensity dependance
of FF and n.

51  a:2.5cm? Light in:i(;gnty (W/m?)

Photocurrent [mA/cmz]

00 01 02 03 04
Voltage [V]

Figure 91: Photocurrent-voltage characteristics of the cell described in figure 89 and 90
measured under three different irradiation areas, a) 2.5 cm? ([J 1.8 cm), b) 0.78 cm? ((J 1 cm)
and c) 0.19 cm? (7 0.49 cm).
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Figure 92: Photovoltaic properties of the cell described in figure 89 measured with different
irradiation areas.: (m) 2.5 cm’, (¢) 0.78 cm’ and (&) 0.19 cn’.

A further and still unexplained improvement was observed by changing the electrolyte
composition. Figure 93 shows the results of an identical 2 x 2 cm? 12.8 um thick Nb,Os
square cell using the electrolyte composition 1, 2 and 3. The light spot sizes are however not
equal but are all small (0.52, 0.63, 0.78 cm? respectively). Following this sequence, we observe
a 20% increase of Vo, a linear variation of Isc up to 1 sun irradiation with the electrolyte No.
1 and only a small tendency for saturation at high intensity for the other two electrolytes. The
decrease of the fill factor is however again the principal factor that decreases the efficiency of
the cell with the light intensity. However values as high as 7% (under 100 W/m?) have been
obtained. The geometry of the cells is once again a fundamental parameter which was not

foreseen and unfortunately not systematically studied.

Extrapolating the results shown in figure 92 and 93, an efficiency at least as high as 7% and
probably independent of the light intensity could be foreseen for square or rectangular Nb,Os-
cells with a width smaller than about 0.4 cm. No test has been however done.

It is interesting at this point to compare the properties of the Nb,Os cells with those reported in
the literature and with those developed at INM or in other laboratories with TiO, as electrode

material realized.
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Figure 93: Photovoltaic properties of a 2 x 2 cm? cell using different electrolyte (m) pure AC
(No. 1), () 50 vol.-% PC in ACN (No. 2), (a) 80 vol.-% PC in ACN (No. 3).

a) Comparison between Nb,0; cells

Table 18 shows the results of four different niobia cells tested at 1000 W/m?.

Table 18: The results of four different niobia cells tested at 1000 W/m? (best values are in

bold).
Size n Voc Isc FF Literature and comments
(cm x cm) (%) V) (mA/cm?) | (%)

0.67 x0.67 2.5 - - - from [163]; n constant vs. I,

0.7 x0.7 4 0.595 9.7 69 from [164]; thickness 15 pm linear
2.7 0.59 4.1 71 |response of Isc vs. Lin

1 x1 2 0.63 5.0 66 | from [166]; thickness 6 to 8§ um

2%x2 4 0.67 12.4 48 |this work, thickness 12.8 pm

7 (0.1 sun) electrolyte (pure ACN), spot O 8
mm linear response of Isc with Iy

1.9 0.57 54 60 |this work, thickness 12.8 pm

electrolyte (80% PC in ACN),
spot O 4.9 mm linear response of
ISC Wlth Iinc

The analysis of the table's data shows that under 0.1 sun intensity, the best results are obtained

for one of our cell (n = 7%). Under 1 sun intensity the efficiency of cells made by Lenzman

[164] and us is identical (n = 4%). Our low value is essentially due to the low value of the fill

factor 48%, compared to 69% [164] but this is compensated by a higher value of Isc (12.4 vs.
9.7 mA/cm?) and Voc (0.67 vs. 0.595 V).
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b) Comparison with TiO:; cells

Figure 94 shows the results obtained for a 6.25 um thick, 2 x 2 cm? cell prepared by us with a
commercial TiO, (INAP) coating and built with the electrolyte No. 1 (pure ACN).
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Figure 94: Photovoltaic properties of a 6.25 um thick, 2 x 2 cm? dye sensitised TiO, cell.
Electrolyte is No. 1 (pure ACN). Light spot 1 x 1 cm’.
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Figure 95: Dependence of the photovoltaic property on radiant power for the Ru(ll)-
sensitised TiO; solar cell using electrolyte solution Redox No. 1.
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The overall behavior of n, Voc, Isc and FF (figure 95) is quite similar to that obtained for
Nb,Os cells of a similar size irradiated with a large spot (figure 90). Isc increases initially
linearly as I,.' with y= 0.6, but saturates to value of 4.6 mA/cm? under 1000 W/m?, Voc also
increases and saturates at high intensity to 0.6 V, the fill factor is somewhat higher but also
strongly decreases down to 55% and is the fundamental parameter which influences the
decrease of the efficiency from 4.2 down to 1.6%. We therefore also conclude that the
geometry of the cell and the size of the light spot are among the most important parameters to
be optimised.

EPFL holds the record for the highest TiO, dye cell efficiency, n = 10.4% confirmed at NREL
under AM 1.5 sunlight [250]. This cell had a size of 0.186 cm? and made with 10 pm thick
TiO, sensitised with a Ru(Il) complex dye with increased spectral sensitivity to about 920 nm
(so-called black dye).

Solaronix [251] reported an efficiency of 10% for a 0.257 cm? (0.5 x 0.5 cm?) using a bis-
tetrabutylammonium salt of cis-Rul, (NCS) and ACN as electrolyte and tested under AM 1.5
condition (Voc = 0.823 V, Isc = 16.9 mA/cm?, FF = 72.5%).

Solaronix also reported typical efficiency of 6% at 1000 W/m? intensity with 8 x 50 mm
(4 cm?) cells (5 individual cells per plate). The efficiency increased to 8.18% with 2.36 cm? cell
(undisclosed geometry) using the so-called W-configuration, a module of 17 cells with size 0.5
x 8 cm? (4.05 cm?) showed an efficiency of 4.92% under 1 sun, while larger modules with 1.1
cm wide cells exhibited still a lower efficiency of 2% under 1 sun irradiation [195].

INAP [87] has claimed an reproducible efficiency at one sun of 8%, with cells of 1 cm? and
7.6% with cells of 3 cm?.

These results confirm that the geometric configuration and the size of the cells are of prime

importance.
Conclusion

The properties of several cells have been reported but no systematic studies to optimise them
have been realized. A 2 x 2 cm? cell made with the proposed best "sol, coating process and
electrolyte" resulted in an efficiency of n = 4% at low level illumination (0.1 sun). The value
continuously decreases down to 1.9% at 1 sun as both the short circuit current and the fill
factor determined from the I vs. V characteristics drastically degrade with the light intensity. A
great improvement has been achieved when the size of the light spot was reduced and an
almost constant efficiency was obtained. By using a pure ACN electrolyte, the efficiency was
increased to 7% (low light level). This was unexpected as both the I-V characteristics

(section 5.4.2.4) and EIS results (section 5.4.3.3) obtained with this electrolyte were the worse
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ones. This behavior is still unexplained but may be due to the fact that these results have been

obtained with very large coatings (7 cm?).

5.6 Nb,Os5 thick films as lithium storage electrode in
batteries

Nb,Os shows reversible electrochemical behaviour as positive (Li storage) electrodes and may
be used to build secondary lithium cells [110, 111]. During the Li' charge-discharge process
the following reduction and oxidation reactions occurs [110]

Nb205+xLi++xe_ R LiXNb205 (69)

In this section the relationship between the charge-discharge characteristics and structural
changes of thick nanocrystalline porous Nb,Os electrodes is studied.

5.6.1 Influence of sintering temperature on the charge and discharge
properties

The anodic and cathodic charge densities were calculated by integrating the cyclic
voltammograms performed between -2.2 and 0.5 V vs. Ag/AgClO, at a rate of 50 mV/s up to
15 charge-discharge cycles. The thick coatings were made from the niobia + PEG + C sol
deposited on a 8 Q_ FTO coating and sintered at 500, 550 and 600°C for 30 min. Their
thickness was about 22 pum and the size of the sample was 7 cm’. The electrolyte was PC with
IM LiClOs.

600°C sintering

Figure 96 shows that the cathodic current increases without observing a peak up to the
inversion potential, -2.2 V. In the positive voltage sweep an anodic current peak appears at -
0.56 V. The shape is similar to what has been observed with electrochromic thin films [114].
The cathodic and anodic charge exchanged were -38.2 and 45.4 mC/cm’ before the first
charge-discharge cycle, and -29.6 and 64.9 mC/cm” after 15 cycles, respectively. As the anodic
charge is higher than the cathodic one, some other side reactions occur within the
electrochemical cell (see below).
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Figure 96: Voltammograms of a 22.3 um thick Nb,Os+PEG film deposited on FTO coated
glass, sintered at 600°C for 30 min. Electrolyte 1 M LiClO,PC, sweep rate 50 mV/s. Size:
7 cm’.

500°C sintering

Figure 97 shows the voltammograms. No peaks are observed either in the cathodic or the
anodic processes. The cathodic and anodic charge exchanged are higher than those obtained
for a coating sintered at 600°C, -168.3 and 145.5 mC/cm’ in the first cycle, but decrease
drastically to -47.7 and 59.6 mC/cm’ respectively after 15 cycles.

thickness: 21.6um
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Figure 97: Voltammograms of a 21.6 um thick Nb,O:s film deposited on FTO coated glass by
using Nb,Os+PEG sol, sintered at 500°C for 30 min. Electrolyte 1 M LiClO,PC, sweep rate
50 mV/s. Size: 7 cm’.

Figure 98 shows the potential of batteries made with niobia coatings sintered at 500, 550 and
600°C versus their capacity or the molar amount of Li' in the coating. For all coatings a high
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discharge capacity of 160 [J 180 mAh/(g-oxide) is observed during the first charge-discharge
cycle corresponding to x = 1.6 [11.8 in Li\Nb,Os. The potential variation is in the range 3.2 -
2.4V for coating sintered at 500°C, 3.2 -2.0 V for that sintered at 550°C and 2.6 - 1.4 V for
that sintered at 600°C. The discharge capacities for samples sintered at 500, 550 and 600°C
decrease however rapidly down to about 25, 25 and 95 mAh/g-oxide, respectively, after 15
cycles. These results are very similar to those obtained with pressed Nb,Os pellet electrodes
made of a mixture of sintered polycrystalline niobium oxide powder and graphite [111].
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Figure 98: Charge-discharge curves of about 22 lm thick Nb,Os coatings prepared with
additive and sintered at (a, b) 500°C, (c, d) 550°C and (e, f) 600°C. Current density:
0.2 mA/cm’. Cut-off potential: 1.415V on discharge, 5.415 V on charge. The capacity was
calculated by using the measured values of density: Psppc = 2.87 g/lem’, Pssoc = 2.47 glem’
and Psgpoc = 2.34 g/cm3.

The figure also shows that after each charge-discharge cycle a high amount of Li" ions remain
in the coating, the amount being higher during the first few cycles. The initially pure Nb,Os is
rapidly transformed into a Li,Nb,Os material with x > 0.5 presenting other thermodynamical
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properties. The cycling behaviour of the Nb,Os coating sintered at 600°C is better than those
sintered at lower temperature. This may be correlated with the crystal structure of the oxide
and the interconnection between the particles. Nevertheless a considerable amount of Li
remains in the electrode after the 4" recharging which probably results in the remarkable
decrease of the charge capacity on cycling.

When the charge-discharge cycles of the electrodes were carried out up to a constant capacity
of 20 mAh/(g-oxide), corresponding to x = 0.2 in Li\Nb,Os, the batteries could be cycled more
than 1000 times in the discharge potential range 2.2 to 1.5 V and the charge potential range
1.5 to 3.0 V . This result is also similar to that obtained by Kumagai et. al.[111].

It should be noted that the measurement configuration using a Pt foil electrode as counter
electrode (section 4.6.4.1) is not suitable for the charge-discharge measurements and that a
lithium counter electrode could have been better. With our configuration several reactions
involving the decomposition of propylene carbonate happen during the cycling at the Pt
electrode (and probably also at the working electrode). The main cathodic reaction occurring
during the Li" extraction from Nb,Os coating is catalysed by the presence of trace of water in
the electrolyte (about 0.1 wt.-%) and described by [244]:

CH, — CH

[\

2-
o\ /o + 20 —=—> CO3 + CHy=CH —CHjzt (propene)
C

© (70)
The main anodic reactions occurring at the Pt electrode during the Li' intercalation into Nb,Os
coating are described in the references [252-255]:

/CH3 /CH3
CH, — CH CH, — C-
T Y e
N~ N~
lL lL
(71)
/CH3
CH, — C- (bubble)
[\ !
-0, . +Ht +e" . -
o\ /O —> CH3— ?I: —CHy — CH3— c": — CHg * black polymeric deposits
|| 7 °
o) (acetone)

(72)
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Initially a radical intermediate forms at the Pt electrode which subsequently decomposes by
opening the dioxolane ring and by decarboxylation. Finally acetone and more complex
polymeric products are formed. The occurrence of these reactions was verified by the presence
of bubbles during the charge-discharge cycles, by the formation of a black deposit on the Pt
electrode and the change of colour of the electrolyte initially colourless and which became
yellow after 15 cycles. Figure 99 shows the UV-VIS spectrum of the initial electrolyte. A
broad band is observed around 270 nm after 15 cycles indicating the presence of acetone as
shown by the spectrum of the initial electrolyte to which 0.5 vol.-% of acetone has been added.
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Figure 99: UV-VIS spectra of 1 M LiCIO,PC electrolyte solution (a) before the charge-
discharge cycle, (b) after 15" the charge-discharge cycles and (c) 0.5 vol.-% acetone in the
electrolyte solution (a).

5.6.2 Influence of film thickness

The charge-discharge curves for Nb,Os + PEG films sintered at 600°C of several thicknesses
are shown in figure 100. As seen above, the discharge capacity decreases with the cycle
number for all layers. After 15 cycles, the values are 18, 93 and 111 mAh/(g-oxide) for 10.5,
18.2 and 24.4 pm thick films, respectively.

Conclusions

Thick sol-gel coatings can be used to realise secondary lithium batteries. The potential range
during the discharge can be adjusted from 3.2 - 2.4 V (coating sintered at 500°C) to 2.6 -1.4 V
(coating at 600°C) with capacity up to 250 mAh/g-oxide. However the capacity strongly
decreases by repeating the charge-discharge process because of the large amount of Li" ions
which remains irreversibly into the layer. Nevertheless up to 1000 charge-discharge cycles
could be realized when the capacity is limited to 20 mAh/g-oxide. The results are similar to

those obtained with 400 um thick and 13 mm diameter pellets obtained by 49 Mpa
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compression molding on a Ni net of a mixture of Nb,Os powder sintered at 600°C and graphite
[111]. The advantage of the sol-gel process lies therefore in the possibility to obtained large

size flat thin batteries.
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Figure 100: Charge-discharge curves of Nb,Os films with different thickness sintered at
600°C for 30 min. (a, b) 10.5 um, (c, d) 18.2 um and (e, f) 24.4 um. Current density:
0.2 mA/cm’. Cut-off potential: 1.415 V on discharge, 5.415 V on charge.

5.7 Electrochromic properties of thin Nb,Os electrodes

The electrochromic properties of sol-gel Nb,Os coatings obtained with sols prepared with
Nb,Os dissolved in ethanol without addition of water and other additive have been recently and
extensively studied at INM [114]. As our sols have a different composition and allow to
prepared more porous coating it is worthwhile to present some specific data about the optical

and electrochromic properties obtained with thinner coatings (< 200 nm).
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5.7.1 Optical properties

Figure 101 shows the transmittance and the reflectance spectra of single layer Nb,Os films
prepared by using different sols deposited on FTO glass and then sintered at 520°C for 30 min.
The thickness of each coating is of the order of 80 nm. Compared with the FTO coating, the
transmission in the visible region slightly decreases by ca. 10%, the reflection in the visible and
near IR region increases and the IR reflection above 1760 nm decreases drastically. These

results as well as the oscillation observed as a function of the wavelength are due to
interference effects.
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Figure 101: Transmittance and reflectance spectra of thin Nb,Os films prepared by using
different sols and deposited on FTO sintered at 520°C for 30 min.

Table 19 gives the refractive index values of the different Nb,Os films (deposited on
borosilicate glass) and sintered at 520°C for 30 min. The values are about 2.18 at 550 nm and
are independent of the additives used in the preparation of the sols. The values are relatively
high for sol-gel layers and lie in the range of values reported for films obtained by evaporation,
sputtering, anodisation and CVD [125], i.e. 2.1 to 2.3. This indicates that the porosity of thin
niobia coatings is certainly smaller than that of thick coatings.

Table 19: Refractive index of Nb,Os films deposited on borosilicate glass and sintered at
520°C for 30 min, A = 550 nm.

Sample szOs Nb205+PEG Nb205+PEG+C

Refractive index 2.16 2.18 2.17

The refractive index increases slightly with increasing sintering temperatures, indicating a
decrease of the porosity with the sintering temperature (table 20).
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Table 20: Refractive index of Nb,Os films prepared by using the Nb,Os+PEG sol and sintered
at different temperatures.

Sintering femperature | 44 450 500 550 600 650
[°C]
Refractive index 2.15 2.14 2.16 2.20 2.19 2.24

5.7.2 Electrochromic properties

Cyclic voltammetry was performed at room temperature on a 1 and a 2 layers Nb,Os
/FTO/glass electrodes in a 1 M LiClO, dissolved in propylene carbonate (PC) electrolyte.
Figure 102 shows the cyclic voltammograms of a 81 nm thick single Nb,Os film measured up
to 50 cycles. The results are similar to those reported for dip-coated [17, 26] and spin-coated
sol-gel pure Nb,Os [160]. The cathodic current related to Li" and e insertion into the film
increases continuously up to the inversion potential (-2.2 V). In the positive voltage sweep the
anodic current peak attributed to Li" ions extraction appears at -1.5 V. The reduction and
oxidation reactions with lithiation (coloration) and delithiation (bleaching) can be represented

by equation 69.

During Li" ions incorporation into the oxide, Nb’" is reduced to Nb™ by accepting an electron
and the film colours [158]. It bleaches and becomes transparent again during the delithiation.
The cathodic and anodic charge densities were -3.3 and 3.5 mC/cm’” for the first cycle and
increased to -4.8 and 5.1 mC/cm’ respectively after 50 cycles. This shows that the
electrochemical Li" insertion/extraction was practically reversible with these thin films.
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Figure 102: Typical voltammograms of a 81 nm thick Nb,Os film deposited by using the
Nb,Os+PEG sol on FTO coated glass, sintered at 500°C for 30 min. Electrolyte 1 M LiClO,-
PC, sweep rate 50 mV/s.
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Figure 103: Transmittance spectra of a 2 layer (178 nm) Nb,Os + PEG film on FTO-coated

glass electrodes: oxidised (bleached) at 1.0V and reduced (coloured) at -2.2V (vs.
Ag/AgClO,).

Figure 104: TEM microgragh of three layer niobia coating prepared with additive and
sintered at 500°C.

Figure 103 shows the UV-VIS-NIR transmittance spectra of a 178 nm 2 layer thick
Nb,Os+PEG/FTO glass electrode in the coloured and bleached states. An almost flat decrease
in transmittance in the coloured state occurs under applied potential -2.2 V. The colour of the
coating was brown-grey while that obtained by Schmitt [114] for a coating sintered at the same
temperature was blue. According to the former study such a colour has been observed in pure
and doped Nb,Os coatings containing very small particles (< 10 nm). This results is confirmed
here (figure 104). The microstructure of thin and thick coatings sintered at the same

temperature is therefore quite different. Thin coatings (< 200 nm) contain very small crystallite
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particles while thick coatings (> 10 um) contain much larger particles (about 40 nm). The
coloration efficiency and the Li" diffusion coefficient of coloration cycle are 15 cm’/C and
3.9x10"% cm?/s, respectively. As expected from the low porosity of our thin coatings the
coloration efficiency is smaller than that found by Schmitt [114], about 20 cm’/C.

Figure 105 shows the optical and electrical time response kinetics of Nb,Os film during a
coloration and bleaching cycle observed during a 120 s potentiostatic step from 1.0 to -2.2 V
and -2.2 to 1.0 V vs. Ag/AgClO,.
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Figure 105: Variation of the transmittance at 550 nm (a), of the current density and the

charge density as a function of time (b) for a 81 nm thick Nb,Os film during a potentiostatic
step from 1.0 to -2.2 Vand -2.2 to 1.0 V vs. Ag/AgCIO.,.

Table 21 gives the variation of the coloration efficiency and the Li" diffusion coefficient for the
coloration cycle with the number of cycles. The i-t curves during the coloration follow well a t
%3 dependence, indicating of a Li" ions diffusion process across the electrochromic film. The
Li" injection at the film/electrolyte interface is the rate-determining step [256].

Table 21: The variation of the coloration efficiencies and the Li" diffusion coefficients for the
coloration cycle calculated from figure 105b.

Number of cycles 0 25 50
N [em’/C] 18 17 16
D, [* 10" cm?/s] 2.4 3.9 4.8

Figure 106 shows the log-log plots of the current density vs. time during the bleaching process.
The slope of the plot for the 1st cycle is -0.78, i.e. close to -3/4. A simple diffusion model leads

to a t*’ law. A t°7° behaviour is representative of a process involving an enhanced migration
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of the Li" ions through the field developed across the electrochromic films [257]. Therefore,
for our electrodes, the Li" migration process is dominant in the bleaching process. After 50
cycles the bleaching shows two stages and the slope after 32 s deviates from the -3/4 value and
is -2.5. This implies that the bleaching process is more complex than a single migration

process.
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Figure 106: Log-log plots of the bleaching current density vs. time calculated from
figure 105b.

The use of sols containing PEG addition has not improved the electrochromic properties of
thin optical coatings reported Schmitt [114]. The colouring efficiency of the coating was found
even slightly smaller so that further development was not pursued.
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6 Summary and perspective

Viscous colloidal Nb,Os solutions suitable for depositing thin and thick niobia films have been
synthesised using a cheap NbCls as precursor by sol-gel process. A partial hydrolysis of
niobium chloroethoxo-acetate obtained by adding a reasonable amount of water leads to a
highly viscous and stable solution containing fine colloidal particles. The chemistry of the
synthesis process was discussed. A heat treatment of the sols at 96°C (reflux) improves the
stability of the sols. PEG as binder provides physically a strong adhesion and mechanical
strength of film during drying and sintering processes. On the other hand, its oxygen atoms
take place complex reaction with the colloids to release the chloride ions.

Thick Nb,Os coatings have been prepared by sol-gel processes. The morphology and the
structure of the coatings were altered by adding polyethylene glycol (PEG) and carbon soot
(C) into the sol. All materials start to crystallise at 400°C and the structure consists of single
hexagonal phase while the structure of the coating prepared with pure Nb,Os sol consists of
hexagonal niobia and Nb;O,Cl orthorhombic phases. After sintered at 600°C there is still a
very small amount of Nb;O,Cl orthorhombic phases in the coating while only Nb,Os
orthorhombic phase exists in the coatings prepared with additives. The effect of separation and
dispersion of the PEG and the final burn-out of the organic products results in a substantial
increase of the surface area and roughness factor which control the amount of dye that
adsorbed in the coating. This quantity is directly linked to the enhancement of the light
harvesting efficiency (LHE). The specific surface area gradually decreased with the increase of
the sintering temperature. The sintering of the coatings alters the pore size distribution,
improves the interconnection among the nanocrystallites and the pore shape (from an ink-
bottle with narrow necks to a more cylindrical shape) and coarsen the pores. The high specific
area, the suitable grain size, a good porosity and the desirable phase composition of the
nanocrystalline Nb,Os synthesised with PEG and C in the present work are the properties
responsible for the good behaviour of this material used as electrodes in dye-sensitised solar
cells. Thermal analysis, infrared spectroscopy, X-ray diffraction and BET surface area analysis
have been carried out. The changes of the composition and the microstructure of the
compounds have been related to the additives and the heat treatment after preparation. TEM
and SEM have confirmed the results. The Nb,Os samples were compared with commercial
TiO, (P25) supplied by Degussa.

Non-sensitised Nb,Os electrodes exhibit photoelectrochemical properties under UV light
irradiation. The band gap of the material was found E, = 3.06 eV. It was also confirmed that
Nb,Os films show a smaller photocataytic effect in the photoelectrolysis of water than TiO,

coatings.
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The photoelectrochemical properties of various Ru(Il)-complex sensitised Nb,Os electrodes
have been investigated using linear sweep voltammograms and by measuring the photocurrent
action spectrum. The additives, the sintering temperature, the film thickness and the type of
redox system influence remarkably the photoelectrochemical behaviour of the electrodes. High
incident monochromatic photo-to-current conversion efficiency (IPCE) up to 64% at 545 nm
have been obtained.

Electrochemical impedance spectroscopy has been also applied to investigate the behaviour of
dye sensitised niobia coatings. The Nyquist plots exhibited two semicircles. All the results
could be fitted using an equivalent circuit consisting a resistor R in series with two circuits
containing a resistor and a CPE element in parallel. The values obtained for the electric
elements from the simulation were found to depend on the electrode’s material, the additives
brought into the sol, the sintering temperature of the film, the film thickness and the
composition of the electrolyte. The total resistance of the electrolyte and electrode (Nb,Os +
TCO) was described by the frequency independent resistor. The first parallel RC circuit at high
frequency range was linked to the frequency response of the microstructure of the
semiconductor film, the contact property between the film and substrate and the
interconnection between the nanocrystallites. The second parallel RC circuit at the low
frequency (f < 1kHz) represents the photoelectrochemical property of the dye sensitised
electrode, in which R, stands for a kinetic factor and Cy is a thermodynamic factor.

The photovoltaic performance of solar cells depends strongly on the solvent in the redox
system, the geometry of the electrodes and the light intensity. A solar-to-electric efficiency as
high as 7% was obtained under 100 W/m’ illumination but the value continuously decreased
for higher intensity. These results are nevertheless better than those reported in the literature.
The gradual loss of the conversion efficiency under one sun illumination was interpreted as due
to a higher series resistance of the cell and an increase of the rate of the reverse reactions. The
efficiency of niobia cells is however lower than those made with TiO,.

Thick nanocrystalline niobia films have been also studied as Li ion storage electrode for
battery. Although they possess a high discharge capacity, the reversibility of the Nb,Os
electrode is poor, and only a small amount of the initial discharge capacity could be recovered
through a recharging process. It was shown however that the discharge capacity could be
controlled by setting a cut-off potential for the discharge. At a lower capacity the Nb,Os films
show however a good reversibility up to 1000 cycles.

Thin transparent Nb,Os films have also been prepared by a spinning technique using a Nb,Os +
PEG20000 sol and their electrochromic properties have been determined. The lithiation and
delithiation process in 1 M LiClO4-PC solution resulted in reasonable changes of the optical
transmittance (ATssonm = 41%). The study of the kinetics of the coloration and bleaching
processes showed that the Li" injection at the film/electrolyte interface is the rate-determining
step during the coloration, while the Li" migratory or a more complex process is responsible
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for the bleaching. However no better results as those already published in the literature have
been obtained.

Nb,Os is presently the second best material to build Graetzel's type solar cells. Extrapolating
the results reported in this work, a constant efficiency of about 7% up to one sun irradiation
could be expected if a more adequate cell's geometry is used, e.g. a 0.5 x 0.5 cm? and a well
chosen electrolyte.

Improvement can also be expected if larger pore size can be obtained and by using better dyes,
such as the so-called black dye. However even if comparable efficiency is obtained, TiO, still
remains the best material for such application due to its low price.

However, the price of the nano-TiO, is only 7% [195] of the total cost of the materials. As
TiO, cells should be protected against UV irradiation (special glass or filter) and as Nb,Os
present a lower photocatalytic behavior (section 5.4.1), it is believed that niobia can still be

considered as a promising system for large size individual cells or modules.
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7 Appendix

A1l List of chemicals and substrates

Table 22: Name, formula, molecular weight (M. W.), purity, and supplier of the chemicals

used.

Name Formula ?g/nlzl] Purity Supplier
Acetic acid CH;COOH 60.05 >99% Fluka
Acetone CH;COCH; 58.08 >99.0% Fluka
Acetonitrile CH;CN 41.05 299.5%(GC) Kluka
Anhydrous lithium 5 133.84 >98%(AT)  Fluka
iodide

Anhydrous lithium LiCIO, 106.39 99% Chempur
perchlorate

2,2 -Bipyridine-4,4'- COOH(CsH;N- 2442 Alf
dicarboxylic acid CsH;N)COOH ' e
Carbon soot C 12.01 Aldrich
Cesium iodide Csl 259.81 >99.5% Ef:nel_de
De-ionised water H,O 18.02 INM
Diethylether C,HsOC,Hs 74.12 Fluka
(DMF) N,N- HCON(CH 1 >99.99 Fluk
Dimethylformamid CON(CH,) 73 299.9%(GC) Fluka
Ethanol C,HsOH 46.07 >99.8% Merck
Iodine I 253.81 >99.8%(RT) Fluka
Niobium(V) chloride NbCls 270.18 99+% Chempur
P25 Ti0O, 79.9 Degussa
Perchlore acid HCIO, 100.46 =60(T) Fluka
Polyethylene glycol HO(C,H,0OC,H,),OH 570-630 Fluka
Polyethylene glycol HO(C,H,0OC,H,),OH 16000-24000 Fluka
Potassium iodide KI 166.01 >99% Fluka
Propylene carbonate C4HOs 102.09 299(GC) Fluka
Ruthenium(IIl) chloride .,y 11,0 207.43taq 4119 Ru-% Heraeus
hydrate

Sodium hydroxide NaOH 40 =98%(T) Fluka
Sodium thiocyanate NaSCN 81.07 >98%(AT) Fluka
Sulphuric acid H,SO, 98.08 95-97% Fluka
Iﬁf j:‘“ylammomum (CH:CH,CH,CH,),N(I) ~ 369.38 >08%(AT)  Fluka
Tetrapropylammonium . oy o) N(D) 313.27 >08%(AT)  Fluka

iodide
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Table 23: Purposes of the used substrates

Size  Thickness
Substrate Purpose
[mm] [mm]
dye-sensitised, photoelectrochemical, Li ion storage
FTO (TEC-8)/glass 40 x 50 3 and electrochromic electrodes, dye absorption and
desorption, SEM and TEM
ITO/glass 40 x 50 1 dye-sensitised and electrochromic electrodes
Borosilicate glass 40 x 40 2 XRD, TEM and SEM
AF45" 40 x 40 0.4 Nitrogen adsorption, dye absorption and desorption

A2 List of equipment

Table 24: Equipment used in the research

Apparatus/measurement Model Producer
Centrifuge Hermel Z 323 Jochen Thieme
Coating-XRD x Pert MAD Philips

Digital Camera C-2000 Z Olympus
Drying furnace UT 6060 Heraeus
DTA-TG QMS 420 Netzsch
FTIR-spectroscopy IFS 66V Bruker

Glove box 2201-C Mecaplex

Heat treatment furnace K 750/1 Heraeus

High temperature oven L3/R Nabertherm
HRTEM CM 200 FEG Philips
Impedance analyzer IM6d Zahner Elektrik
Light source SVX 1530 Miiller Elektrik Optik
Light source 100 W tungsten-halogen lamp  Oriel

Monochromator Spex 270M

Jobin Yvon-Spex

N, adsorption-desorption ~ ASAP 2400

Micromeritics Instrument Corp.

PCS ALV/DLS-5000 ALV-Laser Vertriebgesellschaft
m.b.H.

Potentiostat LB 94 Bank

Potentiostat/Galvanostat ~ 273A EG&G PAR

Powder-XRD D 500 Siemens

Profilometer P-10 Surface Profiler Tencor

Refrigerator Liebherr

Rinsing machine Professional IR 6001 Miele

Rotary evaporator WB2000 Heidolpy

Scanning white light New view 100 system Zygo
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interferometer

SEM JSM 6400F JEOL

Solar simulator SP81160-1452 Oriel
Spectrophotometer Cary 5E Varian

Spin coater 1001, CPS II controller Convac

Sputter system TPG 300 Balzers
Termopile detector 2A-SH, NOVA-display Ophir Optronics
Ubbelohde viscometer AVS 410 Schott
Ultrasound XL2020 Misonix
Vacuum drying furnace VTR5036 Heraeus

A3 Synthesis of the dye ruthenium cis-di(thiocyanato)-N,N -bis(2,2"-
bipyridyl-4,4’-dicarboxylic acid) complex

cis-Rul,Cl,-2H,0O (L = 2,2"-bipyridyl-4,4’-dicarboxylate) was obtained by refluxing under
nitrogen atmosphere 0.515 g (2 mmol) of RuCl;-xH,O and 1.026 g (4.2 mmol) of 2,2°-
bipyridine-4,4’-dicarboxylic acid (L) in 200 ml of N,N-dimethylformamid (DMF) for 8 h. After
cooling, the traces of RuL; were filtered. Most of the DMF solvent was evaporated under 20-
25 mbar at 70°C, and cis-RuL,Cl, was precipitated with acetone. The crystals were filtered off
, washed two times with acetone and dried in vacuum at 40°C for 4h. 0.921 g of
RuL,Cl,-2H,0 was obtained. The structure is given in figure 107.

cis-di(thiocyanato)-N,N"-bis(2,2 -bipyridyl-4,4 -dicarboxylic  acid)-ruthenium(Il) dihydrate,
RuL,(NCS),-2H,O was synthesised as follows. 0.0.921 g (1.3 mmol) RulL,CL:2H,O was
dissolved in 90 ml DMF. To this solution was added 60 ml of 0.1 M aqueous NaOH in order
to deprotonate the carboxy groups. 1.061 g (13.1 mmol) of sodium thiocyanate was dissolved
in 5 ml of H,O and subsequently added to the above solution. The reaction mixture was then
heated to reflux for 6 h under nitrogen atmosphere, under magnetic stirring was maintained.
After this time, the reaction mixture was allowed to cool, and the solvent was removed in a
rotary evaporator under 20-25 mbar at 60-70°C. The resulting solid was dissolved in 50 ml of
H,O and filtered through a 1.2 pm polymer filter. The pH of this filtrate was lowered to 2 by
adding dilute HCIO,, and the filtrate was placed in a refrigerator overnight. After reaching
room temperature, the crystalline solid was separated from solvent by a centrifuge (model
Hermle Z323) at 5000 rpm for 4 min. The solid was washed well with pH 2.9 HCIO, aqueous
solution two times and with 20 ml of acetone-ether solution (1:10) and then dried in vacuum at
50°C for 6 h. 0.8 g of RuL,(NCS),-2H,0 was obtained. The structure is given in figure 107.
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HOO

NCS NCS

RUL2C|2 RULz(NCS)Z
Figure 107: Structure of RuL,Cl; and RuL,(NCS)..
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Figure 109: DTA/TG/DTG of Nb,Os xerogels prepared by hydrolysis and without and with

additives.
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Figure 110: Mass spectroscopy of the Nb,Os xerogel (H,O:Nb = 30.6, 20 wt.-% PEG20000)
analysed during the DTA/TG run of figure 42.
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AS Further infrared spectroscopy spectrum

4.0 —_t
H,0:Nb = 30.6 + PEG600

3.5 -
600°C i

3.0 1 -

{ 350°C -
2.5 -

E)
S,
5
% 2.0 250°c B
R
= i L
e 4 L
& 1.5
= 1 150°C
1.0 -
0.5 4 -
0.0 T T T T T T
4000 3000 2000 1000

Wavenumber [cm™]

Figure 111: Infrared spectra of hydrolysed Nb,Os xerogel (H,O:Nb = 30.6) with 20 wt.-%
PEGG600 heat treated at different temperature.

A6 Further X-ray diffraction datum
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Figure 112: X-ray diffraction patterns of Nb,Os coatings (H,O:Nb = 30.6, 20 wt.-%
PEG600) sintered at different temperature.
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A7 Further nitrogen adsorption and desorption
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Figure 113: N,-adsorption and desorption isotherms of Nb,Os xerogels with additives
sintered at 500°C. Solid symbols: adsorption; open symbols: desorption.
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Figure 114: Pore volume distribution of Nb,Os coating prepared with PEG600 binder
sintered at different temperature. Calculated from adsorption data (a) and desorption data

).
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Table 25: Influence of the sintering temperature on microstructural characteristics of Nb,Os
coatings prepared with PEG600 binder.

Sintering temperature 500 550 600
[°C]
BET surface area [m’/g] 42.6 36.2 24.6
Total \
L pore volume 9.5 10.8 10.5
[*10™ cm’/g]
Micro \
_zporg volume 0 0 0
[*10™ cm’/g]
Average pore diameter [nm] 8.9 11.9 17.1
BJH adsorption average pore 82 11.1 16.6
diameter (4 V/A) [nm] ' ' '
BJH desorption average pore
. 5.5 8.2 12.1
diameter (4 V/A) [nm]
Porosity [%] 32 35 34
Average particle size [nm] 255 31.3 52.2

A8 Further electrochemical impedance spectroscopy
Influence of the sintering temperature

Table 26: Values obtained for the elements of the equivalent circuit from the simulation of
impedance data of dye sensitised solar cell made with 10 pm thick Nb,Os-electrodes sintered
at different temperatures in the dark (at open circuit potential and using electrolyte No. 3).

Tinter OCV R, R, CPE1 R CPE2

S I 14 O A o I B o} b n [Q] e
[WF] [mF]

500 -0.703 14.5 105 7.1 0.56 61.5k 0.049 0.98

550 -0.791 12.4 24 5.0 0.73 57.7k 0.049 0.99

600 -0.680 14.2 11 5.6 0.91 52.8k 0.040 0.93
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Table 27: Same as table 26 but measured under 100 W/m’ illumination.
Wit OoCvV R R CPE1 Rt CPE2
e | ™ [ @ | @ | s e | ||
[LF] [mF]
500 -1.225 11.7 11 3.4 0.93 8.3 3.9 0.81
550 -1.247 14.9 8 5.1 0.96 7.6 7.1 0.83
600 -1.252 13.2 9 4.8 0.96 7.6 8.2 0.85

Influence of the solvent in the electrolyte

Table 28: Values obtained for the circuit elements of the equivalent circuit from the
simulation of the impedance data of a dye sensitised solar cell made with an electrolyte
containing different amount of PC in ACN (in the dark), The electrolyte No. are defined in

table 3.
Electrolyte| OCV R, R CPE1 R CPE2
No. vl | @1 | [« - n [kQ] - n
[LF] [LF]

1 -0.666 | 4.51 19 5.5 0.77 208 39 0.98
2 -0.636 | 7.5 15 6.1 0.78 165 23 0.90
3 -0.791 | 12.4 24 5.0 0.73 58 49 0.99
4 -0.767 | 14.4 32 3.0 0.78 94 21 0.90

Table 29: Same as table 28 but Values obtained for the circuit elements of the equivalent
circuit from the simulation of the impedance data of figure 115.

Electrolyte| OCV R, R CPE1 R o CPE2
No. [V] Q] | [Q] - n | [Q] | [mA/em?] I
[LF] [mF]
1 1282 | 4.5 11 40 | 092 | 76 0.03 0.04 | 0.67
2 -1.268 | 7.7 9 43 | 095 | 6.7 0.38 49 | 0.84
3 1.247 | 149 8 51 | 096 | 7.6 0.34 7.1 | 0.83
4 1331 | 177 | 14 27 | 096 | 126 | 0.20 1.6 | 0.86
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Figure 115: Impedance spectra of the dye sensitised Nb,Os-electrode using different amount
of PC in ACN at open circuit potential and under 100 W/m’ illumination.

Influence of the cations in the redox system

Table 30: Values obtained for the circuit elements of the equivalent circuit from the
simulation of the impedance data of figure 116, The electrolyte No. are defined in table 3.

Electrolyte

No.

VOC

[V]

R,

[Q]

RSC

[Q]

CPE1

CSC
[LF]

Ret

[Q]

i

[mA/cm’]

CPE2

Ca
[mF]

0.468
0.503
0.578

10
12
19

3.7
3.2
2.3

0.95
0.95
0.92

4.3
4.8
4.8

0.59
0.54
0.54

20.5
20.6
17.0

0.87
0.88
0.91

(]
il

Z,, 0]

Figure 116: Impedance spectra of the dye sensitised Nb,Os-electrode using different cation in
the redox system at open circuit potential and under 100 W/m’ illumination.

Influence of additives
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Table 31: Values obtained from the simulation for the elements of the equivalent circuit of the
impedance data of the dye sensitised solar cell made with the Nb,Os-electrodes prepared with
and without additive sintered at 550°C. Electrolyte: No. 3.

Additive | Tipe ocVv! R, R CPE1 Ry i CPE2
Ce Ca
Q Q n Q mA/ n
Wit] | [V] [Q] [Q] LF] Q | [mAln] [F]
without | dark | 0753 | 11.0 26 1.94 0.85 | 49.1k 0.05 | 096
PEG’ dark | 0869 | 11.0 23 2.74 088 | 8.6k 0.04 | 0.77
without | 100 | -1238 | 12.4 22 1.83 092 | 8.0 0.32 9.0 | 0.86

PEG 100 | -1.193 10.4 23 2.66 089 | 4.8 0.54 11.9 | 0.73
without | 325 | -1299 10.8 29 1.40 090 | 3.3 0.79 9.2 | 078

PEG 325 | -1236 10.4 24 2.51 089 | 24 1.07 13.7 | 064

1: open circuit potential vs. Ag/AgClOs. 2: PEG: polyethylene glycol MW = 20000

Figure 117: A photograph of a dye sensitised Nb,Os solar cell.
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A9 Publication and presentation of this research work
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