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Abstract

Abstract

Porous structures of functional nanoparticles have several properties that are bene-
ficial for their potential applications in optical devices. Structures of this kind can be
created in the form of nanoparticle thin films on electrically conductive substrates for
electrochemical applications. Mesoporous layers of antimony doped tin dioxide (ATO,
Sn0O,:Sb) nanoparticles, for example, can serve as an optically transparent scaffold,
providing electrical conductivity over a broad potential range. Such conductive struc-
tures allow electrons to be transported to/from other electrochemically active materials
located at the surface of the particles. In electrochromic devices, materials are used
that change their optical behavior by oxidation/reduction. It is shown that layers com-
posed of ATO particles with anchored viologen-based redox dyes exhibit remarkable
switching times and good long-term stability. Both aspects are related to the rather
unusual use of non-intercalating electrolytes, which can be used due to the intrinsic
conductivity of ATO. In addition to the optically active layer, a charge storage layer is
required in an electrochromic device to achieve high performance. For this purpose,
ATO layers can be modified with cerium species that can be switched between +3 and
+4 redox states. These layers offer high charge storage capacities with fast response
times also in combination with non-intercalating electrolytes. In addition to nanoparticle
layers that mainly provide electrical conductivity, the nanoparticles themselves can also
have variable properties that depend on the redox state of the atoms in the particles.
LaPQO,:Ce, Tb nanoparticles can be mentioned as an example where the redox state
of the cerium atoms influences the luminescence of the particles. Small amounts of
ce* quench the luminescence otherwise exhibited by the particles when the cerium
atoms are in the +3 oxidation state. With the help of redox shuttles, the luminescence
of non-conductive LaPO,:Ce,Tb nanoparticle layers can be reversibly switched with
impressive switching times. The properties of porous structures of functional nanopar-
ticles are, however, not only beneficial for optical devices but also for the synthesis of
nanomaterials that show their properties only after calcination at high temperatures.
One example is the n-type conductivity of ATO where the particle aggregates formed
during calcination cannot be further processed into colloidal solutions. With respect to
the latter, it is shown herein that nanoparticle aerogels are suitable for suppressing the
formation of large aggregates of nanoparticles during the calcination process. In par-
ticular, by assembling aerogels from ATO (and titanium dioxide, TiO,) nanoparticles,
colloidal solutions of these particles can be prepared even after calcination at 500 °C.




Zusammenfassung

Zusammenfassung

Porése Strukturen funktionaler Nanopartikeln haben viele Eigenschaften, die fir ihre
potenzielle Anwendung in optischen Devices vorteilhaft sind. Fir elektrochemische An-
wendungen lassen sich Strukturen dieser Art in Form von Nanopartikel-Dinnschichten
auf elektrisch leitenden Substraten erzeugen. So kénnen beispielsweise mesoporo-
se Schichten aus antimondotierten Zinndioxid (ATO, SnO,:Sb) Nanopartikeln als op-
tisch transparente Geruste dienen, welche elektrische Leitfahigkeit Uber einen weiten
Potentialbereich bieten. Solche leitfahigen Strukturen erlauben es Elektronen zu/von
anderen elektrochemisch aktiven Materialien, welche sich an der Oberflache der Par-
tikel befinden, zu transportieren. In elektrochromen Devices werden Materialien ver-
wendet welche durch Oxidation/Reduktion ihr optisches Verhalten andern. Es wird ge-
zeigt, dass ATO-Schichten mit verankerten, viologenbasierten Redox-Farbstoffen be-
merkenswerte Schaltzeiten und eine gute Langzeitstabilitat aufweisen. Beide Aspekte
stehen im Zusammenhang mit der eher ungewohnlichen Verwendung von nicht interka-
lierenden Elektrolyten, die aufgrund der intrinsischen Leitfahigkeit von ATO eingesetzt
werden kdnnen. Neben der optisch aktiven Schicht wird in einem elektrochromen De-
vice eine Ladungsspeicherschicht bendtigt. Fur diesen Zweck kdnnen ATO-Schichten
mit Cer-Spezies modifiziert werden, die zwischen den Redox-Zustanden +3 und +4 um-
geschaltet werden kdnnen. Diese Schichten bieten hohe Ladungsspeicherkapazitaten
mit schnellen Schaltzeiten, auch in Kombination mit nicht interkalierenden Elektrolyten.
Neben Nanopartikel-Schichten, die elektrisch leitend sind, konnen diese selbst auch
veranderbare Eigenschaften aufweisen, die vom Redox-Zustand der Atome in den Par-
tikeln abhangen. LaPO,:Ce, Tb-Nanopartikel konnen als Beispiel genannt werden bei
welchen der Redox-Zustand der Cer-Atome die Lumineszenz der Partikel beeinflusst.
Geringe Mengen an Ce** 16schen die Lumineszenz, die sonst von den Partikeln gezeigt
wird, wenn die Cer-Atome in der Oxidationsstufe +3 sind. Mit Hilfe von Redox-Shutteln
kann die Lumineszenz von nicht leitenden LaPO,:Ce, Tb-Nanopartikelschichten rever-
sibel mit beeindruckenden Schaltzeiten geschaltet werden. Die Eigenschaften poroser
Strukturen sind allerdings nicht nur flr optische Devices interessant, sondern auch fur
die Synthese von Nanomaterialien welche ihre Eigenschaften nur nach Kalzination bei
hohen Temperaturen erhalten. Ein Beispiel ist die n-Leitfahigkeit von ATO bei welchem
die Partikel-Aggregate, die wahrend dem Kalzinieren entstehen, sich nicht zu kolloida-
len Losungen weiterverarbeiten lassen. In Bezug auf Letzteres wird gezeigt, dass sich
Nanopartikel-Aerogele dazu eignen, die Bildung grof3er Aggregate von Nanopartikeln
wahrend Kalzinierungsverfahren zu unterdriicken. Durch die Herstellung von Aeroge-
len aus ATO- (und Titandioxid-, TiO,) Nanopartikeln kdnnen kolloidale Losungen dieser
Partikel auch nach der Kalzinierung bei 500 °C erhalten werden.
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Introduction

1 Introduction

A wide range of materials can be prepared as particles with relatively small dimen-
sions (< 100 nm), and the study of their properties represents a dynamic field of re-
searcht™l, One particular aspect of these nanoparticles is related to their very high
surface-to-volume ratios, which raise their attraction for a variety of applications®4l. For
the present thesis, highly porous frameworks of solid nanoparticles are of special inter-
est since they provide large internal surface areas®®!. Electrochemical devices benefit
from such structures, for example in the form of thin films on conductive substratest’l.
In many cases, nanoparticles can also be dispersed into solvents as individual entities
in such a way that they are resilient against aggregation'%l, Being able to produce
such colloidal solutions is advantageous for the characterization of the nanoparticles
and the fabrication of the aforementioned thin films. From the wide range of accessible
nanosized materials, nanocrystals that gain their functionality through the integration
of dopant ions were chosen for this work. The first type are electrically conductive
nanoparticles, specifically antimony doped tin oxide (ATO, SnO,:Sb). While SnO, is a
semiconductor with a large bandgap and low electrical conductivity at room tempera-
ture, it can become conductive via doping with suitable ions. These include antimony
ions, as they have a higher valence (+5) than the tin ions (+4), which results in the pres-
ence of free electrons in the nanoparticle conduction band that account for the electrical
conductivity'?13l The focus of the second type of employed nanoparticles is related
to their optical properties. Due to the doping of LaPO, nanoparticles with both ce**
and Tb>" ions, they exhibit luminescent properties, i.e., they absorb ultra-violet light
and emit visible green light!4%°l This work is divided into multiple chapters in which
the preparation of the nanoparticles, their colloids, and their properties as porous struc-
tures are investigated. The contents of the individual projects are as follows:

1. For a large number of materials, full functionality is only achieved through a calci-
nation process. However, calcination without appropriate safeguards generally results
in aggregates of sintered particles with dimensions much larger than the primary particle
size. Because the aggregates cannot usually be re-dispersed, this is a serious prob-
lem for the preparation of stable colloidal solutions of such materials. Because ATO
is a high-temperature material, the first project focuses on the synthesis of small (< 5
nm), re-dispersible ATO nanoparticles. A strategy based on porous aerogels that allows
for the re-dispersion of calcined nanoparticles is also presented. The appearance of
colloidal solutions of ATO particles treated at different temperatures demonstrates the
importance of calcination steps. In this case, calcination produces more free electrons,
which are the origin of a plasmon absorption band in the infrared region.




Introduction

2. Mesoporous metal oxide layers with anchored organic dye molecules are widely
investigated for electrochromic devices. The key requirements for such layers are high
transparency in the visible spectrum as well as fast electron transport throughout the
layer. Titanium dioxide (TiO,) is the standard mesoporous scaffold material used to
anchor organic electrochromic dye molecules like cathodically coloring viologens. TiO,
displays a particularly high performance when small cations, e.g., lithium, are presentin
the electrolyte. Under negative polarization, however, metal oxides like TiO, are known
to intercalate lithium, which can lead to degradation of the nanopatrticle layer owing to
the mechanical stress associated with intercalation. Long-term stability, therefore, ben-
efits from electrolytes with non-intercalating cations. In this regard, it is demonstrated
that mesoporous ATO layers prepared from small particles with low antimony doping
concentration outperform TiO, when non-intercalating electrolytes are used. This is
particularly evident from the performance of a full device composed of two symmetrical
ATO layers, each equipped with a complementary redox-active dye molecule.

3. To further explore the use of ATO in combination with non-intercalating electrolytes,
the third project is concerned with the so-called counter electrode that provides the
charge that is consumed by the coloring ATO/viologen electrode presented in the sec-
ond project. For this purpose, modification of nanoparticle mesoporous layers is not
only restricted to organic molecules. CeO, is a typical example of an inorganic mate-
rial that is used as a charge storage layer in electrochromic devices. However, these
types of materials also are commonly used with intercalating cations and are thus again
susceptible to degradation due to the intercalation of these cations. Making use of the
broad potential range in which ATO layers offer electrical conductivity, it is shown that
the layers can be decorated with cerium species that can be oxidized/reduced at the sur-
face of the nanoparticles. As a result, these layers can store significantly more charge
compared to a bare ATO layer. A device combining an ATO/viologen and an ATO/Ce
layer also shows promising performance.

4. Another nanomaterial containing cerium (LaPO,:Ce, Tb nanoparticles) is the sub-
ject of the last project. Nanocrystals of the material display strong luminescence. Ox-
idation of the Ce®* ions at the particle surface to Ce*" results in complete quench-
ing of the luminescence, as shown by several groups using chemical oxidizers. Re-
ducing agents restore the luminescence by converting Ce** back to Ce**. Using the
same mechanism in an electrochemical device for on/off switching of the luminescence,
however, was hitherto impossible because of the very low electrical conductivity of
LaPQO,:Ce, Tb electrode layers. In batteries, similar problems have been solved by
embedding nanocrystalline electrode materials in carbon black or other conductive ma-




Introduction

terials. The same approach could not be applied here, however, due to the interfering
optical properties of carbon black (i.e. its strong absorption). In this work, this problem
was solved by introducing special optically transparent redox shuttles, i.e., small organic
molecules dissolved in the electrolyte, enabling electron transfer between the current
collector and the LaPO,:Ce, Tb nanoparticles. The redox potentials of the shuttles are
chosen to allow oxidation and reduction of the cerium ions at the particle surface. The
incorporation of this system into a complete device enables switching the luminescence
of a LaPO,:Ce, Tb nanocrystal electrode layer via the applied potential.
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2 Theoretical background

2.1 Functional nanomaterials

Nanoparticles are assemblies of atoms, ions, molecules, or polymers, with the result-
ing entities having a size in the range of 1-100 nm®l. The nanoparticles used in the
work presented here are small inorganic crystals with dimensions in the low nanometer
regime. Due to their small size, these nanocrystals exhibit large surface-to-volume ra-
tios, as the surface region contains the majority of the atoms that therefore encounter
a different chemical environment compared to the atoms that are located in the core
of the particles. As a consequence, nanocrystals may inherit characteristic proper-
ties that differ from the macroscopic materiall'Zl. Additionally, nanoparticles may be
accessible in a variety of geometric shapes, which gives further tools to tune their prop-
erties!®®19  Therefore, nanoparticles are attractive for a variety of applications. For
instance, due to their small size, energy storage materials allow faster charging due to
shorter diffusion path lengths?%21l | arge surface areas and the presence of defects
in the nanoparticle surface layer account for improved behavior in the field of cataly-
sisl?223l Further, nanoparticles offer desired properties in biological applications, which
include drug delivery, treatment of diseases, the imaging of structures, and the tracking
of processes 247201

2.1.1 Preparation

Due to the increasing interest in nanoparticles, a variety of methods have been utilized
and optimized for their preparation. Depending on the method, nanoparticles with dif-
ferent characteristics may be obtained. These mainly relate to factors such as size, size
distribution, shape/morphology, crystallinity, composition, or dispersibility. A selection
of common approaches for the preparation of nanoparticles includes the following:

Ball milling: If the desired material is accessible in the form of a macroscopic pow-
der, a process that breaks the material down into smaller units may yield nanoparticles.
The ball milling process, schematically displayed in Figure 2.1, commonly achieves
this. Here, the macrocrystalline powder is loaded into a chamber along with a grinding
medium, such as metal balls. When the chamber is rotated, the force exerted on the
primary particles due to collisions results in the division of the primary particles into
smaller segments!<’l. Parameters such as rotation speed, time, number of balls, and
others, influence the properties of the obtained nanoparticles?®l.
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Figure 2.1: Schematic illustration of the ball milling process.

Thermal combustion: The procedure by which nanoparticles are prepared via ther-
mal combustion is shown in Figure 2.2 Here, a solution containing the molecular pre-
cursors is initially prepared. Thereafter, the solvent is removed to yield a gel in which
the precursors are well mixed. The formation of the particles is then induced by heating
the gel at elevated temperaturesé?.

solvent evaporation/ heating/
gel formation combustion
— > —>
precusor
-softfion~ | —
~— . S N N

nanoparticles

Figure 2.2: Schematic illustration of the preparation of nanoparticles via thermal com-
bustion.

Vapor synthesis: Other typical procedures involve reactions of precursors in a va-
porized state. A variety of methods have been used to vaporize the precursors, depend-
ing on the initial state of the precursors, e.g., if they are present as solids or as solutions.
Simple heating or bombardment with ions may vaporize solid precursors%31l, Precur-
sor solutions, on the other hand, can be nebulized to obtain small droplets that are
further subjected to high-temperature conditions!®4l. For the case of flame spray py-
rolysis, this is depicted schematically in Figure [2.3] In either case, the vaporized state
of the precursors is typically thermodynamically unstable, favoring nucleation and the
formation of solid particulates!®3!.
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Figure 2.3: Schematic illustration of the preparation of nanoparticles via flame spray
pyrolysis.

Solution processes: Finally, nanoparticles can be created through precursor reac-
tions in a suitable solvent as the reaction medium. This category can also be subdivided
into nanoparticle formation processes that rely on different mechanisms. Some of those
reactions are schematically presented in Figure [2.4] Metallic nanoparticles are acces-
sible via the addition of reducing agents to solutions of dissolved metal salts (path a in
Figure [2.4)B4. In the case of aqueous precursor solutions, nanoparticles, especially

Y
N
reducing agent
g N
N
a Y
precipitation = ~—
7 agent i
TN
/\ v
\_/ w m
c AT,
precusor
. —solution—| N -

“w autoclave

k
AT

high boiling point
organic solvent

Figure 2.4: Schematic overview of preparation of nanoparticles in solution via a) addi-
tion of a reducing agent, b) addition of a precipitation agent, c) treatment in an autoclave,
and d) heating in a high boiling point organic solvent.
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those of metal oxides, can be readily synthesized by precipitation reactions through
variations in the pH value of the solutions (path b in Figure . Nanoparticle syn-
thesis that relies on hydrolysis and condensation reactions is also very common and
known as the sol-gel approach®®l. The formation of nanoparticles also occurs when the
precursor solutions are subjected to elevated temperatures and pressures in a sealed
reaction chamber (path c in Figure . These reactions are therefore typically per-
formed in an autoclave. Finally, a variety of nanoparticles are accessible upon heating

suitable precursors in organic solvents to temperatures typically in the range of 200—300
°C (path d in Figure [2.4) 8,

2.1.2 Doped nanoparticles

The properties of nanoparticles can be tuned not only by varying their size or shape
but also by a process termed doping. In this case, a fraction of the atoms that build
the structure of the nanocrystals, the host lattice, are exchanged with foreign atoms,
as displayed in Figure 2.5 Depending on the chemical nature of these atoms, doped
nanoparticles might possess properties that are fundamentally different from those of
undoped material. The effects of doping that are relevant for the research of the present
thesis include n-conductivity, accompanied by plasmon absorption, and luminescence.
Both of these phenomena are highlighted in the following sections.

. host lattice atoms l dopant atoms

Figure 2.5: Schematic illustration of the replacement of atoms from a nanoparticle host
lattice by dopant atoms.

n-conductivity and plasmon absorption

Semiconductors are of great interest for technical applications because of their specific
electrical and optical properties. Semiconductors with a bandgap larger than 3 eV, for
instance, show low absorption in the visible frequency spectrum. Several metal ox-
ides, such as zinc oxide (ZnO), indium oxide (In,03), titanium dioxide (TiO,), and tin
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dioxide (SnO,) exhibit these properties. While a large bandgap produces high trans-
parency in the visible region, it also results in low electrical conductivity because the
conduction band cannot be thermally populated. However, the electrical conductivity
of semiconductors can be significantly increased by the incorporation of appropriate
dopant ions leading to electron donor states near the conduction band of the material
(Figure [2.6) 49

conduction band

o

donor level

Figure 2.6: Schematic representation of the formation of donor levels near the conduc-
tion band of semiconductor nanoparticles due to n-doping.

Energy

Already at room temperature, the electrons in these donor states can be thermally
excited to populate the conduction band, thereby providing mobile charge carriers. The
effect of this doping mechanism is referred to as n-conductivity and the class of n-
conductive oxides is known as transparent conductive oxides (TCO). In the case of the
oxides listed above, n-conductivity is commonly achieved by doping with ions of higher
valence. For instance, some of the Zn atoms in ZnO may be replaced by Al, Ga, or In
atoms to yield aluminum doped zinc oxide (AZO), gallium doped zinc oxide (GZO), and
indium doped zinc oxide (1Z0O), respectively!l. In the popular indium tin oxide (ITO), Sn
atoms occupy In>* sites®2. With TiO,, Nb, Mo, and W are commonly used®3. Doping
of SnO, can be achieved by either replacing Sn sites with Sb (antimony doped tin oxide,
ATO)B4 or by replacing 0%~ ions with F~ ions (fluorine doped tin oxide, FTO)¥5. In
all these cases, the dopant atom contains one more valence electron than the host
atom. Achieving charge neutrality within the nanoparticles requires the presence of
free electrons that compensate for the additional positive charge of the ionized dopant
ion. The free electrons give rise to the n-conductive, at high dopant concentrations
nearly metallic behavior. The electrical conductivity (o) depends on the mobility (p,) of
the electrons, their charge (e), and number density (n) as shown in equation [2.1]

0O=Hg-N-€ (2.1)
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Electric field

electron cloud

Figure 2.7: lllustration of the generation of localized surface plasmons in nanoparticles
due to interaction of free electrons with the electric field of external radiation.

The presence of free electrons within nanoparticles not only influences their elec-
trical properties but also accounts for a variation in their optical behavior. Subjecting
such nanoparticles to external electromagnetic fields causes a displacement of the free
electrons in the nanoparticle conduction band with respect to the immobile positive nu-
cleit®l. In the case of small particles, whose diameters are smaller than the wavelength
of the incident radiation, this creates a situation as displayed in Figure[2.7| Here, one
side of the particle is negatively charged, and the opposite side is positively charged.
This displacement accounts for a restoring force, based on Coulomb interactions, that
results in collective oscillations of the free electrons and thereby creates an electric field
in close proximity to the nanoparticle surface. The collective oscillation of electrons is
referred to as plasmons. With nanoparticles, these can be specified as localized surface
plasmons (LSP) based on the charges that are created at the nanoparticle surface. As
a consequence, the nanoparticles absorb light with wavelengths that correspond to the
resonance frequency of the plasmons!4/l. Experimentally obtained absorption spectra
of such particles typically feature a plasmon absorption band as schematically depicted
in Figure[2.8] From these measurements, two characteristic features can be extracted.
First, the position of the plasmon absorption band, more precisely the frequency of the
absorption maximum (w,,,,)- This frequency may be written as:

_ _ Ybuk (2.2)

w
max /2 €m + €0

where ¢,, and > are the dielectric constant of the surrounding medium and the high-
frequency dielectric constant of the material, respectively, and wy, is the materials bulk
plasma frequency®8l. The latter can be expressed as:

n-e?

p—— (2.3)

Whylk =
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Absorbance

Wi2max  Wmax

Wavelength

Figure 2.8: Schematic representation of a plasmon absorption band.

Here, e, n, and m* are the charge, concentration, and effective mass of the free
electrons, respectively, while ¢, refers to the vacuum permittivity*?. Thus, the density
of free electrons is primarily responsible for the position of the plasmon band. Metallic
nanoparticles, especially gold and silver nanoparticles, are well known for their optical
properties that are based on plasmon absorptionY. Since these materials have a very
high density of free electrons, their absorption maxima are found in the visible frequency
range. In the case of doped semiconductors, on the other hand, the plasmon band is
usually located in the near-infrared region since they contain fewer free electrons. With
the frequency of the absorption maximum and the frequency at half of the absorption
maximum (wy ,max), the damping frequency I' may be expressed as:

2 2
L")1/2max — Wmax

M= (2.4)

W1 /2max
This damping frequency is related to the velocity (v;) and the mean free path length
(I) of the conduction band electrons!:

r— (2.5)

Overall, tuning the absorption properties of the nanoparticles is also possible by vary-
ing other parameters. These include particle sizel4, shape3l, and the refractive index
of the surrounding material >4,

10
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Luminescence

Another method is to alter the optical properties of nanoparticles by doping their crys-
tal lattice with luminescent ions. Luminescence refers to the emission of photons from
atoms that are in an excited electronic state. In the specific case of photoluminescence,
reaching the excited state is stimulated by the absorption of external radiation, usually
from the ultraviolet (UV) and visible (VIS) spectrum®°l. Trivalent rare-earth ions repre-
sent a very attractive choice as dopant luminescence ions since they have electrons
located in the 4f orbitals. The latter are shielded by surrounding 5s and 5p orbitals and
therefore account for a reduced crystal field splitting and low interactions with the lattice
vibrations of the crystal, which are denoted as phonons. As a result, typical emission
spectra of lanthanide ions feature narrow emission lines based on interconfigurational
transitions between the f orbitals!®®. The materials of interest for the present thesis are
LaPQO, nanoparticles, either co-doped with trivalent cerium (Ce3+) and terbium (Tb3+)
or only doped with europium (Eu3+). When excited with UV light (254 nm), colloidal
solutions of these nanoparticles emit green (LaPO,:Ce,Tb) or red (LaPO,:Eu) light, as
shown in Figure [2.9]

LaPO,:Ce,Tb LaPO,:Eu

Figure 2.9: Images of colloidal LaPO,:Ce,Tb (left) and LaPO,:Eu (right) nanoparticle
solutions under illumination with UV light (254 nm).

The origin of both emissions differs, depending on the choice of dopant ions, and will
be briefly discussed in the following. In both cases, however, LaPO, is used as host
material due to its chemical stability*’l. Additionally, due to the similarity in ionic radii
between the lanthanide ions, dopant ions can readily occupy La" sites. The lumines-
cence mechanism of the LaPO,:Ce, Tb nanoparticles is displayed in Figure [2.10a. In
this case, the Ce** ions are responsible for the absorption of external radiation, specif-
ically UV light, which results in the excitation of the 4f electron into the 5d shell. There-
after, the Ce®* ion can return to its ground state either by the emission of radiation with

11
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Figure 2.10: a) Schematic representation of the energy transfer between Ce®*" and Tb**
in LaPO,:Ce,Tb nanoparticles. b) Emission spectra of LaPO,:Ce,Tb nanoparticles.

wavelengths in the UV range or by the transfer of the excess energy to a Tb** ion.
The latter phenomenon is known as Forster resonance energy transfer (FRET) and
consequently yields an excited state of Tb** ions. Following non-radiative relaxation
to the °D, state, the Tb** emits light in the green spectral region based on transitions
between the °D, and ’F, states. The highest emission intensity is observed at 542
nm (°D,-"F5 transition)®l. Figure [2.10b shows the luminescence emission spectra of
LaPQO,:Ce, Tb nanoparticles that display a broad Ce®" emission band in the UV range
and distinct Tb>* emission peaks. Thus, within these nanoparticles, the Ce®* ions act
as sensitizers (absorbing species), while the Tb** ions are the active emitting species
(activator). For the present thesis, the LaPQO,:Ce, Tb nanoparticles are of special inter-
est since the emission of the particles can be quenched if the Ce>* ions are partially
oxidized to Ce** 691,

In the case of LaPO,:Eu nanoparticles, the Eu* ions are both responsible for ab-
sorption and emission. Figure [2.17Ta shows an excitation spectrum that displays dis-
tinct excitations between f orbitals and a broad absorption band at lower wavelengths

a b
100 LaPO,:Eu
j h 2 5 T = 7
a % = *Dy-'Fy *Dyp-'F3
-~ =
£ 60 4 g
z g
E ~
£ 407 2
- 1 7
B £
20 A =
0 I e e e e P S
250 300 350 400 450 500 550 600 570 590 610 630 650 670 690 710
wavelength / nm wavelength / nm

Figure 2.11: a) Excitation and b) emission spectra of LaPO,:Eu nanoparticles .
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that originates from a charge transfer between oxygen and europium ions!®!l. After ra-
diationless relaxation, the emission of photons due to transitions between °D, to ’F,
states occurs with wavelengths that correspond to the red region of the visible spec-
trum, as can be seen in the corresponding emission spectra of LaPO,:Eu nanoparticles

displayed in Figure [2.11b.

2.1.3 Colloidal nanoparticle solutions

As previously outlined, nanoparticles possess unique properties that may be different
from those of their respective bulk materials. An important difference is the large portion
of their atoms located at their surface. For applications like catalysis and others, it is
highly desired to have access to the complete surface of such nanoparticles, which in
return requires them to be in a mainly single-particle, non-aggregated statel®<¢4  Ad-
ditionally, having the nanoparticles in such a condition may also be favorable in post-
processing steps, e.g., the formation of nanoparticle thin films[®>€%l Well separated
particle are commonly achieved by preparing colloidal solutions of the nanoparticles.
Such colloids usually comprise a liquid phase as the main medium in which the solid
nanoparticles are dispersed as single unitsi®l. An important requirement of colloidal
solutions concerns the stability of the nanoparticles against aggregation and sedimen-
tation. In the case of uncharged particles, the main driving force responsible for the
aggregation of particles in solution is based on long-range van der Waals interactions
between the nanoparticles®®. As shown in Figure [2.12] induced dipoles cause their
collective orientation, resulting in a net attraction of the particles.
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Figure 2.12: Schematic illustration of the collective orientation of nanoparticles due to
induced dipoles.

Therefore, to achieve the desired stability, the attractive van der Waals forces have
to be counteracted by repulsive forces. The two common approaches that are utilized
to prepare colloidal nanoparticle solutions are based on electrostatic and steric stabi-
lization. In the following, both of these mechanisms are briefly discussed.
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Electrostatic stabilization is possible when the surface of the nanoparticles is elec-
trically charged, either positively or negatively. This mechanism is commonly realized
by employing polar solvents as the dispersion medium for particles having a surface
that can be, for instance, protonated and/or deprotonated. The effectiveness of this
mechanism requires knowledge about the zeta potential of the particles, which usually
depends on the pH value. As shown in Figure [2.13f, at low pH values, the particle
surface may be positively charged and, consequently, exhibit a positive zeta potential.
Typically, the value of the zeta potential should be greater than +£30 mV to achieve col-
loidal stability®?l. With increasing pH, the zeta potential drops (after a plateau region),
reaching an uncharged state and finally regaining a stable region with negative values
of the zeta potential. The pH at which the particle surfaces are uncharged is called the
"point of zero charge” and presents the pH region in which the particles are most sus-
ceptible to aggregation. Charging of the nanoparticle surface results in the formation of
an electrostatic double layer that consists of the surface-near Stern layer and a diffuse
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Figure 2.13: a) Schematic representation of the dependence of the zeta potential of
a nanoparticle on the pH value. b) Schematic illustration of electrostatic nanoparticle
stabilization.
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layer that extends more into the solvent (Figure [2.13p). Both of these layers comprise
ions with opposite charges. Consequently, the collision of particles with the same sur-
face charge gives rise to the repulsion of the particles and thereby accounts for colloidal
stability!”®. Charging of the nanoparticle surface, a process referred to as peptization,
is usually realized by the addition of suitable ionic additives to the nanoparticle solution
that adsorb onto the surface of the particles!™ 4],

The second stabilization mechanism, namely steric stabilization, relies on the cover-
age of the nanoparticle surface with molecules bearing long organic chains that extend
into the periphery of the nanoparticle surface (Figure[2.14)73. These molecules can ei-
ther be in the form of polymers or monomers. Commonly applied polymers include, for
example, polyvinylpyrrolidonel”!  polyacrylic acid!”!, and polyvinlyalcohol!”®l. Depend-
ing on the intrinsic properties of the polymers, colloidal solutions may be prepared with
both polar and non-polar solvents. With respect to the choice of suitable monomeric ad-
ditives, molecules with a polar head group that anchors to the nanoparticle surface and
a non-polar alkyl chain are commonly utilized. Here, oleic acidl’!l and oleylaminel?!
can be listed as popular candidates, especially for colloids in non-polar solvents. In
either case, the desired repulsive forces may be based on the entropically unfavor-
able compression of the adsorbed molecules upon the collision of sterically stabilized
nanoparticles. Further, the interpenetration of the organic chains between the nanopar-
ticles is also thermodynamically unfavored!”!.

organic
chain

/

/\/\/\ nanolrticle

=

Figure 2.14: Schematic illustration of steric nanoparticle stabilization.

Regardless of the chosen stabilization mechanism, the overall resulting net force, as
a function of the distance between nanoparticles, usually takes the form of the potential
energy curve displayed in Figure [2.15]
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Figure 2.15: Schematic representation of the potential energy components of a
nanoparticle as a function of the interparticle distance.

2.1.4 Nanoparticle thin films

Thin films consisting of functional nanoparticles present a highly investigated research
field with a great range of potential applications. Among these are electrochromic de-
vices®® solar cellst®!l| optical coatingsl®d, sensorsl®l energy storage systems!®4
and catalystst®l. Many of the applications make use of layers with a very high inner
surface, i.e., nanoporous or mesoporous films of nanoparticles. Therefore, the prepa-
ration of such thin films is of great importance and can be achieved by a variety of
methods. Some of the typical procedures are discussed below.

Drop casting: A very simple route to preparing nanoparticle thin films can be real-
ized by drop-casting a solution containing the nanoparticles onto the desired substrate,

%

drop casting evaporation
—_— _—

substrate

Figure 2.16: Schematic illustration of the drop casting process.
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followed by evaporation of the solvent (Figure|2.16)!%¢l. However, films obtained by the
drop-casting method usually suffer from inhomogeneity concerning the film thickness
and morphology®4, which makes the method only applicable to small areas.

Electrodeposition: Electrodeposition presents another capable method to obtain
nanoparticle thin films. In this case, the substrate and a counter electrode are immersed
in a solution of suitable precursors. These may be present in the form of preformed
nanoparticles!® or molecular species!®. Film formation is then induced by the appli-
cation of an electric field between the two electrodes with sufficient strength to cause
the precursors to migrate to the surface of the substrate, where they are deposited (Fig-
ure[2.17)). Electrodeposition also yields homogeneous films, whose thickness is readily
adjustable by the period of time the electric field is applied.

counter
electrode

’I substrate

T ]

M*—
M*—

M*—

Figure 2.17: Schematic illustration of the electrodeposition process.

Layer-by-layer deposition: For the preparation of layers containing multiple types
of nanoparticles that should be assembled in a controlled manner, a layer-by-layer ap-
proach can be applied (Figure [2.18) that is also commonly used with a variety of ma-
terials other than nanoparticles!®. Here, the thin film is grown by immersion of the
substrate in a solution of the first type of nanoparticles to form a monolayer of these
nanoparticles. After a washing step, the substrate is then immersed in a solution of the
second type of nanoparticles, which should exhibit some form of attraction to the first
type of nanoparticles. This can be achieved if the surfaces of the two types of nanopar-
ticles are oppositely charged!®!l. While this method produces homogeneous films with
controllable structures, the process is rather time-consuming since a large number of
immersion cycles may be required to obtain thick layers.

Spray/vapor deposition: A class of preparation methods that produce thin films with
very dense morphology is based on the transport of precursors through a gas phase
to the substrate. Methods applying using this concept include chemical vapor depo-
sitiont®4, physical vapor deposition!®3l, spray coating®¥, atomic layer deposition®®,
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Figure 2.18: Schematic illustration of the layer-by-layer deposition process.

radio-frequency sputtering®®l, and spray pyrolysisl®’l. Especially the latter is commonly
used for the preparation of transparent conductive oxides. The process is schemati-
cally depicted in Figure[2.19] Here, a precursor solution is transformed into an aerosol
that is directed onto the heated target substrate. When the drops of the aerosol reach
the surface of the substrate, the solvent evaporates and the precursors react to yield
the desired material.

pump gas flow
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precursor solution

substrate
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Figure 2.19: Schematic illustration of the spray pyrolysis process.
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Dip coating: Figure displays the typical steps that are performed in the dip
coating method. The process involves immersion of the substrate into the precur-
sor/nanoparticle solution at a constant speed. Following a stationary period, the sub-
strate is withdrawn from the solution, also at a constant rate. This process results in
the formation of a film due to the evaporation of the solvent during the retraction of the
substrate®®l. After a drying step, the process can be repeated to achieve the desired
layer thickness.

substrate
immersion T retraction drying
—_— —_— —_— - ]

T

Figure 2.20: Schematic illustration of the dip coating process.

Spin coating: The typical preparation process of nanoparticle thin films via spin
coating is presented in Figure [2.21] Initially, a solution containing preformed nanopar-
ticles!®? or molecular precursorst’® is deposited on the target substrate, which is
mounted on a rotatable plate. Thereafter, the substrate is rotated at a designated speed
that results in a homogeneous coverage of the surface with the starting solution. Fi-
nally, the solvent is evaporated and the films may be further processed, e.g., through
annealing steps'®l. The film thickness is controlled by parameters such as the rota-
tion speed, the concentrations, and the viscosity of the precursor solution. Repeating

precursor solution
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O — — f—

— > >
rotation evaporation

!

Figure 2.21: Schematic illustration of the spin coating process.
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the coating process is also typically mandatory to achieve thicker layers. Although the
coatings are very homogeneous, the size of the substrate is limited. Additionally, a lot
of material is wasted during the process since only a small fraction of the volume that
is placed on the substrate eventually adheres to the surfacel%4.

Screen printing: Screen printing is a useful method for the preparation of both con-
tinuous and structured thin films. The coating process is schematically displayed in
Figure [2.22] Initially, the ink containing the nanoparticles is evenly spread on a mesh
called a "screen”. Upon bringing the mesh into contact with the substrate, the ink ad-
heres to the surface of the substrate. When the mesh is retracted from the substrate, the
ink will partially remain on the substrate!'%3l. The properties of the deposited structures
are influenced by the properties of the ink, such as viscosity and particle concentration,
as well as the design of the mesh104,

i squeegee

precu\rior ink melsh 9 g’

GEEES ¢ 9 0900 ¢ ® amED —.o../..— _________
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Figure 2.22: Schematic illustration of the screen printing process.

Doctor blading: Mesoporous nanoparticle thin films are frequently prepared with
the doctor blade method %!, Here, a paste consisting of a solvent, the nanoparticles,
and organic additives such as binders, plasticizers, or dispersants is evenly spread on
the substrate by a blade (Figure[2.23)11%!. The blade is operated at a distinct distance
above the substrate, e.g., through a mask, and thus allows control over the final film
thickness. After the blading step, the films are dried and then subjected to a calcination
step to remove the organic residues to yield the porous structure and improve the sta-
bility of the nanoparticle network. The porosity can be tuned by varying the nanoparticle
or binder concentrations.
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Figure 2.23: Schematic illustration of the doctor blading process.
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2.2 Electrochromism

Some materials change their color when subjected to electric fields that induce redox
reactions in the material by the injection or removal of electrons!1%. This phenomenon
is known as electrochromism. Based on the tunable modulation of the optical prop-
erties of electrochromic materials, they are exploited in optical applications such as
smart windows %! displayst%! mirrorst™0 and others. Typical electrochromic de-
vices comprise several key components, as displayed in Figure [2.24] Each of these
components will be briefly outlined below.

Conductive substrate and spacer: The outer frame of an electrochromic device
consists of two substrates that are both coated with a conductive layer. The substrates
and conductive layers that are used should exhibit high transparency in the desired
spectral region. Since the conductive material is used for the connection to the ex-
ternal circuit, the resistance of this material is of crucial importance concerning the
performance of the device. Glass plates with a thin layer of a transparent conductive
oxide such as tin-doped indium oxide (ITO) or fluorine-doped tin oxide (FTO) are often
utilized for this purpose™l. The growing interest in flexible devices consequently re-
quires flexible substrates. For such cases, polyethylene terephthalate (PET) may be
used as a supporting substrate and coated with conductive materials, e.g. ITOMOY or
graphenel™2l Another typical component of an electrochromic device is a spacer ma-
terial that accounts for a fixed distance between the two electrodes to prevent short

spacer / seal

substrate
conductive layer
active material

electrolyte
charge storage

material

conductive layer

substrate

|
|1
external circuit

Figure 2.24: Schematic illustration of the typical setup of an electrochromic device.
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circuits and also acts as the seal to contain the electrolyte within the device, especially
if the electrolyte is used in a liquid form.

Active material: The active material is the main component that is responsible for the
change in the optical behavior of an electrochromic device. For instance, the material
may change its color upon electrochemical reduction (cathodic coloration)3l or oxida-
tion (anodic coloration)™4. A variety of materials are known to exhibit electrochromism
and can be utilized in an electrochromic device, either in the form of thin films on the
conductive substrate or as soluble species in the electrolyte. Nanoparticle films of tran-
sition metal oxides, e.g., tungsten oxide (WOQO;), niobium oxide (Nb,O;), or titanium
dioxide (TiO,) are among the most studied electrochromic materialst'®l. These three
oxides show cathodic coloration when electrons are injected into the nanocrystalline
material accompanied by the intercalation of small cations, typically protons or lithium
ions, to balance the charge. In the case of tungsten oxide, a typical electrochemical
reaction leading to electrochromism can be expressed as follows:

WO; + xM* + xe~ = M,WO, (2.6)

Here M* represents the cations and e~ the electrons. When the electrons and cations
are extracted by the application of a suitable potential, the nanopatrticle film returns to
its uncolored state. There are also a variety of organic compounds that display elec-
trochromic behavior. In this regard, cathodically coloring viologens (substituted 4,4’-
bipyridinium salts) are very popular since they have multiple redox states, as displayed
in Figure 2251161, In their dicationic state, especially in monomeric form, viologens are
typically highly transparent, while the radical cation typically has a large extinction co-
efficient that accounts for deep coloration. The neutral state is typically not as intensely

R—+N I - N+—R dicationic state
N\ / \ / (transparent)
- e‘1 L+ e
R—+N — / _IN—R radical cation state
N\ / \__ (strongly coloroed)
o
R=N — - N—R neutral molecule
'_ _I (weakly colored)

Figure 2.25: Schematic representation of the chemical structure of a viologen derivate
undergoing multiple redox reactions.
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colored. Such organic compounds can be integrated into an electrochromic device in
multiple ways. Monomeric species may be simply solubilized in the electrolyte, where
they diffuse to the electrodes when electric fields are applied7l. Polymeric structures,
on the other hand, are usually prepared as thin films on the substrate 18],

Another approach is based on the chemical binding of monomeric species on the sur-
face of the electrode. In this case, nanoparticle films are prepared on the substrate that
provide a porous structure with a large inner surface areal'®l. Concerning the choice of
nanoparticles, metal oxides, especially titanium dioxide, are typically used for this pur-
posel’?Y The organic molecules are equipped with an anchoring group that ensures
stable binding of the molecules to the metal oxide surface. This situation is schemat-
ically shown in Figure [2.26] for a phosphonated viologen anchored to the surface of a
nanoparticle layer. Anchoring molecules to a mesoporous scaffold may result in faster
switching than solubilized species because electron transfer occurs at the metal oxide
surface and thus diffusion processes are reduced. Additionally, the porous structure of
the metal oxide films allows for the anchoring of a large number of molecules, which
in return accounts for strong absorption in the colored state while the uncolored state
remains highly transparent. This concept is utilized in the present thesis.
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Figure 2.26: Schematic representation of a mesoporous nanoparticle layer on a con-
ductive substrate with anchored viologen molecules on the surface of the nanoparticles.

Electrolyte: The flow of electrons between the two electrodes of an electrochromic
device through the external circuit is accompanied by the movement of ions between
the electrodes within the device. These ions, the electrolyte, are typically contained
within a suitable medium that is filled into the electrochromic device and spatially located
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between the electrodes. Especially in the case of active materials that rely on interca-
lation phenomena, the electrolyte is the source for the desired intercalating cations.
Of course, the electrolyte should exhibit optically passive behavior. For research pur-
poses, the electrolyte typically consists of a salt, e.g., lithium perchlorate (LiCIO,), which
is solubilized in a high boiling point solvent such as propylene carbonatet'1l. In prac-
tical applications, however, the utilization of liquid electrolytes may be undesired due
to safety concernsl!??l, Here, gel electrolytes! %123 or solid electrolytes! 124123 gre of
greater interest. These electrolytes can also act as separators and seal the devices 29l

Charge storage layer/counter electrode: The last component of an electrochromic
device is a material that can undergo redox reactions that counteract the electron con-
sumption/release of the active material. For instance, if the coloration is induced via the
reduction of the active material, simultaneous oxidation on the other side of the device
has to occur to provide the electrons that are required for the reduction processt?/.
This is crucial in order to achieve fast transitions between the colored and uncolored
states of an electrochromic device. Several materials have been used for this purpose.
For instance, mixed oxide thin films containing cerium oxide (CeO,) are widely applied
since the redox state of cerium can be switched between +3 and +41128l The corre-
sponding electrochemical reaction of CeO,, based on the (de)intercalation of suitable
ions (M*) and electron injection/exertion, can be written as:

M,CeO, — xM* — xe~ &= CeO, (2.7)

CeO, offers optically passive behavior as it exhibits high transparency in the visible
range in both the oxidized and reduced states. Another common inorganic material is
nickel oxide (NiO) but in this case, oxidation of the material also results in coloration
of the electrode!'?’l. Of cause, there are also a variety of organic compounds that
can be used on the counter electrode!3%13U  An example, which was actually used
in this thesis, is a triphenylamine-based molecule that is anchored to porous films of
antimony doped tin oxide (ATO) nanoparticles. In combination with a viologen as the
active material, this molecule can be oxidized in a two-step process, as shown in Figure
[2.27] The oxidized state of this molecule is also colored, while the reduced state is
uncolored.

2.3 Aerogels

Aerogels are referred to as the products of a solvent exchange from a gel with a gaseous
phase in which the initial solid network structure of the gel mostly remains intact!'34l,
Due to their network-based structure, aerogels possess unique properties such as large
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Figure 2.27: Schematic representation of the chemical structure of a triphenylamine-
based derivate undergoing multiple redox reactions.

inner surface areas with multiple hundred square meters per gram as well as high
porosities since the pores occupy the majority of the aerogel’s macroscopic volume 133,
Therefore, aerogels find application in a variety of fields such as photocatalysist34,
thermal insulation!2 energy storage!™® or biomedical applicationst34. In addition,
the diversity of potential materials that can be assembled into aerogels spans a wide
range of inorganic8 organicl’3®, and hybrid materials!'4%, However, the prepara-
tion of aerogels typically follows a general scheme, of which the individual steps will be
presented in the following sections.
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2.3.1 Gelation

The first step in the preparation of aerogels involves the formation of a gel starting from
a solution of suitable precursors of the desired material. Depending on the type of mate-
rial, gelation may be initiated by a variety of mechanisms. For instance, polymer-based
gels are accessible via the cross-linking reactions of molecular monomerst41:142l - or
pre-formed polymerst43144l - One of the most researched types of organic gels pre-
pared via cross-linking is based on resorcinol and formaldehyde, for which the schematic
gelation through polycondensation is shown in Figure [2.28]

R
OH
o L,
OH H* H
resorcinol formaldehyde

Figure 2.28: Schematic representation of the formation of a gel network through poly-
condensation reactions between resorcinol and formaldehyde.

In the case of inorganic aerogels, a sol-gel process is typically utilized to obtain the
gels. Here, aerogels of silicon dioxide (SiO,) are among the extensively studied com-
poundst#3l A widely applied approach involves the hydrolysis and condensation of
tetraalkoxysilanes. The individual steps of such a reaction are displayed in Figure[2.29
Initially, a solution of the tetraalkoxysilane in an alcohol is prepared. Following the ad-
dition of water and an acid or a base as a catalyst, the silane is partially hydrolyzed to
yield reactive species that can undergo condensation reactions. These can occur be-
tween two hydrolyzed species under the elimination of water or between a hydrolyzed
silane and an unreacted tetraalkoxysilane molecule that leads to the elimination of an
alcohol. In either case, chains of oxygen-bridged silicon atoms are obtained that even-
tually interconnect to form the solid network as the reaction continues. Depending on
the synthesis parameters, the structure of the obtained gels can be altered to achieve
the desired properties, e.g., concerning the porosity'#l. These parameters include the
water-to-silane ratio, the catalyst, the pH value, and the reaction temperature 44,
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Figure 2.29: Schematic representation of the mechanism of hydrolysis and condensa-
tion of tetraalkoxysilanes.

Another approach that is very common in the preparation of aerogels based on metal
oxides is the epoxide route!'48l. In this case, for example, a solution of a metal chloride
is prepared in a polar solvent, to which an epoxide such as propylene oxide is added
to initiate the gelation. The epoxide undergoes a ring-opening reaction, as shown in
Figure (other products are also obtained!'48l). This proton-consuming process
results in an increase in pH value that leads to hydrolysis and condensation reactions
of the metal species, which eventually yield the gel network 143,

H
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f E + HA —= f } + A ——>
OH

Figure 2.30: Schematic representation of the ring-opening reaction of propylene oxide.

Besides using molecular precursors to produce gels of inorganic nanoparticles, gela-
tion may also be achieved starting from colloidal solutions of preformed nanoparti-
cles™ Here, initiation of the gelation depends on the nanoparticle stabilization mech-
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anism, e.g., sterically or charge-driven. Typical procedures involve the removal of lig-
ands through suitable additives for sterically stabilized colloids or a variation of the pH
value in the case of charge-stabilized colloids!°!,

Regardless of the different gelation mechanisms, these procedures yield the desired
gels that can be further processed to obtain the aerogels.

2.3.2 Aging and solvent exchange

Some types of gels benefit from an aging step prior to the solvent removall'®4, In this
step, the structure of the solid network is further strengthened by continuous reactions
within the gel when kept in the starting solution. For instance, in the case of silica
aerogel, dissolution and reprecipitation of monomers or additional hydrolysis and con-
densation steps onto the network account for an increase in the stability of the gelst=3l.
Depending on the type of drying that is supposed to be used to obtain the aerogels, the
solvent within the gels has to be exchanged!™4. For example, supercritical drying usu-
ally requires the solvent in the gel to be miscible with the solvent that is used for drying,
e.g., carbon dioxide (CO,). Solvent exchange is usually performed by immersing the
gel in the desired solvent. This can either be the pure new solvent or a mixture of the
required solvent and the solvent that was used in the preparation process of the gel
when the solvent exchange would otherwise lead to the destruction of the gel structure.
To exchange all of the solvents within the gels, this process may require multiple days.

2.3.3 Drying

At last, the aerogels are obtained by removing all the solvent that is contained within the
wet gels. Removing the solvent can be achieved by a variety of procedures, of which
the three most common will be briefly discussed. The three-dimensional structure of
the gels after solvent removal presents a highly desirable characteristic of aerogels,
which can be preserved by supercritical drying!'®l. In this process, the solvent within
the gels is initially exchanged for a suitable solvent that exhibits supercritical behavior
under reasonable conditions. Typically, liquid CO, is used for this purpose. Then, the
temperature and pressure are elevated above the critical point of CO, (Figure [2.31)).
At this stage, the pores are filled with the supercritical phase, which does not exert
large capillary forces on the pore network when the supercritical phase is removed by
lowering the pressure in the apparatus!™®. With CO,, reaching the supercritical phase
is realized at comparably low temperatures (< 40 °C).

Solvent removal can also be achieved by means of freeze-drying. Here, in the first
step, the solvent within the gels is frozen. Thereafter, the solidified liquid is removed by
a sublimation step under reduced pressure to yield the solvent-free porous network 1>
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Figure 2.31: Schematic phase diagram of CO,.

Especially with water as the solvent, freeze-drying is very common despite the increase
in volume during freezing!®8l. This type of solid is referred to as cryogels>9.

The simple evaporation of the solvent from a gel is termed ambient pressure drying.
While this process is attractive in terms of safety and costs, the gels are prone to severe
shrinkage and the formation of cracks due to high capillary forces!®%. These obtained
structures are called xerogels !,
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3 Dispersible Sn0O,:Sb and TiO, nanocrystals after
calcination at high temperature

As previously discussed, antimony doped tin oxide (ATO) nanoparticles exhibit inter-
esting properties. These are due to the integration of antimony ions, preferably in the
+V oxidation state, into the tin(IV) dioxide lattice. Therefore, to balance the additional
positive charge of the Sb®* ions, an equal number of electrons must be present in the
conduction band that changes the optical and electrical behavior of ATO compared to
SnO,. This makes ATO nanoparticles particularly interesting for electrochemical appli-
cations, as will be shown in the following chapters. First, however, a suitable synthesis
procedure for ATO nanoparticles has to be established. Furthermore, it is desirable to
be able to produce colloidal nanoparticle solutions, as these are convenient for further
processing of the particles, in particular the fabrication of thin ATO layers. One problem
that arises in the preparation of functional nanoparticles, as with ATO, is the fact that
the desired properties are only accessible after treatment at high temperatures. How-
ever, this favors the formation of large, coalesced nanoparticle aggregates that cannot
be re-dispersed into colloids. This chapter first covers the preparation of ATO nanopar-
ticles and colloids of these. Further, a new methodology is presented that enables the
re-dispersion of nanoparticles even after their calcination.

Parts of this chapter were published:
Jonas Klein, Michael Philippi, Fatih Alarslan, Tim Jahnichen, Dirk Enke, Martin Stein-

hart, and Markus Haase, "Dispersible SnO,:Sb and TiO, Nanocrystals After Calcination
at High Temperature”, Small 2023, 19, 2207674
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Introduction

3.1 Introduction

In the synthesis of many functional materials, high-temperature treatments can play
a crucial role to improve the properties of a material after the initial preparation pro-
cess. There are different aspects in which a high temperature can be beneficial or
even required. For instance, the desired properties of a material may be unique to a
specific crystallographic phase as it is the case with the a-phase of aluminum oxide
(a-Al,04)11821831 or manganese sulfide (MnS)1%4, Improving the crystallinity of a ma-
terial and reducing defects is also of considerable importance to enhance properties
such as photocatalytic activity., Common materials displaying such behavior include
titanium dioxide (TiO,)!®9, tin dioxide (SnO,)1%!, or zinc oxide (ZnO)1e2188] - Another
class of interesting materials frequently requiring the use of high temperatures in the
synthesis are doped crystals. Here, high-temperature treatments may facilitate the in-
tegration of dopant ions into the host lattice. In the case of luminescent materials, this
is accompanied by a narrowing of the linewidth of emission peaks 621701,

Separated particles can be prepared via synthesis methods involving solvents as
reaction medium and suitable additives that account for sterically or electrostatic repul-
sion between the particlest 17173l These procedures however are limited with respect
to the reaction temperature by the boiling point of the solvent. Therefore, additional
calcination steps at higher temperatures are usually required after the initial synthe-
sis of the material to achieve their favored properties. An undesirable consequence
of such calcination treatments involves the sintering of individual particles into fused
aggregatest 7471701 This usually negatively affects the redispersion of the particles.
Especially in the case of nanoparticles, obtaining stable colloidal nanoparticle solutions
can be greatly desirable for investigation of their properties or further processing, e.g.,
preparation of thin films. To solve this problem, the contact between nanoparticles
during calcination has to be minimized to a degree, which prevents the formation of
large aggregates. Common approaches presented in earlier works utilize a sacrificial
material (e.g., SiO,) that protects the particles during calcination, e.g., through a shell
around the nanoparticles'77180  After the calcination step, the SiO, is removed from
the particles, for instance by chemical etching. These procedures finally allow for the
preparation of colloidal solutions of the particles181182,

However, in the work presented here, a completely different approach based on
nanoparticle aerogels is used. Aerogels composed of nanoparticles have gained con-
siderable interest in recent years, because their highly porous structure allows easy
access to the surface of the particles, while the comparatively small number of inter-
connections between the nanoparticles only weakly affects their properties in many
casesl83184  Therefore, there are a large number of studies reporting on the opti-
call’®l magneticl'®®l energy storagel'?l, and catalytic'®”! properties of nanoparticle
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aerogels. Herein, the porous structure is also utilized, but in a very different way: It is
shown that nanoparticles, in the form of an aerogel, can be treated at much higher tem-
peratures than even high-boiling solvents allow in the synthesis of the particles and that
the aerogels can still be converted back into stable colloidal solutions with only weak
agglomeration of the particles. The aerogel route is demonstrated with antimony doped
tin oxide (ATO) and TiO, nanoparticles. Especially the properties of ATO, namely the
plasmon absorption in the IR region due to the doping with antimony, benefit from high-
temperature treatment!'88l. This is also immediately apparent from the appearance
(blue coloration) of the colloids from nanoparticles treated at different temperatures.

3.2 Experimental

Synthesis of Antimony Doped Tin Dioxide Nanoparticles (10% Sb):

First, 66 mmol of potassium hydroxide (3.703 g, Sigma Aldrich) and 2 mL of hydro-
gen peroxide (30 wt.%, Merck) were dissolved in 250 mL of water. Next, 6.6 mmol of
potassium hexahydroxoantimonate (1.735 g, Merck) was added and the suspension
was heated at 90 °C until a clear solution was obtained. After cooling to room temper-
ature, 59.4 mmol of potassium hexahydroxostannate (17.758 g, Sigma Aldrich) was
dissolved, yielding a clear solution. Precipitation was induced by adding 198 mmol
of hydrobromic acid (22.23 mL of 48 wt.% HBr diluted to 100 mL). The resulting sus-
pension was then heated to 95 °C. After 30 min at 95 °C, a 1 M solution of potassium
hydroxide was added dropwise until a clear colloidal solution was obtained which was
further heated for an additional 30 min. Thereafter, the solution was cooled to room
temperature and the nanoparticles were again precipitated by the addition of hydro-
bromic acid, centrifuged, and washed several times with water until the supernatant
remained slightly turbid. For the autoclave treatment, the nanoparticles were redis-
persed in 200 mL water containing 2 mL of 1,8-diazabicyclo[5.4.0]lundec-7-en (in the
following abbreviated as DBU, purchased from TCI). The transparent colloidal solution
resulting after stirring for 30 min was purged with nitrogen for a further 20 min and then
heated at 200 °C for 5 h in a Teflon-lined autoclave. Finally, the nanoparticles were pre-
cipitated again by the addition of hydrobromic acid and repeatedly washed with water.

Synthesis of Titanium Dioxide Nanoparticles:

For the synthesis of TiO, nanoparticles, 25 mmol of titanium isopropoxide (7.40 mL,
Sigma Aldrich) was combined with 50 mmol of DBU (7.46 mL) and the mixture was
stirred for 20 min. Subsequently, 10 mL of methanol and 150 mL of water were added
under stirring. The nanoparticles were then precipitated via the addition of 50 mmol of
hydrobromic acid (5.60 mL of 48 wt.% HBr diluted to 50 mL). After heating the resulting
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suspension at 95 °C for 1 h, the nanocrystalline precipitate was separated by centrifu-
gation and washed three times with water.

Preparation of Aerogels:

At first, colloidal solutions were prepared by stirring 0.5 g nanoparticles in 10 mL of a
1:3 mixture of water and ethanol containing 0.1 mL of DBU. In the case of ATO, the
nanoparticles were used that were heated in the autoclave. After the addition of 0.2 mL
ethyl formate (Alfa Aesar), the solution was transferred into a cylindrical mold (plas-
tic syringe) with a diameter of 19 mm. The solution in the mold was then placed in
an oven (60 °C) until gelation occurred (approx. 20 min). Thereafter, the gel was re-
moved from the mold and immersed in pure ethanol. Over 2 days, the solvent was
frequently replaced to exchange the solvent within the gel against pure ethanol. At last,
the ethanol-containing gel was converted into an aerogel by supercritical drying with
CO, in a Leica EM CPD300 critical point dryer. Calcination of the aerogels was per-
formed in an electric oven at 500 °C for 2 h.

Preparation of Colloidal Nanoparticle Solutions with Different Solvents:

1) Water: Aqueous colloids of ATO or TiO, nanoparticles were used as starting mate-
rial to transfer the particles into other solvents. The aqueous colloids were prepared
by stirring 0.1 g nanoparticles (ATO or TiO,) with 10 yL DBU and 1 mL of water until
all solid was dispersed. 2) Methanol: First, the nanoparticles were precipitated from
the aqueous colloidal solution (0.1 g mL™") by adding the fivefold volume of acetone.
After separating the precipitate by centrifugation, the nanoparticles were redispersed
in methanol, again precipitated with acetone, and collected by centrifugation. The pre-
cipitate thus obtained could be redispersed in methanol to obtain colloidal solutions of
the particles in this solvent. 3) Toluene/tetrachloroethylene: To transfer the particles
into nonpolar solvents, the nanoparticles were precipitated from the methanolic colloid
by adding a solution of 10 wt.% of dodecylamine (Sigma Aldrich) in methanol. After
separating the precipitate by centrifugation, the precipitate was heated in pure dode-
cylamine at 95 °C for 1 h, resulting in a clear colloidal solution of the nanoparticles at
this temperature. Finally, the particles were collected and purified by applying three
cycles of precipitation with methanol, centrifugation, and redispersion in toluene. The
dodecylamine-capped nanoparticles thus obtained can be redispersed in a variety of
nonpolar solvents. In the present work, toluene and tetrachloroethylene (Sigma Aldrich)
were used.

Characterization of the Materials:
A Zeiss Auriga scanning electron microscope (SEM), operated with an acceleration
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voltage of 3 kV, was used to record SEM images. The solid samples were sputtered
with platinum/iridium before the measurements. X-ray powder diffraction (XRD) data
were measured with a Panalytical Empyrean diffractometer in Bragg—Brentano geome-
try using Cu K-a radiation. The diffractograms were recorded with a step size of 0.026°
(for 28). X-ray fluorescence measurements were carried out with a Panalytical Ax-
ios instrument. Transmission electron microscopy (TEM) images were recorded with
a JEOL JEM-2100 Plus microscope. The instrument was equipped with a LaBg cath-
ode, an EM-24830FLASH camera (JEOL), and operated at 200 kV. Optical absorbance
spectra were recorded on a Carry 6000i UV-VIS-NIR spectrometer and a Bruker Vertex
70 FT-IR spectrometer. Measurements were performed with a CaF, cuvette with a path
length of 0.5 mm. The nanoparticles were dispersed in tetrachloroethylene with a con-
centration of 10 mg mL™'. Nitrogen sorption measurements on nanoparticle aerogels
and powders were performed with a Quantachrome Autosorb at 77 K. The total pore
volume was calculated at p/p, = 0.995, while the specific surface area was calculated
using the BET method in a relative pressure range of p/p, = 0.05-0.30. A Malvern Ze-
tasizer Nano ZSP was used to obtain dynamic light scattering (DLS) measurements of
colloidal nanoparticles dispersed in either water, methanol, or toluene.

3.3 Results and discussion

Figure [3.1] displays the individual steps to prepare colloidal solutions of calcined ATO
nanoparticles. Initially, ATO nanoparticles were prepared via coprecipitation from an
aqueous precursor solution containing hexahydroxostannate and hexahydroxoantimo-
nate (Figure [3.2)) by the addition of hydrobromic acid followed by heating at 95 °C. An
antimony-dopant concentration of 10% was chosen and experimentally confirmed by
X-ray fluorescence measurements (10.4%). Powder X-ray diffraction (XRD) measure-
ments (Figure [3.3a) of the nanocrystalline material obtained after heating at 95 °C show
no other phases than cassiterite, i.e., the tetragonal structure of rutile-type tin dioxide.
The Scherrer equation yields a nanoparticle size of approx. 2 nm for the particles in ac-
cord with the very broad peaks. Since the XRD data do not show peaks corresponding
to phases of antimony compounds, even after calcination at 500 °C, it is reasonable to
conclude that the antimony was successfully incorporated into the crystal lattice of tin
dioxide during coprecipitation. The nanoparticles obtained after heating at 95 °C form a
colorless powder (Figure [3.1a). This is also apparent from absorbance measurements
of the particles in the UV to IR range. For these measurements, colloidal solutions were
prepared by redispersing the nanoparticles in tetrachloroethylene as solvent and dode-
cylamine as surface ligand. For the particles prepared at 95 °C, almost no absorption
is observed over the whole frequency region (Figure [3.3b). Notably, the distinct peaks
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Step 2
[

Step 4

Figure 3.1: Photographs of: a) ATO nanoparticles synthesized at 95 °C; aqueous
colloidal solution of ATO nanoparticles b) before and c) after autoclave treatment; d)
nanoparticle gel; e€) nanoparticle aerogel; f) SEM image of ATO aerogel; g) nanoparti-
cle aerogel after calcination at 500 °C; h) SEM image of ATO aerogel after calcination;
i) aqueous colloidal solution of calcined ATO nanoparticles.

between approx. 3700 and 2700 cm™', which are present in all samples, can be as-
signed to the ligand (dodecylamine) as well as residual methanol, resulting from the
ligand exchange process to obtain colloidal solutions in tetrachloroethylene. Since the
absorption spectrum lacks the characteristic plasmon absorption band of n-conductive
oxides at this stage, the excess charge of the Sb>* ions is not compensated by free elec-
trons in the conduction band. Instead, charge compensation is most likely provided by
additional O~ or OH™ ions in the crystal lattice. The synthesis product of the coprecip-
itation may then be written as a mixed oxide Sn,_,Sb, O, 5, or mixed oxide/hydroxide
Sny.ySby Oy, 5y-,(OH),, (sometimes written as a hydrated oxide Sn4.,Sb, O,,, 5,-zH,0).
Charge compensation would not be required if the crystal lattice contained an equal
number of Sb3* and Sb%* ions. The presence of antimony ions in both valence states,
however, results in a yellowish to brownish coloration of the nanoparticles, as verified
by EXAFS/XANES and photoelectron spectroscopy1891%0  Since the synthesis starts
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[Sn(OH)e* + [Sb(OH)el
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Figure 3.2: Chemical formulas representing the preparation of functional ATO nanopar-
ticles by coprecipitation and subsequent calcination.

with an antimony(V) compound and a purely white powder is obtained, the number of
Sb3* ions in the SnO, lattice can only be smalll®®®_ In principle, charge compensation
could also be provided by Sn vacancies. However, already in the starting compound
hexahydroxostannate, the tin atoms are coordinated octahedrally by six oxygen atoms,
as is the case in tin dioxide. For this reason, six tin-oxygen bonds would have to be
broken to create a Sn vacancy, which seems not very likely given the low synthesis
temperature. In fact, earlier work has shown that the plasmon absorption band already
forms when the aqueous colloid is heated at 270 °C in a reducing atmosphere (auto-
clave, forming gas)®®!. The observation that reducing conditions are favorable also
suggests that oxygen species have to be removed from the nanoparticles to obtain
n-conductive Sn,_,Sb, O, (Figure .

a b
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Figure 3.3: a) XRD patterns of ATO nanoparticles treated at 95, 200, and 500 °C along
with a reference spectrum of tetragonal SnO, (ICSD: 39177). b) Absorbance spectra
of colloidal solutions of ATO nanoparticles treated at 95, 200, and 500 °C with tetra-
chloroethylene as the solvent and a nanoparticle concentration of 10 mg mL™".

The first step in the preparation of the aerogels involves the redispersion of the
nanoparticles into a clear colloidal solution in water (Figure [3.1b). This is achieved by
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the addition of a strong base (1,8-diazabicyclo[5.4.0]Jundec-7-en, DBU) that accounts
for electrostatic repulsion between individual nanoparticles. After treatment of the so-
lution in an autoclave at 200 °C, a blue colloid is obtained (Figure[3.1c). The XRD
data of these particles (Figure[3.3a) exhibit narrower peaks as the temperature treat-
ment increased the mean particle size to approx. 3 nm. The blue color of the colloidal
solution is caused by a plasmon absorption band in the near IR region that extends
into the visual spectrum (Figure [3.3p). The formation of the plasmon absorption band
confirms the presence of free electrons in the conduction band of the ATO nanopar-
ticles after the autoclave treatment. The next step in the preparation of the aerogels
involves gelation of the colloidal nanoparticle solution. For this purpose, an ester (ethyl
formate) is added to an alkaline colloidal solution containing 50 mg mL™" nanoparticles
in an ethanol/water solvent mixture. By increasing the temperature to 60 °C, the ester
is homogeneously hydrolyzed in the solution, causing a homogeneous decrease in pH.
The decreasing pH weakens the electrostatic nanoparticle stabilization, finally result-
ing in the formation of a gel (Figure[3.1d). After a solvent exchange within the gels to
pure ethanol, the aerogels are obtained via supercritical drying with CO, (Figure [3.7e).
Characterization of the aerogels by scanning electron microscopy (SEM) confirms that
the nanoparticles formed a highly porous network (Figure [3.1f). The aerogels were then
placed in an electric oven and calcined at 500 °C. An SEM image of a calcined aerogel
is presented in Figure [3.Th, which shows that the nanoparticle network remains intact
during calcination and prevents the nanoparticles from forming large aggregates. Fig-
ure shows that the calcination leads only to a slight narrowing of the XRD peaks
indicating an increase of the particle size to approx. 5 nm. It is also apparent from Fig-
ure that the high-temperature treatment resulted in an intensification of the blue
coloration. After calcination of the aerogel, the fully functional ATO nanoparticles can
again be redispersed in the form of clear colloidal solutions, as will be described in more
detail below. With water as the solvent, this is achieved by the addition of a strong base
(Figure[3.1)). The corresponding colloidal solution in tetrachloroethylene (Figure [3.3p)
displays a plasmon absorption band that is increased in intensity by a factor of three
compared with a solution of particles treated at 200 °C. Thus, the calcination at 500 °C
further increases the number of free electrons in the conduction band and, hence, the
conversion to n-doped SnO,:Sb. Notably, for the preparation of aerogels, the autoclave
treatment of the colloidal solutions at 200 °C is not strictly necessary but is nevertheless
displayed here to highlight the difference in coloration of the aerogels before and after
calcination at 500 °C. From the results presented so far, it is obvious that nanoparticles
such as ATO require high-temperature treatments to gain their full functionality, in this
case, high n-conductivity. In a control experiment, the ATO nanoparticles were simply
calcined as a powder without first forming an aerogel. These particles cannot be re-
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Figure 3.4: a) Photograph of a failed attempt to obtain an aqueous colloidal solution
(using DBU as base) of calcined ATO nanoparticles without the formation of an aerogel.
The particles were precipitated from the solution and the powder calcined at 500 °C.
b) TEM images of ATO particles that were calcined as powder. ¢c) TEM images of ATO
particles that were calcined as aerogel.

dispersed in a water/DBU mixture, as shown in Figure [3.4a. Since rapid sedimentation
occurs, dynamic light scattering (DLS) measurements, for example, are not possible.
This is due to the formation of large aggregates during the calcination process, which
can be seen in transmission electron microscopy (TEM) images (Figure [3.4b). On the
other hand, TEM images of the particles calcined as aerogels display highly limited
aggregation (Figure [3.4c) that allows redispersion of the particles into stable colloidal
solutions. Further insight into this phenomenon was gained through nitrogen sorption
experiments (Figure[3.5and Table[3.1). These measurements show that the nanoparti-
cle aerogels contain considerably larger pores compared with the nanoparticle powder.
The high-temperature treatment of the aerogels results in a decrease in specific sur-
face area and pore volume, which is a typical sign of the formation of fused aggregates.
To study the degree of agglomeration in solution, colloidal solutions of ATO nanoparti-
cles in different solvents and after different heat treatments were analyzed by DLS and
TEM. As mentioned above, aqueous colloids can be prepared by the addition of a
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Figure 3.5: Nitrogen sorption isotherm of ATO particles in the form of a) a powder and c)
assembled as aerogel before and after calcination. BJH pore volume dV(logD) against
pore diameter of ATO particles in the form of b) a powder and d) assembled as aerogel
before and after calcination. The measurements were performed by Tim Jahnichen in
the group of Dirk Enke at Universitat Leipzig.

Table 3.1: BET-surface area and total pore volume of ATO powders and aerogels before
and after calcination, obtained from the nitrogen sorption measurements displayed in

Figure [3.5

Particles

BET-surface area  Total pore volume

ATO powder before calcination
ATO powder after calcination
ATO aerogel before calcination
ATO aerogel after calcination

[m? g [cm3 g
155 0.11
77 0.11
167 0.30
105 0.19

a strong base to a slurry of nanoparticles in water. The corresponding DLS measure-
ments are shown in Figure [3.6p displaying particles synthesized at 95 °C, particles that
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were heated in the autoclave at 200 °C, and particles that were calcined at 500 °C
in the form of an aerogel. The DLS data show hydrodynamic diameters of approx. 4
and 7.5 nm after heating at 95 and 200 °C, respectively, and therefore only slight ag-
glomeration when compared with the sizes obtained by XRD. From the TEM images
displayed in Figure [3.6[/e, the average size of individual particles can be determined
as 2.7 nm (95 °C) and 4 nm (200 °C). Furthermore, these particles display a rather uni-
form spherical shape. After calcining the aerogels at 500 °C, the mean hydrodynamic
particle diameter increased to about 24 nm. This is not surprising since the nanopar-
ticles were in contact with each other during the calcination process. Some degree of
sintering between individual nanoparticles, therefore, is inevitable and in accord with
the nitrogen sorption measurements mentioned above. This is also evident from TEM
images of the calcined particles as shown in Figure [3.6f. In this case, it can be observed
that individual particles are fused together to form aggregates with continuous lattice
fringes as a result of the calcination procedure. However, it is remarkable that the size
of the fused aggregates is below 30 nm and small enough to allow complete redisper-
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Figure 3.6: DLS measurements of colloidal solutions of ATO nanoparticles treated at
temperatures of 95, 200, and 500 °C, using: a) water, b) methanol, and c) toluene as
solvent, respectively. TEM images of ATO nanoparticles treated at a temperature of: d)
95 °C, e) 200 °C, and f) 500 °C.
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sion of the nanoparticles after calcination into clear colloidal solutions, especially since
no sacrificial material is needed that separates the particles during calcination. As these
particles are not uniform in shape, their size was not further evaluated as it was done
for the particles treated at 95 and 200 °C. After precipitation from aqueous solution, the
nanoparticles can also be redispersed in methanol as shown in Figure [3.6pb. The figure
shows that the overall trend of the DLS measurements is comparable to the aqueous
colloids, as average diameters of 5.5 nm (95 °C), 6.5 nm (200 °C), and 26 nm (500 °C)
are observed. Finally, the nanoparticles can be redispersed in nonpolar solvents. In this
case, the nanoparticles are first precipitated from the methanolic colloidal solution by
adding an apolar ligand such as dodecylamine and then redispersed in excess ligand
as solvent. After precipitation with methanol, the particles can be redispersed in apolar
solvents such as the aforementioned tetrachloroethylene, toluene, and others. DLS
measurements of colloids with toluene as solvent are displayed in Figure [3.6c. The av-
erage diameters of the nanoparticles treated at 200 °C (8 nm) and 500 °C (24 nm) are
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Figure 3.7: a) XRD data of TiO, nanoparticles treated at 95 and 500 °C along with
the reference data of anatase TiO, (ICSD: 96946). Photographs of aqueous colloids
containing TiO, nanoparticles at a concentration of 2 mg mL™". The particles were
treated at: b) 95 °C and c) 500 °C. d) DLS measurements of the aqueous colloids of
TiO, nanoparticles treated at 95 and 500 °C. e,f) TEM images of the TiO, nanoparticles
treated at 95 and 500 °C, respectively.
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again comparable to the results obtained in water and methanol. For the nanoparticles
prepared at 95 °C, diameters around 13 nm are obtained, indicating a higher degree
of agglomeration. Another important aspect of colloids is their long-term stability. In
this regard, the aqueous and methanolic colloids are stable for multiple weeks up to
months without any signs of sedimentation. The colloids in the nonpolar solvents are
less stable, which may be overcome by optimizing the ligand molecules.

In a first attempt to extend the method to nanomaterials other than ATO, the aerogel
route was also applied to TiO, nanoparticles. Similar to ATO, DBU was used as strong
base, starting from a precursor in an alkaline solution, precipitating the particles from the
alkaline solution with hydrobromic acid, and heating the resulting nanoparticle suspen-
sion at 95 °C. After washing, the TiO, nanocrystals were redispersed in water/ethanol
with the help of DBU, followed by gelation, supercritical drying, and calcination at 500
°C as described for the ATO nanoparticles. The particles consist of the anatase phase,
as shown by the XRD data displayed in Figure [3.7a. Based on the Scherrer equation,
a size of approx. 3 nm is obtained for the nanoparticles synthesized at 95 °C and ap-
prox. 6 nm after calcination of the aerogel at 500 °C. From TEM images of the particles
prepared at 95 °C (Figure [3.7f), their average size can be estimated at 3.8 nm. When
these particles are redispersed in water, DLS measurements indicate a mean particle
size of 13 nm in the colloidal solution (Figure [3.7d). Therefore, the 3.8 nm TiO, parti-
cles are somewhat less well dispersed than the 2.7 nm ATO particles for which a DLS
size of approx. 4 nm was determined in water (Figure [3.6). In combination with the
higher refractive index of TiO,, this effect results in a more pronounced scattering of
the colloidal solution (Figure [3.7b) compared with the corresponding ATO colloid (Fig-
ure [3.1f). However, after calcination of the TiO, aerogel at 500 °C, the DLS results are
very similar to those observed for ATO: The TiO, nanoparticles can be redispersed in
water (Figure [3.7c) as described for ATO and the DLS measurements show an aver-

Figure 3.8: SEM images of TiO, aerogels a) before and b) after calcination.
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Figure 3.9: Nitrogen sorption isotherm of TiO,, particles in the form of a) a powder and c)
assembled as aerogel before and after calcination. BJH pore volume dV(logD) against
pore diameter of TiO, particles in the form of b) a powder and d) assembled as aerogel
before and after calcination. The measurements were performed by Tim Jahnichen in
the group of Dirk Enke at Universitat Leipzig.

Table 3.2: BET-surface area and total pore volume of TiO, powders and aerogels before
and after calcination, obtained from the nitrogen sorption measurements displayed in

Figure [3.9]

Particles BET-surface area  Total pore volume
[m? g’ [cm® g”']

TiO, powder before calcination 350 0.31

TiO, powder after calcination 118 0.20

TiO, aerogel before calcination 261 0.54

TiO, aerogel after calcination 126 0.26

age size of approx. 28 nm (Figure [3.7d), very similar to the value of 24 nm observed
for ATO. In fact, SEM images of the TiO, aerogels before and after calcination (Figure
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confirm again a highly porous structure that is also supported by nitrogen sorption
measurements of TiO, powders and aerogels (Figure [3.9) and Table [3.2). The TEM
image of the calcined TiO, nanoparticles (Figure [3.7f) also shows some fusion as was
observed for the calcined ATO nanoparticles. DLS measurements of colloidal TiO, so-
lutions in toluene are shown in Figure[3.10] In this case, average diameters around 12
and 32 nm are obtained for the nanoparticles treated at 95 and 500°C, respectively.
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Figure 3.10: DLS measurements of TiO, nanoparticles redispersed in toluene after
heat-treatment at 95 and 500 °C.

3.4 Conclusion

In summary, it is demonstrated that nanoparticles prepared via an aerogel route can
be redispersed even after calcination. Here, ATO and TiO, nanoparticles were used as
examples for this method. The aerogels are prepared by gelation of a colloidal nanopar-
ticle solution followed by supercritical drying. After calcination of the aerogels at 500 °C,
the nanoparticles can be redispersed to obtain stable colloidal solutions. The primary
particle size is below 10 nm after calcination. It was observed that calcination only led
to a slight degree of sintering resulting in particle aggregates with average hydrody-
namic diameters below 30 nm according to DLS. Furthermore, colloidal solutions can
be prepared with various solvents, which can be useful for potential postprocessing of
the nanoparticles. The increase in material functionality due to calcination is shown for
the case of ATO nanoparticles. Here, with increasing temperature treatments, an inten-
sification of the coloration of the particles due to an increased intensity of the plasmon
absorption band is observed.
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4 Intercalation-free, fast switching of mesoporous
antimony doped tin oxide with cathodically
coloring electrochromic dyes

In the previous chapter, a synthesis route was successfully established that yields small
and re-dispersible ATO nanoparticles. As highlighted, subjecting the nanoparticles to
high temperatures is required to achieve full functionality, i.e., strong absorption in the
IR region due to the presence of free electrons. Besides the optical properties, the
presence of free electrons also has a strong influence on the electric properties of the
nanoparticles since they cause much improved electrical conductivity. Therefore, the
assembly of ATO nanoparticles into thin films, which provide a continuous particle net-
work, makes them useful for electrochemical applications. Particularly mesoporous
films are attractive since they offer large inner surfaces that can be decorated with other
functional materials. For instance, in the field of electrochromism, these materials may
be redox-active organic molecules that change their color when they are oxidized/re-
duced. Colloidal solutions of small, re-dispersed nanoparticles present an ideal starting
point for the preparation of such mesoporous thin films. This chapter showcases that
the ATO thin films display remarkable performance in electrochromic devices under
conditions that cannot be realized with other materials.

Parts of this chapter were published:

Jonas Klein, Alexander Hein, Ellen Bold, Fatih Alarslan, Egbert Oesterschulze, and
Markus Haase, Intercalation-free, fast switching of mesoporous antimony doped tin
oxide with cathodically coloring electrochromic dyes”, Nanoscale Advances 2022, 4,
2144
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Introduction

4.1 Introduction

Electrochromic (EC) materials allow for dynamic changes in their absorption behavior
regulated by the application of electric fieldst'®4. Due to this property such materials
are widely investigated for displayst93194 smart windows!921%l or imaging 19741981,
The variety of active materials include metal oxide filmsH932%0  polymer films 20172041
solubilized organic molecules#%%-207 or hybrid systems. The latter refers to a combina-
tion of an inorganic mesoporous scaffold functionalized with organic redox-active dyes.
With respect to the inorganic scaffold, high transparency in the visible region (i.e., low
absorption and low scattering of light), as well as good electrical conductivity in the
potential range of the redox dye are required. Materials that satisfy these criteria are
nanocrystalline transparent conductive oxides (TCOs), which are widely used as scaf-
fold materials. The preparation of a mesoporous scaffold includes doctor blading of
a nanoparticle paste of the desired TCO onto a conductive substrate and subsequent
calcination. The TCO layer is then functionalized with an organic dye by anchoring
the dye molecules to the large inner surface of the mesoporous layer. Standard an-
choring groups of the dyes are carboxylate or phosphonate moieties!?%®l. Concerning
the performance of the dye, an uncolored state with high transparency and a colored
state with a large extinction coefficient are desirable. By choosing appropriate materi-
als, such inorganic-organic hybrid systems allow for high electrochromic contrasts as
well as fast switching times due to fast electron transport throughout the mesoporous
film 209-211)

A class of materials that are widely employed as cathodically coloring dyes are sub-
stituted 4,4’-bipyridinium salts commonly known as viologens. Their popularity is based
on their facile synthesis, tunable absorption properties, and high stability!¢12l, Further-
more, the redox potential of viologens is only slightly negative, which is beneficial with
respect to the power consumption of EC devicesl'3l. In combination with viologens,
titanium dioxide (TiO,) is widely applied to form a mesoporous TCO scaffold 214219l
TiO, layers offer exceptional transparency in the visible region and TiO, is also readily
available!“1®l, However, the electrical conductivity of TiO, is restricted to negative po-
tentials unless special electrolytes are chosen allowing the broadening of the potential
rangel?ll. An example are electrolytes containing small cations, e.g. lithium, which are
known to shift the conductivity range of TiO, towards more positive potentials. On the
downside, using electrolytes with lithium ions can cause lithium insertion in the inorganic
scaffold material when the electrodes are sufficiently negatively polarized. Such inser-
tion processes cause mechanical stress within the oxidic nanoparticles due to volume
expansion and thereby can lead to performance degradation!<18l,

Besides TiO,, the combination of other TCOs with viologens has been reported 21972211,
Among these materials, antimony doped tin oxide (ATO) is very appealing with respect
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to its high electrical conductivity over a wide potential range. However, in the reports so
far, ATO/viologen hybrid layers display inferior performance compared to other TCO/vi-
ologen systems!?21l especially when the nanoparticle size is decreased!??4l. The latter
aspect, namely the morphology of the TCO layer, is known to have considerable influ-
ence on the performance of such electrochromic systems!3l. Therefore, ATO layers
are primarily employed as counter electrodes in EC devices in the form of ion storage
layers?24223 or in combination with anodically coloring materials#2972281 To improve
the performance of ATO/viologens layers, multiple factors have to be taken into account.
With ATO being an n-conductive oxide, the charge of the free electrons in the conduc-
tion band is compensated for by Sb>* dopant ions occupying Sn** sites in the crystal
lattice*2%l. One potential drawback of ATO is its intrinsic absorbance in the infrared re-
gion which extends into the visible region. The strong NIR absorption is caused by the
high concentration of free electrons in the conduction band!?3%. However, as this optical
behavior depends on the antimony doping level, a low doping concentration could still
offer acceptable transparency while the electrical characteristics are less dependent on
the electrolyte composition. Moreover, due to the high mobility of the electrons, com-
paratively high conductivity of the particles may already be achieved with low antimony
concentrations!31l, A low doping concentration is also known to provide more homo-
geneous doping, especially when an Sb®" rather than an Sb®" source is used in the
synthesis, while increased antimony contents lead to accumulation of antimony at the
surface of the particles!'®. Too high antimony concentrations, however, decrease the
conductivity of ATOIR31232l This is crucial when small nanoparticles are used to form the
mesoporous layers. While small particles offer better optical properties, mesoporous
layers composed of small particles are particularly susceptible to increased contact re-
sistance between the nanoparticles. For mesoporous layers, homogeneously doped
particles with a low concentration of Sb>* should therefore be beneficial to increase the
performance of ATO/viologen systems.

In the present study, the behavior of a mesoporous ATO layer consisting of small
nanoparticles (5 nm) in combination with a viologen is investigated. First, the spectro-
electrochemical response of the bare metal oxide layer is investigated. Since the elec-
trolyte may have a great impact on the performance, an electrolyte containing lithium
and a lithium-free electrolyte are used to highlight the benefits when using the latter. In
the next step, the spectroelectrochemical performance of particles with different anti-
mony doping concentrations is investigated to choose the optimal Sb content. Compar-
ing the performance of viologen modified ATO and TiO, layers with a non-intercalating
electrolyte highlights the superiority of ATO in such a system. Finally, the viologen
functionalized ATO layer is implemented in a sealed two-electrode device. The counter
electrode of this device also consists of a mesoporous ATO layer but with an anodi-
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cally coloring organic dye. The selection of the dyes for the two electrodes is based
on preliminary works 98209 and enables the devices to achieve high contrasts. Also
in the device, the non-intercalating electrolyte is utilized. In particular, it is shown that
the switching times of the ATO electrodes are remarkably fast, despite the use of elec-
trolytes with large cations and the use of ATO nanocrystals of small size.

4.2 Experimental

ATO nanoparticle synthesis:

ATO particles with an antimony doping concentration of 2% were synthesized as fol-
lows: 2 mmol potassium hexahydroxoantimonate (0.53 g, Merck) and 2 mL hydrogen
peroxide solution (30%, Merck) were added to a solution of 100 mmol potassium hy-
droxide (5.61 g, Merck) in 400 mL water and subsequently heated at 60 °C until a clear
solution was obtained. At room temperature, 98 mmol potassium hexahydroxostan-
nate (29.3 g, Sigma Aldrich) and 250 mmol hydrochloric acid (21 mL (37%) diluted to
a total of 100 mL, Fluka) were subsequently added. After heating the solution to 95 °C
for 30 min, a 1 M potassium hydroxide solution was added dropwise until the solution
became clear followed by further heating for 30 min. The pH of the cooled solution
was adjusted to 4 by the addition of hydrochloric acid. The precipitate was centrifuged
and repeatedly washed with water until the supernatant remained turbid after centrifu-
gation. A colloidal solution in 200 mL water was obtained after the addition of 2 mL
1,8-diazabicyclo[5.4.0Jundec-7-en (DBU, purchased from TCI) to the precipitate. The
colloid was then loaded into a Teflon-lined autoclave (400 mL capacity) and heated to
200 °C for 5 h after purging the solution with nitrogen for 20 min. In the next step, the
volume of the colloid was reduced to 50 mL on a rotary evaporator followed by dialysis
(MWCO 6000-8000) for 2 days against water. Finally, all solvent was removed on a
rotary evaporator yielding the ATO nanoparticle powder. In the same manner, undoped
Sn0O,, as well as ATO nanoparticles with antimony concentrations of 5% and 15% were
synthesized.

Electrode preparation:

Mesoporous ATO nanoparticle layers were prepared on fluorine-doped tin oxide coated
glass (~ 7 Q sq~ ", Sigma Aldrich) by the doctor blade method. Prior to doctor blading,
the substrates were cleaned by repeated ultrasonication in water and acetone followed
by plasma cleaning (Diener Femto). A paste was prepared by mixing 2 g of the synthe-
sized ATO nanoparticles and 0.5 g of hydroxypropylcellulose (Alfa Aesar) in 10 mL of a
1/1 water/ethanol mixture. After doctor blading, the electrodes were heated to 450 °C
with a ramp of 5 °C min~" and a dwelling time of 1 h at 450 °C. The resulting films had
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a thickness of approx. 3.5 ym. In a similar way, mesoporous TiO, electrodes (approx.
3.2 ym) were prepared from a commercial TiO, paste (Ti-Nanoxide T/SP, Solaronix).
For the modification of the electrodes with a redox-active dye, the mesoporous layers
were immersed into a 4 mM solution of 1-(4-cyanophenyl)-1’-(2-phosphonoethyl)-4,4’-
bipyridin-1-ium (Vio) in ethanol for 16 h.

Spectroelectrochemical characterization:

Bare and dye-modified electrodes were characterized in a three-electrode setup with a
platinum wire counter electrode and an Ag/AgCl reference electrode. As electrolytes,
we used either lithium perchlorate (Sigma Aldrich) or tetrabutylammonium perchlorate
(Sigma Aldrich) in propylene carbonate (Sigma Aldrich) with 1 M concentration. A
Gamry Interface 1000 potentiostat was used to perform electrochemical experiments.
Optical measurements were recorded using an Avantes Avalight-DHc light source and
an Avantes AvaSpec-3648 spectrometer. The measurements were performed in an
electrochemical cell with an attached cuvette, into which the electrodes were immersed.
A blank FTO glass and the electrolyte filled cuvette were set as optical reference.

Physical characterization:

The nanoparticles were characterized by X-ray powder diffraction (XRD) using a Pan-
alytical Empyrean diffractometer with Bragg—Brentano geometry, Cu K- radiation, and
a step size of 0.026° for 26. Transmission electron microscopy (TEM) images were
recorded on a JEOL JEM-2100PIlus with an EM-24830FLASH camera (JEOL). The
cathode material was LaBg operated at 200 kV. Dynamic light scattering (DLS) mea-
surements of aqueous colloidal solutions of ATO nanoparticles after autoclave treat-
ment were performed on a Malvern Zetasizer Nano ZSP. Scanning electron microscopy
(SEM) images were obtained with a Zeiss Auriga scanning electron microscope using
an in-lens detector. The acceleration voltage was 3 kV and the samples were sputtered
with platinum/iridium.

Device fabrication:

In the device, indium tin oxide coated glass was used as the substrate. The device con-
sisted of a mesoporous 3 pm thick ATO working electrode modified with Vio and a simi-
lar (3 um) ATO counter electrode modified with [4-(diphenylamino) benzyl]-phosphonic
acid (TAA). The modification of the ATO electrode with TAA was performed by the im-
mersion of the electrode into a 4 mM solution of TAA in ethanol for 16 h. As the elec-
trolyte, a 1 M solution of tetrabutylammonium perchlorate in propylene carbonate was
used. The details of the device fabrication are reported elsewhere 433
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4.3 Results and discussion

Whether a material is suited for application in an electrochromic device depends on
the material’s optical and electrochemical properties. Herein the electrochromic sys-
tem is based on two electrodes each consisting of a mesoporous ATO nanoparticle
layer modified with an electrochromic dye. As outlined in the Introduction, a homoge-
neous distribution of the dopant ions in ATO nanoparticles is achieved with Sb®* ions
and low doping concentrations. Thus, a stable Sb®" precursor is required for the syn-
thesis. The widely utilized SbCl; for instance is susceptible to degradation to SbCls.
Therefore, we used hexahydroxostannate and hexahydroxoantimonate as precursors
and initially added hydrogen peroxide to the hexahydroxoantimonate solution to oxidize
all possible present Sb>* ions. Previous reports in which these precursors were used
also confirmed high Sb>*/Sb>" ratios?34. Here, the nanoparticles were obtained by
precipitation through the addition of an acid followed by autoclavation of the nanopar-
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Figure 4.1: a) XRD of ATO nanoparticles (2% Sb) along with the reference spectra of
SnO, (ICSD: 39177, blue), Sb,05 (ICSD: 8050, red) and Sb,05 (ICSD: 2033, green).
b) TEM image of ATO nanoparticles after autoclave treatment. ¢) DLS measurement of
colloidal ATO nanoparticles after synthesis and autoclave treatment measured in water.
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ticle colloid as described in the Experimental section. The characterization of the ATO
nanoparticles with an antimony doping concentration of 2% was carried out by X-ray
powder diffraction (XRD). As shown in Figure 4.7, the particles crystallized in a tetrag-
onal cassiterite structure. There are no peaks corresponding to antimony oxide species
such as Sb,0O5 or Sb,05. Therefore, successful integration of the dopant ions into the
SnO, lattice can be anticipated. According to the Scherrer equation, the particles have
a size of around 3.7 nm. The particles were also characterized by transmission elec-
tron microscopy (TEM) which also confirms the small size of the nanoparticles (Figure
4.1p). However, due to aggregation during drying on the TEM grid, a detailed analysis
of sizes from the TEM image is difficult. Dynamic light scattering (DLS) measurements
of the colloidal nanoparticles also show average sizes of around 4 nm (Figure [4.1kc).
With these nanoparticles, a paste was prepared which was then used to fabricate the
electrodes by the doctor blade method on fluorine-doped tin oxide coated glass (FTO).
After calcination at 450 °C, the ATO layers have a thickness of approx. 3.5 ym as can
be estimated from the scanning electron microscopy (SEM) image displayed in Figure
4.2a. Calcination also leads to an increase of the particle size to around 5 nm. From the
magnified SEM image (Figure 4.2b), the mesoporous nature of the layers can be con-
firmed. Consistent with the small particle size, the ATO layers are very densely packed
with small pores. As mentioned in the Introduction, the morphology of mesoporous lay-
ers can influence the electrochemical performance and is reported to benefit from larger
particles2222231  Especially the contact resistance between the ATO particles has to be
considered since their size is very small.

Figure 4.2: a) Cross-sectional SEM of ATO layers on FTO. b) Magnified cross-sectional
view displaying the mesoporous structure of the nanoparticle layers.

Therefore, the electrochemical behavior of the pure ATO layers was initially inves-
tigated in a three-electrode setup. Since the performance of the electrodes also de-
pends on the electrolyte composition, the experiments were performed with both 1 M
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lithium perchlorate (LiCIO,) and 1 M tetrabutylammonium perchlorate (TBAP) in propy-
lene carbonate (PC) as electrolytes. The corresponding cyclic voltammograms (CV’s)
are displayed in Figure 4.3a. With TBAP/PC as the electrolyte, ATO shows a capaci-
tive current over the whole chosen potential region indicating electron injection into the
nanoparticle layer and the formation of an electrochemical double layer!?3%. The cur-
rent decreases towards positive potentials due to the depletion of electron density at
the nanoparticle surface#!. With LiClO,/PC as the electrolyte, the general character-
istics are comparable to that observed with TBAP/PC but with some distinct differences.
ATO again shows a capacitive current over the complete potential region. Compared
to TBAP, however, the current is significantly higher. This can be explained by the
difference in the size of the cations present in the electrolyte and the fact that a tetra-
butylammonium ion occupies more space in the capacitive double layer than a lithium
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Figure 4.3: a) CV’s of ATO (2% Sb) mesoporous electrode layers measured in
TBAP/PC and LiCIO,/PC with a scan rate of 20 mV s~'. b) Coulometric measure-
ment for a potential step between +0.3 V and -0.6 V vs. Ag/AgCI in both electrolytes.
c) UV/VIS transmission spectra of ATO electrodes (after negative polarization) without

an applied potential for both electrolytes; optical reference: an electrolyte-filled cell with
blank FTO glass.
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ion. Therefore, fewer cations can be incorporated into the double layer when TBAP
is used, thereby reducing the number of electrons that can be injected into the ATO
layer. The noticeable increase of current at negative potentials as well as the observa-
tion that the current towards positive potentials does not drop as sharply as it occurred
with TBAP can be assigned to lithium intercalation into the nanoparticle layer. With re-
spect to the long-term performance of such metal oxide layers, lithium intercalation is
unfavorable due to the mechanical stress exerted on the nanoparticles due to volume
expansion. Especially ATO layers are known to degrade upon lithium insertion218l,
With TBAP/PC on the other hand, no intercalation phenomena are observed. As al-
ready mentioned, the charge consumed by the pure ATO films due to the formation of
electrochemical double layers differs significantly based on the electrolyte composition
and is further emphasized in a coulometric potential step measurement (Figure [4.3b).
In the case of the lithium-containing electrolyte, not only is the charge increased by
a factor of 2.4 compared to TBAP, but the response time is also slower with LiCIO,.
Along with the electrochemical properties of the pure metal oxide layers, their optical
properties were alsoinvestigated by means of ultraviolet-visible spectroscopy (UV/VIS).
The corresponding transmission spectra of the ATO layers without an applied potential
in both electrolytes are displayed in Figure 4.3c. Notably, the spectra were recorded
after the layers were subjected to polarization at negative potentials. In the case of
the TBAP/PC electrolyte, the ATO layer displays high transparency over the complete
visible region. In fact, the average transmission of the electrode between 350 and 750
nm reaches 92.6%. With LiCIO,/PC, the ATO layer suffers from reduced transparency
at lower wavelengths after negative polarization, which gives the electrode a perma-
nent yellow coloration. This observation is again a result of lithium intercalation into the
nanoparticle layer, which irreversibly degrades the electrode. Therefore, in this case,
the average transmission reaches only 86%. From the results presented so far, it can
be concluded that the mesoporous ATO layers display better performance with a non-
intercalating electrolyte. This is due to the absence of undesirable side effects based on
intercalation processes. Furthermore, with respect to the application in electrochromic
devices, the charge consumed by the electrode has to be considered since this charge
has to be compensated for by the counter electrode in the device. Therefore, utiliz-
ing TBAP/PC is again favorable since less charge is consumed. Thus, this electrolyte
composition was used in the following experiments.

After the selection of a suitable electrolyte, the spectroelectrochemical behavior of
mesoporous layers of ATO nanoparticles with varying antimony doping concentrations
were investigated. These were namely undoped SnO, (ATO 0), 2% Sb (ATO 2), 5% Sb
(ATO 5) and 15% Sb (ATO 15) and experimentally determined by X-ray fluorescence
measurements (Table [AT], Appendix). The XRD data of the nanoparticles are shown
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in Figure and confirm that only the pure SnO, phase was obtained. The mean
size of the particles slightly increases from approximately 3 to 4.5 nm with decreas-
ing antimony concentration based on the Scherrer equation. The CV measurements
of the electrodes are displayed in Figure [4.4p. The response of all electrodes follows
the same general scheme. Particularly, in all cases again a capacitive current can
be observed, which decreases towards positive potentials as discussed earlier. The
layers with undoped nanoparticles however carry considerably less current at positive
potentials, which indicates a limitation with respect to the conductivity of the nanoparti-
cle layer in the respective potential region. All of the doped nanoparticles on the other
hand show better conductivity at positive potentials due to the n-doped nature of the
nanoparticles. A second observation concerns the differences in the capacitive current
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Figure 4.4: a) XRD of ATO particles after autoclave treatment with antimony contents of
0%, 2%, 5% and 15% along with a reference spectrum of SnO, (ICSD: 39177). b). CV’s
of ATO mesoporous electrode layers with different antimony doping levels measured in
TBAP/PC with a scan rate of 20 mV s~'. ¢) Coulometric measurement for a potential
step between +0.3 V and -0.6 V vs. Ag/AgCl. d) UV/VIS transmission spectra of ATO
electrodes at +0.3 V vs. Ag/AgCI; optical reference: an electrolyte-filled cell with blank
FTO glass.
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of the electrodes. Here, with increasing antimony content the capacitive current also
increases as the antimony content influences the number of electrons that can be in-
jected into the nanoparticle layers. This is again also reflected in the charge stored by
the bare nanoparticle layers as shown in Figure 4.4c. The corresponding values range
from around 3 mC cm~2 for the undoped SnO, to around 11 mC cm~2 for the particles
doped with 15% antimony. Again, this has to be considered with respect to charge com-
pensation by the counter electrode in an electrochromic device. The UV/VIS spectra
of the electrodes are presented in Figure [4.4d. The undoped nanoparticles show the
highest transparency at higher wavelengths. However, towards the UV region, these
electrodes suffer from a similar problem to the ATO electrode measured with a lithium-
containing electrolyte. This indicates that after negative polarization, charge carriers
are irreversibly trapped within the SnO, particle layer, which absorb in the blue spectral
region and therefore the electrodes appear yellowish colored. Already with an antimony
content of 2%, this effect does not appear anymore, which can be attributed to the bet-
ter conductivity of the doped nanoparticles, which allows the extraction of all injected
electrons after negative polarization. However, compared to undoped SnO,, the ATO
2 electrodes are slightly less transparent at higher wavelengths due to the presence of
free electrons, which compensate for the introduced Sb>* ions. With increasing dop-
ing concentration, this effect becomes even more pronounced, and the overall trans-
parency drops. In fact, while the ATO 2 electrodes display an average transmission
of 94.5%, this value is reduced to 79% in the case of the ATO 15 nanoparticle layers.
From these experiments, it therefore can be concluded that a low antimony doping con-
centration of 2% ensures sufficient conductivity in the desired potential range but still
offers high transparency over the visible spectral region.

In the next step, a redox-active dye, namely 1-(4-cyanophenyl)-1’-(2-phosphonoeth-
yl)-4,4’-bipyridin-1-ium (viologen), was anchored to the mesoporous nanoparticle lay-
ers via chemisorption. For the coloration of the dye, electrons are transported through
the metal oxide scaffold to the organic molecules and vice versa for decoloration. The
antimony doping concentration of the ATO nanoparticles was 2% and TBAP/PC was
utilized as the electrolyte. A CV of a modified electrode is shown in Figure [4.5a, which
displays a set of reversible peaks associated with the reduction/oxidation of the violo-
gen dye. Thus, the intrinsic conductivity of ATO still allows unrestricted switching of the
dye despite the absence of lithium within the electrolyte. Since the reduction of the dye
results in its coloration, the corresponding UV/VIS spectra were recorded as shown in
Figure [4.5b. In the colored state (-0.6 V vs. Ag/AgCl), the transparency of the elec-
trode is reduced to 25%. At +0.3 V (transparent state), the modified electrode reaches
an average transmission of around 91%. For comparison, mesoporous electrodes of
TiO,, which is the standard scaffold in combination with viologens as outlined in the In-
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Figure 4.5: a) CV of a viologen modified ATO mesoporous electrode measured with
TBAP/PC as the electrolyte with a scan rate of 20 mV s~'. b) UV/VIS transmission
spectra of the viologen modified ATO electrode in the colored and bleached state. Op-
tical reference: an electrolyte-filled cell with blank FTO glass.

troduction, were investigated. For this purpose, a commercial nanoparticle paste was
used. The layers had a thickness of approx. 3.2 ym, comparable to the ATO layers,
and also displayed a mesoporous structure as shown in Figure [4.6fa/b. After modifica-
tion with the viologen, CV measurements of these electrodes were performed also with
TBAP/PC as the electrolyte. As shown in Figure[4.6c, the behavior of the viologen/TiO,
electrode displays distinct differences when compared to the viologen/ATO electrodes.
While the reduction of the dye remains possible, the corresponding peak in the CV
is shifted towards more negative potentials. Moreover, only a small oxidation peak is
observed, which indicates electron trapping within the mesoporous layer. This behav-
ior is related to the flat band potential of TiO,, which is known to be shifted towards
negative potentials in the absence of cations like lithium#4l, From the CV of a bare
TiO, electrode displayed as inset in Figure [4.6¢, it is evident that the TiO, layer only
shows considerable electrochemical activity at negative potentials, whereas the doped
ATO electrodes provide conductivity even at positive potentials as discussed above.
The restricted oxidation of the viologen with TiO, as the scaffold is also evident from
the UV/VIS spectra shown in Figure [4.6d. Before the measurement, the electrode dis-
played an average transmission of 91.2%, which is reduced to 39.4% when a potential
of -0.8 V vs. Ag/AgCl is applied. While decoloration remains possible to some degree,
the process takes a considerably longer time compared to the viologen/ATO system.
After one minute of polarization at +0.3 V, the transmission of the viologen/TiO, elec-
trode reaches only 75.8%. Therefore, these results demonstrate that mesoporous ATO
electrodes in combination with viologens are more suitable compared to TiO, when
non-intercalating electrolytes such as TBAP are used.

Finally, the performance of the dye-anchored electrodes was further investigated in a

56



Results and discussion

(2]
Q.

0.1 1 100 A
‘}‘E g 80 -
(@] 0 c
E £ g o
='-0.1 S £
o = @ 401
= 5 @ _
j - = -20 o before measurement
o 02 3 — 20 — 03V
08 06 03 0 03 -
Potential [V] vs. Ag/AgCI 0.8V
-0-3 T T 1 T 1 0 1 1 1 1
-0.8 -0.6 -0.3 0 0.3 350 450 550 650 750
Potential [V] vs. Ag/AgCI Wavelength [nm]

Figure 4.6: a) Cross section SEM of TiO, layers on FTO. b) Magnified cross section
view displaying the mesoporous structure of the nanoparticle layers. c) CV of a viologen
modified and a bare (inset) TiO, mesoporous electrode measured with TBAP/PC as
the electrolyte with a scan rate of 20 mV s~'. d) UV/VIS transmission spectra of the
viologen modified TiO, electrode in the colored and bleached state. Optical reference:
an electrolyte-filled cell with blank FTO glass.

sealed two-electrode device. For both electrodes, 3 um mesoporous ATO nanoparticle
layers, both doped with 2% Sb, were used as scaffolds. The working electrode was
again modified with the aforementioned viologen. In the case of the counter electrode,
a triarylamine based electrochromic dye, namely [4-(diphenylamino)benzyl]phosphonic
acid (TAA), was used. TAAis an anodically coloring dye that undergoes oxidation on the
counter electrode while the viologen is reduced on the working electrode, which allows
fast switching of the device. Furthermore, the oxidation of TAA is also associated with
a coloration that contributes to the overall contrast of the device. Detailed information
about the ATO/TAA combination has been previously reported??l. A scheme of the
device setup as well as the structures of the dye molecules is shown in Figure 4.7a.
The electrolyte was again a 1 M solution of TBAP in PC. The transmission spectra of
the device are displayed in Figure [4.7p. In the colored state (-1.7 V), the transmission
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Figure 4.7: a) Schematic setup of the electrochromic device. b) Transmission spectra
of the device at 0 V and -1.7 V along with images of the device in both states. c) Time
depended transmission change for one switching cycle. d) Transmission change over
1000 (de)coloration cycles. The measurements were performed by Dr. Alexander Hein
in the group of Egbert Oesterschulze at Technische Universitat Kaiserslautern.

is reduced to 7% (average transmission over the visible range) due to the combined
absorption of both dyes. The transmission value in the bleached state (0 V) reaches
62.4% (at 650 nm). The corresponding images of the device in both the uncolored and
the colored state are also presented in Figure 4.7b. Another important characteristic
of an electrochromic device is the switching time. Thus, time-series measurements for
one reversible potential step were recorded (Figure 4.7c). The 1/e switching times for
coloration and decoloration are 0.3 s and 0.4 s, respectively. Considering the dense
morphology of the ATO layers in combination with the large cation of the electrolyte,
achieving such fast switching times is remarkable. Finally, the long-term performance
of the device was investigated. For this purpose, the device was subjected to 1000
switching cycles, while monitoring the transmission as displayed in Figure 4.7d. The
device exhibits satisfactory stability over prolonged cycling since the electrochromic
contrast only drops to 84% of its initial value after 1000 switching cycles.
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4.4 Conclusion

In summary, mesoporous ATO electrodes with a low antimony concentration and small
particle size are presented as a promising material for combination with cathodically col-
oring dyes in electrochromic devices. Comparing the spectroelectrochemical response
between LiCIO,/PC and TBAP/PC as electrolytes showed that the utilization of the latter
is beneficial with ATO. In this case, conductivity over the desired potential range is re-
tained without impairment of the transparency, which occurs with the lithium-containing
electrolyte due to intercalation after negative polarization. Furthermore, an antimony
doping concentration of 2% was chosen as optimum as it enables the best compromise
between electrical conductivity and optical transparency compared to undoped parti-
cles as well as higher antimony concentrations. The viologen modified ATO electrode,
in combination with TBAP as the electrolyte, exhibited fully reversible (de)coloration of
the dye compared to a similar electrode based on TiO,, which displayed restricted de-
coloration. Finally, the viologen/ATO electrode was applied as the working electrode in
a two-electrode device with a triphenylamine/ATO based counter electrode. The device
allowed fast switching (below 0.5 s) and displayed good long-term stability over 1000
cycles as it retained 84% of its initial contrast.
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5 Cerium-modified mesoporous antimony doped tin
oxide as intercalation-free charge storage layers for
electrochromic devices

Mesoporous thin films of ATO nanoparticles offer electrical conductivity over a wide po-
tential range. As discussed in the preceding chapter, making use of this property, an
electrochromic device was fabricated that displayed fast switching times even with an
electrolyte containing a large non-intercalating cation. The device was constructed with
an ATO layer to which a viologen derivative was anchored as the main coloring elec-
trode. To balance the charges and increase the electrochromic contrast, the second
electrode (counter electrode) also consisted of an ATO layer that was also modified
with an organic dye. Thus, both dyes contribute to the transmission profile of the de-
vice. This, however, may be undesirable when the transmission profile of the first dye
alone provides the desired optical properties of the device. An idealized example would
be a dye that transitions from a completely transparent state over intermediate gray-
colored states to a black-colored state. Such cases require that the counter electrode
exhibits optically passive behavior while still being able to provide the amount of charge
that is consumed on the coloring electrode. Based on the previous chapter, the charge
storage mechanism should also work with non-intercalating electrolytes to be compat-
ible with the ATO/viologen system. This section, therefore, explores the applicability
of mesoporous ATO electrodes that are decorated with redox-active cerium species as
capable charge storage layers.

Parts of this chapter were published:
Jonas Klein, Fatih Alarslan, Martin Steinhart, and Markus Haase, "Cerium-Modified

Mesoporous Antimony Doped Tin Oxide as Intercalation-Free Charge Storage Layers
for Electrochromic Devices”, Advanced Functional Materials 2022, 4, 2210167
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5.1 Introduction

The change in the optical properties of a material caused by reversible redox reac-
tions is known as electrochromism, and materials showing this effect are used in a
wide range of optoelectronic fieldst 982367238 -~ Typical electrochromic devices com-
prise multiple components that have to meet several requirements to allow fast and
efficient switching between the colored and decolored state. As for the materials that
cause the change in optical absorption, the spectrum of suitable compounds spans a
wide range of inorganicl!13:2392401 ' grganjcl!942412421 or hybrid materials?43444l, Since
the coloration and decoloration of these materials are electrochemically induced, the
charge required to oxidize or reduce the active compounds in the working electrode
of the device must be compensated by storing a corresponding amount of charge in
the counter electrode. Usually, the charge-storing material forms a layer on this elec-
trode and is therefore referred to as a charge storage layer. Some key properties of
electrochromic devices that should be met by both the active material and the charge
balancing material are high transmission in the bleached state and fast electron transfer
to achieve fast switching times##. In particular with respect to the latter aspect, the
capacity of the charge storage layer has to be sufficiently high.

Similar to the optically active compounds, the type of materials that can be used as
charge storage layers is diverse. For example, organic molecules or polymers can be
used, which not only provide the balancing charges but also contribute to the elec-
trochromic contrast of the devicelé9%246°2481  The inorganic Prussian bluel?4%20 or
nickel oxide (NiO)221252 glso exhibit similar properties. Another widely used class of
materials is based on compounds that provide the required charges through ion interca-
lation. These mainly include oxides such as tin dioxide(Sn0,)[¢232%4l antimony doped
tin oxide (Sn0O,:Sb, ATO)22421  or cerium dioxide (CeO,)2262>7l Especially the latter
is very interesting as it allows reversible switching of the Ce®*'/Ce*" redox couple while
displaying no considerable absorption in the visible spectrum!2>8l. Typically, the perfor-
mance of charge storage layers of cerium dioxide can be improved by mixing with other
oxide materials, e.g. TiO,-CeO, %, Sn0,-Ce0, % 7r0,-CeO, ¥%1, or others!é%4l,

In the previous chapter it was demonstrated that the performance of mesoporous ATO
electrodes, modified with a cathodically coloring viologen dye as the electrochromic
compound, benefits from the use of electrolytes containing non-intercalating cations <63l
Such systems, of course, also require a charge storage layer in which the charge stor-
age mechanism does not depend on the intercalation of ions. For this purpose, the
above-mentioned charge storage layers based on cerium oxide nanoparticle layers are
not suitable since non-intercalating electrolytes only allow reactions at the outermost
surface of the particles while the ions in the volume of the particles are not accessible.
Thus, the thickness of the electrodes would have to be substantially increased to pro-
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vide the required charge storage capacity. Another possibility is the use of organic redox
active molecules. In the previous chapter, a triarylamine-based dye that was anchored
to a mesoporous ATO layer was employed as a counter electrode for the ATO/viologen
working electrode®3l. While this combination can be operated with a non-intercalating
electrolyte, it has also some drawbacks: 1) the electrode displays some weak absorp-
tion in the state supposed to be the "uncolored” state of the devicel??®!, and 2) the optical
response of the device results from a combination of the dyes on both electrodes, which
may be undesirable if the transmission profile of the main coloring compound should be
undisturbed. A possible solution is the use of the optically passive CeO, as a charge
storage material. However, to be compatible with the ATO/viologen system, the redox
switching of the Ce®*/Ce*" couple must occur in the presence of a non-intercalating
electrolyte. Without intercalation, however, this switching can only be realized by a re-
dox process taking place on the surface of the storage layer. Therefore, it is necessary
to fabricate electrodes that provide a structure with a large surface area that can be
decorated with a redox-active cerium compound. For this purpose, mesoporous layers
of n-doped ATO nanoparticles are attractive as scaffolds since they exhibit high electri-
cal conductivity over a wide potential rangelé2¢235l The latter should help to induce the
redox reactions of the cerium compound on the surface considering the high positive
redox potential of the Ce®*/Ce** couple264265 Especially when small nanoparticles
are used to form the scaffold, the resulting mesoporous layers provide a large internal
surface area that can be modified and are still able to achieve fast switching times,
regardless of the size of the non-intercalating cations in the electrolyte 293l

Herein, the fabrication of mesoporous ATO electrodes and the deposition of a redox-
active cerium compound on their surface by a simple immersion method is presented.
Employing an electrolyte containing a non-intercalating cation, the spectroelectrochem-
ical properties of these electrodes are evaluated. The number of cerium ions on the
inner surface of the electrodes was varied by applying several surface modification
cycles. In addition, the influence of the antimony doping concentration in the ATO
nanoparticles on the charge storage capacity of the cerium-modified electrodes is in-
vestigated. Finally, a complete electrochromic device is constructed using the cerium-
modified ATO electrode as a counter electrode, also in combination with the non-interca-
lating electrolyte. The performance of the device suggests that the cerium-modified
electrodes are capable charge storage layers despite the absence of intercalation phe-
nomena.
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5.2 Experimental

Nanoparticle synthesis:

ATO nanoparticles were prepared by the procedure reported in section 4.21253 |n short,
nanoparticles were synthesized in aqueous solution by adding hydrochloric acid to an
alkaline precursor solution of potassium hexahydroxostannate and potassium hexahy-
droxoantimonate, resulting in precipitation. After centrifugation and washing steps, the
nanoparticles were peptized by the addition of a base followed by an autoclave treat-
ment and dialysis of the colloid. Finally, the particles were obtained as powder by re-
moval of the solvent. Nanoparticles with antimony contents of 15%, 5%, 2%, and 0%
were prepared by this procedure.

Preparation of mesoporous ATO layers:

Fluorine doped tin oxide coated glass (FTO, ~ 7 Q sq~', Sigma Aldrich) was used
as the substrate for the preparation of the electrodes and treated in a plasma cleaner
(Diener Femto) prior to use. A nanoparticle paste was prepared by mixing 1 g of the
nanoparticles with 8.5 g of water/methanol (1/1 by volume) resulting in a clear colloid.
The viscosity of this colloidal solution was then strongly increased by dissolving 0.5 g
hydroxypropylcellulose (Alfa Aesar). Nanoparticle/hydroxypropylcellulose layers were
then prepared by doctor blading of the obtained paste. To obtain the mesoporous elec-
trodes, the layers were heated to 450 °C at 5 °C min~" and held at 450 °C for one hour
followed by natural cooling.

Decoration of ATO layers with Ce:

For modification of the mesoporous ATO layers with cerium species, the electrodes
were immersed in an aqueous solution of 20 mM Ce(NOs); - 6H,0 (Fluka) and 60 mM
2-phosphonobutane-1,2,4-tricarboxylic acid (Bayer) at 80 °C for 20 min. The electrodes
were then washed with water followed by calcination at 450 °C for 10 min. This surface
modification procedure was conducted up to four times.

Spectroelectrochemical characterization:

Electrochemical experiments were carried out with a Gamry Interface 1000 poten-
tiostat in a three-electrode setup with a platinum wire as the counter electrode and
an Ag/AgCI reference electrode. A 1 M solution of tetrabutylammonium perchlorate
(TBAP, Sigma Aldrich) in propylene carbonate (PC, Sigma Aldrich) served as elec-
trolyte. Potential-dependent UV/VIS measurements were performed with an Avantes
AvaSpec-3648 spectrometer and an Avantes Avalight-DHc light source in an electro-
chemical cell with a cuvette attached.
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Physical characterization:

The mesoporous ATO layers were characterized by scanning electron microscopy (SEM)
with a Zeiss Auriga instrument using an acceleration voltage of 3 kV and an in-lens

detector. An X-Max 80 mm? silicon drift detector (Oxford Instruments) was used to ac-

quire energy dispersive X-ray (EDX) spectroscopy data. All samples were sputtered

with iridium/platinum before use. For characterization of the crystallographic phases

of the ceria-modified nanoparticles via X-ray powder diffraction (XRD), a Panalytical

Empyrean diffractometer with Bragg-Brentano geometry, Cu K-a radiation, and a step

size of 0.0016° was used.

Device Fabrication:

The device consisted of two mesoporous ATO layers, each deposited on FTO glass.
In the case of the working electrode, the nanoparticles were doped with 2% Sb and
the layers were modified with an electrochromic dye. This was achieved by immersing
the electrodes into a 4 mM solution of 1-(4-cyanophenyl)-1’-(2-phosphonoethyl)-4,4’-
bipyridin-1-ium in ethanol for 16 hours. For the counter electrode, the antimony doping
level was 15% and the electrode was treated three times with the cerium solution as
explained above. A 50 um gasket was used as a spacer and the device was filled with
a 1 M solution of TBAP in PC as electrolyte.

5.3 Results and discussion

The ATO nanoparticles were synthesized from alkaline aqueous solutions of suitable tin
and antimony precursors. The details of the synthesis as well as the physical charac-
terization of the resulting ATO particles have already been described in section 4.21253,
For the initial experiments, an antimony doping concentration of 15% was used. These
particles, with a size of approx. 3 nm, were re-dispersed into a water/methanol mix-
ture to obtain a clear colloidal solution. After the addition of a polymer to increase the
viscosity, the resulting paste was used to prepare the nanoparticle layers on fluorine-
doped tin oxide (FTO) coated glass. Morphological characterization of the layers after
calcination was carried out by scanning electron microscopy (SEM). The layers have
a thickness of approx. 4.3 pm (Figure [5.1g) and display a mesoporous structure as
intended (Figure [5.1b). In the next step, the inner surface of the nanoparticle layers
was modified with cerium. Figure 5.1 schematically displays the modification process.
First, the mesoporous ATO electrodes were immersed in an aqueous solution contain-
ing cerium(lll) nitrate and 2-phosphonobutane-1,2,4-tricarboxylic acid. The latter acts
as a complexing agent for cerium ions and further contain a phosphonate group that is
known to adsorb onto metal oxides!?®®l, Thus, this process should account for a homo-
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Figure 5.1: a) Cross-section SEM image of a mesoporous ATO layer on FTO glass. b)
Magnified view of the SEM image displayed in a). ¢) Schematic representation of the
process for the preparation of the Ce decorated mesoporous ATO layers.

geneous coating of the entire inner surface of the mesoporous nanoparticle structure.
After a washing step, the electrodes were again shortly heated to 450 °C to remove the
organic residue and ensure adhesion of the cerium species formed in this calcination
step to the nanoparticle surface. Thus, an electrically conductive nanoparticle scaffold,
3*/4* gpecies, is obtained. The whole pro-
cess can be repeated to increase the number of cerium species within the mesoporous
layers.

A major requirement of counter electrodes in electrochromic systems is their ability

the surface of which contains redox-active Ce

to store sufficient electric charge. Therefore, the electrochemical properties of the elec-
trodes were evaluated. In all electrochemical measurements, the electrolyte consisted
of 1 M tetrabutylammonium perchlorate (TBAP) dissolved in propylene carbonate (PC).
A salt with a large cation was chosen to avoid intercalation processes, as repeated
intercalation of ions is known to degrade the crystalline structure of ATO nanoparti-
cles?'8_ Cyclic voltammograms (CV) of a bare ATO electrode and an electrode that
went through one Ce modification cycle are shown in Figure[5.2a. The unmodified ATO
electrode exhibits capacitive behavior that can be ascribed to electron injection into the
nanoparticle conduction band at negative potentials and depletion of free electrons un-
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Figure 5.2: a) CV’s of a bare mesoporous ATO electrode and an electrode modified
once with Ce, measured at 20 mV s~ '. b) CV’s of ATO electrodes modified from one
up to four times with Ce, measured at 20 mV s~'. ¢) Coulometry measurement for
a potential step between 2 V and -0.5 V vs. Ag/AgCI from the ATO electrodes with
different Ce modification cycles. d) XRD data of the ATO nanoparticles with and without
Ce modification along with reference reflexes of SnO, (ICSD: 39177).

der positive polarization. Since the latter decreases the conductivity of the layer, the
current increases from positive to negative potentials and vice versa. When a bare ATO
electrode is immersed in a solution containing only the complexing agent but no cerium,
the electrochemical response after calcination is almost identical to that of the bare ATO
electrode (Figure[5.3). After surface modification with the complexing agent and cerium,
however, the electrodes display a drastically different behavior: A potential sweep di-
rection from negative to positive potentials now results in a steady increase rather than
a decrease of current. The increase culminates in an almost peak-shaped feature in the
CV after which the current drops drastically. Reversing the potential sweep direction
yields the opposite effect, i.e., a steady decrease in current resulting in a final value that
is lower than for the unmodified electrode. Obviously, the modification of the nanopar-
ticle surface with cerium slightly reduces the number of electrons that can be injected
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Figure 5.3: CV of a mesoporous ATO electrode that was immersed in a solution con-
taining only the complexing agent, washed, and calcined at 450 °C. The measurement
was performed with a scan rate of 20 mV s~ .

into the ATO particles at negative potentials. The strong current flowing in the positive
potential range, on the other hand, indicates successful and reversible oxidation and
reduction of cerium ions contained in or on the surface layer of the ATO nanoparticles.
Although it is not possible to directly verify the changes in the oxidation state of cerium
by suitable in-situ measurements, it is clear that cerium must be the active component,
since only in the presence of cerium (see also below) the above-mentioned changes
in the electrochemical behavior are observed, but not for the unmodified electrodes or
for electrodes treated only with the complexing agent. In total, the presence of cerium
increases the charge storage capacity by a factor of 1.7 (from 11.4 to 19.4 mC cm—2)
compared to the bare ATO electrode. Reaching a high value of 19.4 mC cm~2 is im-
pressive considering the use of a non-intercalating electrolyte. The high charge storage
capacity is therefore solely based on the double layer capacity of the ATO scaffold at
negative potentials and the redox switching of the cerium compound at positive poten-
tials. Note that the charge storage capacity may, of course, be further varied by tuning
the porosity of the layer or by changing its thickness. Herein, however, the focus lies
on the effect of cerium on capacity. To potentially further increase the amount of charge
stored in the layer, the ATO electrodes were subjected to multiple modification cycles to
increase the cerium concentration on the surface. Corresponding CV measurements
of electrodes with up to four modification cycles are presented in Figure [5.2b. The fig-
ure displays in fact a steady increase in current and a slight shift of the position of the
maximum current for up to three modification cycles, while the characteristic overall
response of the electrodes remains similar. It is further evident that four or more mod-
ification cycles do not significantly further increase the current. Therefore, it may be
assumed that too high cerium concentrations result in the formation of small clusters
on the surface and that the cerium ions in the core of these clusters are not accessi-
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ble for redox reactions anymore due to the non-intercalating cation in combination with
the decreased conductivity of the nanoparticle scaffold at positive potentials. From the
coulometric measurements displayed in Figure 5.2c, it is apparent that the maximum
charge stored in the layer increases from 19.4 to 26.7 mC cm~2 for one to three modifi-
cation cycles. The fourth modification cycle increases the value only marginally to 27.6
mC cm~2. Another noticeable feature is the shape of the coulometric response curve
that implies fast charging and discharging of the layers, even in the three-electrode
setup, as it is highly desired for their application in an electrochromic device.

The porous layers were further analyzed by energy dispersive X-ray spectroscopy
(EDX). The results confirm that the modified ATO layers not only contain Sn and Sb
but also Ce and P (Table 5.1)). Furthermore, the amount of Ce and P increases with
the number of modification cycles. In fact, the complexing agent chosen to bind cerium
ions to the ATO surface contains a phosphonate group that cannot be removed by cal-
cination in the air. The phosphor content of the modified layers is therefore likely to be
caused by phosphate groups formed by calcination of the cerium phosphonate com-
plexes on the ATO surface. The cyclic voltammograms show that oxidation/reduction of
cerium takes place over a large potential region indicating that different cerium species
are present on the surface. Most likely, these species consist of different cerium phos-
phates with very small particle sizes. The latter can be deduced from X-ray powder
diffraction (XRD) measurements of nanoparticle powders obtained by scratching the
mesoporous layers from the substrate. Figure shows that the XRD peaks of the
samples can be assigned to the rutile phase of tin dioxide while no additional peaks of
cerium compounds are present. This indicates that even after four modification cycles
only very small clusters of cerium compounds are formed that are not detectable by
XRD. Nevertheless, the amount of cerium on the surface is quite large: The EDX mea-
surements yield molar fractions of cerium (cerium content with respect to the sum of
the contents of Sn, Sb, and Ce) between 3.6% (one cycle) and 6% (four cycles). These
high values suggest a more or less homogeneous coverage of the whole surface of the

Table 5.1: Elemental composition (in at.%) of Ce-modified ATO electrodes, determined
by EDX analysis.

Sample O Sn Sb Ce P
0 x Ce 56.5 37.2 6.3 - -
1xCe 55.8 35.5 5.5 1.5 1.7
2xCe 56.9 34.8 4.3 1.9 2.2
3xCe 55.0 34.9 5.9 2.0 2.8
4 x Ce 56.0 33.9 4.7 2.5 2.9
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ATO scaffold.

In addition to the increase in charge storage capacity, the cerium modification also
influences the optical behavior of the mesoporous ATO layers, as shown by UV/VIS
spectroscopy. Figure[5.4ja displays the effect of calcination on the transmission spectra
of ATO electrodes that were treated with the cerium precursor solution. Prior to calci-
nation, the layer displays maximum transparency at approx. 450 nm. Toward higher
wavelengths, the transparency decreases slightly due to the presence of free electrons
within the ATO nanoparticles resulting in a strong plasmon absorption band in the NIR
region?% The short-wavelength tail of this band extends into the visible region result-
ing in a slight blue coloration of the layers. In the UV region, again also a decrease
in transparency can be observed that is related to the bandgap of ATO. After calci-
nation of the electrode, the transmission spectrum displays distinct differences. First,
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Figure 5.4: a) UV/VIS spectra of an ATO electrode modified once with Ce before and
after calcination. b) UV/VIS spectra of an unmodified ATO electrode and electrode mod-
ified once with Ce under application of 0 V or 2 V vs. Ag/AgCl. c/d) UV/VIS spectra of
ATO electrodes with different Ce modification cycles polarized at 0 V and 2 V, respec-
tively. In all measurements, the electrolyte-filled electrochemical cell and a blank FTO
glass were used as the optical reference.
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starting from approx. 500 nm, the transmission exhibits a stable plateau toward higher
wavelengths. This indicates a depletion of free electrons within the ATO nanoparticles
after the cerium complex was decomposed by the high-temperature treatment and the
cerium ions of the resulting cerium compound are in direct contact with the particle
surface. In fact, cerium is known to scavenge electrons at elevated temperatures and
this property has been utilized in sensing applications#¢%258l - Similar behavior is also
observed for bare ATO electrodes when the electrons are electrochemically removed
from the nanoparticle layer by applying a positive potentiall®3%. Second, the absorp-
tion onset in the UV region is shifted toward higher wavelengths. This shift gives the
layers a typical slight yellow appearance. This additional absorption indicates the for-
mation of Ce** by oxidation of Ce®* during calcination in air since Ce** is known for
its oxygen-to-cerium charge transfer transition in this region, causing, for instance, the
pale yellow color of CeO,. Similar optical changes are observed when the layers are
electrochemically oxidized or reduced. To show this, the transmission spectra of a bare
ATO electrode and an electrode that ran through one cerium modification cycle (with
calcination) were recorded under the application of two different potentials, 0 V and
+2 V, as shown in Figure [5.4pb. When a potential of 0 V is applied, the absorption at
longer wavelengths is increased in both cases, as expected when additional electrons
are injected into the layers. The increase of the absorption is less pronounced for the
cerium-containing electrode, which is in accord with the CV result from above indicating
that fewer electrons can be injected into the ATO layer when its surface is decorated
with the cerium compound(s). In the absence of cerium, and, hence, the ce** ab-
sorption band, the injection of additional electrons furthermore leads to the expected
increased Burstein-Moss shift of the bandgap absorption. Figure also shows that
these effects are reversed by electrochemical oxidation of the layers: Polarization at +2
V results in an increase of transparency for both electrodes due to the depletion of the
free electrons within the ATO nanoparticles. In the case of the Ce-modified electrode,
the absorption in the UV and blue region increases as additional Ce>" is oxidized to Ce**
at this potential as it was already evident from the CV measurements discussed earlier.
The average transmissions of the bare and Ce-modified ATO electrodes, between 380
and 780 nm, are 79.4% and 89%, respectively. As it will be shown later, this increase
in transparency is unchanged during prolonged potential switching. This suggests a
permanent change in the properties of the ATO nanoparticles after modification with
Ce. Since multiple modification cycles lead to an increase in charge storage capacity,
its influence on the optical properties was also investigated. The transmission spectra
of Ce-modified ATO electrodes with one to four modification cycles being polarized at
0 V are displayed in Figure [5.4c. Here, increasing the number of modification cycles
on the one hand leads to a slight increase in transparency at higher wavelengths. This
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can be again ascribed to the smaller number of electrons that can be injected into the
nanoparticles. On the other hand, the absorption in the UV and blue region increases
with the number of modification cycles. This is also expected as the amount of elec-
trochemically inaccessible Ce** should increase proportionally to the amount of cerium
in the layer. When polarized at 2 V, the electrodes become more intensively yellow-
ish colored as oxidation of Ce®" ions increases the number of Ce** ions (Figure ).
Figure also shows that a fourth modification cycle does not significantly alter the
properties of the electrodes anymore, in accord with the CV measurements discussed
earlier. The electrochemical and optical characterization of the cerium-modified ATO
electrodes presented so far already indicates that these electrodes should be very at-
tractive for electrochromic applications since they combine high transparency with high
charge storage capacities even when non-intercalating electrolytes are used.
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Figure 5.5: a) XRD data of ATO electrodes with different antimony contents after one
Ce modification cycle along with reference reflexes of SnO, (ICSD: 39177). CV’s of
ATO electrodes with different antimony contents b) with and c) without Ce modification,
measured at 20 mV s~'. d) Coulometry measurements for a potential step between 2
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Results and discussion

In the experiments so far, an antimony doping concentration of 15% was used. It is
well known that the antimony content has a great influence on the properties of ATO
nanoparticles. Therefore, the electrochemical performance of Ce-modified electrodes
of ATO nanoparticles with different antimony contents was investigated. In particular, Sb
doping concentrations of 15% (ATO 15), 5% (ATO 5), 2% (ATO 2) and 0% (ATO 0) were
used. With all of these nanoparticles, mesoporous layers were prepared and subjected
to one cerium modification cycle. As shown in Figure [5.5@, the XRD data of all samples
again only display the SnO, phase without any reflexes that can be assigned to a spe-
cific cerium compound. The electrochemical behavior of the cerium-modified electrodes
was then evaluated by CV measurements (Figure [5.5b). As expected, the presence of
cerium increases the current toward more positive potentials in all cases. However, the
potential up to which a considerable current is flowing shifts systematically to lower val-
ues with decreasing antimony doping levels. The reason for this phenomenon can be
deduced from Figure [6.5¢, displaying CV measurements of the corresponding unmod-
ified electrodes. Here also, the electrochemical response depends systematically on
the antimony content: First, a higher antimony concentration increases the current at
a given potential showing that more electrons are injected into the conduction band of
the nanoparticles. Second, layers with higher antimony contents also carry more cur-
rent toward positive potentials. This behavior has been related to the number of free
electrons within the nanoparticles and the formation of a depletion zone at the particle
surface when electrons are removed¢®l. The latter negatively impacts the conductivity
of the layer but to a lesser extent when the Sb content is high. Therefore, the amount
of cerium that can be oxidized seems to be limited by the intrinsic conductivity of the
ATO nanoparticles at positive potentials. The figure also shows that Ce** ions in the
layers can be oxidized over a wide range of potentials. This indicates that the redox
potentials of the cerium ions are spread over a wide range and probably explains why
the XRD data does not allow the identification of a well-defined cerium compound after
calcination. A consequence of the reduced conductivity of the ATO nanoparticles at
positive potentials is that less charge can be stored within such layers at low antimony
doping concentrations. This is evident from the coulometric measurements displayed
in Figure [5.5d. The values increase from 2.5 mC cm~2 (0% Sb) over 5.5 mC cm 2 (2%
Sb), and 11 mC cm—2 (5% Sb) to 19.4 mC cm~2 (15% Sb) for one Ce modification cycle.
Higher doping levels than 15% antimony, however, did not result in higher capacities
anymore. From these experiments, it can be concluded that high antimony doping lev-
els of up to 15% are beneficial for the preparation of electrodes with increased charge
storage capacity. Aremarkable advantage of the system presented here is the reduced
standard disadvantage for such high doping levels, namely, reduced transparency of
the electrodes. Despite the high doping level of 15%, the layers display high trans-
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Figure 5.6: a) Schematic setup of the constructed electrochromic device. b) Transmis-
sion spectra in the colored (-1.9 V) and bleached state (0 V) along with corresponding
images of the device. c) Time-resolved transmission change for one switching cycle.
d) Transmission change of the device for 1000 switching cycles.

parency as shown in Figure [5.4] For applications requiring less charge to be stored,
ATO nanoparticles with lower Sb contents may yield electrodes with even higher trans-
mission. Alternatively, this could also be achieved with a high doping concentration but
a reduced thickness of the mesoporous layer.

Finally, the Ce-modified ATO layers were implemented as counter electrodes in an
actual electrochromic device. The schematic setup of the device is displayed in Figure
[5.6a. As displayed in Figure [5.4] the cerium-modified electrodes provide high charge
storing capability without significant modulation of their optical properties upon varying
the potential. Considering the above results, nanoparticles with an antimony content of
15% were used for the Ce-modified counter electrode and applied three cycles of sur-
face modification with cerium to provide a sufficiently high charge storage capacity. The
1 M solution of tetrabutylammonium perchlorate in propylene carbonate was also used
as the electrolyte for the device. The second electrode, responsible for electrochromic
coloration, also consisted of a mesoporous ATO scaffold. However, in this case, an
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antimony doping concentration of 2% was chosen since it accounts for a good com-
promise between electrical conductivity and optical transparencyl?®3l. This electrode
was further modified with the redox-active electrochromic dye 1-(4-cyanophenyl)-1'-(2-
phosphonoethyl)-4,4'-bipyridin-1-ium which was deposited via chemisorption. This dye
colors upon electrochemical reduction while being transparent in the oxidized state.
The performance of this dye in combination with a mesoporous ATO electrode with
low antimony content and a non-intercalating electrolyte was already described in the
previous chapterl?®3l, Images of the device as well as the corresponding transmission
spectra are shown in Figure [5.6p. In the transparent state, at 0 V, the device displays
an average transmission of 58% between 380 and 780 nm. Application of a potential
of -1.9 V induces reduction of the electrochromic dye that results in a change of the
absorption behavior in form of coloration of the device. Thus, in the colored state, the
average transmission of the device is reduced to approx. 11%, which accounts for an
electrochromic contrast of 47%. Another important feature of an electrochromic device
is its switching time. The time-resolved transmission change for one switching cycle
is shown in Figure [5.6c. Reaching 90% of the electrochromic contrast takes 0.4 s to
color the device and 0.3 s to reach the transparent state. These values confirm that
the Ce-modified ATO films are very capable in terms of their charge storage capacity
and fast electron transfer, even with electrolytes containing large cations. The long-
term stability of such electrochromic devices is also of great importance. Therefore,
the device was switched between 0 V and -1.9 V for 1000 cycles. For the first and last
ten switching cycles, the corresponding transmission changes are displayed in Figure
[5.6d. The results suggest that the device exhibits acceptable long-term performance
as the device retains 85% of its initial electrochromic contrast. Further, the increased
transparency of the Ce-modified ATO electrode seems to be a stable characteristic of
these layers. Of course, further improving the long-term stability would be highly de-
sirable when comparing the results to electrochromic systems with superior stability
that have been reported in recent yearsl99-211l  Note, however, that no efforts were
made to optimize the sealing of the device or to keep the device in an inert atmosphere
during the experiments. This could have a substantial influence on the performance of
the device since contamination of the electrolyte with oxygen could lead to undesirable
side reactions. Another degradation mechanism remaining may be the desorption of
the electrochromic viologen dye. However, optimizing the device with respect to these
aspects is beyond the scope of this work.
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5.4 Conclusion

The inner surface of mesoporous ATO electrodes can be homogeneously decorated
with redox-active cerium ions by immersing the layers in a solution of a suitable cerium
complex that binds strongly to the ATO surface. After decomposition of the complex
by a calcination step in air, these electrodes provide a higher charge storage capacity
compared to unmodified ATO layers. Since a non-intercalating electrolyte was used,
the overall charge storage capability is likely due to surface reactions that allow for fast
electrochemical reaction times. The modified electrodes also exhibit improved optical
properties due to increased transparency over the entire range of applied potentials.
In addition, repeating the modification cycle up to three times results in an increase in
capacity of up to 27 mC cm~2. With respect to the antimony content of the nanoparti-
cle scaffold, the capacity of the electrodes increases with increasing antimony doping
concentration. The highest capacity is observed for ATO particles with 15% Sb. A
complete electrochromic device consisting of a viologen-modified ATO electrode as the
active layer and the cerium-modified ATO layer as the counter electrode exhibits a fast
switching time of 0.4 s and acceptable long-term stability over 1000 switching cycles,
resulting in only a 15% loss of electrochromic contrast.
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6 Photo-electrochemical device enabling lumines-
cence switching of LaPO,:Ce,Tb nanoparticle layers

Cerium is an interesting element for electrochemical applications since it allows for re-
versible oxidation and reduction of the +3 and +4 states. In the previous chapter, the
redox activity of cerium was utilized to store electric charges in an electrochromic de-
vice by decoration of mesoporous ATO layers with cerium species. However, there are
also other materials containing ce*’* that may exhibit intriguing effects when the re-
dox state of the cerium atoms is changed. With regard to this, LaPO, nanoparticles
that are co-doped with Ce® and Tb®" are of considerable interest. These nanopar-
ticles are luminescent and emit green light when illuminated with UV light. A variety
of groups have previously shown that chemically oxidizing Ce®" atoms at the surface
of the nanoparticles to ce** qguenches the luminescence. By chemically reducing the
oxidized Ce*", the luminescence is restored. If the nanoparticles are assembled into
thin films, treating these layers in separate solutions of suitable oxidizing and reducing
agents allows for a reversible on/off switching of the luminescence. In order to fur-
ther explore this effect, achieving this through an electrochemical approach is highly
intriguing. However, in contrast to ATO, thin films of LaPO,:Ce, Tb nanoparticles are
not electrically conducting. Therefore, electrons cannot be simply transferred through
the nanoparticle network to induce redox reactions. Overcoming this limitation is the
subject of the current chapter.

Parts of this chapter were published:

Jonas Klein, Seyyed Mohsen Beladi-Mousavi, Marco Schleutker, Dereje Hailu Taffa,
Markus Haase, and Lorenz Walder, "Photo-Electrochemical Device Enabling Lumines-
cence Switching of LaPQO,:Ce,Tb Nanoparticle Layers”, Advanced Optical Materials
2021, 9, 2001891
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6.1 Introduction

Microcrystalline LaPO,:Ce, Tb powder has been widely used as green emitting phos-
phor in fluorescent lamps due to its high luminescence quantum yield and chemical
stability 2722761 The luminescence is based on the UV excitation of Ce®*" followed by
Ce® — Tb>* energy transfer and finally Tb>* emission?7. Further, generation of Ce**
within these particles is known to efficiently quench the luminescence due to fast en-
ergy transfer via adjacent Ce®" ions, followed by quenching at the Ce** ions®?78. Thus,
the luminescence can be switched on and off by partially changing the oxidation state
of cerium species at the particle surface making them an attractive material for sensing
applications #7222l ' |n the chemical version of this switching, potassium permanganate
is commonly used to oxidize ce*" and quench its luminescence while ascorbic acid is
used to restore the luminescence of Ce* by reducing the Ce**[60283-286 | the work
presented here, an electrochemical approach towards repetitive luminescence on/off
switching of thin LaPQ,:Ce, Tb films is investigated. Microcrystalline LaPO,:Ce, Tb pow-
der has a luminescence quantum yield in the visible range of 86%. The quantum yield of
the LaPO,:Ce, Tb nanoparticles used here is 43% 44, Adding an undoped LaPO, shell
to the LaPO,:Ce, Tb nanoparticles would increase the luminescence quantum yield to
70% but would inhibit switching of their luminescence. Since the nanoparticles are
electronically insulating a conductive additive such as carbon black would be needed,
but such strongly absorbing species would negatively affect the luminescence of the
electrode. To avoid this problem, small organic molecules are utilized as redox shuttles
to mediate electron transfer between the LaPO,:Ce,Tb nanoparticles and the current
collector. Redox shuttles are commonly used as enhancing additives in fields such as
biotechnology#8%288l ' photocatalysis?8929U  or batteries!??22%l The redox shuttles
are added to the electrolyte and diffuse throughout the nanoporous nanoparticle film
enabling repetitive luminescence on/off switching based on the applied potential.

6.2 Experimental

Nanoparticle Synthesis:

For the synthesis of La, 4,PO,:Ce 45, Tby 15 Nanoparticles, LaCl; - 7H,0 (1.49 g, 4 mmol),
CeCl; - 7TH,0O (1.68 g, 4.5 mmol), and TbCl; - 6H,0 (0.56 g, 1.5 mmol) were dissolved
in 10 mL methanol. To the clear solution, diethylethylphosphonate (5.35 mL, 33 mmol)
and diphenylether (30 mL) were added before the methanol was removed on a rotary
evaporator. After heating the solution to 105 °C under vacuum, tributylamine (9.54 mL,
40 mmol) and a solution of phosphoric acid in dihexylether (2 m, 6.4 mL) was added at
room temperature under nitrogen and then the mixture was heated to 200 °C for 16 h un-
der nitrogen. The precipitate was centrifuged, washed with chloroform and dispersed
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in 300 mL methanol. After purification by diafiltration (5 kD membrane, 3 x 300 mL
methanol), the nanoparticles were obtained as colloid in approx. 30 mL methanol. The
nanoparticles were characterized by powder XRD on a Panalytical Empyrean diffrac-
tometer using Bragg-Brentano geometry, Cu K-a radiation and a step size of 0.039°
20. Malvern Zetasizer Nano ZSP Dynamic light scattering (DLS) measurements were
carried out on a Malvern Zetasizer Nano ZSP. LaPO,:Eu nanoparticles were similarly
synthesized starting with LaCl; - 7H,0O (3.342 g, 9 mmol) and EuCl; - 6H,0 (0.366 g, 1
mmol).

Film Preparation:

Nanoparticle films were prepared on ITO coated glass, which was cleaned by subse-
quent ultrasonication in mucasol, water and acetone. Pluronic F127 (12 600 g mol~",
molar nanoparticle/polymer ratio 1/0.005) was added to 1 mL of the methanolic nanopar-
ticle solution (0.16 M). 15 L of this mixture was drop casted onto the ITO substrate (1
cm? coated area) followed by heating the electrodes to 200 °C for 30 min. TGA of the
composite and its individual components were performed on a NETZSCH STA 449 sys-
tem with helium atmosphere.

Electrochemistry:

Electrochemical measurements were performed in a three electrode system with an
Ag/AgCl reference electrode and a platinum wire counter electrode. A 0.1 M solution of
LiClO, in acetonitrile served as electrolyte. Redox shuttles (structures shown in Figure
[A2] Appendix) were added to the electrolyte to a concentration of 1 mM (separate so-
lutions). To perform electrochemical reduction of Ce** species, the nanoparticle films
were chemically oxidized by immersion of the electrodes into an aqueous solution of
KMnO, (1 mM) prior to electrochemical measurements. Cyclic voltammograms of the
nanoparticle films in the electrolytes containing different redox shuttles were recorded
with an Autolab PGSTAT 20 potentiostat. After the measurements, the electrodes were
removed from the electrochemical cell and the success of the electrochemical lumines-
cence switching was qualitatively checked under a UV light (254 nm).

Device Fabrication:

On a 2.5 x 3 cm ITO glass, a nanoparticle film (1 x 1 cm) was prepared based on the
above described method with a fourfold diluted solution. A 2.5 x 3 cm carbon plate with
a 0.5 x 0.5 cm cavity (overlapping with the nanoparticle film) was used as counter elec-
trode and separated from the ITO glass by a 50 um gasket. A2.5 x 2.5 cm quartz glass
was placed on top of the carbon plate to close the device and allow entrance of UV
light into the cell. Via vacuum backfilling, the device was filled with a 0.15 M solution of
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LiClO, in acetonitrile containing the redox shuttles 1,4-di-t-butyl-2,5-dimethoxybenzene
(2 mM) and 7,8-dihydro-6H-dipyrido[1,2-a:2’',1'-c]-[1,4]diazepinium (0.25 mM). The de-
vice was switched between 2 V and -1 V in 1 s intervals. A second device was built
identically but the nanoparticle layer was prepared from a combined solution consist-
ing of 95% of a methanolic solution (0.16 M) of 4 nm LaPQO,:Eu particles and 5% of a
methanolic solution (0.16 M) of 4 nm LaPO,:Ce,Tb particles. Pluronic F127 was added
as described above. 30 pL of this undiluted mixture were drop casted onto the ITO (1
cm? coated area). Here too, potentials of -1 V and +2 V were applied but notin 1 s
intervals.

6.3 Results and discussion

To realize the electrochemical luminescence switching, an electrochemical device was
constructed, consisting of an electrode layer of LaPO,:Ce,Tb nanocrystals, an elec-
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Figure 6.1: a) XRD spectrum of synthesized La, ,PO,:Ceg 45, Tb, 15 Nanoparticles and
reference for monoclinic LaPO, (PDF 01-083-0651). b) DLS of a colloidal LaPO,:Ce, Tb

solution. c¢) Thermogravimetric analysis of the LaPO,:Ce,Tb/Pluronic F127 composite
and its individual components.
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trolyte and a counter electrode. The LaPO,:Ce, Tb layer was prepared from a col-
loidal solution of Lay ,PO,:Ce 45,Tbg 45 Nanoparticles with an average size of 4 nm,
as confirmed by dynamic light scattering (DLS, Figure [6.1b), and spherical shape. The
nanoparticles, which were synthesized via an already published procedure?%%l, crystal-
lized in the monoclinic structure as confirmed by powder X-ray diffraction (XRD, Figure
6.1). The nanoparticle thin films were prepared from a mixture of this colloidal solu-
tion and a small amount of Pluronic F127 polymer, which was drop casted onto indium
tin oxide (ITO) coated glass, followed by heating the electrodes to 200 °C. Addition of
the polymer improved film homogeneity and prevented cracking of the layer. While heat
treatment ensures adhesion of the film during electrochemical measurements, the tem-
perature of 200 °C is not enough to remove the polymer from the film as shown by ther-
mogravimetric analysis (TGA) of the composite (Figure[6.1kc). Due to the nonconducting
properties of the nanoparticle films, electrochemical oxidation of ce® species through
polarization of the electrodes at up to 2 V versus Ag/AgCl in 0.1 M LiCIO, in acetonitrile
could not be achieved. To enable redox reactions of the cerium atoms, redox shuttles
were added to the electrolyte to transfer electrons between the current collector and the
nanoparticles. As shown in Figure [6.2a the films are nanoporous in the sense that the
redox shuttles are able to percolate the film composed of the nanoparticles embedded
in a polymer matrix. For the electrochemical oxidation of ce species, redox shuttles
are oxidized at the current collector followed by migration into the nanoparticle film. If
the redox potential of the redox shuttle (Eg) is more positive than the redox potential of
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Figure 6.2: Schematic representation of a) nanoparticle/polymer composite thin film

with percolating redox shuttles. Redox shuttle assisted electron transfer mechanism
for b) oxidation of Ce®*" and c) reduction of Ce*".

current collector
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the Ce**'** couple (EY,), electrons are transferred from Ce>* ions of the LaPO,:Ce,Tb
nanoparticles to the oxidized redox shuttles. Thus, ce** species are generated while
the previously oxidized redox shuttles are reduced to their initial state and therefore can
again undergo oxidation at the current collector, yielding a so called catalytic current.
This mechanism is schematically shown in Figure [6.2b. In cyclic voltammetry (CV)
measurements (three electrode setup), this electron transfer mechanism results in an
increased oxidation current in the first cycle as shown in Figure [6.3a. Accordingly, the
luminescence of the nanoparticle film is fully quenched. The electrochemical reduc-
tion of Ce** species follows the same principle when an electrochemically reducible
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Figure 6.3: CV’s of LaPQO,:Ce,Tb thin films on ITO for a) oxidation of ce* (redox shut-
tle: 1,4-di-t-butyl-2,5-dimethoxybenzene, 50 mV s~') and b) reduction of Ce** (redox
shuttle: dibenzylviologen, 20 mV s~') in 0.1 M LiCIO, in acetonitrile, dotted line: on
bare ITO, along with images of films under UV light before and after measurements.
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redox shuttle is used (Figure ). Here E has to be more negative than E9. In this
case, an increased reduction current is observed in the first cycle of CV measurements
(Figure[6.3b), leading to complete restoration of the luminescence.

Further CV’s where such kind of catalytic currents were observed are shown in Figure
(Appendix). The excess charge between the first and second cycle along with the
amount of nanoparticles present in the film allows calculation of the quantity of oxidiz-
able/reducible Ce**** to approx. 2.2%. Another important quantity is the formal redox
potential of cerium species at the surface of LaPO,:Ce, Tb nanoparticles, especially
since the redox potential of cerium is known to be strongly influenced by its chemical
environment. Therefore, the capability to electrochemically oxidize Ce®" was investi-
gated for redox shuttles with different Eg (molecular structures are shown in Figure ,
Appendix). This variation of Eg shows that E%P has a value between 0.89Vand 1.15V
vs. Ag/AgCl (Figure[6.4)and Table[A2] Appendix). Prior to these measurements, the re-
dox potentials E2 of the redox shuttles were determined from CV measurements using
a blank ITO working electrode. Repetitive electrochemical oxidation and reduction can
now be achieved with two redox shuttles present in the electrolyte, one that oxidizes
Ce*" and one that reduces Ce**.

able to oxidize Ce®*

unable to oxidize Ce3*
* used redox shuttles

0
- T T T T T )ES A
-1 -0.5 0 0.5 1 1.5 vs.Ag/AgCl

Figure 6.4: Redox potential dependent capability of redox shuttles to electrochemically
oxidize Ce" in LaPQO,:Ce, Tb nanoparticles.

In the experiments mentioned so far, the nanoparticle films had to be removed from
the electrochemical cell after the measurements to check the luminescence under the
UV light. To realize an in situ observation of the repetitive luminescence switching of the
nanoparticles, a full thin-film electrochemical device was built consisting of the nanopar-
ticle/polymer composite layer on ITO coated glass, a separator, the counter electrode
and a quartz glass window (Figure[6.5g). For UV excitation of the composite layer, a UV
transmitting electrolyte/redox shuttle combination had to be used. A 0.15 m solution of
LiClO, in acetonitrile containing 1,4-di-t-butyl-2,5-dimethoxybenzene (2 mM) as oxidiz-
ing redox shuttle and 7,8-dihydro-6H-dipyrido[1,2-a:2',1'-c]-[1,4]diazepinium (0.25 mM)
as reducing redox shuttle fulfills this requirement, at least for short path ways. Poten-
tials of 2 V for oxidation and -1 V for reduction were repeatedly applied in intervals of 1
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Figure 6.5: a) Schematic setup of the constructed device and chemical structure of the
used redox shuttles for oxidation and reduction. Images of the device at b) -1 V (“on”
state) and c) 2 V (“off” state). d) Time-resolved intensity change for one switching cycle.
e) Luminescence state as a function of cycle number for repetitive switching.

s while UV light was cast through the quartz glass onto the nanoparticle film. Images of
the device in the on/off state are displayed in Figure[6.5pb,c. Amovie showing the switch-
ing was recorded from which the intensity change of the nanoparticle film was monitored
as a function of time using ImageJ software. Repetitive quenching and restoration of
the luminescence was achieved for multiple switching cycles (Figure [6.5g). From the
time resolved intensity change over one switching cycle, displayed in Figure [6.5d, the
switching times to achieve a 90% change in intensity can be estimated as approx. 550
ms for quenching and approx. 650 ms for restoration of the luminescence. The fast
switching times and the complete quenching of the luminescence indicate that the me-
diators are able to rapidly access most LaPO,:Ce,Tb nanocrystals of the layer. In fact,
switching remains possible even when the layer of LaPO,:Ce, Tb particles is diluted with
an inert solid nanomaterial. Here, LaPO,:Eu nanocrystals are used since this material
cannot be oxidized or reduced within the used potential range. In the diluted device,
the nanoparticle layer consisted of a 1:19 mixture of LaPO,:Ce,Tb and LaPO,:Eu par-
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Figure 6.6: Images of a device with a mixed nanoparticle layer of LaPO,:Ce,Tb and
LaPO,:Euata)-1Vandb)2V.

ticles of which the latter alone shows a red color under UV excitation. The device
therefore displays a yellow color in the reduced state (-1 V) and red color when cerium
species are oxidized (+2 V) and shows that not only on/off-switching but also switching
between two different emission colors is possible (see Figure[6.6). Furthermore, this in-
dicates that even in this diluted system, with respect to LaPO,:Ce;Tb, the redox shuttles
reach all nanoparticles within the layer and electrons are not transferred via adjacent
LaPQO,:Ce;Tb particles. With the applied voltage and UV light as inputs and visible light
as output the device based on LaPO,:Ce, Tb represents a logical AND gate (Figure
6.7). The results also show that neither high temperature sintering processes nor the
addition of solid conductive additives are required to utilize the redox-dependent opti-
cal properties of nonconductive nanoparticles in an electrochemical device. The redox
shuttle-based working principle of the device may therefore enable the use of a large
variety of different functional materials in opto-electrochemical devices.

6.4 Conclusion

In summary, the electrochemical luminescence switching of LaPO,:Ce, Tb nanoparticle
thin films is demonstrated by a mediated electron transfer mechanism via small organic
molecules (redox shuttles) present in the electrolyte. The formal redox potential of the
Cce3t/4* species within the nanoparticles was determined within a narrow range by us-
ing redox shuttles with different redox potentials. Construction of a device containing
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Figure 6.7: Schematic representation of the electrochemical device with a
LaPQO,:Ce, Tb layer as AND gate. “Emission on” means green color and “emission off”
means no color.

an oxidizing and a reducing redox shuttle allowed in situ observation of repetitive lumi-
nescence on/off switching.
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7 Summary

In the present thesis, two types of functional nanoparticles were investigated with re-
spect to their thin-film application in electrochemical devices.

The first kind of particles were n-conductive antimony doped tin oxide (ATO, SnO,:Sb)
nanocrystals. ATO particles with a size of approx. 3-4 nm are accessible by precipita-
tion of alkaline hexahydroxostannate and hexahydroxoantimonate precursor solutions
through the addition of acids. The advantage of this method is the utilization of a pure
Sb>* source, which is beneficial for the properties of the nanoparticles. As-prepared
nanoparticles obtained by this route, however, do not inherit the desired n-conductive
properties as oxygen species (presumably 0%~ or OH™) rather than free electrons com-
pensate for the excess charge of Sb>*. Thus, the undesired oxygen species have to be
removed from the nanocrystalline particles. Partially, this can be achieved by heating a
colloidal solution of the synthesized particles in an autoclave. After this step, the initially
colorless colloid is colored blue since the generated free electrons in the nanoparticles
absorb light in the IR region. This effect, or more precisely, the plasmon absorption,
increases when the nanoparticles are calcined. However, the nanoparticles cannot be
re-dispersed into colloids if large aggregates are formed during calcination. Suppres-
sion of nanoparticle aggregation requires sufficient spatial separation of the nanopar-
ticles during the heating process. Nanoparticle aerogels provide a highly porous solid
structure that does not collapse during calcination and in which the nanoparticles have
significantly reduced contact with each other. Thus, the internal structure of an aerogel
restricts aggregation of the nanoparticles to the extent that the network structure can
be broken and the nanoparticles can be re-dispersed after calcination. For example,
ATO particles with a size of 5 nm show a hydrodynamic diameter of only 24 nm in water
after calcination at 500 °C. Comparable results were also achieved with titanium diox-
ide (TiO,) nanoparticles, and therefore, the presented aerogel route might very well be
applicable to obtain colloidal solutions of a variety of calcined functional materials.

The colloidal solutions of nanoparticles after the autoclave treatment present an ideal
basis for the preparation of nanoparticle pastes. These can be used for the preparation
of mesoporous ATO layers on conductive substrates for application in electrochemistry,
particularly for electrochromic devices in which organic dye molecules are anchored to
the inner surface of the mesoporous films. Common representatives of such dyes are
viologens, which are colored in their reduced state and transparent in their oxidized
state. Thus, they require the application of negative potentials to induce the reduction.
Depending on the electrolyte composition, this can have undesirable side effects, with
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the main problem being ion intercalation into the nanoparticles of the mesoporous film,
resulting in potential performance degradation due to mechanical stress. A comparison
of the electrochemical properties of ATO and TiO, layers reveals that ATO offers higher
electrical conductivity over a much broader potential range. Furthermore, the electrical
conductivity of ATO with a non-intercalating electrolyte is nearly as high as with a stan-
dard electrolyte containing lithium. Even with a non-intercalating electrolyte, viologen
molecules anchored to mesoporous ATO layers display fully reversible coloration and
decoloration. This is in strong contrast to TiO,/viologen layers, where the decoloration
is severely restricted when no lithium is present in the electrolyte. These improvements
are already observed at low antimony dopant concentrations (2% Sb), resulting in hybrid
layers with good electrochemical properties and sufficient transparency in the visible re-
gion. Due to the high conductivity of ATO over a broad range of potentials, it can be used
on both the working and the counter electrodes in an electrochemical device. With both
of the electrodes equipped with suitable dye molecules, a full device was constructed
that also utilized a non-intercalating electrolyte. The device displayed remarkably fast
switching times (< 0.5 s) and good long-term stability, i.e., a high electrochromic con-
trast is retained after prolonged switching between the colored and transparent state.

The ATOl/viologen electrode can also be combined with an ATO layer as a counter
electrode that is not modified with an organic dye as a redox-active molecule but rather
an inorganic, optically passive compound. A simple immersion process can decorate
the inner surface of mesoporous ATO layers decorated with a cerium complex. Calci-
nation results in the formation of a finely divided cerium compound on the inner surface,
leading to improved electrochemical properties compared to bare ATO layers. First, the
cerium species can be reversibly oxidized and reduced at the surface of the ATO parti-
cles, which therefore greatly increases the charge storage capacity of the layers. The
capacity can be further improved by performing multiple decoration cycles to increase
the number of cerium species within the layers. Notably, the cerium species is redox-
active even when a non-intercalating electrolyte is used. Since the redox potential of
the Ce>*/Ce** couple is very positive, high antimony doping concentrations (15%) are
required as these ATO nanoparticles exhibit the highest conductivity at positive poten-
tials. A high positive potential allows for the oxidization of a large portion of the cerium
species contained in the layers. While this is advantageous in terms of the charge
storage capacity, layers of ATO particles with high antimony contents show reduced
transparency due to the increased plasmon absorption. However, after the decora-
tion of the ATO layers with cerium species and the subsequent calcination, the layers
exhibit higher transparency than the bare ATO layers. Due to the combination of both
high transparency and high capacity, the cerium-decorated ATO layers fulfill the desired
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requirements of a charge storage layer in electrochromic devices. This is highlighted
in a full device composed of the cerium-decorated ATO layer and the aforementioned
ATOl/viologen layer. Besides the good long-term stability with a non-intercalating elec-
trolyte, the device also allowed for fast switching (< 0.5 s). Due to the broad conductivity
range of ATO, the mesoporous layers could potentially also be decorated with other in-
organic materials to alter the electrochemical response of the ATO layers.

The second type of nanoparticles used in this thesis for an electrochemical applica-
tion were luminescent LaPO,:Ce, Tb nanoparticles. Colloidal solutions of these parti-
cles with a small size of 4 nm were again utilized to prepare thin films on a conductive
substrate with the goal of electrochemically switching the luminescence of the particles.
This can be realized by changing the redox state of cerium atoms at the surface of the
nanoparticles. Since the particles are not electrically conducting, however, the electro-
chemical generation of Ce** cannot be realized by simply applying positive potentials to
the electrode composed of the thin nanoparticle film. Instead, organic molecules have
to be employed as redox shuttles that transfer electrons between the nanoparticles and
the current collector. Thus, with a redox shuttle that has a redox potential more positive
than that of the Ce**/Ce** couple in the LaPO,:Ce;Tb nanoparticles, a small amount
of Ce®* can be oxidized to Ce** which quenches the luminescence of the nanoparticle
layer. Likewise, a redox shuttle with low redox potential can reduce all cerium species
back to Ce** and therefore restore the green luminescence. This was highlighted by
a special electrochemical device that made it possible to observe the switching in situ.
With an oxidizing and a reducing redox shuttle, repeatable on/off switching with remark-
able switching times was realized. Further, when a layer of LaPO,:Ce,Tb was diluted
with LaPO,:Eu, the emission of the device could be switched between yellow (emission
of both nanoparticles) and red (emission of only LaPO,:Eu).
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Table A1: Sn and Sb contents of ATO nanoparticles with different antimony doping
concentrations, obtained by X-ray fluorescence measurements that were performed
with a Panalytical Axios XRF spectrometer.

Desired Sb content Sn content [%] Sb content [%]
0% 100 0

2% 97.7 2.3

5% 94.8 5.2

10% 89.6 10.4

15% 85.4 14.5
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Figure A1: CV’s of LaPQ,:Ce, Tb thin films on ITO in 0.1 M LiCIO,/acetonitrile measured
at 20 mV s~ containing the displayed redox shuttles, dotted line: on bare ITO.
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Table A2: Redox potential and capability to electrochemically oxidize ce** in
LaPQO,:Ce, Tb nanoparticles for all used redox shuttles. The redox potentials were eval-
uated by cyclic voltammetry of the individual redox shuttles (1 mM concentration) in 0.1
M LiCIO, in acetonitrile at 50 mV s~ on an ITO working electrode.

Redox shuttle Redox potential Electrochemical
[V] vs. Ag/AgCI  oxidation of Ce™*

Monomethylviologen -0.97 no

6,7,8,9-Tetrahydro-2,13- -0.88 no
dimethylpyrido[1,2-a:2’,1’-
c][1,4]diazocinediium

Monoethylviologen -0.87 no
7,8-Dihydro-6H-dipyrido[1,2-a:2’,1’-c]- -0.61 no
[1,4]diazepinium

Dimethylviologen -0.48 no
Dibenzylviologen -0.41 no
Diphenylviologen -0.24 no
1,1’-Dimethylferrocene 0.29 no
Ferrocenemethanol 0.37 no
Phenoxazine 0.61 no
10-Methylphenothiazine 0.7 no
4-Oxo-TEMPO 0.89 no
1,4-Di-t-butyl-2,5-dimethoxybenzene 1.15 yes
Tris(bipyridine)-ruthenium(ll)chloride 1.27 yes
1,4-Di-t-butyl-2,5-bis(2,2,2-trifluoroethoxy)- 1.48 yes
benzene
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