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Abstract

In the view of designing new nanostructured materials and tailoring their functional properties,
understanding the nucleation and crystal growth mechanisms is becoming increasingly important.

Nowadays, one of the most addressed scientific and social problems are those facing energy shortage
and global warming. People started to realize the value and importance of a clean and healthy
environment. To become independent from fossil fuels and to achieve the EU goal related to zero
emissions of CO, by 2050, intensive efforts are going on in searching for alternative energy sources. One
of the sustainable approaches is to use abundant free energy from the environment (sun, wind, waste
vibrations, etc.) to produce renewable fuels through various catalytic or electrochemical processes.

An enormous number of studies have been done on the topic of photocatalytic and
photoelectrochemical hydrogen evolution from water splitting in the past years. Still, the hydrogen fuel
is not in everyday use yet. Mainly due to the low efficiency of photocatalytic reactions and insufficient
solar energy utilization. The main challenges are related to photon absorption, photoinduced charge
carrier separation, and their transport to the surface, where redox reactions take place.

Size, shape, and type of exposed facets can significantly affect a material’s electrical, optical, and
photocatalytic properties. Compared to large 3D particles, 2D structures with appropriate low
thicknesses are more advantageous for lowering photoinduced charge carriers’ recombination.
Additionally, the formation of heterostructures is known to be beneficial for the improvement of
photocatalytic performance in many aspects, such as enhancing charge carrier separation, widening of
utilized spectral range, and increasing stability. The photocatalysts in my thesis were designed including
the above-mentioned considerations.

In my research, I focused on the preparation of H»-evolution photocatalysts based on heterostructural
SrTiOs/BisTi3012 nanoplatelets and I studied the mechanism for their formation. The SrTiOs and
BisTi301, were selected based on similar structural elements that allow epitaxial growth and enable the
formation of the heterostructure or pseudomorphic transformation. Additionally, BisTi;01
spontaneously grows in a two-dimensional shape, which is not typical for SrTiO;. Both materials also
have favorable relative positions of the conduction and valence bands for the formation of hydrogen and
oxygen, respectively.

My studies were performed in several steps. In the first step, the process of BisTi301, template
preparation was optimized. In the second step, BisTi301, platelets were used as a template for the
topochemical conversion into different SrTiO3/BisTi3012 heterostructures and pure SrTiOs. An in-depth
study of the transformation mechanism was performed through atomic scale analysis of the platelets at
different transformation stages and Rietveld structural refinements of the SrTiOs and BisTi301 phases.
Based on the latter we examined the misfits in relevant orientation relationships and at actual
temperatures.

A combination of various techniques (X-ray diffraction, electron microscopy, X-ray photoelectron
spectroscopy) enabled me to perform very thorough research on how to steer the topochemical
conversion by balancing the lattice mismatch, template quality, and supersaturation as well as how to
tailor the functional properties of the product platelets by varying experimental conditions. Moreover,
the principles inferred from the study of the BisTi;012-to-StTiO3 conversion were translated for the
transformation from BisTi301 to BaTiO; and CaTiO:s. Finally, the photocatalytic hydrogen evolution of
prepared heterostructural SrTiO3/BisTi3012 and SrTiOs platelets was evaluated.

This comprehensive investigation of the topochemical conversion mechanism from BisTi301> to
SrTi0; with the intermediate formation of 2D epitaxial heterostructures not only contributes to a refined
understanding of this system but also paves the way for the engineering of other new intricate epitaxial
heterostructures in the future. Furthermore, insights gleaned from this dissertation offer a fertile ground
for the development of advanced functional materials, characterized by heightened stability, efficiency,
and eco-friendliness. These materials hold promise in diverse catalytic realms, spanning hydrogen
evolution, CO» reduction as well as pollutant decompositions, among others.
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Povzetek

Z vidika nacrtovanja novih nanostrukturnih materialov in prilagajanja njihovih funkcionalnih
lastnosti postaja razumevanje mehanizmov nukleacije in rasti kristalov vse bolj pomembno.

Izzivi, povezani s pomanjkanjem energije in globalnega segrevanja, so eni od najbolj
obravnavanih znanstvenih in druzbenih problemov dandanes. Ljudje se vedno bolj zavedamo
vrednosti in pomena Cistega in zdravega okolja. Za vzpostavitev neodvisnosti od fosilnih goriv in
za doseganje ciljev EU glede nicelnih emisij CO; do leta 2050 potekajo intenzivna prizadevanja
v iskanju alternativnih virov energije. Eden od trajnostnih pristopov je uporaba proste energije iz
okolja (sonce, veter, odpadne vibracije) za proizvodnjo obnovljivih goriv s katalitskimi ali
elektrokemijskimi procesi.

V preteklih letih je bilo opravljenih ogromno raziskav na temo fotokatalitskega in
fotoelektrokemijskega nastanka vodika s cepitvijo vode. Kljub temu zelen vodik kot gorivo Se ni
v vsakodnevni uporabi. Predvsem =zaradi nizke ucinkovitosti fotokatalitskih reakcij in
nezadostnega izkoristka sonc¢ne energije. Glavni izzivi so povezani z absorpcijo fotonov,
nezadostno locitvijo fotoinduciranih nosilcev naboja in njihovim neucinkovitim transportom na
povrsino, kjer potekajo redoks reakcije.

Velikost, oblika in vrsta izpostavljenih ploskev lahko pomembno vplivajo na elektri¢ne,
opticne in fotokatalitske lastnosti materiala. V primerjavi z velikimi 3D delci so 2D strukture z
ustrezno nizko debelino ugodnejSe za zmanjSanje rekombinacije nosilcev naboja. Poleg tega je
znano, da je tvorba heterostruktur koristna za izbolj$anje fotokatalitske u¢inkovitosti v Stevilnih
vidikih, kot je izboljsana lo¢itev nosilcev naboja, razsiritev uporabljenega spektralnega obmocja
in povecCanje stabilnosti. Fotokatalizatorji v moji doktorski disertaciji so bili zasnovani z
upostevanjem zgoraj omenjenih ugotovitev.

V doktorski nalogi sem se osredotocCila na pripravo in proucevanje mehanizma nastanka
heterostrukturiranih plos¢ic SrTiOs/BisTizO12, ki bi lahko sluzile kot fotokatalizatorji za
proizvodnjo vodika kot vira energije. Materiali so bili izbrani na podlagi podobnih strukturnih
elementov, ki omogocajo epitaksialno rast in nastanek heterostrukture. Oba materiala imata tudi
ugoden relativni polozaj valen¢nega in prevodnega pasu za tvorbo vodika in kisika.

Studija je obsegala ve¢ korakov. V prvem koraku sem optimizirala postopek priprave
Bi4Ti301 ploséic. V drugem koraku sem uporabila te BisTi3O1, plos¢ice kot templat (matrico) za
pretvorbo v razlicne heterostrukture SrTiO3/BisTi30;; in &isti SrTiOs. Za razumevanje
mehanizma sem dolocCila orientacijsko razmerje in ujemanje struktur, pregledala delno
pretvorjene delce SrTiOs/BisTi3012 in preucevala reakcijski mehanizem z razvojem morfologije
pri razlicnih stopnjah prenasicenja. Raziskovala sem medsebojni vpliv kakovosti templata in
prenasiCenosti. Rentgenska difrakcija in elektronska mikroskopija sta mi pomagali razumeti te
procese. Poleg tega so bili ugotovljeni principi uporabljeni tudi za pretvorbo BisTi3012 v BaTiO3
in CaTiOs;. Na koncu je bilo ovrednoteno fotokatalitsko razvijanje vodika pripravljenih
heterostrukturiranih plos¢ic SrTiO3/BisTi3012 in SrTiOs.

Ta obsezna raziskava mehanizma topokemijske pretvorbe iz BisTi3012 v SrTiOs z vimesnim
nastankom 2D epitaksialnih heterostruktur ne prispeva le k izpopolnjenemu razumevanju tega
specifi¢nega sistema, ampak tudi utira pot za naértovanje drugih novih zapletenih epitaksialnih
heterostruktur v prihodnosti. Poleg tega so spoznanja, pridobljena iz te disertacije, pomembna za
razvoj drugih naprednih funkcionalnih materialov, za katere je znacilna vecja stabilnost,
ucinkovitost in prijaznost do okolja. Moznost uporabe teh materialov je na razli¢nih katalitskih
podrocjih, od razvoja vodika, redukcije CO; in razgradnje onesnazeval.
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Chapter 1

Introduction

This dissertation is focused on functional perovskite titanates, including ATiO3s (A=Sr, Ba,
Ca) and ATiO3/BisTi3012 heterostructures. Particularly, I investigated the reaction mechanisms
for the preparation of perovskite particles (structures/nanostructures) with predefined controlled
morphologies. The emphasis is on innovative synthesis approaches based on knowledge of the
structure of materials and a thorough understanding of the nucleation-crystallization theory. In
the beginning, some basics about the main studied materials, perovskites, are presented.
Aurivillius phase layered perovskite-like BisTi3O12 and SrTiOs;, the main materials of this
dissertation, are described in greater detail. The main emphasis is on their synthesis routes and
approaches for morphology control, while their properties are briefly described. The most
prominent studies describing topochemical transformations are presented. The second part
presents the basics of crystal nucleation and growth. The third part of the introduction is dedicated
to the presentation of photocatalytic hydrogen production.

1.1 Perovskites and Perovskite Titanates

Perovskite is the name originally given to the oxide mineral calcium titanate, CaTiO3, which
was discovered in the Ural Mountains of Russia by Gustav Rose in 1839. The mineral was named
after a Russian mineralogist Lev Aleksevich Perovski (1792-1856). Later, the whole family of
materials with the same crystal structure as CaTiOs; was named perovskites. The perovskite
(ABX3) group of materials is very broad, and it is not limited only to oxide perovskites (ABO3),
but for example, also includes halide perovskites (e.g., CsPbls). The perovskite family has been
studied because of their diverse properties and wide-range application potential. Significant
attention was gained in recent years, especially in the field of photovoltaics (solar cells) due to
their exceptional optical and electronic properties. Perovskite solar cells have the potential to be
highly efficient along with their low cost and easy manufacturing making them a promising
alternative to traditional silicon-based solar cells. Apart from solar cells, perovskite materials have
applications in other areas such as light-emitting diodes (LEDs), lasers, sensors, catalysis, and
fuel cells [1]-[3].

The perovskite compound with a general formula ABX; consists of two types of cations (A
and B) and anion (X), which is, in the case of perovskite oxides, oxygen (Figure 1). The cations
can differ in their valence states. The combinations of divalent A and tetravalent B ions give a
very broad group of important functional materials predominantly based on ATiO; and AZrOs;
(A=PD, Ca, Sr, Ba). Important functional materials are also perovskites, where A and B are both
trivalent cations (e.g., LaGaOs3) or a combination of A" and B3 (e.g., KNbOs). The focus of this
thesis is on ABOs perovskites with Ti*" on the B-site. Those materials are called perovskite
titanates. An ideal unit cell is sketched in Figure 1. A-site atom (green), B-site atom (blue), and
oxygen (red) occupy the corner site, body-centered site, and face-centered site, respectively. So,
in perovskite titanates, the Ti*" cation is corner-sharing bonded to six O* anions, forming an
octahedral TiOs unit. However, many perovskites display distortions from the ideal structure,
which manifest themselves as rotation or tilting of the BOs octahedra, distortion of the B06
octahedra, and distortion of the A and B cation polyhedra. The displacement of the B-site atom
generates an electric dipole moment and hence, generates spontaneous polarization [1], [4].
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Figure 1: Atomic structure of ABOs-type perovskite unit cell. The sizes of the spheres
represent the atomic radii of ions in SrTiOs.

In an ideal case, the sizes of the cations, bond lengths, and angles are perfectly balanced, as
shown in Figure 1. This is the case of SrTiOs. In other perovskite titanates, the distortions take
place due to the difference in the size of the cations on the A and B sites and importantly influence
the properties of the materials. The distortion occurs to minimize the strain caused by the size
mismatch between the cations. As a result, crystal structures became tetragonal, orthorhombic,
rhombohedral, or other, depending on the degree and nature of the distortion. It is important to
note that the crystal structure of a perovskite titanate significantly influences its physical and
chemical properties [1], [4].

The link between the difference in cation size and the possibility for the formation of the
perovskite structure represents Goldschmidt’s tolerance factor, ¢, which is defined by Equation 1,
where ra, 15, and 1o are the radii of the ions on the A, B, and C sites, respectively. Distortions can
be controlled and predicted, therefore, specific properties of designed perovskites can be
envisaged, which saves time and cost. In the process of designing the materials with perovskite
structure, the ionic radii and charges must be considered.

T+ T )]

= V2(rg +15)

According to Eq. (1), the tolerance factor is smaller than 1 when the ionic radius of the A-site
cation is slightly smaller. Because of the smaller cation on the A-site, the octahedral unit [BOs]
tilts forward and fills up the additional available space. Such distortion results in the change of
cubic unit cell to the orthorhombic structure. [4] On the contrary, the tolerance factor is greater
than 1 when either the A-site cation is too large, or the B-site cation is too small. This group can
result in a hexagonal or tetragonal structure. BaTiO; is one of the most known examples of
tetragonal perovskites. It is a ferroelectric material due to dipole momentum arising from the Ti*"
ion displacement in the octahedral sites. The TiOs octahedra are slightly distorted due to the
different lengths of Ti-O bonds.

Crystal structure affects the morphology of perovskite titanates in the sense that the
arrangement of atoms within the crystal lattice influences the shape, size, and surface
characteristics of the resulting particles or structures. Perovskite titanates usually adopt cubic
(e.g., SrTiO;3) or tetragonal (e.g., BaTi0O3) and orthorhombic (e.g., CaTiOs) crystal structure. Also,
the most usual morphologies of perovskite titanates appeared to be cubes and cuboids. This
happens because crystal structures with a higher degree of symmetry (cubic) lead to more
isotropic growth and result in the formation of particles with more regular shapes (cubes, spheres,
cuboids). On the contrary, crystal structures with a lower degree of symmetry (tetragonal,
orthorhombic) may lead to anisotropic growth and result in anisotropic morphologies, such as
platelets or even needles. However, these are not the shapes in which ATiO; (A = Sr, Ba)
perovskite particles spontaneously grow.
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Table 1: The link between the tolerance factor and crystal structure with the examples. lonic
radii data was found in [5].

Tolerance Ionic radius A- TIonic radius B-
Factor Structure Example site cation site cation
~1.0 hexagonal BaNiO; 1.61 A 0.48 A
) tetragonal BaTiO3 1.61 A 0.605 A
0.9-1.0 cubic SrTi0; 1.44 A 0.605 A
0.71-0.9 orthorhombic CaTiO3 1.34 A 0.605 A

Achieving desired morphology is one of the challenges in perovskite titanate synthesis. Most
commonly, perovskite titanates crystallize in cubic or spherical morphologies. However, for some
applications and achieving enhanced properties, sometimes other morphologies would be
beneficial. Therefore, different approaches are commonly employed for morphology control
including the control or precursor composition, reaction conditions, method selection, use of
solvent and/or additives, template-assisted synthesis, and post-synthesis processing.

The precursor composition (e.g. nominal ratio of A-site and B-site cations) as well as the
choice of solvent or additives can be used to manipulate the nucleation and crystal growth
processes, helping to achieve different particle morphologies. Additionally, the selection of the
solvent and/or additive with different polarities and boiling point affect the solubility and
crystallization behavior and therefore lead to variations in product particle morphology. Similarly,
the choice of synthesis method and reaction conditions can influence final particle morphology
by influencing the kinetics of nucleation and crystal growth. Template-assisted methods (e.g.
template grain growth, topochemical conversion) are using templates to guide the growth of
perovskite titanate particles and control their morphology. Final morphologies obtained through
these methods are most commonly nanowires, nanoplatelets, hierarchical structures with multi-
level organization, and porous structures. The porous structures are interesting because of the
presence of interconnected pores or voids within the material, providing a large surface area,
which can be a great advantage for catalysis, energy storage, or sensor applications. The last group
of methods used for morphology control are post-synthesis processing methods, including
annealing, calcination, and etching. Here, particle rearrangement, phase transformations, or
removal of certain components usually occur, leading to morphological changes [2].

Perovskite titanates can be synthesized using various methods, including solid-state reaction,
molten salt synthesis (MSS), sol-gel processing, hydro- and solvothermal reactions, pulsed laser
deposition (PLD), chemical vapor deposition (CVD), and others. The choice of synthesis method
depends on the desired composition, crystallinity, morphology, properties, and targeted
application. The selection of the synthesis approach is also based on simplicity, low costs, and
reproducibility along with environmental and health impact [2].

As a variety of elements in the periodic table can possess positions at A and B unit cell sites,
an enormous number of compounds with structural similarity, but a variety of properties can be
achieved. This makes perovskite titanates suitable for a wide range of applications [6]-[15]. The
main reasons for perovskite titanates being widely researched materials are: (i) versatile
functionalities — ferroelectricity, ferromagnetism, piezoelectricity, and high dielectric constants
make them attractive for applications in electronics, energy storage, sensors, and catalysis, (ii)
tunable properties — the properties can be easily modified and tuned by doping or substituting
elements within the crystal structure, thus obtaining application-specific requirements and
improving the properties, (iii) multifunctionality — perovskite titanates often exhibit multiple
functional properties simultaneously, opening up possibilities for improving the performance and
novel applications, (iv) high dielectric constant is a benefit for materials used in capacitors and
energy storage devices, and (v) sustainability and low costs — help to promote using those
materials in large-scale applications. [1], [2]

In the past decade, perovskite titanates were recognized as promising materials for the
development of novel electronic devices, data storage systems, and energy-efficient technologies
that could revolutionize various fields. Perovskite titanates are also of great interest to researchers
due to their fundamental scientific importance. Their structure, properties, and behavior are
studied to get a deeper understanding of material science, solid-state physics, and the interplay
between phenomena at the atomic and electronic levels.

Despite the perovskite titanates possessing numerous attractive properties and potential
applications, they also have certain limitations, such as: (i) long-term stability and durability — the
exposure to high temperatures, humidity, or to reactive gases can lead to degradation to structural
changes over time, affecting their long-term performance and reliability, (ii) processing
challenges — complex synthesis and processing procedures can be challenging to achieve high
reproducibility; large scale production can also be hindered if desired composition, purity,
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crystallinity of materials are required, (iii) high-temperature processing — certain perovskite
titanates require high-temperature processing methods, which consume a lot of energy and
consequently produce high costs; such materials are consequently less or non-appropriate for
large-scale applications, (iv) toxicity and environmental concerns — some perovskite titanates
show excellent properties and offer great application potential, but contain elements that are
harmful to people or environment (e.g. Pb and PbTiO3), (v) limited scalability — many perovskite
titanates show promising results in lab-scale research, however, the scale-up process remains a
challenge due to many reasons, e.g. maintaining consistent properties, performance, cost-
effectiveness, (vi) efficiency — several perovskite titanates are low-cost, safe and non-toxic, easy
to prepare, but suffer from too low efficiency, which would lead to (near) impossible scale-up and
general use [1], [2].

1.1.1  SrTiOs

Strontium titanate (SrTiOs3, STO) is a typical representative of the perovskite structural family.
Above 105 K, it exhibits a cubic perovskite structure with a Pm3m space group and a lattice
constant of 0.3905 nm. In the crystal structure, Ti*" ions occupy centrosymmetric positions within
[TiO6]* octahedra, while Sr** ions reside in twelve-coordinate interstices [16].

SrTiOs has a hlgh temperature of melting, T. = 2080 °C, which makes it useful in high-
temperature applications [17]. The tetragonal structure of SrTi03 formed by cooling of cubic
modification below 105 K does not display ferroelectricity. Therefore, SrTiOs; is a part of quantum
paraelectric or incipient ferroelectric materials. SrTiOj; is known for its high dielectric constants,
which makes it suitable for applications in capacitors, varistors, and other electronic devices
where high dielectric materials are required. It is one of the most interesting multifunctional
oxides because its properties can be easily modified and tailored by changing the oxygen
stoichiometry, doping with foreign elements, and applying elastic stresses in the case of films
[18], [19]. Commonly, in the fabrication of thin films by physical methods (e.g. PLD), SrTiOs is
used as a substrate for epitaxial growth due to its lattice-matching properties, excellent crystal
quality, flexibility in doping, and surface termination control [20]. Strontium titanate also exhibits
good catalytic and photocatalytic properties [16], [21], [22], to some extent similar to that of TiO»,
Especially, SrTiOs is widely investigated for water-splitting processes [23]-[27] and solar cells
[71, [28], [29]. In comparison to TiO», SrTiO3 has about 200 mV more negative conduction band
and it shows good thermal and chemical stability. It is also a non-toxic, non-volatile, and relatively
cheap material. However, as a photocatalyst or photo electrocatalyst, the main drawback of
SrTiOs is a wide band gap (3.2 eV indirect or 3.7 eV direct band gap) and consequently, its activity
is limited mostly to UV light. However, the band gap as well as catalytic activity can vary for
SrTiO; depending on the preparation method, not only on the surface area, particle size, crystal
phase, morphology, etc. [17]. More about the possibilities and roles of SrTiO; in photocatalytic
hydrogen evolution will be presented in 1.3.

It was long believed that the simplest process to prepare perovskite titanates, including
SrTiO:s, is solid-state synthesis. This method produces single-phase materials. Unfortunately, this
method requires high temperatures (commonly above 1000 °C) and consequently high costs.
Additionally, the reaction products are highly aggregated large particles with a small surface area,
which is not beneficial for catalytic application. In the last 50 years, a vast number of studies
employing various synthesis methods, including molten salt and hydrothermal synthesis, sol—gel
method, co-precipitation, and microemulsion have been developed to fabricate SrTiOs
(nano)crystals [17], [30]-[32]. The SrTiO; compound has been obtained in different shapes, such
as spheres [33], dendrites [34], stars [35], fibers [36], and cubes [31], [37].

Under thermodynamically controlled conditions, when no anisotropic template or special
structure directing agents are used, SrTiO; usually crystallizes with a cubic crystal structure and
in cube-like shapes, whereby the (100) facets are usually the dominant exposed facets. This arises
from the fact that the (100) facet in SrTiOs is flat and characterized by a minimal number of
unsaturated bonds and consequently exhibits the lowest energy and the slowest growth rate. The
other two low-index facets in SrTiOs are stepped (110) and kinked (111) facets, both with a higher
number of unsaturated bonds and higher growth rates, increasing from (110) to (111) facets.
Depending on the reaction conditions (media, concentrations (supersaturation), impurities), which
can retard the growth rates of otherwise faster-growing facets (e.g. low index (110) and (111)
facets or even high index facets (023) [38], [39], SrTiO; crystallites can in addition to prevailing
(100) facets to some extent expose also another type of facets. For example, slower growth of
stepped (110) facets can be explained by the bunching of monoatomic steps, which can occur due
to local fluctuations in supersaturation or impurities [40], [41]. Namely, the steps with higher
height require a greater flux of ions for the growth and therefore advance at lower rate than
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monoatomic steps. As a result of the slower growing rate, such stepped (110) surfaces remain
visible in the final crystallites [41]. Retarding the growth of low-index (110) and (111) facets can
lead to various cube-like shapes of SrTiOs with different ratios of (100), (110), and (111) exposed
facets [41]. Moreover, the selective adhesion of surfactants on the specific crystal facet can also
lower the facet’s surface energy and hence its growth rate, resulting in the formation of well-
defined SrTiOs crystallites, exposing other facets in addition to (100) [41], [42]. By this
mechanism, versatile SrTiO; crystallites with the shape of cubes, truncated cubes, and
dodecahedra form under hydrothermal or solvothermal and molten salt conditions [38], [39],
[41]-{47]. In general, none of these SrTiO; crystallites possess very anisotropic morphology. For
the preparation of SrTiO; in more anisotropic shapes (2D (nano)platelets), the topochemical
conversions of platelet templates were reported. This was intensively studied for the
transformation of Aurivillius phase platelets (i.e. BisTi3012 [46] and SrBisTi4O15 [45]) and (001)
TiO, [30], [48] mesocrystalline platelets into SrTiO; platelets under molten salts and alkaline
hydrothermal conditions, respectively. We have developed an alternative low-temperature
hydrothermal topochemical transformation approach for the preparation of SrTiOs (nano)platelets
from the BisTi301, nanoplatelets. We have also performed in-depth mechanistic study of the
process and identified the key parameters for steering the morphological development and
transformation pathway, which can lead to very versatile functional properties of the platelets.

1.1.11 SrTiOs by hydrothermal synthesis

Considering that SrTiO3 and its formation under hydrothermal conditions are the main topics
of the present dissertation, the general principles of the hydrothermal synthesis method are
explained first, followed by a short summary of the literature examples of SrTiO3; formation under
hydrothermal conditions.

Hydrothermal synthesis was developed as one of the low-temperature alternatives to solid-
state and molten-salt syntheses. The term hydrothermal was originally introduced by geologist
Roderick Murchison to describe the action of water at elevated temperature and pressure in the
earth’s crust and the formation of various minerals and stones. Crystal growth by hydrothermal
method experienced its development in the years 1930-1940. In the next decades, many single-
crystal and polycrystalline materials were obtained, e.g. complex oxides, carbonates, silicates and
phosphates [49].

Hydrothermal synthesis is a heterogeneous reaction in the presence of an aqueous solution
under high pressure and at elevated temperatures [49]. There are still no officially determined
limit values for the reaction temperature and pressure. The pressure is determined by the
concentration of the reactants, reaction temperature, and filling capacity. Most commonly
temperatures between 150 °C and 250 °C and pressures between 10 bar and 300 kbar are used.
However, lower temperatures (around 100 °C) can also be applied. In this case, the term mild
hydrothermal conditions is sometimes used.

Hydrothermal technique has undergone a major development in different fields of science and
industry, originating from a variety of different types of reactions: synthesis of new phases,
stabilization of new complexes, preparation of finely divided materials and microcrystallites with
well-defined size and morphology for specific applications, leaching ores in metal extraction and
decomposition, alteration, corrosion, etching [49]. From the end of the 20" century, the
hydrothermal technique was used for various purposes, including the decomposition of hazardous
chemical substances, and organic and pharmaceutical wastes removing caffeine and other food-
related compounds selectively, etc. [S0]-[54].

The main disadvantage of the hydrothermal technique was the “black box” nature of the
apparatus. Due to the closed steel vessel operating at high temperature and high pressure, it was
impossible to observe the crystallization and processes inside the autoclave. Nowadays,
researchers can use special hydrothermal autoclaves for visual examination. The main goals in
the hydrothermal technique are better understanding crystallization and crystal growth, reaction
mechanism, kinetics, and thermodynamics, and pushing reaction conditions further to lower
temperatures and pressure. /n-situ hydrothermal techniques are attracting more and more attention
[49].

Process kinetics and properties of prepared materials are influenced by the initial pH of the
solution, reaction time and temperature, and the pressure inside the autoclave. Under
hydrothermal conditions, the solubility of many oxides in salt solution is much higher than in pure
water; such salts are called mineralizers. When used in small concentrations, mineralizer plays
the role of a catalyst. The most used mineralizers are hydroxides NaOH and KOH. However, the
difficulties related to controlling the reaction and the morphology of the target material were
commonly reported [49]. In comparison to some other methods such as chemical precipitation,
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solid-state reaction, sol-gel method, etc., the hydrothermal method has many advantages such as
better control over the shape and size, narrower size distribution, lower reaction temperature, high
crystallinity and high purity, lower costs in comparison to solid state or molten salt synthesis.

Typically, the formation of SrTiOs under alkaline hydrothermal conditions from precursors
like TiO,, TiCls, or Ti(OC4Hy)4 for titanium and Sr(OH),, SrCl,-xH»O, Sr(Ac), or Sr(NO3), for
strontium precursor follows the dissolution-precipitation mechanism. The main reaction steps are
the following: during the mixing of reagents (Sr- and Ti-precursor, NaOH solution), Sr(OH),
precipitates. At higher temperatures (>100 °C), dissolution of Sr(OH); and titanium precursor
lead to dissolved (Sr**),q and Ti(OH)s> species. The formation of the latter is expected according
to the “charge-pH diagram” for the formation of “aqua”, “ox0” and hydroxo” species of transition
metal ions depending on the pH [55]. When the product of concentrations of (Sr?*),q and Ti(OH)s>
exceed the solubility product, SrTiO; starts to nucleate and precipitate. Nucleation can be
homogeneous but since some solid (nano)particles are always present, heterogeneous nucleation
is more common. After SrTiO; precipitation, the processes of SrTi0Os dissolution and precipitation
continue. Smaller SrTiOs particles dissolve, followed by SrTiOs deposition on larger SrTiOs;
particles, which consequently further increase their size through the so-called Ostwald ripening
process. Consequently, larger particles with more uniform size distribution are obtained after
prolonged reaction times.

Mechanical stirring is also an important parameter, because stirring during the hydrothermal
reaction can increase the collision of particles. It affects the concentration gradients as well as
molecular dynamics and kinetics.

The nucleation energy barrier (see Eq. (14) page 78) is specially lowered on the solid particles
or substrates with similar structural characteristics to that of SrTiOs. In this case, SrTiOs nucleates
and grows on these substrates, which then also dictates its crystal orientation. Inthe case of titanate
structures (particles), these can simultaneously serve as the substrate (template) and through
dissolution as the source of Ti(OH)s>". A continuation of the process can result in pseudomorphic
replacement of the initial template by SrTiOs. This means that SrTiO; preserves the shape of the
substrate (template). These are the characteristics of hydrothermal topochemical transformation.
This process can be exploited for the preparation of SrTiO3 (nano)structures with controlled
anisotropic morphologies. In the literature, this kind of process is described in detail for the
formation of elongated mesocrystalline SrTiO3 nanostructures from anatase nanowires, while in
my doctoral thesis, I study the formation of SrTiOj; and heterostructural SrTiO3/BisTi3O1, platelets
from Bi4Ti301, template platelets.

1.1.2  BiTi:On

In the scope of my doctoral thesis research, the BisTi301, (BIT) nanoplatelets were the starting
2D precursor and I have studied the conditions and mechanisms for their transformation into
ATiOs3 (nano)structures with maintained anisotropic 2D shapes. Since BisTi30 is one of the core
materials in my research, its structure and properties are described in more detail. BisTi301,
belongs to Aurivillius-type layered perovskites, which in their structures contain perovskite
blocks, separated by another layer. Bismuth titanate, BisTi3012, consists of pseudo-perovskite
(Bi2Ti3010)* blocks and (Bi>0,)*" layers, which are alternatingly staked along the c-axis as shown
in Figure 2 [56]. Two different crystal structures, orthorhombic (B2cb) and monoclinic (Blal)
are reported for the room temperature phase of BisTi301.. The orthorhombic structure was
determined by the powder X-ray diffraction (XRD). On the contrary, single crystal XRD, neutron
diffraction, and electron diffraction studies supported the monoclinic structure. The physical
properties are in accordance with the monoclinic symmetry since the spontaneous polarization
was observed along the a- and c-axes. Namely, orthorhombic space group B2cb does not allow a
component of spontaneous polarization along the c-axis [57]. Heating above the Curie
temperature (675 °C) results in a first-order phase transition to a paraelectric tetragonal phase
[58].

In the literature, many different synthesis approaches are described, including solid-state,
molten-salt, and some other low-temperature methods, e.g. hydrothermal, sol-gel, co-
precipitation [59]-[63]. For my research, the most relevant approaches for BisTi301, synthesis are
molten salt and hydrothermal methods. However, particles produced by the hydrothermal method
usually result in smaller particle size, and investigation of the topochemical conversion was
assumed to be easier for larger particles (side length 1-2 microns). Therefore, the molten salt
method was selected for the preparation of Bi4Ti301, templates and is further explained below and
in1.1.2.1.
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Bismuth titanate is widely investigated due to its diverse properties, including ferroelectricity,
piezoelectricity, photocatalytic activity, doping (e.g. Fe) and also multiferroic behavior [61],
[64]-[71]. It is a piezoelectric material, which means it can generate an electric charge or voltage
in response to applied mechanical stress. As a piezoelectric material with a high Curie temperature
(675 °C) it has the potential for use in high-temperature piezoelectric applications [72], [73]. As
a ferroelectric material, it can undergo a reversible spontaneous polarization reversal under the
application of an external electric field. This ferroelectric behavior makes it promising for
applications such as memory devices, sensors, actuators, and ferroelectric random-access memory
(FeRAM). With its high dielectric constant, it is also a candidate in capacitor applications. Lately,
Bi4Ti3012 is raising attention also in photocatalysis for a variety of applications, including water
splitting, solar energy conversion, and environmental remediation [61], [64]-[68]. Plate-like
morphology with a large flat surface area provides an increased number of active sites for
chemical reactions and enhanced exposure to light in photocatalytic applications.
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Figure 2: Bi4Ti301; structure in [110] and [100] orientation.

1.1.2.1 BisTi:012 by molten salt synthesis

The molten salt method using NaCl/KCl eutectic mixture was applied for the preparation of
the BisTi30,2 platelets in my doctoral thesis research. Hence, the general description of this
method is provided first and then some literature examples of different synthesis strategies for the
formation of BisTi30,, in other molten salts are given.

Generally, molten salt synthesis is employed for preparing complex oxide powders by a
relatively simple procedure. As starting materials, oxides and carbonates are most used. The
procedure consists of homogeneous grinding and mixing of reagents with salts followed by heat
treatments above the melting temperature of the salts. The most used salts, mixtures, and their
melting temperatures are listed in Table 2. The formation of product particles occurs in two stages.
In the first stage, reactant particles dissolve in the molten salt, which acts as a solvent. Two
mechanisms are reported for the reaction stage: dissolution-precipitation and dissolution-
diffusion. The mechanism is determined by the relative dissolution rate. When the dissolution
rates of reactants A and B are significant and comparable, both reactants dissolve in the molten
salt and the product particles precipitate under a high degree of supersaturation. When the
dissolution rate of one reactant is considerably higher than the dissolution rate of the other, then
the dissolution-diffusion mechanism dominates. As all reactant particles are consumed, formed
product particles start to grow by the Ostwald ripening mechanism, and final particle size
increases with the prolongation of the annealing time. The material transport is faster in molten
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salt than in solid-state systems. Covering the particles’ surface molten salt also prevents their
aggregation. This results in increased homogeneity and narrower particle size distribution [74].

Although great success has been achieved in the study of the reaction mechanisms in molten
salt, it is still very challenging to control the morphology of formed materials [75]. Beside the
concentration, the reaction temperature, duration of the reaction, precursor composition, and
morphology of starting materials also affect the product particle shape [76]. The morphology of
particles during the growth stage is associated with the free energy of the particle/molten salt
interfaces. It decreases with the reduction of the surface area due to particle growth as well as
with the disappearance of surfaces with high energy, which changes shape towards the
equilibrium form [74].

Table 2: The most commonly used salts, mixtures, and their melting temperatures [77]-[80].

Salt Composition 5
KCl 1 770 °C
NaCl 1 801 °C
RCI-NaCl T:1 (mol) 657 °C
SrCh 1 866 °C
NaNO; 1 308 °C
KNO; 1 334°C
NaNO;-KNO; 32 (wi) 130 °C
LINO; 1 253 °C
L‘T&&Im@' 25.9:20.06:54.1 (wt) 118 °C
Ticl T 610 °C
TiCIKCT 58.2:41.8 (mol) 352°C
CaCD2 1 772 °C
CaCL-NaCl 0.479:0.521 (mol) 499 °C

Several studies on BisTi301, plate-like particles preparation by solid-state reaction or molten
salt synthesis are reported [80]-[84]. Summarized reaction conditions for some of them are
presented in Table 3. Most commonly, Bi»O3; and TiO, are used as starting materials, but also
other reagents (e.g. Bi(NO3)3-5H,0, Ti(OC4Hy)4) can be used [80]. In solid-state or molten-salt
synthesis of BisTi3012 from Bi,0; and TiO; starting materials, secondary phases such as Bi;2TiO2
or Bi,Ti,07 commonly formed [62], [85]-[87]. Moreover, secondary phases containing sodium
can form during the process [81]. The secondary phases must be removed from the product prior
to further use due to their detrimental effect on their properties. A eutectic mixture of salt is most
used to lower the reaction temperature. The melting point of KC1 and NaCl salt is 770 °C and 801
°C, respectively, while the melting point of the eutectic mixture KCI/NaCl is 657 °C [77]. The
melting point of Bi,Os3 is 820 °C [81]. Heating the reaction mixture close to this temperature
accelerates the volatization of bismuth, which can lead to bismuth deficiency in the product. Thus,
some authors decided to add Bi,O3 in excess or keep the temperature for some time at 660 °C to
fully melt the salts, and then elevated the temperature for a shorter time to proceed with the
formation of BisTi3012 [81]. Those studies also confirmed that higher temperatures and longer
reaction times lead to larger platelets due to the Oswald ripening effect [80]—[84]. Lowering the
reaction temperature is not the only role of the molten salt. At the same time, it improves the
degree of homogeneity but also helps to prevent particle agglomeration and to control the size
and the shape of forming particles. Therefore, He and colleagues studied the influence of the ratio
of'salt and the reactants. They included a wide range of molar ratios NaCl:KCl:Bi4sTi301,=M: M:1
(M=4, 8, 16, 32, 40, 50 and 60) [84]. This study revealed that the average side length and the
thickness of BisTi30:, particles decrease with the increase of the molar ratio of the salt up to the
ratio BisTi302:NaCl: KCI=1:60:60. A long mass transport distance between BisTi30,, particles
due to the high molar ratio lowers the growth rate of BisTi3012, leading to the size reduction of
the resulting particles [88].



Table 3: Summarized reaction conditions for the preparation of BisTi301, platelets in molten salt [80]-[84].

Materials Salt Materials: Salt Reac.ti.o - Morphology Phases
conditions
Bi,03(1-mol% 800°C/1h BisTi i
) ) - 4T13012, TiO,,
ex]gfgsz.), NaCl 1:2 (wt.) 920°C/2h N.A. (lower degree of anisotropy) Na, Ti,Os
Bi203(1-mol% o
NaCL:KCI 660°C/1h : . —
exjgiecs)sz.), 1:21 (mol.) 1:2 (wt.) 920°C/2h Plate-like particles (0.3x8x8)um Bi4Ti3012 (ortho.)
. ) CaCl,:NaCl . }
Bi(NOs)sSH20, | (7479:0 521 1:1(wi) 650°C/2h Plate-like particles/flakes BisTisO12 (ort. +et.)
TI(OC4H9)4 (mol) (1-3 pm
. CaCly:NaCl . .
Bi(NO3)3-5H,0, ; ) ° Plate-like particles/flakes g
Ti(OCsHo)s 0.4(711916(;.)521 1:1(wt) 750°C/5h (3-10)um Bi4T1;012 (ortho.)
. . NaCl: KCl . o Plate-like P
B1203, T102 1:1 (mol) 1:1 (Wt) 1100 C/6h (0.5—1><10—12)um B14T13012
. . NaCl: KCl1 o Platelet -
Bi,0s, TiO, 1:"11 (mol) 1:1 (wt) 1100°C/1h a"\‘&f)s BisTisO1,
(I-Bi203 R
: 2 NaCl: KCl NaCl:KCI: BisTi3012 ° Platelets g
TiO, (P25), 1:1 (mol.) M:M: 1 (M=4-60) 800°C/2h (0.15-0.055%2.4-0.5)um BisTis01; (ortho.)

1:1 (mol)







11

The mechanism of formation of BisTi3012 in the molten salt is typically a two-step process:
the dissolution of precursor materials in the molten salt and subsequent crystallization of
Bi4Ti3012. The precursor materials are typically Bi»O3 and TiO, (nano)powders, which are added
to the salt, which melts at higher temperatures and acts as a solvent. Thus, it provides a suitable
environment for the dissolution of the precursors. As the precursors are dissolved in the molten
salt, ion exchange reactions take place. Bismuth and titanium ions combine with oxygen species,
leading to the formation of BisTi301,. The reaction is driven by the higher thermodynamic
stability of Bi4Ti3012 compared to dissolved precursor species. After the desired time, the reaction
mixture is cooled down. In the meantime, molten salt becomes a solid matrix and BisTi3012
crystals solidify inside the matrix. Separation of BisTi3015 crystals from the solid matrix of the
salt is done by washing them with water and acids (e.g. HNOs3) to remove byproducts.

1.2 Nucleation and Crystal Growth

The formation of any crystalline substance includes nucleation and crystallization (growth of
crystals), which are responsible for the functionality of the material. Because the functional
properties are influenced not only by the type of material but also by the material’s shape, size,
chirality, defects, etc., it is essential to understand how we can influence and direct crystal growth.
Therefore, based on the understanding of nucleation and crystallization theory, we can plan
experimental (reaction) conditions for the controlled growth of crystallites and thus also create
their functional properties.

1.2.1 Nucleation

The formation of a new phase starts with nucleation. A new crystalline phase forms from a
metastable solution and requires the appearance of small clusters of building units in the volume
of the supersaturated ambient phase [89]. So, nucleation is defined as a series of atomic or
molecular processes rearranging into the cluster of the product phase. A cluster needs to be large
enough to grow irreversibly to larger size. A cluster is defined as a nucleus or critical nucleus.
Supersaturation (S) is defined as the ratio of concentration C and solubility C* (S = C/C*) at the
reaction conditions being adjusted to generate supersaturation and it is the driving force for the
crystallization [89]. The classical theory is valid at small or moderate supersaturations, in contrast
to the atomistic theory which is applicable at high supersaturations [40]. One must take into
consideration that the solubility may change with the temperature, pH, solvent evaporation,
crystal growth, etc. If the concentration exceeds the solubility (S > 1), the solution is
supersaturated, and crystals can grow. If the concentration is lower than the solubility (S < 1), the
solution is undersaturated and crystals tend to dissolve. The process of nucleation and growth
according to the LaMer mechanism can be broken down into three main phases [90]. (I) The
concentration of free monomers in the solution experiences a rapid increase. (II) Subsequently,
the monomers undergo "burst nucleation," leading to a substantial decrease in the concentration
of free monomers in the solution. This nucleation rate is described as "effectively infinite," and
after reaching this stage, further nucleation is almost non-existent due to the low concentration of
monomers. (III) The growth phase follows the nucleation stage, driven by the diffusion of
monomers through the solution. These three stages are illustrated in (Figure 3 a), where the
concentration of monomers is schematically plotted over time.

The crystals can be formed from a clear solution (primary nucleation) or parent crystals
(secondary nucleation). Primary nucleation can take place in the absence of heterogeneous
particles in a clear solution (homogeneous nucleation) or at surfaces such as dust, walls,
interfaces, scratches on glassware, etc. (heterogeneous nucleation), which is commonly almost
impossible to avoid [89].

Nucleation and crystal growth kinetics vary under thermodynamically metastable conditions
and local deviations in thermodynamic systems increase the thermodynamic potential of the
system. Hence, leading to the formation of small aggregates. If the initial phase is stable, these
formed agglomerates are “lifeless”. If the initial phase is unstable, the tendency to grow prevails
after the agglomerates exceed the critical size. In this case, the system must overcome the
activation barrier which is given by the work of formation of the critical nuclei (Figure 3 b). The
nuclei form a thermodynamically favorable shape (requires minimal work for nuclei formation),
usually it is the equilibrium shape [40], [91].

The rate of nucleation (J) is defined as the number of formed nuclei in a given time and
volume. Theoretically, nucleation events are distributed evenly across the bulk fluid volume.
However, it is more commonly the truth that local extreme conditions cause local nucleation
events. The nucleation rate is defined as:
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J= Ae_Ak_C;* 2)

Arrhenius coefficient (4) is dependent on supersaturation and the nucleation rate is zero until
the critical value of the supersaturation is reached. This is a so-called metastable zone. The control
over the process can be exerted based on consideration of classical nucleation theory, which
defines that the nucleation barrier (4G) is proportional to the third power of interfacial free energy
(@) and inversely proportional to the square of natural logarithm of supersaturation (i.e. (/nS)*)
(Figure 3 b). The Gibbs free energy is a function of a cluster size (radius). The energetic barrier
(4G*, denoted also as 4g,) at the formation of the nucleus with critical size (»*) needs to be
surpassed to promote the nucleation [40], [91].
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Figure 3: Simplified illustration of nucleation and crystal growth process according to LaMer
(A) and the association of a free energy change with a radius r of a sphere in a homogeneous
nucleation (B).

1.2.2  Crystal growth

Crystal growth is a series of processes occurring after nuclei reach the critical size. Atoms or
molecules incorporate into the surface of a crystal, leading to increasing its size. First, atoms or
molecules need to be transported through the solution to the atomic or molecule surface. An
approaching atom can either be reflected or absorbed on the surface of the substrate. Which
situation will occur depends on the incoming flux atom, the trapping probability, and the sticking
coefficient. For successful physisorption, the atom must overcome the local energy barrier. After
it is physiosorbed, it can be either chemisorbed or desorbed and therefore ejected from the surface.
The balance between the growth and dissolution process of individual atoms or small clusters of
atoms is governed by the total free energy of the atom or the cluster, relative to an assembly of
individual atoms. Atoms or molecules that adsorb on the surface are not a part of the crystal as
far as their chemical potential becomes equal to that of the crystal. On the contrary, after the atoms
are more tightly bound to the crystal than the atoms in a kink position, they are already a part of
a crystal. Considering the surface of a (100) facet of a cubic Kossel crystal (also valid for SrTiO;)
with a monoatomic step, atoms can occupy various positions. The most important atomic sites are
the following: atom adsorbed on the crystal face, atom adsorbed at the step, an atom in a half-
crystal (kink) position, atom embedded into the step edge, and atom embedded into the outermost
crystal plane. Atoms in each of those positions are bound differently to the crystal surface, because
of the different number of bonds with a crystal and unsaturated dangling bond. This means that
those atoms or atomic sites differ in their surface energies (see Figure 4 and Figure 5). [40]
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Figure 4: Schematic representation of processes involved in the crystal growth. (1) Transport
of solute to the vicinity of the surface, (2) diffusion through the boundary layer, (3) adsorption
onto a crystal surface, (4) diffusion over the surface (also desorption can occur at this stage/place),
(5) attachment to the step or edge, (6) diffusion along the step or edge, (7) incorporation into the
kink site or vacancy [91].
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Figure 5: Illustration of atomic sites on the surface according to the Kossel model [91].

Once an atom sticks to the surface, it creates tension in the surface, which is a function of the
broken bond energy of exposed surface atoms which depends on the crystal structure of the
substrate. Overall surface energy is then minimized by surface diffusion of the adsorbed atom to
a low-energy site. Atoms usually diffuse along the surface until they reach the kink site at the
ledge or elsewhere [92]. As the ledges vary with the crystal face orientation, these processes also
vary on different crystal faces thus forming different surface structures. Hartman introduced a
classification of crystal faces into flat (F), stepped (S), and kinked (K) faces (Figure 6) [93]. In
the ideal case, the F faces are atomically flat, the S faces consist of ledges and the K faces consist
of kinks. Consequently, the slowest growth is expected on F faces and the fastest on the K faces.
In SrTiO;s, F surfaces are represented with (100) facets, S surfaces are represented with (101)
facets and K surfaces are represented with (111) facets. The crystal growth mechanism is
influenced by the structure of crystal surfaces.
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Figure 6: Classification of faces introduced by Hartman. F — flat faces, S — stepped faces, and
K — kinked faces. Adopted from Hartman [93].

In the case that the crystal has flat faces, the growth rate is determined by the formation
of steps and by the lateral moving of these steps. In the ideal crystal face with no defects, the
growth is determined only by the frequency of formation of 2D nuclei, which is an energetically
activated process. From the energetics point of view, relatively high supersaturation conditions
are predicted to overcome the energy barrier associated with 2D nucleation so that growth can
take place. However, from experiments it was determined that growth can occur also at lower
supersaturation than predicted. Frank explained that crystal surfaces are intercepted by
dislocations, which create steps, required for the 2D nucleation [94]. Present screw dislocations
represent a valuable source of steps, and the growth is not limited by the formation of the step
anymore (Figure 7 left). The theory of crystal growth by spiral dislocation was then further
explained by Burton, Carbera, and Frank (BCF theory) [95]. The pyramid growth is observed
when the 2D nucleation determines the growth rate (Figure 7 right) [40]. In terms of the
mechanism, the growth of heterostructures might be considered as the growth of thin films.
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Figure 7: [llustration of the spiral growth (A-D) and pyramid growth (E) [40].

1.2.3  Nucleation and crystal growth control

Material’s properties are commonly a consequence of the material’s morphology. Therefore,
in materials science, it is desired to control the nucleation and crystal growth processes. The
control of nucleation and growth is a complex process. Optimization of synthesis parameters and
synthesis design are crucial for the preparation of particles with desired morphology and
properties. Different strategies are used for this purpose, including control of the reaction
temperature, heating and cooling rates, varying the supersaturation, the addition of additives,
surfactants, or seeds, stirring, using templates or substrates, and others.

The temperature strongly influences the nucleation and growth processes because the
nucleation rates and growth kinetics are related to the temperature. Generally, higher reaction
temperatures promote nucleation and lower reaction temperatures lead to the growth of larger
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crystals. Additives or surfactants are chemicals that can modify crystal growth, due to their impact
on surface energy, crystal morphology, and growth kinetics. As a consequence, with the addition
of additives or surfactants, it is possible to impact the morphology of crystals (e.g. particles).
Seeding means introducing small crystalline particles, i.e. seeds, into the solution, where those
seeds represent nucleation sites and thus help to control the nucleation. By varying the size,
composition, and number of seeds, it is possible to control the nucleation and crystal growth rates
as well as the final size of the crystals. Stirring also has an impact on the nucleation process,
because it enhances mass (and heat) transport and promotes heterogeneous nucleation. Stirring
assures that the solute molecules and precursors (reactants) are evenly distributed in the reaction
mixture. By mixing, it is also possible to prevent localized nucleation. Commonly used applied
strategies are also using templates or substrates. Template and substrate with desired crystal
structure impact on the growth of the new film. Thus, it is possible to direct the growth in certain
unfavorable crystallographic directions or morphologies, leading to special/enhanced properties
or possibilities for using the material in certain applications. In this dissertation, the focus was on
using supersaturation to direct the growth and influence on the particle morphology.

Supersaturation is beneficial for nucleation because it provides the driving force, which
is necessary for the formation of a new solid phase (particles). In other words, supersaturation is
the concentration gradient in terms of available and needed constituents. When a system is
supersaturated, it becomes thermodynamically unstable. The excess molecules seek to lower the
overall free energy and it can be done by forming a new solid phase — new particles. Also, the
higher the supersaturation, the higher the probability that molecules would collide and form
clusters. This is a nucleation process, and the nuclei are formed. Those nuclei can still become
unstable and dissolve or they reach the thermodynamic stability (overcome the energy barrier
required for the formation of stable nuclei) and start to grow — a crystal growth process or the
formation of a new phase. However, the highest supersaturation does not necessarily mean
success. Too high supersaturation may result in rapid and uncontrolled nucleation, leading to the
formation of numerous small particles with limited growth. On the other hand, moderate and
controlled supersaturation allows controlled nucleation and subsequent growth, leading to the
desired particle size and distribution. The reaction conditions for the nucleation and growth must
therefore be evaluated and determined for each system individually.

Another use of introducing supersaturation for nucleation and crystal growth processes is
that supersaturation can promote the growth of particles in morphologies that are not energetically
favorable. Again, supersaturation provides a driving force for the system to overcome the energy
barrier for the formation of those morphologies. Namely, certain morphologies are favorable
under equilibrium conditions and by using supersaturation, the growth of less stable morphologies
becomes more feasible. In the context of particle growth, an energy gradient enables the
attachment of atoms to nuclei or surfaces, leading to the growth of particles. In the case of
energetically unfavorable morphologies, supersaturation can provide the conditions for their
growth by lowering the activation energy required for the formation of those structures. Higher
collision probability also increases the chances of crystal growth and decreases the probability of
nuclei/particle dissolution. Thus, the use of supersaturation might be helpful to direct the crystal
growth towards energetically unfavorable morphologies under equilibrium conditions.

1.24  Epitaxial growth

Epitaxial growth is the oriented growth of a crystalline material on the surface of a single
crystal. The first systematic investigation into epitaxy was conducted in 1928 by Royer. Later, in
1949, Frank and van der Merwe introduced a theory of epitaxy that relied on the concept of
pseudomorphism [96]. In this process, the film maintains a consistent epitaxial relationship with
the underlying substrate. This epitaxial alignment is typically described using Miller indices to
represent crystal planes and directions. The process of epitaxial growth is influenced by the
chemical bonds' nature and strength within both the film and the substrate, as well as the
differences in their lattice parameters. The extent of this discrepancy is known as the lattice
mismatch (denoted as f) between the crystal lattices of the film and the substrate and is defined
as:

Aritm — Qsubstrate

f= 3)

Acihetrate

where afijm and Ggypsirate are the lattice constant of the deposited film and the substrate,
respectively. [40]

Epitaxial growth is usually used in MBE, CVD, PVD, or PLD for the preparation of thin films.
However, the aspects of epitaxial growth in thin films can be translated to topochemical
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conversion for the preparation of heterostructural platelets. Three primary mechanisms for the
epitaxial growth are described and illustrated in (Figure 8): Stranski-Krastanov, Volmer-Weber,
and Frank-van der Merwe [40], [97].

Volmer — Weber growth is also known as the island-plus-island (or 3D) growth. It prevails
when the total surface energy of the film interfaces is larger than that of the substrate-vapor
interface. Adatom — adatom interactions are stronger than those of adatom — surface which leads
to the formation of three-dimensional adatom clusters or islands. To minimize the interface with
the substrate, the material balls up. Such a type of growth is uneven. And the diffusion in this case
is slow. For this type of growth, it is experimentally suggested that epitaxy is a postnucleation
phenomenon involving rotation, migration, and rearrangement of “stable” clusters [40], [97].

Frank — van der Merwe growth is also known as layer-by-layer growth and dominates when
the surface-adatom surface energy is larger than the other two combined and therefore leads to
layer growth. Consequently, a smooth film will form. Frank — van der Merwe growth is two-
dimensional (2D growth), indicating that complete films form before growth of subsequent layers.
In this growth type, the epitaxy can be destroyed by influencing the growth process at a later stage
incorporating impurities or defects into the growing film which can affect the nucleation process
by changing the nucleation kinetics. [40], [97]

Stranski — Krastanov growth is a combination of both previously described mechanisms.
First, a layer covers the substrate. After a few monolayers, the strain with the substrate is relaxed
and the growth changes to island growth. Critical layer thickness is determined by the strain and
the chemical potential of the film. [40], [97]
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Figure 8: Illustration of three possible growth mechanisms for thin films including a) Volmer-
Weber, b) Frank van der Merwe, and ¢) Stranski-Krastanov.

From a broad perspective, epitaxial orientation is established by seeking the lowest free energy
state of the system. Epitaxial growth can be categorized into homoepitaxy, involving the same
material for both the film and substrate, and heteroepitaxy, when they differ. The specific epitaxial
orientation of the film is determined by the crystal structure, particularly the interaction between
contacting crystal planes, as well as the characteristics of the chemical bonds at the epitaxial
interfaces. The success of epitaxial growth depends on the compatibility of the film and substrate
in terms of crystal structures and lattice parameters. For the coherent growth and adoption of the
lattice arrangement, the lattice mismatch between the film and the substrate is usually relatively
small — within a few percent. Larger mismatches usually lead to strain and the formation of defects
[40]. To achieve that the epitaxial growth of a crystal results in the epitaxial layer perfection,
surface smoothness, and well-defined interfaces, several factors have to be taken into account
[98]. These factors encompass the method used for epitaxial layer growth, the interfacial energy
between the substrate and epitaxial film, and the growth parameters (reaction parameters). The
relation between the nucleation process and the occurrence of the epitaxy is not completely clear
yet. However, it is assumed that the chemical potential of the first deposited layer determines the
mechanism [40]. To be capable of better understanding the epitaxy, it would be needed to
experimentally investigate how real crystals reach the equilibrium state, including studying the
growth kinetics and reactions of lattice imperfections. Also, to gain a better understanding of
parameters that influence the epitaxy, such as strength of interface interactions, surface
topography of the substrate, diffusion processes and reactions at the interface, etc.
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1.25 Tailoring the morphology of MTiO; by topochemical conversion

Several ABOs-type perovskite particles tend to grow in isotropic shapes, e.g. spheres or cubes
due to their rather symmetrical crystal structure. But recent findings about the importance of size
[99], mesocrystallinity [24], [100], type of exposed facets [101]-[103], termination [104], [105]
and preferential orientation [24], [43] for efficiency of catalytic and photocatalytic reactions
increasingly promote the interest for morphological engineering of functional (nano)particles. On
the contrary, Aurivillius-type layered perovskites such as BisTi30;2 with pseudo-perovskite
(Bi2Ti3010)* units, which are sandwiched between the (Bi»02)*" layers, crystallize in the plate-
like shape. Based on these pseudo-perovskite units, which are good substrates for the epitaxial
growth of other perovskite titanates, BisTi3O1> plates could be used as the template for the
preparation of plate-like MTiO; particles. This could be achieved via topochemical
transformation or topochemical conversion.

Topochemical conversion (TC; also known as topochemical transformation) is a reaction that
involves the introduction of a guest species into a host structure (also called template) and that
results in significant structural modifications to the host (template), for example, the breakage of
bonds [106]. In other words, a topochemical conversion is a chemical reaction that occurs within
a solid material, while maintaining its original morphology. The term “topochemical” arose from
the words “topos”, which means “place” and “chemistry”, which refers to the chemical reaction
and chemical changes within the material. During topochemical conversion, atomic/ionic
rearrangement occurs, while the overall crystal structure and morphology are preserved.
Consequently, the initial precursor is also called the host structure or the template [30], [47],
[106]. An example of topochemical conversion is the transformation of one perovskite into
another by replacing cations within the perovskite structure. In such a reaction, the precursor
phase controls both the orientation and the morphology of the resulting phase, therefore, upon
successful reaction, the final phase preserves the morphology of the initial precursor. The most
studied topochemical conversion reactions are TC in molten salt (MS) and TC under hydrothermal
conditions (HT) [30], [47], [48], [75], [82], [107]-[113]. Thus, the focus in this dissertation is on
the reactions in molten salt and under hydrothermal conditions and other methods will not be
discussed at this point.

Predicting the success of a topochemical conversion might be challenging, however,
considering some general guidelines and factors can help to predict the reaction outcome. Before
employing the transformation, the crystal structure and compatibility of the starting material and
product material must be analyzed. Similarities in crystallographic parameters (symmetry, lattice
constants, coordination environments) are indicators for higher chances for a successful
topochemical conversion. Besides crystallographic factors, ionic radii must be similar. Large
differences in ionic radio lower the probability that the reaction proceeds as topochemical
conversion. To ensure molecular charge neutrality, valence states must also be considered so that
the charge balance is maintained. If the valence states are incompatible, or the charge balance
cannot be maintained, the conversion might not proceed as planned. Finally, the thermodynamic
stability of the starting material (template) and final material (product) must be evaluated and
predicted. If the product material has lower energy and higher stability than the starting material
(template), it increases the chances of a successful topochemical reaction. Those are only general
guidelines that might help to predict the success of a topochemical conversion, however, success
is not always straightforward and often requires a combination of experimental validation and
theoretical analysis.

However, it is not straightforward that the reaction will successfully lead to the desired
morphology through topochemical conversion. Namely, the reaction conditions must be selected
to ensure that the template particles do not dissolve into smaller molecules, intermediates, or ions.
If not, the reaction that occurs is not considered topochemical conversion. This means that in the
case of topochemical conversion in molten salt, the dissolution-diffusion process must be
dominant to preserve the morphology of the template particles [40], [74]. Otherwise, in the case
of the dissolution-precipitation mechanism, the precursor particles dissolve, and the objective
material precipitates with an intrinsic shape, which is usually the equilibrium one. Successful
topochemical conversion always includes elements of epitaxial growth. For this reason, the
crystallographic orientation of the new phase is determined by the template and therefore adequate
low lattice mismatch between both phases is crucial aside from the reaction condition. For the
topochemical conversion under hydrothermal conditions, the reaction involves exclusively
dissolution and epitaxial growth and if the process is interrupted before it is finished,
heterostructural particles with epitaxial contact form.

Different precursor templates were reported for topochemical conversion to SrTiO3 in molten
salt. Firstly, Sr3Ti,O; with Ruddelsen — Popper type crystal structure was reported as template
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particles for fabricating {100} oriented StTiOs plates [114]. It is assumed that the nucleation and
epitaxial growth of SrTiOsz from the (001) surfaces of the Sr3Ti,O7 precursor phase to SrTiO;
occur due to the similar atomic configurations of both structures. However, complete conversion
requires a high reaction temperature of above 1200 °C [115]. Watari prepared Sr3Ti,O7 plates
with the molten salt and used them in the subsequent step for the preparation of highly (100)
oriented SrTiOs ceramics by reactive template grain growth [116]. Secondly, in molten salt
prepared SrBisTi4O15 (SBIT) plates were used for topochemical microconversion to SrTiO; in
KClI salt, and the morphology was preserved. It was seen from XRD patterns that developed
planes were {001} in SrBisTisO;s and {100} in SrTiOs. The authors suggest that during
conversion the {001} plane of SrBisTi4Os converts to {100} plane in SrTiO; [45]. The overall
topochemical conversion from Aurivillius SrBisTi4O;s platelike precursors to perovskite SrTiO;
microplatelets is proposed to occur in two main stages: topochemical reactions and
recrystallization and grain growth. Figure 9 shows the schematic illustration of the crystal
structure conversion from Aurivillius phase SrBi4Ti4O15 to perovskite phase SrTiOs. During the
conversion process, the (Bi»0,)*" slabs in SrBisTi4O;s are removed during heat treatment. Sr**
diffuses into pseudo-perovskite (A 1BnOsn+1)*" blocks and replaces Bi** ions in the A-site and
forms a SrTiOs perovskite phase [45]. A detailed study of the reaction process is necessary to
fully understand the process and to be able to predict the reaction outcome at different reaction
parameters. During the transformation from the SrTi4Bi4O;s into SrTiOs, the plate shape of the
template was well preserved when the reaction took place in the molten salt. However, this
transformation requires 3 steps, namely, the formation of BisTi3O12, its transformation to
SrBisTi4O15, and final conversion to SrTiOs. The direct topochemical transformation from
Bi4Ti30: plates into SrTiO3 was not reported before the start of this doctoral research, neither for
the molten salt nor for the hydrothermal conditions.
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Figure 9: Schematic illustration of TMC from SrBisTi4O15 to SrTiO3 [45].

The conversion of BisTizO1, to SrTiO; involves the replacement of bismuth cation (Bi*") in
the crystal lattice with strontium cations (Sr**). At the same time, the [Bi,02]*" layer must dissolve
from the structure. Though, overall platelet is not allowed to dissolve, to be able to maintain the
platelet morphology. The general approach for converting BisTi3012 to SrTiO; contains the
following steps: (i) preparation of starting material (BisTi3012 template platelets) and
characterization, (ii) topochemical conversion: molten-salt reaction at high temperatures, where
strontium source (usually SrCOs or SrO) reacts with template platelets, (iii) heat treatment or
annealing for promoting the conversion and ensuring the formation of SrTiOs (typically above
1000 °C), (iv) post-treatment, such as removing the byproducts, drying and finally (v)
characterization. High energy input is required for performing the reactions at such high
temperatures, therefore, it is cost-effective to perform the reaction at lower temperatures, e.g.
hydrothermal reaction. Additionally, negligible diffusion in the solid-state lattice at the typical
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hydrothermal temperatures and the facts that TC involves epitaxial growth enable the formation
of heterostructures with a well-defined interface at the intermediate stage of the transformation.

The TC of the titanate template to SrTiOs under hydrothermal conditions expresses some
particularities and might be challenging. Namely, hydrothermal synthesis involves the use of
water or aqueous solutions at elevated temperature and pressure. Such conditions can promote the
dissolution and precipitation of the materials, making it difficult to control the substitution of
particular cations without destroying the crystal structure. That being said, such a method would
require a thorough understanding of the reaction conditions, precursor materials, and reaction
kinetics to control the reaction. While the creation of epitaxial thin film heterostructures using
physical vapor deposition techniques has been extensively explored, the meticulous investigation
of particulate epitaxial heterostructure formation from solutions has been lacking. However, both
processes require similar considerations, including epitaxy, lattice misfit, and the formation of
defects. Particularly, the transformation of particles under hydrothermal conditions can be
intricate and highly responsive to changes in the conditions. This complexity arises because the
template typically dissolves while simultaneously acting as a substrate for epitaxial growth [48].
Moreover, understanding the role and significance of supersaturation becomes crucial in directing
such transformation processes. Presently, our comprehension of these transformation processes
is relatively limited [117]. This study aims to fill this gap in knowledge by meticulously
examining the hydrothermal topochemical transformation of BisTi301 platelets into SrTiO3 while
preserving the original shape.

Reaction processes and formation mechanisms of SrTiO3 through topochemical conversion
under hydrothermal conditions are even less understood with few studies of epitaxial growth of
SrTiOs on mono metal oxides (e.g. TiO>) [30], [32], [48]. In contrast to topochemical conversion
in molten salt, the contribution of diffusion in solid state lattice is negligible under hydrothermal
conditions and the transformation occurs mainly through dissolution and epitaxial growth process.
Similar to molten salt, the preservation of the initial morphology is enabled by low solubility and
slow dissolution rate of the precursor template and high structural matching of parent and newly
growing phase. Low lattice mismatch together with appropriate high supersaturation leads to a
low energy barrier for nucleation, which results in layer-by-layer growth and coverage
(protection) of the precursor surface with the growing phase, and consequently the initial
morphology is maintained. The extensive studies of hydrothermal topochemical conversion were
performed by Kalyani and his colleagues who studied the formation of SrTiOs; mesocrystal
through topochemical reaction between the single crystal anatase nanowires (ANW) and Sr?* ions
in the alkaline solution under hydrothermal conditions [30], [48]. Kalyani reported about SrTiO;
mesocrystal formation through a topochemical reaction between the single crystal anatase
nanowires (ANW) and Sr?* ions in the alkaline solution under hydrothermal conditions [30], [48].
SrTiOs; was grown as cubic subunits of the mesocrystal. The growing SrTiO; cubic nanocubes on
the ANW had a very uniform size distribution of 50 nm and were almost perfectly aligned through
(100) lattice planes and tightly bound together, forming SrTiO; nanowires, which resembled very
well the shape of ANW. For the comparison, the attempt of a similar reaction using single
crystalline hydrogen titanate nanowires (HTNW) instead of ANW resulted in the loose SrTiO3
particles. The difference in these two reaction mechanisms can be explained in the view of
structural similarities and degree of lattice mismatch between the precursor particles (ANW or
HTNW) and the newly formed phase (SrTiOs).

It is widely known that the synthesis of alkaline earth titanates requires alkaline pH (pH > 10)
for better stabilization of the product phase [118], [119]. Therefore, the NaOH or KOH solution
is usually used as a mineralizer. Mineralizer and hydrothermal conditions influence the solubility
of the reaction precursors, and it can increase their dissolution dramatically. In some cases,
alkaline mineralizers can promote rapid hydrolysis of the precursor and hence the formation of
amorphous titanium hydroxide gel. This gel is then an effective precursor of the hydrothermal
reaction [48]. The mechanism of crystallization plays an important role in morphological
evolution. The crystallization mechanism is a consequence of reaction potential. Various reaction
parameters influence the morphology of nanoparticles such as temperature, pressure, reaction
time, precursor concentration, mineralizer concentration, A: Ti ratio in the solution as well as
stirring.

The calculated precursor solubility for Ti(OH)4, anatase, and rutile in SrTiO; synthesis is
presented in Figure 10. The aqueous species Ti(OH),™*- (n = 4-6) predominate at pH > 7. It can
be seen from Figure 10 that the solubility of the rutile is the lowest in the whole temperature
range. The addition of a small amount of ethanol slightly lowers the solubility of all three titanates.
[48]

According to Kalyani’s thermodynamic calculations, the SrTiOs is the predominant product
phase in the temperature range 25-300 °C in NaOH solution 0.01-2 mol/kg, if the [Sr**]
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concentration is in the range of 0.05-0.2 mol/L. However, in the presence of CO,, the side-
product, SrCOs3, is formed. It is known that the tendency of precipitation of SrCOs is correlated
with NaOH concentration, but not much information is available [48].
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Figure 10: Calculated solubility of rutile, anatase, and Ti(OH)4 in water in the temperature
range 20-320 °C is presented with solid lines, and the solubility in the mixed water-ethanol with
dotted lines [48].

For SrTiOs formation from anatase (TiO») through the dissolution-precipitation mechanism,
equations (4)-(6) and overall reaction (7) were suggested [120].

St(OH),x8H,0 > Sr2* + 20H" + 8H,0 (4)
TiO, + 20H" + 2H,0 > Ti(OH)s> (5)
Sr?* + Ti(OH)e> > SrTiOs + 3H,0 (6)
TiO, + St(OH),x8H,0 >SrTiO; + 9H,0 (7)

The major and most obvious difference between topochemical conversion in molten salt and
under hydrothermal conditions lies in the reaction medium and reaction conditions. The reaction
media determine the solubility of the template particles and stability of the forming phases. The
reaction medium in topochemical conversion in molten salt is molten salt (e.g. molten KCl, NaCl).
The reaction occurs at high reaction temperatures (800 °C — 1200 °C). At such conditions, the
diffusion of ions is possible within the solid material. Consequently, structural rearrangements
occur, while the overall crystal morphology is preserved. On the other hand, under hydrothermal
conditions, the reaction temperature is considerably lower (100 °C — 200 °C), and the reaction
occurs in aqueous solution. High pressure and reaction temperature enhance the solubility,
reactivity, and diffusion of ions in solution. The important difference between the mechanism of
topochemical conversion in molten salt and under hydrothermal conditions is that in MSS TC
three processes are involved: dissolution, epitaxial growth, and diffusion in a solid crystal lattice,
while in HT TC, only dissolution and epitaxial growth occur, but no diffusion in solid material.

Preparation of a particular material in pre-defined controlled morphology different from the
thermodynamic equilibrium shape represents a challenge and requires an in-depth understanding
of reaction and crystal growth mechanisms [121]. Although a lot of effort has been put into
synthesis control, it remains a great issue to prepare non-aggregated well-defined anisotropic
perovskite nanoparticles with predefined crystal orientation and homogeneous particle size
distribution [49]. In general, the most common synthesis strategies for control of particle shape
are based on modification of the crystal facets’ energy by additives, which selectively adsorb on
particular facets and retard their growth rate; and topochemical conversion (in-situ
transformation) of appropriate templates with defined shape [113].
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1.3 Hydrogen Production for Energy

Nowadays, the whole world is facing energy shortages and global warming. At the same time,
people have started to realize the value and importance of a clean and healthy environment in
which we live. To become independent from fossil fuels and to achieve the EU goal related to
zero emissions of CO; by 2050, intensive efforts are going on in searching for alternative energy
sources [122]. Here, hydrogen fuel technology is extremely important. By the adopted European
directive, Slovenia has thus committed itself to providing an adequate number of publicly
accessible hydrogen charging points by December 31, 2025, both for local transport and for cross-
border transport [123]. Utilization of solar energy for the production of renewable fuels through
various catalytic (photocatalysis, piezo catalysis) or electrochemical processes is one of the
sustainable approaches in addition to using other abundant free energy from the environment, e.g.
wind and waste vibrations [124]-[126].

Total electricity supply in the EU in 2021 increased by 4.2 % compared to 2020 with fossil
fuels as the leading source for electricity generation [127]. On the level of individual energy
carriers, the biggest contributors to the EU electricity generation system in 2021 were nuclear
with 731 terawatt-hours (TWh), natural gas (550 TWh), wind (386 TWh), hydro (370 TWh),
lignite (227 TWh), other bituminous coal (193 TWh), and solar (163 TWh).

In Slovenia, we are supplied with various primary energy sources. In 2021, more than half of
the energy was still obtained from fossil fuels: mostly from imported oil and oil products
(transportation), imported natural gas (heating), and coal (electricity) [128]. Fossil fuels play an
important role in the production of electricity, as approximately one-third of all electricity is
obtained from them. Almost 20 % of it is produced from nuclear energy and 25 % from
hydropower. Other sources (primarily biomass, solar, and geothermal energy) contribute less than
3 % to the structure of sources for electricity production in Slovenia. Primary energy consumption
in Slovenia in 2021 was 113 kWh per day for each resident (per capita), which makes the total
country energy consumption of 235 GWh/day or 86 TWh annually. Primary (total) energy use
includes the use of energy for:

- all forms of transport (33 kWh/day/capita or 25 TWh annually),

- heating and heat in households and industry (28 kWh/day/capita or 21 TWh annually),

- use of electricity in households and industry (20 kWh/day/capita or 15 TWh annually),

- but also includes conversion losses, including waste heat.

The final use of energy, which does not consider losses, thus amounts to just under 82 kWh
per day per capita for Slovenia. In Slovenian households, more than 80 % of energy is used for
heating (62 %) and water heating (19.5 %). The remaining 20 % of energy is spent on the
operation of small electrical appliances, the operation of large household appliances, cooking, and
lighting [128].

Vehicles are a large source of greenhouse emissions at the moment [129]. There is no one-
size-fits-all solution when it comes to the electrification of heavy commercial vehicles. One of
the technological solutions that Scania is researching together with its partner ASKO are
electrically driven trucks with fuel cells powered by hydrogen [130]. The Pipistrel Vertical
Solution company is also aware that aviation is one of the major polluters of the atmosphere,
which is why they started developing electric planes 20 years ago, and have been producing them
in series since 2007 [131]. Because the electric plane has a limited range and usefulness due to
the energy density of the batteries, they see it as an ideal solution for a hydrogen drive. Their first
four-seater hydrogen-powered hybrid electric plane completed its first flight in 2020.

Hydrogen fuel stands out with its high energy density. At the same time, it is storable, easy to
transport, and suitable for use in fuel cells and other engines for energy conversion. Additionally,
hydrogen combustion results in water without the formation of environmentally harmful residuals
or greenhouse emissions. However, hydrogen is not an energy source, but rather a portable energy
storage medium, similar to electricity. It is used to convert, store, and release energy. Renewable
energy sources are weather dependent, which may cause uneven production and thus uneven
availability of energy over different time frames (days, weeks, months, even years). Accordingly,
a hydrogen-based energy system (energy to hydrogen to energy) can be implemented as an
intermediate to avoid fluctuations in energy availability. The hydrogen-based system comprises
four stages: production, storage, safety, and utilization [132] and all these have to be considered.
The advantage of hydrogen is its lightness, which gives hydrogen the potential to be used in
specific applications such as aviation and maritime.
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1.3.1 Hydrogen classification

Although hydrogen is colorless and odorless, a whole spectrum of colors is used to describe
hydrogen according to its origin. The colors are connected to the sources and technologies for the
production of hydrogen as a fuel [132]. Grey hydrogen is produced commercially from fossil fuels
including steam methane reforming, autothermal reforming of natural gas, and partial oxidation
of coal or heavy oil without capturing the greenhouse gases produced by the process.
Unfortunately, the production of hydrogen in this way is accompanied by CO, emission. In steam
methane reforming 8-10 kg of CO; is formed for each kg of hydrogen. In other words, on an
annual basis, it means more than 800 million tons of CO, [133]. The process using coal or heavy
oil is sometimes referred to also as black hydrogen production. Blue hydrogen is mainly produced
from natural gas by steam reforming. Contrary to the gray hydrogen process, in this case, carbon
dioxide and vapors that form during the process are captured and stored, thus reducing the
greenhouse gas footprint of grey hydrogen. Hydrogen can also be generated by pyrolysis of a
fossil fuel or natural gas, producing carbon as a side-product. This is so-called furquoise
hydrogen. Hydrogen can be generated also by biomass fermentation, gasification, reforming,
pyrolysis, and bio-photolysis processes. Due to the limited availability of biomass and conflict of
interest between fuel and food production, the production of hydrogen from biogenic sources is
fairly limited. EU’s potential biomass resources have been estimated to be 10 % of EU energy
consumption [134]. Green hydrogen is the most desirable one because it is produced without
harmful emission of greenhouse gases. The process uses renewable energy sources (e.g. solar
energy or wind energy) for water electrolysis or via photocatalytic hydrogen evolution. Now,
green hydrogen is the rarest because its production is still very expensive, and the efficiency is
still too low for commercial use. Therefore, the transition to hydrogen-based energy is not
possible to hop directly to green hydrogen, but via blue hydrogen [132], [135]. Besides, great
attention must be paid to the production processes and involved materials. Photocatalytic water
splitting is one of the favorable routes to produce H, and perovskite materials are one of the
promising photocatalysts. Recently, SrTiOs-based composites (Al-doped SrTiO; containing 0.1
wt. % Rh and Cr) have gained more significance in photocatalysis, following their use in large-
scale solar hydrogen generation plant, demonstrated by the Japanese group [136], [137]. Some
other shades in the spectrum of hydrogen colors are used: pink/purple — for the hydrogen produced
from electrolysis using nuclear power, and yellow — for the hydrogen, produced by electrolysis
using solar energy [135], [138].

The current color classification model refers to the type of input energy for the production
process and greenhouse gas emissions, rather than how pure obtained hydrogen is. Also, the
carbon capture and storage (CCS) energy consumption and effectiveness in removing carbon must
be included in the total emissions [135]. To indicate the purity of the obtained hydrogen, the term
“number of nine” is used in the literature, like the classification of other gases. Namely, the purity
of three nines means 99.9 % or 3.0 hydrogen purity. Accordingly, 4.6 indicates the purity of four
nines followed by a 6, i.e. 99.996 % pure hydrogen [135]. The innovative approach uses the
concept of the color spectrum with cleanness percentage; this is Hydrogen Cleanness Index (HCI)
followed by the depth level number, e.g. 75 Green-2. In this case, it means that renewable energy
was utilized to produce hydrogen (green) [135]. The process is 75 % green due to some emissions
associated with this process. The number after the color (number 2 in this case) is referring to the
described model in Figure 11, saying that indirect greenhouse-gasses emission (i.e. CO>
emissions) associated with the production pathway has been considered.

Currently, there are several types of hydrogen storage technologies available, including
compressed hydrogen gas, liquid hydrogen storage, metal hydride storage, and carbon absorption
[139]. Hydrogen storage is often considered a bottleneck in the hydrogen economy obtained from
non-renewable routes [139]. The place of hydrogen production can have a large influence on the
price and the best method of delivery. For example, a large hydrogen production plant can produce
hydrogen at a lower price because it produces more, but the delivery of hydrogen costs more if
the place of use is far away. Today, hydrogen is transported from place to place of production to
the place of use via pipeline and road in cryogenic trucks liquid tanks, or trailers with gas pipes
[140]. Hydrogen is a colorless, odorless, and flammable gas [141]. As with all other fuels,
hydrogen also has some safety concerns and a degree of danger. While it is a lighter element than
the air, it dissipates rapidly in case of a leak, which makes hydrogen safer than other spilled fuels.
However, the leak goes easily undetectable and if the gas collects in a confined space, it can
eventually explode [135], [141]. The explosion limit for hydrogen in air is 18.3 % — 59.0 % in
comparison to 1.1 % - 3.3 % and 5.7 % - 14.0 % for gasoline vapor and natural gas, respectively
[142].
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Figure 11: Innovative Hydrogen Cleanness Index (HCI), and depth assessments [135].

1.3.2  Methods for green hydrogen production

Currently, we are not able to produce hydrogen rapidly, efficiently, in an environmentally
friendly manner, and at the same time assure enough energy. When obtaining energy from
renewable sources, we are also tied to weather conditions, seasons, and (micro)locations.
Additionally, consumption on different days of the week and even parts of the day is not the same.
Therefore, the development of various sources of electricity is important, as well as the
establishment of a good energy management system and the possibility of storing temporary
surpluses. Green hydrogen is mostly obtained through water-splitting reactions, and there are a
variety of different approaches to perform it. Overall water splitting is the chemical reaction
(H.O—H»>+1/20;) in which the bonds in water molecules are broken so that the hydrogen is
separated from oxygen. This is a thermodynamically uphill reaction (AG°= 237 kJ/mol), therefore
it needs some help to happen. One possibility is to use electric current — in this case, the reaction
is called electrolysis or electrocatalytic reaction [125], [143], [144]. Photoelectrochemical water
splitting (Figure 12) is achieved by a combination of electricity and solar light and it is one of the
processes, commonly named artificial photosynthesis [26], [145]-[147]. In this case, the
electricity to split water comes from the photovoltaic system, and the H, and O; evolve in the
cathode and photoanode compartments, respectively, of the photoelectrochemical cell (PEC).
Another artificial photosynthesis approach is photocatalytic water splitting, where the water is
split into H, and O, with the help of solar energy and photocatalyst [148]-[150]. Contrary to
photoelectrochemical water splitting, this process can be performed in one step so that the
photocatalyst is suspended directly in water without using an additional photovoltaic system
(Figure 12a). The thermal decomposition of water is a process of breaking bonds by heating [151].
However, such a process requires high temperatures and therefore consumes high amounts of
energy. Another approach to improve the efficiency of photocatalytic water splitting is piezo-
photocatalysis. In this process, a catalyst is simultaneously an H»-evolution photocatalyst and a
piezo catalyst (piezoelectric material) and it can collect solar and mechanical energy (vibrational
energy). In this way, waste vibrations in sunny places could be exploited to produce H, through
the water-splitting process. Piezo-photocatalysis is a two-step process; first, the photons of
appropriate energy excite the electrons from the valence band to the conduction band of the
material; and second, mechanical energy (vibrations) induces a built-in-electric field that
suppresses charge recombination and enables faster diffusion of photoelectrons from the bulk to
the surface of the material. As a consequence, the efficiency of the photocatalytic reaction is
higher [152], [153]. In the early *80s, hydrogen photoproduction from water and various organic
compounds (e.g. ethanol, methanol, lactic acid, ethylene, sugar, amino acids) in the presence of
semiconductors was demonstrated [154]. The process is called photoreforming and its main
advantage is in combination of two advantageous reactions, namely photocatalytic H, evolution
and degradation of organic pollutants. The latter are sacrificial agents since their oxidation
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proceeds more easily compared to oxidation of water. The nature of the sacrificial agent affects
the mechanistic aspects and influences efficiency.
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Figure 12: Illustrations of different approaches for solar hydrogen production: a)
photocatalytic water splitting, b) photoelectrochemical water splitting, c¢) photovoltaic-

electrochemical water splitting, d) solar thermochemical water splitting, e) photothermic
hydrogen production and f) photobiological hydrogen production. Adopted from [155].

Hydrogen can also be produced biologically with the help of algae and different kinds of
biomass. Photosynthetic microorganisms produce hydrogen from water splitting using sunlight
[156]. The most important methods for production of Hz by means of sunlight are described in
[155]. There are also other approaches including radiolysis [157], nanogalvanic aluminum alloy
powder [158], nuclear-thermal (next-generation nuclear plants, NGNP) [159], and solar-thermal
[160]. The reverse reaction of water splitting is used in hydrogen fuel cells.

Among the above reactions, photocatalysis and electrocatalysis have emerged as the most
widely explored processes. For comparison, electrocatalysis is a complex and costly process,
which uses external bias, expensive electrodes, and complex reaction setup and requires precise
catalyst preparation. However, the costs may be reduced by employing sunlight to support the
electrocatalytic process. On the contrary, photocatalytic water splitting provides a cheaper and
cleaner alternative as it uses sunlight. However, this process rather suffers from low efficiency.
Photocatalytic water splitting is one of the artificial photosynthesis approaches for the production
of new hydrogen fuel [153].
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1.3.3  Photocatalytic hydrogen evolution

Photocatalytic hydrogen production is a chemical process that converts solar energy into
chemical energy using a suitable photocatalyst [152]. A suitable photocatalyst must be efficient
and stable. Additionally, to make the process commercially available, the photocatalyst must be
easily available, cost-effective, and environmentally friendly.

Photocatalytic system for hydrogen production requires a photo-reactor, light source,
photocatalyst, and water or water solution. As a light source, sunlight simulator sources are
commonly used to demonstrate the natural conditions. As a solution, pure water or water mixed
with a sacrificial agent can be used. To be able to measure the evolved hydrogen quantity, a
coupled gas chromatography system is also required. The photocatalysis occurs in 4 steps: light
harvesting, charge excitation, charge transfer and separation, and surface catalytic reactions or
redox reactions.

First, light strikes over a photocatalyst's surface and absorbs it. The semiconductor material
consists of a valence band (VB) and a conductive band (CB). Their separation is described as a
band gap energy (E.). An appropriate photocatalyst for H, evolution from water is a material with
a conductive band more negative than the potential for hydrogen formation (-0.41 eV vs NHE)
and a more positive valence band than the potential for O, formation (+0.82 ¢V vs NHE).
Moreover, the band gap should be larger than the standard Gibbs free energy for the formation
(237 kJ/mol, corresponding to the minimum requirement for water splitting 1.23 eV) and smaller
than the incident light energy to make photoexcitation even possible (3.2 eV). The process
consists of two half-reactions: water oxidation and hydrogen evolution. Together with the overall
reactions it can be described with the following chemical reactions:

Oxidation: 2H20(1) -> Oz(g) + 4H+(aq) +4e Ep=1.23¢eV
Reduction: 4H" 4y +4e 2 2Hyy Eo=0.00 eV
Overall reaction:  2H>Op = Oz + 2Hag) Eo=-1.23¢V

Light absorption induces electronic transitions, which generate electrons and holes (electron-
hole pairs or simply charges). Excitation of electrons from VB to CB results in leaving holes in
VB and consequently in the separation of charges. Finally, redox reactions occur. Namely, the
electrons are involved in the reduction of the protons, and the holes are involved in the oxidation
of water. Consequently, holes decompose H,O to O, and H" and H" form H» after gaining an
additional electron. Photo-excited holes have great oxidizing potential to oxidize organic
compounds, i.e. alcohols. The photocatalytic reaction is directly proportional to light intensity,
however, the actual absorption depends on the photocatalytic material (band gap, morphology) as
well as the photoreactor (design, conditions) [161].
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Figure 13: The mechanism of photocatalytic hydrogen production.

Photoreactor and reaction conditions for the photocatalytic hydrogen evolution need to be
studied and optimized for each system individually to achieve the highest possible STH
efficiency. On the other hand, it is hard to compare the photocatalytic efficiencies of different
photocatalysts from different reports, because of using different light sources and reaction
systems. Also, optimization of the photocatalyst amount, free space volume, etc. are not always
optimized in the investigation. Similarly, solvents and sacrificial agents differ. This together with
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the price, processing methods, and environmental impact of the photocatalyst gives us a very
complex problem to solve. Two standard measures are used for reporting the results
independently of the reactor system and light source: apparent quantum yield (AQY) and solar-
to-hydrogen efficiency (STH) [162]. AQY describes the portion of the incident light of a certain
wavelength that is effectively used to produce H,. More precisely, AQY is defined by the
equation:

R
AQY (hv) = TLT (8)

In the AQY equation, # is the number of involved electrons in the photocatalytic reaction, R
is the evolution rate of water, and / is the number of incident photons. The disadvantage of the
AQY is that it is determined at a certain wavelength. However, in real-life experiments, the whole
solar spectrum is involved. Sometimes, internal quantum yield (IQY) is also given and is
calculated as the ratio of the reacted electrons and incident photons. Less frequent use of this
equation arises from the fact that it is hard to determine the number of absorbed photons by a
photocatalyst.

STH represents the ratio of the energy converted into hydrogen gas to the energy input from
solar radiation. As an absolute standard for measuring the performance of a photocatalyst, STH
values are reported together with irradiance (number of photons and wavelength of used sunlight).
STH is defined as the ratio between the output energy and the energy of incident solar light:

T AG
STH =
PeunS ©)

In the STH equation, 7 is the hydrogen evolution rate, AG is standard Gibbs energy for water
dissociation (237 kJ/mol), Py, is the energy flux of the sunlight and S is the area of the reactor.
For the commonly used solar simulator, Xenon light AM 1.5 G, the energy flux is 1000 W/m?.
To date, the highest reported STH value of 9.3 % for photocatalytic water splitting (InGaN/GaN
nanowires) was reported by Zhou et al. in 2023 [163]. United States Department of Energy
suggested an appropriate commercial price for hydrogen fuel as 2-4 USD/kg H,. 1.6 USD/kg H»
would mean that in the 10-year lifetime of a photocatalyst, the STH value should be 10 %. The
study of Zhou came very close to the targeted value. STH is related to AQY, and wavelength of
the incident light as presented in Figure 14. To achieve an STH value of 10 %, AQYs of 62 %,
40 %, and 30 % are needed when using solar photons with wavelengths shorter than 600 nm, 700
nm, and 800 nm, respectively. The STH of a photocatalyst that absorbs only UV light with a
wavelength shorter than 400 nm is limited to 1.7 %, due to the limitation of a photon number at
this wavelength. Also, more than half of the energy of the UV photons dissipates as heat while
producing H, [162]. Therefore, scientists seek to produce narrow-band-gap semiconducting
photocatalysts. However, one must also have in mind scalability. A solar hydrogen plant with 10
% STH would need an area of 250,000 km? and required 50 million tons of water daily. According
to energy consumption projections, this would cover approximately one-third of energy needs in
2050 [162].
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Figure 14: Relationship between STH and AQY for photocatalytic water splitting [162].
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13.3.1 Materials for photocatalytic hydrogen evolution

Several materials have been investigated and used as photocatalysts in photocatalytic
hydrogen evolution, but semiconductors are the most common among them [126]. This is a large
group of materials containing various oxides, sulfides, ferrites, carbon-based materials,
heterostructures, MOFs, etc. [148], [161], [164]-[166]. This group of materials has several
advantages, however, most of them are active exclusively or predominantly in UV spectral range.
The solar spectrum contains less than 10 % UV light, while the majority is the visible spectrum
range. Consequently, the (theoretical) efficiency of such materials is very low and cost-
consuming. There is a need to develop photocatalytic materials that would be efficient and cost-
effective, environment and health-friendly, stable, and applicable in scale-up processes [161],
[167]. The chemical composition, morphology, and electron band structure also influence the
photocatalyst performance [148].

Among perovskite materials, titanate perovskites had been widely explored in photocatalysis
due to their unique electronic and optical properties, extraordinary stability, and durability [6].
Primitive titanate, SrTiOs, is one of the promising and consequently widely studied photocatalysts
for hydrogen evolution due to its suitable band edge positions, flat band potential, possible surface
defects, and high stability [24], [126], [168], [169]. However, the wide band gap hinders its visible
light activity. The cubic crystal structure of SrTiOs is capable of accommodating most of the
metallic ions from the periodic table due to various degrees of lattice distortion. The distortion in
the crystal lattice changes the electronic band structures [170]. Therefore, it affects the electronic
reactions, i.e. excitation, transfer, and redox reactions, and consequently influences the
photocatalytic activity of the material. Another advantage of SrTiOj is that more than 90 % of the
metals can be doped into the perovskite lattice without changing the structure and morphology
[171]. To improve the reaction efficiency different strategies are commonly employed including
band engineering [23], [28], [172], [173], usage of co-catalysts [174], and tailoring of morphology
and exposed facets [101], [175]-[177]. For more details see 1.3.3.2.

13.3.2 Limitations and strategies to improve the efficiency

A great number of studies have been done in the past years on the topic of photocatalytic and
photoelectrochemical H, generation which affirm the importance of greener technologies and
processes [121], [124]-[126], [143], [144], [147], [178]-[182]. Still, hydrogen fuel (especially
the one produced by solar energy) is not in everyday use yet. A fair number of factors limit the
efficiency of photocatalytic hydrogen evolution to be too low for practical exploitation. Most
oxide semiconductors are non-active in visible light or show only poor activity. As a consequence,
such photocatalytic reactions have low usage of visible light [136], [3]. Besides, oxide
semiconductors show low migration ability of photo-generated charges (electrons and holes), and
short lifetimes of those charges (high recombination rates). Another problem is the long-term
stability of photocatalysts. Some photocatalysts were found to be active only with limited reaction
cycles [183], [184]. Different strategies to overcome the limitations of photocatalytic hydrogen
evolution were developed through decades and the most important approaches are described in
continuation.

Co-catalyst loading: Photocatalytic activity can be relatively easily enhanced with the
loading of a scarce amount of noble metal (e.g. Au, Pd, Pt, Rh) which serves as a co-catalyst
[185]-[190]. Co-catalysts are typically deposited onto the surface of the photocatalyst or
incorporated into the reaction environment. Co-catalysts act as electron acceptors or electron
donors and provide active catalytic sites, improve charge transfer processes, or facilitate reactant
adsorption and activation. Co-catalysts affect the reaction kinetics and enhance the catalytic
activity of the photocatalyst. From the standpoint of scale-up, the use of noble metals is not
desired to produce hydrogen evolution from water splitting due to higher required amounts of the
noble metals and related higher costs. Loading the noble metals is one of the most efficient
methods for the enhancement of the photocatalytic activity for hydrogen evolution. This is true
also for Al-doped SrTiO;, which was intensively investigated in combination with Rh/Cr,Os and
CoOOH co-catalysts. The role of individual elements was thoroughly studied. Rh noble metal
part promotes hydrogen evolution and also oxygen reduction reaction, but oxygen reduction
reaction is blocked by the Cr20O; shell over Rh metal nanoparticles. CoOOH nanoparticles that
show a tendency to be deposited on the (110) facets of SrTiO3; promote oxygen evolution reaction
(oxidation of H,0). Spatially selective photodeposition of Rh on the (100) facets and CoOOH on
the (110) sites also explain high quantum efficiency (96 % at 350 nm-360 nm) of such
SrTi03/Rh(Cr,03) CoOOH based photocatalytic system [191]. However, noble metals are rare
and expensive and when it comes to large-scale production, this will increase the costs.

Doping: Important determinant for photocatalytic activity is the number of photoinduced
charges generated in the photocatalyst by the light. The portion of the solar light that is absorbed
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by the photocatalyst depends on its bandgap. Most oxide semiconductors, including SrTiO;
(Eg=3.2 eV), exhibit a wide band gap and consequently utilize only the short wavelength part of
the solar spectrum. Doping, co-doping, and self-doping (partial reduction of Ti*" to Ti*" and the
formation of oxygen vacancies) can narrow the bandgap and improve the solar light absorption
in SrTiO; and improve photocatalytic efficiency [192]. Namely, introducing dopant atoms with
different electronic properties can improve the alignment of energy levels concerning the redox
potential of reduction and oxidation reactions and therefore improve the light absorption and
number of excited electrons leading to increased hydrogen evolution rate and higher efficiency.
In contrast to co-catalysis, doping refers to the introduction of foreign elements into the crystal
lattice of the photocatalytic material. However, it is not necessary that every doping improves
photocatalytic efficiency through band gap narrowing. Incorporating AI** into SrTiOs (AI** ions
replace Ti*" ions in the B-site of the ABO; perovskite structure) significantly increases the
material's activity for overall water splitting (OWS) reactions (oxygen and hydrogen (H2:0, =
2:1) evolution), although this doping does not cause any significant change of the bandgap. The
efficiency was proved to be enhanced by Al-doping by many different research groups, but the
final photocatalytic efficiency also depends on co-catalyst deposition. The AQY value of 56 % at
365 nm was reported for Al-doped-SrTiO; loaded with RhCrOy co-catalyst by impregnation
method [193]. The AQY value of this type of photocatalytic system was further improved to 96
% by optimized photodeposition of co-catalysts. In the literature, there are different explanations
for why Al-doping so drastically improves the photocatalytic properties of SrTiOs. According to
Zhao et al. Al- doping in SrTiOs not only eliminates deep recombination sites associated with Ti*"
ions but also lowers the Fermi level of the compound by around 0.5 eV, resulting in a less n-type
material [194]. The effect of AI** doping depends on its location relative to oxygen vacancies in
the lattice. When the oxygen vacancy site is surrounded by fewer than two AI’* ions, shallow
acceptor states are formed near the vacancy, involving Ti*" ions. These vacancy complexes,
known as {Ti**~Vo}, contribute to the weak optical absorption and pale-brown color of Al-doped
SrTiOs [194]. However, due to the lower Fermi level, these Ti*" states are not continuously
occupied by electrons and therefore only slightly promote electron-hole recombination. This is
supported by the increased reversibility of surface photovoltage and electrochemical scans. These
changes in the material's properties explain the significantly improved performance of Al-doped
SrTiOs in overall water splitting, as observed in many studies [136], [194]-[199].

Plasmonic-cocatalysts: Photocatalytic properties can be significantly enhanced by the
deposition of plasmonic metal nanostructures, showing a surface plasmon resonance (SPR) effect
[150]. SPR is an optical phenomenon that occurs at the interface between a metal and dielectric
material, which can be a thin film or nanoparticles. As a light with a specific wavelength interacts
with the metal surface, it excites collective oscillations of electrons in a conductive band. These
electrons are known as surface plasmons. When photocatalysts are combined with plasmonic
metals, they can absorb a wider range of light, including visible and near-infrared light, which is
usually not well utilized by regular photocatalysts. This increased light absorption helps the
photocatalysts work better. Plasmonic metals also create strong electric fields near the metal
surface. These localized electric fields can facilitate the separation and transport of photoexcited
charge carriers within the photocatalyst. The localized electric fields can induce the charge
transfer from the metal nanoparticles to the photocatalyst, allowing the electrons and holes to
reach their intended reaction sites more easily. This efficient charge transfer reduces charge
recombination and improves the overall performance of the photocatalyst. SPR effect is a
characteristic phenomenon of small noble metal and non-noble plasmonic metal (NNPM)
nanoparticles. NNPM group of materials has emerged as a compelling alternative to noble-metal
photocatalysts, offering advantages such as earth-abundance, cost-effectiveness, and the potential
for large-scale applications. Bi/TiO; photocatalyst displayed a dramatically higher photocatalytic
H,-production performance than pure TiO,[200]. In this case, Bi acts as an NNPM photocatalyst,
which leads to increased light absorption due to the SPR effect. Another option to enhance light
absorption are dye sensitizers, and defect-related color centers [201].

Self-doping (reduction): Next commonly used strategy includes reduction with the
production of defect sites such as Ti*" and O,. Several research groups reported a large
enhancement of solar-light absorption and visible light photocatalytic activity for H» evolution
for reduced black TiO,, BaTiO;, and SrTiO3[202]-[204] Typically, black TiO, has some degree
of disorder, i.e. defects, on the surface. Studies have shown that the photoreactivity of TiO, is
closely related to defect disorder [205]. Black coloration (or other, such as grey, brown, and
opaque) has been ascribed to defect species like Ti—H bonds, surface hydroxide groups, oxygen
vacancies, and Ti*" species, that form during different synthesis methods [206]. Produced
vacancies in black BaTiOs nanocubes contribute to the extended solar absorption and thus
improve the separation ability of photogenerated carriers [204]. Similarly, Ti*" cations and oxygen
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vacancies are introduced into SrTiO; after reduction with aluminum, which results in enhanced
absorption in both visible and near-infrared regions, and improved charge separation and charge
transport [203]. Reduction of SrTiOs with other methods (i.e. reduction with NaBH4[207] or high-
temperature hydrogenation treatment [208]) was also reported to result in significant
improvement of photocatalytic hydrogen evolution rate.

Crystal facet engineering: The control of crystallographic orientation and facet engineering
is arelatively novel and potentially powerful method to improve existing photocatalytic materials.
The strategy of e/h" pair separation by crystal-facet engineering gained much attention because
it enables the photo-excited e and h* to be collected on facets with different polarities. This
prevents their recombination and spatially separates the reduction and oxidation reactions. As
already mentioned, preparation of the particles with predefined exposed facets can be difficult,
because during crystal growth, high-energy facets grow more quickly than low-energy facets,
resulting in crystallites being terminated by the low-energy facets [42]. To modify the crystal
facets’ growth rates, species with functional groups or ions can be selectively adhered to those
particular facets, leadmg to well-defined shape crystallites [187]. Mu reported that (001) and (110)
facets of SrTi03 crystallites represent the separated reduction and oxidation catalytic sites,
respectively [83]. It was shown for SrTiO; that the (001) facets favor the reduction, while (023)
and (110) facets promote the oxidation reaction. In addition, it was shown that different co-
catalysts can be deposited selectively: Pt deposition prefers the (001) facet and therefore promotes
the reduction, while Co304 deposition prefers the (110) facet and therefore promotes the oxidation
[38], [101].

Internal electric field: Fast recombination of photo-induced charge carriers (e/h* pairs) is
one of the main reasons for the low photocatalytic efficiency of photocatalysts. Improvement of
the charge separation by the internal electric field (built-in electric field), which can be present in
the particles due to ferroelectric/piezoelectric polarization, flexoelectricity, or different polarities
of the exposed facets is one of the strategies to improve photocatalytic efficiency. Diffusion of
charge carriers competes with the built-in electric field [210]. The charge transfer within the
crystal may not be as simple as the accumulation of charges on the surface [211]. However,
experimentally observed charge accumulation on certain facets may reflect major charge
recombination on other facets which suppresses most of the photoexcited electrons and holes.
Presumably, photogenerated carriers first move towards the facets following the thermodynamic
energy order and then reverse direction due to belt bending near the surface [212]. The controlled
spatial separation of charges and redox reaction can be performed with specially designed
nanostructures [ 148].

Morphology and surface modification: Charge recombination may be band-band
recombination, trap-assisted recombination, or Auger recombination. Band-band recombination
is a radiative transition occurring mostly in the direct band gap semiconductors in which electrons
in a thin conductive band move to the valence band having holes. In trap-assisted recombination,
an electron falls into the energy level within the band gap known as a trap formed due to a
structural defect. Once the trap is filled up with electrons, it cannot accept more electrons. The
electrons in the trap then move into the valence band and recombine. In Auger recombination,
electrons and holes can recombine in a band-to-band transition [161]. So, for a successful
hydrogen evolution reaction, the redox reaction and charge separation must occur within the
lifetime of the photo-excited charge carriers. There is a tendency to prepare a photocatalyst with
spatially separated reduction and oxidation sites. Additionally, the fast migration of photoinduced
charge carriers to the surface of the photocatalyst where the reactions of H, and O, evolution take
place is also important. From this standpoint, 2D structures with appropriate small thicknesses
are more advantageous than larger 3D particles. Size, shape, and type of exposed facets can
significantly affect the material’s electrical, optical, and photocatalytic properties [213].

Photocatalytic reactions occur on the surface of the photocatalyst. Therefore, surface
modification (e.g. increasing the surface area, particle size, porosity, and hierarchical structure)
is an efficient approach to enhance photocatalytic activity. The photocatalytic activity of MgTiOs;
nanofibers was increased in comparison to MgTiO; nanoparticles in Wang’s group as a
consequence of higher surface area [214]. 2D structures have attracted a lot of interest in
photocatalysis due to their low thickness which enables fast charge transfer to the surface.
Additionally, a large surface area provides numerous active sites or large face contact with another
material at the interface in the formation of 2D/2D heterostructures [215], [216]. Enhanced charge
mobility at highly ordered atomically sharp interface in photocatalytic materials based on
chemically bonded heterostructures with epitaxial contact is the reason for better performance
and higher stability compared to physically mixed composite materials[216]-[218]. 1D structure
and large surface area facilitated the charge carrier separation. Similarly, Guo et al. compared
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ZnO/SrTi0; nanorod arrays to thin-film perovskite [219]. The latter showed better performance
in photocatalytic hydrogen evolution.

Single-atom catalysts (SACs): This concept was introduced in the field of photocatalytic
reactions in 2011 and became very popular among researchers in catalysis. The term SACs refers
to the single metal atoms, which are distributed over the supports. It combines features of
homogeneous (single active center and high selectivity) and heterogeneous catalysis (structural
stability and facile separation) [183].

Heterostructures: Finally, a strategy for improvement of the photocatalytic efficiency is also
the preparation of heterostructures. Designing heterostructures is one of the most efficient and
recently well-studied approaches for the improvement of photocatalytic efficiency. Combinations
of proper functional materials in single-component photocatalysts can improve the separation of
photo-induced charge carriers, broaden the light-responsive range and enhance the stability of
photocatalysts. The overall improvement of the photocatalytic efficiency depends on the band
gap, relative band edge positions of the constituents, and interfacial contact between them.
Considering the latter, large epitaxial 2D/2D contact areas are favorable, because of more
effective charge transfer across the interface, which is usually higher in the case of highly
structurally ordered (epitaxial) and chemically bonded interface than for the two constituents
attached by physical forces (powder mixtures). The type of formed heterojunction depends on the
relative band edge positions of the components. For the improvement of photocatalytic efficiency,
the most beneficial is type II, p-n and direct Z-scheme heterojunction (Figure 15). In a type II
heterojunction, the conduction band (CB) of one semiconductor is more negative than that of the
other. This semiconductor has less positive valence band (VB) than the counterpart
semiconductor. Under light illumination, the photoinduced electrons move from the
semiconductor with more negative CB to that with less negative CB and the holes move from the
semiconductor with more positive VB to that with less positive VB. The type Il heterojunction
favors photoinduced charge separation, however, the reduction and oxidation power are reduced.
When different types of semiconductors (n- and p-type) are combined, then the heterojunction of
p-n type can form. At the interface of p and n semiconductors, the space charge is formed already
in the absence of light illumination. This internal electric field at the interface of the p-n junction
is formed because electrons move from n-type to p-type and consequently, n-type and p-type
semiconductor close to the interface becomes positively and negatively charged, respectively.
Since there are two contributions (band alignment and internal electric field) that enable better
separation of photoinduced charges, the recombination rate is decreased. Nevertheless, the redox
ability is similar in type II heterojunction reduced.
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Figure 15: Illustrations of charge transfers in a) type-II heterojunction, b) p-n junction, and c)
direct Z-scheme.

This is not the case for direct Z scheme heterojunction, in which photoinduced charge
separation is improved due to the formation of an internal electric field, and the highest reductive
and oxidative powers of both components are preserved. Direct Z-scheme heterojunction can for
example form when two n-type semiconductors with different positions of CB are combined. In
n-type semiconductors, the Fermi level is 0.1-0.3 eV below the CB. Due to the equalization of the
Fermi levels at the interface of two semiconductors (e.g. both negative Ecg (vs. NHE), e.g.
Bi4Ti301, and SrTiOs3), the electrons from the semiconductor with more negative CB and more
negative Fermi levels move to the semiconductor characterized by less negative CB and less
negative Fermi levels and as a result, the semiconductors at the interface acquire positive and
negative charges, respectively. Thus formed internal electric field can contribute to better
photocatalytic performance in the following way: Under light illumination, the electrons from VB
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of both semiconductors are promoted to the corresponding CBs. Due to the formed internal
electric field, the electrons from the semiconductors with less negative CB move under this
internal electric field over the interface to other semiconductors (with more negative CB) and
there recombine with holes in VB. As a result, the reduction and oxidation capabilities of the
semiconductor with more negative CB and the semiconductor with more positive VB,
respectively, are preserved (Figure 15). The recombination rates within individual
semiconductors are diminished because of the above-described charge flows caused by the
formed internal electric field. From the band edge positions of two semiconductors that are
combined in the heterostructure, it is difficult to predict which type of heterostructure, type II or
direct Z-scheme, is formed. Since these types of heterostructures exhibit completely different
charge flows, the reduction/oxidation reactions occur on different semiconductors. For example,
in the case of direct Z-scheme charge transfer, the reduction reaction occurs on the semiconductor
with more negative CB potential, while in type II heterojunction reduction occurs on the
semiconductor with less negative CB. This can be verified with the photodeposition of noble
metals, which in direct Z-scheme selectively deposit on the semiconductor with more negative
CB, but it is the opposite for type II heterojunction. The other methods for verification of the
charge transfer mechanism include sacrificial reagent testing, XPS, and radical trapping
experiments [220].

There are a variety of reports of SrTiOs heterostructures with improved hydrogen evolution
in comparison to pristine SrTiOs. In the case of heterojunction TiO»/SrTiOs improved
photocatalytic water splitting was a consequence of spatial separation of charged particles [221].
Both materials in the respective heterostructure have a wide energy gap (~ 3.2 eV), but the
conduction band of SrTiOs is slightly more negative than that of TiO,. The authors explained that
the electron-hole pair recombination was suppressed due to spatial interparticle charge separation
and the highly stable reduced states of TiO»/SrTiOs. The formation of SrTiOs/TiO; followed by
nickel doping resulted in a reduced band gap shifted to the light absorption in the visible range
[222]. It was proposed that doping with nickel reduced the electron-hole recombination as it
trapped the photogenerated electrons, transferred the excited electrons to the adsorbed water, and
induced oxygen vacancies. Zhang showed that SrTiO3; monocrystal superstructure, synthesized
by topotactic epitaxy from TiO, through hydrothermal treatment, exhibits greater efficiency, high
quantum yield, and good durability in comparison to conventional systems [223].
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Figure 16: Visual presentation of photoexcited electron transfer and hydrogen evolution over
SrTi0s/TiO2 nanoplatelets in the presence of CH3OH as a sacrificial agent [223].
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1.3.4  Future Perspectives on Solar-Driven Hydrogen Evolution

In response to the problems and disruptions in the global energy market caused by the Russian
invasion of Ukraine, the European Commission presented the REPowerEU plan. The objectives
of the REPowerEU plan are energy saving, clean energy production, and diversification of energy
supply. It is supported by financial and legal measures to build the new energy infrastructure and
system that Europe needs. Energy from renewable sources is the cheapest and cleanest energy
available to us, and in addition, we can produce it in the EU and thus reduce energy consumption.
The Commission proposes that the target for the share of renewable energy sources in the EU be
increased from the current 40 % to 45 % by 2030. Under the REPowerEU plan, total renewable
energy generation capacity would increase to 1.236 GW by 2030, instead of 1.067 GW, as
envisaged in the 'Ready for 55' package. The EU Solar Energy Strategy will encourage the use of
photovoltaic energy. This strategy under the REPowerEU plan aims to connect newly installed
photovoltaic systems to the grid contributing more than 320 GW by 2025, more than double the
current level, and by 2030, this figure is expected to reach almost 600 GW. With these additional
early-acquired capacities, natural gas consumption will decrease by 9 billion cubic meters per
year by 2027 [224].

Currently, the production of green hydrogen utilizing solar energy is considered to be one of
the best renewable energy options, firstly because solar energy is huge, inexhaustible, and free
energy potential, and secondly, this approach can solve the challenges of higher energy demands,
fossil fuel depletion and greenhouse gasses limitations. Hydrogen is an energy carrier, suitable
for transport and storage. This represents an advantage for the places and times with less
convenient weather conditions (less sunshine). There are several solar-driven H, production
technologies (Section 1.3.2), but most of these methods are still in the research stage. Table 4
summarizes the key benefits and critical challenges of different solar H» production approaches.
Most of them suffer from high complexity, high costs, unsatisfactory stability, or too low
efficiencies. All these fairly limit the potential of the approaches and their translation into
everyday use. Photocatalytic hydrogen evolution from water is recognized as one of the most
ideal methods for solar H, production due to its low complexity, sustainability, and suitability for
scale-up. However, the commercialization of the approach is hindered by low light conversion
efficiency, unsatisfactory stability, and complexity of H, and O, separation. From the standpoint
of practical usage, it is important to pay attention to the selection of the photocatalyst material as
well as the selection of other materials included in the production process. It is worth noting that
the photocatalytic material is safe, non-toxic, and environmentally friendly, but also stable,
efficient, available, and cost-effective, which are rather demanding terms and conditions.

Various strategies were used to achieve improved efficiency of H evolution by the
photocatalytic process (described in Section 1.3.3.2). The efficiencies of non-noble metal-based
photocatalysts/cocatalysts systems are still too low for utilization in commercial processes.
However, it should be noted that non-noble metal-based photocatalysts are the photocatalysts of
choice for the commercialization of hydrogen production due to their low expenses. Nevertheless,
at the research stage, the focus is on the understanding of phenomena and on the strategies to
increase photocatalytic efficiency, while the costs and complexity of photocatalyst preparation
are of secondary importance. To the best of my knowledge, the highest reported STH of 9.2 %
(measured at 70 °C) has been reported recently for Rh/Cr,03/Co30s loaded InGaN/GaN
nanowires (NW). The most expensive element in this photocatalyst is Rh, but also In and Ga,
which are the constituents of the main photocatalyst that are rather expensive. Among the
photocatalysts, consisting of non-expensive and earth-abundant elements, SrTiOs-based
photocatalysts have attracted great attention. The other advantage of SrTiO; is high photo
corrosion stability, but its wide bandgap (3.2 eV) and need of co-catalysts for notable
photocatalytic H, evolution represent important drawbacks. Nevertheless, the largest scale-up of
photocatalytic Ho-generation system on 100-m? was performed for Al-doped SrTiO; loaded with
Rh/Cr,03/CoOOH co-catalysts. Due to the large size (100 m?) of the demonstrator, this gave also
the largest amount of hydrogen produced by sunlight, but the efficiency was low and the STH
value much smaller compared to that achieved by photovoltaic-assisted water electrolyzers [225].
The role of H, energy produced by solar light in the future depends on many factors. Certainly,
the fate of H, depends on how the challenges related to insufficient photoconversion efficiency,
H, storage, and transport will be resolved.
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Table 4: Summary of benefits and challenges of different approaches to hydrogen production.
The approach of H,

: Benefits Challenges
production
low complexity, low efficiency,
Photocatalytic WS clean, unsatisfactory stability,
sustainable requires gas separation
high efficiency, high cost,
Electrochemical WS low environmental high complexity,
impact unsatisfactory stability
commercially ~ high cost,
Photovoltaic- i‘“’aﬂ‘{‘.l%lez hlg{l C.OH}plﬁ’.“Ly’
electrochemical WS ong ttetime, __ relatively hig
high efficiency, environmental impact (PV
easily scalable manufacturing)
high efficiency, requires an effective solar
. 4 collector,
Solar thermochemical WS relatively low cost, . .
: : requires heat- and acid-
reliable and viable . :
resistant materials
Photothermal catalytic H, hl}gl?gifgﬂir}l]cy’ high CO; emissions,
production (mainly fossil fuels) feasible technology high costs
clean and sustainable, high cost,
Photobiological H» uses water or abundant requires anaerobic
production organic substrates derived photobioreactors,
from waste low efficiency

The development of other competitive renewable energy (e.g. nuclear) will also be decisive
in how important solar H, will be in the future. Among the technologies (Table 4), those which
will enable the production of H, in large quantities and at low costs will be commercialized. The
future progress of the technology for H, generation from photocatalytic water splitting will
depend on the development of non-expensive and stable photocatalysts with high efficiency
(STH~10 %), optimized reactor designs in terms of efficient light harvesting, and H»/O»
separation. It is difficult to predict which materials will fulfill the requirements of adequately high
STH, stability, and high costs. Till now there has been a lot of research done on Al-doped SrTiOs3
perovskites [137], [191], heterostructures, and g-C3N4 [220].

Perovskites and perovskite-based heterostructures have great potential in photocatalytic
hydrogen production due to their high stability and low costs. However, hard work on the band
gap tuning and band adjustments needed to be carried out to improve the efficiency of the process
to be able to be up-scalable for commercial use and to meet our energy needs. Additional
remaining challenges to be solved in the future are related to photocatalyst’s stability, fast charge
recombination, and too high costs. It is already well known that the synthesis approach and
conditions are directly connected to the photocatalytic activity. However, a detailed
understanding of the connections between morphology and photocatalytic activity is needed. In
the future, more attention should be paid also to the optimization of the photocatalytic reaction
environment and understanding of the mechanism of enhancing the reaction with sacrificial
agents, etc. The world is seeking multi-disciplinary approaches such as the approach investigated
and discussed in this research to design and produce novel solar-driven non-noble metal-based
photocatalysts.
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Chapter 2

Aims and Hypotheses

2.1 Aims of the Doctoral Dissertation

The main goal of the dissertation is to fill the gaps in the research field of reaction mechanisms
under hydrothermal conditions, focused on topochemical conversion of Aurivillius-phase layer
structure template particles into MTiOs, with the emphasis on the transformation from BisTi301,
to SrTiOs. In addition to understanding the reaction conditions — reaction mechanism — particle
morphology relationship, the research work in the dissertation is also application-oriented.

For that purpose, in the proposed doctoral dissertation, I would clarify the following issues:
The influence of the BisTi30, template platelets’ dimensions, initial aggregation, and their
surface characteristic on the process of transformation and consequently on the morphology
of the product.

Determination of atomic-scale structure of the BisTi301 platelets (termination (with [Bi2O-
sheets or pseudoperovskite [BiTi3010]* blocks) and detailed microstructural examination of
the SrTiO3/BisTi301, interface (is the same layer in contact with grown SrTiOs phase?).

The influence of hydrothermal reaction parameters (especially cnaon, Csr2+, temperature) on
the growth mechanism, particle’s morphology, and crystal structure.

Determination of lattice mismatch that still allows layer-by-layer growth of MTiO; on
Bi4Ti301, and investigation of lattice defects caused by the misfit.

The correlation between the reaction conditions and heteroepitaxial contact.

The correlation between the reaction conditions, specific surface area, structure and
composition of the SrTiOs and SrTi0s/BisTi3012 heterostructural platelets and photocatalytic
hydrogen evolution rate.

The effect of mesocrystallinity of SrTiOs and SrTi0Os/Bi4Ti3012 heterostructural platelets for
higher hydrogen evolution rate.

]2+

2.2 Hypotheses of the Doctoral Dissertation

Based on good structural matching, BisTi3012 platelets can be transformed to SrTiOs platelets
via topochemical conversion reaction under alkaline hydrothermal conditions.
Transformation process, its kinetics, morphologies of formed SrTiO3 and SrTiO3/BisTi3012
particles are governed by the “quality” of the initial Bi4Ti30:, platelets (aggregation, surface
defects, platelet dimensions) and reaction conditions (St/Ti ratio, cnaon, T).

Thorough understanding of the mechanism and significance of reaction parameters will
enable us to control the target morphologies of heterostructures and final SrTiO; structures.
Apart from different (higher) lattice mismatches, similar principles are valid for the growth
of other MTi0; (M=Ba, Ca) perovskites on BisTi301>.

Based on the band-structure analysis it is anticipated that as-prepared SrTiO; particles and
SrTi0s/BisTi3012 heterostructures can be used as a photocatalyst for hydrogen evolution.



36

Chapter 2. Aims and Hypotheses



37

Chapter 3
Materials and Methods

3.1 Chemicals

All chemicals (Table 5) were of analytical grade and were used as received without further
purification. Water used for the study was purified with a system to produce ultra-pure water
(Purelab Option-Q7, ELGA).

Table 5: Used chemicals.

Chemical Manufacturer Declared purity
AgNO3 Alfa Aesar 99.9 %
BaCl,-2H,0 Sigma Aldrich 99 %
Bi,03 nanopowder Alfa Aesar 99.8 %
CaCly2H,0 Sigma Aldrich >99 %
C,HsOH, EMSURE® Supelco Absolute, ACS, ISO,
Reag.
HF Carlo Erba 96 %
HNOs VWR 68 %
KCl Sigma Aldrich >99 %
NaCl Merck >99.7 %
NaOH Fischer Chemicals >98.7 %
Propan-2-ol Carlo Erba 99.7 %
(CH3CO»),Sr Sigma Aldrich 99.995 %
SrCl,-6H,O Sigma Aldrich, Roth >99.0 %
Sr(NO3)»2 Fluka >99.0 %
TiO; anatase Hombitan Sachtleben Pigments Oy 99 %
TiO2 nanopowder P25 Degussa >99.5 %
TiO; rutile Alfa Aesar >99 %

3.2 Processing Methods

3.2.1 Molten salt synthesis for BisTizO1. template platelets preparation

Bi3Ti401, template platelets were synthesized by the molten salt method. In the first part of
the research (4.1), the processing parameters were optimized. The salts (KCI and NaCl) were
weighted (Mettler Toledo, XS204) in 1:1 molar ratio (44 %wt NaCl) to ensure eutectic point
composition (Tew.= 657 °C [77]). The salts were grounded and mixed well in a mortar to achieve
a homogeneous composition. Next, the required amount of Bi,O3 was added and the mixture was
mixed well again. Finally, TiO, (P25, anatase or rutile) was added and mixed again. A
homogeneous mixture of powder was subsequently transferred to the Al>O; crucible with a
diameter of 5 cm and a height of 7 cm and covered. The crucible with a lid was placed into a
larger crucible (diameter 8 cm, height 9.5 cm), covered with a lid, and placed in the chamber
furnace (Nabertherm LTH 16A). The heating rate was 10 °C/min, the reaction temperature was
800 °C. Holding time and cooling rate were varied. After the reaction, the product powder was
washed with deionized water until all salts were removed (no AgCl precipitate in the filtrate after
the addition of a few droplets of AgNOs). For the identification of secondary phases and
morphological observations, the product was dried at this point and XRD and SEM analyses were
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performed. Next, 40 ml of different concentrations of HNO; was added to the powder, mixed
well, soaked for 15 minutes, and subsequently washed with water to neutral pH (by centrifugation
at 6000 rpm for 3-5 minutes/run; Eppendorf Centrifuge 5810 R), and finally dried at 80 °C or
freeze-dried (Kambi¢ LIO-5PLT) to obtain fine and pure powder product.

Based on the initial optimization (4.1), in the continued research (4.2), the procedure for
preparation of the BisTi4O, platelets was as follows: KCl and NaCl were weighed, grounded and
mixed in a mortar, Bi,O3 nanopowder was admixed and lastly, TiO» nanopowder (0.500 g) was
admixed as well. The molar ratio of starting materials KCI:NaCl:Bi,03:TiO, was 50:50:2:3. The
crucible with the reaction mixture was placed into a chamber furnace and heated up to 800 °C by
the heating rate of 10 °C/min. After 2 hours at 800 °C, the furnace with its content was cooled
down to room temperature naturally (step program). The product powder was washed with
deionized water with suction filtration to remove the salt, followed by soaking in 40 ml of 2 mol/L
HNO; for 15 minutes and washed with deionized water until neutral pH by centrifugation at 6000
rpm (Eppendorf Centrifuge 5810 R). The product powders were freeze-dried (Kambi¢ LIO-
SPLT).

3.2.2 Hydrothermal synthesis

3221 Topochemical conversion of BisTi;01, template platelets to SrTiO; particles

The topochemical conversion was performed under stirred hydrothermal conditions in high-
pressure reactors Berghof BR100 and BR700 with Teflon (PTFE)-lined insert under stirring
conditions (if not stated differently). For BR100, SrCl,x6H,0O was dissolved in 2 ml (20 ml for
BR700) of deionized ultrapure water and BisTi301, platelets (1 mmol/l) were admixed to the
solution. The suspension was sonicated for 15 minutes in ultrasonic bath (Elmasonic P, Elma).
Afterward, the suspension was quantitatively transferred to a PTFE-lined insert by washing the
flask with a small amount of deionized water, and subsequently, 100 ml (250 ml for BR700) of
NaOH was added. Finally, deionized water was added to the line mark in the PTFE insert,
corresponding to the total volume of 120 ml (480 ml for BR700). If not stated differently, all
solutions were cooled down to room temperature (25 °C) before admixing and the reactions were
performed at 200 °C with stirring of 700 rpm (150 rpm for BR700). When some of the conditions
(e.g. no stirring, different NaOH temperature) were changed for investigation purposes, this will
be pointed out and discussed. After the reaction, the system cooled down naturally, while stirring.
The product was washed with deionized water by centrifugation (until pH = 7), soaked in 30 ml
of 1 mol/L HNOs for 5 min and washed again with water (again until pH = 7). In the end, the
washed product was freeze-dried to obtain fine and soft product powder.

For the evaluation of reaction precursors influence in 4.1.1, also other strontium (strontium
acetate and strontium nitrate) precursors were used in the same concentrations.

3222 Topochemical conversion of BisTi;O1; template platelets to BaTiO; and CaTiO; particles

The topochemical conversion reactions to BaTiO3; and CaTiO; were performed under the same
stirred hydrothermal conditions in high-pressure reactor BR100 as described in 2.2.2.1. As a
titanium precursor, BisTi3012 platelets (1 mmol/l), obtained from nanopowder TiO, (P25), were
used, and as barium and calcium precursors, corresponding chloride dihydrates BaCl,-2H»O and
CaCl,2H,0 were used.

3.3 Characterization Methods
33.1 X-ray diffraction (XRD)

X-ray powder diffraction and X-ray diffraction for the platelets cast on Si-monocrystalline
substrate were collected with X-ray Diffractometers Empyrean, Malvern PANalytical and Bruker
AXS D4 Endeavor with CuKa radiation (4= 1.5406 A). For an estimation of the preferential
orientation, a few drops of suspension of the particles in propan-2-ol were deposited on a Si-
monocrystalline substrate (and left for the alcohol to evaporate). The typical measurement
conditions are presented in Table 6. The diffractograms were analyzed using EVA software
(Bruker AXS) and X’Pert High Score Plus software (PANalytical, HTK) to analyze the phase
composition.
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Table 6: Typical XRD recording conditions.
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Diffractometer Sample type 20 range Step Time/step
Bruker powder 10°-70° 0.04° 3s
Bruker suspension 20°-50° 0.04° 10s

PANalytical powder 10°-70° 0.026° 33s
PANalytical suspension 20°-50° 0.026° 100 s

3.3.1.1 Calibration curve for determination of SrTiO;:BisTi;O; ratio

For the preparation of calibration curve, appropriate amount of synthesized pure SrTiO;
platelets and BisTi301, platelets were weighted (Mettler Toledo, XS 105), mixed and dissolved
in propan-2-ol. The suspension was sonicated in ultrasonic bath at 37 Hz, 100 % for 15 minutes,
mixed well again and few droplets of suspension were cast on Si-monocrystalline substrate. After
natural drying, the XRD patterns were collected on PANalytical as stated in Table 6. Calculations,
graphical presentation and data manipulation were done in OriginPro, OriginLab.

33.2 Scanning electron microscopy (SEM) with energy dispersive x-ray
spectroscopy (EDXS)

Scanning electron microscopy (SEM) was used to determine morphological features of the
samples and size determination. Two scanning electron microscopes were used for this purpose:
- FE-SEM, JSM 7600 F, JEOL, Japan; operated at 5 kV for imaging and 15 kV for EDXS.

- Schottky FEG, Verios HP 4G, Termo Fischer, USA; operated at 2 kV and 13 pA with

beam deceleration (2 kV) for secondary electrons (SE) imaging, 5kV and 50 pA for
backscattered electron (BSE) imaging and 20 kV and 50 pA for energy dispersive x-ray
spectroscopy (EDXS).

EDXS analyses and elemental composition calculations were performed with the help of
INCA (Jeol) and Aztec (Termo Fischer) software. Size parameters were measured on Verios,
calculations and data manipulations were performed in Excel (Microsoft) and OriginPro
(OriginLab). Surface coverage was estimated with ImageJ software.

33.21 Sample preparation for SEM analysis

A small amount of dry powder sample was dispersed in 3 ml of 2-propanol. The suspension
was mixed and sonicated in ultrasonic bath for 20 minutes to obtain well dispersed non-
aggregated particles. In the meantime, the sample holders (Al-polished) were warmed in a drier
to 70 °C. A small droplet of suspension was cast on a warm holder (on the polished surface) and
placed back into the drier to completely evaporate the alcohol.

Dried samples were then coated on a precision etching coating system (PECS, Model 682)
with 5 nm of platinum for observations under FE-SEM and with 5 nm of carbon for observations
under Schottky FEG. To achieve a better effect of coating, rotation and rocking were used while
sputtering. For EDXS analyses on FE-SEM and FEG SEM, 7.5 nm and 6 nm of carbon,
respectively, was sputtered in the presence of rotation and rocking.

3.3.3 Transmission electron microscopy (TEM) with energy dispersive x-ray
spectroscopy (EDXS)

Microstructures and crystal structures in cross-sections were examined by scanning
transmission electron microscopy using a probe Cs-corrected scanning transmission electron
microscope (STEM Jeol ARM 200 CF, JEOL, Japan) operated at 200 kV.

3331 Sample preparation for TEM analysis

Sample particles for the STEM analyses were prepared using two approaches. Sample
particles are platelets with considerably larger side lengths than thickness. Such particles tend to
align along the preferential orientation with their largest surface parallel to the substrate. For
observations from the top-down view, the powder sample was sonicated in absolute ethanol and
a droplet of the suspension was applied to the lacey, carbon-coated copper grid. The thickness of
the platelets of up to 100 nm allowed STEM analyses without any further thinning.

For HR-TEM and HAADF-STEM analyses, the samples were prepared in cross section.
Electron transparent lamellae were prepared by tripod polishing following the procedure by
Voyles in an automatic tripod polisher [226]. A small amount of sample powder was mixed with
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Cystal Bond thermoplastic wax and attached to pyrex specimen holder. As-prepared specimen
was polished with a diamond-lapping film (DLF) with different grain sizes (15, 6, 3, 1, 0.5 and
0.1 um) to ensure a planar surface. Final polishing was performed on polyurethane cloth using a
silica solution with 20 nm-sized particles (Allied Colloidal Silica Suspension) to remove the
scratches from the polished surface. The sample was removed from pyrex holder by heating the
polishing block on a hot plate prior to polishing the other side and glued on the pyrex holder again
with the opposite side. The process of thinning and polishing was then repeated on the other side.
The samples were coated with 2 nm of carbon on PECS before the observations.

334 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was performed with the Versaprobe 3 AD (Phi,
Chanhassen, US) using a monochromatic Al-Ka X-ray source. For each measurement, spectra
were acquired on a 200 pum spot size with the charge neutralizer turned on, as the powders were
put on a non-conductive double tape. Survey spectra were measured at 280 eV pass energy and
step of 1 eV, while high-resolution spectra were measured at 55 eV pass energy and step of 0.05
eV. Charge neutralization was used, so the energy scale of XPS spectra was corrected by shifting
the Cls peak of carbon to the binding energy of 284.8 eV. XPS spectra were analyzed with PHI
Multipak software.

For ex-situ measurement after the H, evolution reaction, the solution of dispersed
STO/BIT was centrifuged and vacuum dried. The powder was transferred to an argon-filled
glovebox and put on a non-conductive double tape. XPS holder was then transferred to the
spectrometer without exposure to air.

33.5 Brunauer-Emmet-Teller (BET) Specific Surface Area Analysis

The Brunauer-Emmet-Teller (BET) surface area measurements of prepared powders were
performed by nitrogen adsorption with a Micromeritics Gemini II 2370 (Norcross, GA). The
samples were degassed before the measurements overnight.

3.3.6 UV-VIS diffuse reflectance spectroscopy and Kubelka-Munk function for
band-gap determination

Band-gap energies of the platelets were determined from the diffuse reflection spectra. The
measurements in the UV-VIS spectral ranges were performed with an integrating sphere and
BaSO; was used as a reference. The measurements were performed on UV-VIS
spectrophotometer Shimadzu UV-3600, Tokyo, Japan.

3.3.7 Thermal analysis

Differential scanning calorimetry (DSC) measurements were performed on a Jupiter 449
simultaneous thermal analysis (STA) instrument (Netzsch, Selb, Germany). The heating rate was
20 °C/min. The atmosphere was Ar/O> (80/20). A TG/DSC-cp sample holder and platinum
crucibles were used for analyses. Prior to the measurements, the temperature and enthalpy
calibrations of the STA instrument were made with BaCOs;, CsCl, K>CrO4, KClO4 and RbNO3
standards.

3.3.8 Photocatalytic testing of the BisTi;Or2 particles for Rhodamine B dye
degradation

The decomposition of Rhodamine B (RhB) was measured in UV-A light. Sample powder (0.2
mg/mL) and RhB solution (10 mg/L) were mixed, sonicated (1 minute, pulse:pause = 2:1 second
at 80 %), stirred in the dark at 500 rpm for 30 minutes and exposed to UV-A light. Degradation
of the dye was checked before irradiation and after 1 h, 2 h, 3 h, 4 h and 24 hours of irradiation
with UV-A light. The powder was removed by centrifugation. The absorbance was measured at
A =554 nm using a Synergy Micro Plate Reader (BIOTEK). Two additional control measurements
were performed: (i) reaction in the dark for suspension of sample and RhB and (ii) a parallel
reaction under UV-A light irradiation for pure RhB (without sample).
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3.3.9 Photocatalytic hydrogen evolution

The photocatalytic Hr-evolution measurements were carried out in a 50-ml quartz round-
bottom flask at ambient temperature and atmospheric pressure using mixing to achieve the particle
suspension. A commercial solar simulator equipped with a Xenon arc lamp (300 W, Newport)
and an AM 1.5G filter was used as the light source. In a typical photocatalytic measurement, 20
mg of photocatalyst was suspended in 40 ml of aqueous solution containing 25 vol % of methanol
and the suspension was sonicated for 30 min to obtain a well-dispersed particle suspension. Before
the light irradiation, the quartz flask was sealed with a rubber septum and purged with a nitrogen
flow for 40 minutes to remove the excess oxygen in the reaction mixture. Finally, the sealed quartz
flask was placed under light irradiation. All the photocatalysts were subjected to 4 h of light
irradiation, and the H, evolution was measured periodically every hour. The generated gas
composition (1 ml) was analyzed with a gas chromatograph (GC, SRI-8610C) equipped with a
thermal conductivity detector (TCD) and high-purity nitrogen was used as the carrier gas.
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Chapter 4

Results and Discussion

4.1 BisTiz012 Template Platelets

Bi4Ti3012 platelets were synthesized in molten KCI/NaCl salt at 800 °C from Bi,O; and TiO,
nanopowders. As-prepared platelets served as a template in the second part of the research, which
is the hydrothermal topochemical conversion of BisTizOi, platelets to SrTiOs, BaTiO; and
CaTiOs3 particles. To ensure uniform transformation speed, the template platelets should exhibit
a uniform size distribution as much as possible (side length and thickness). The thickness and the
side-length of particles depend on the reaction parameters. Therefore, the first step in my doctoral
study was optimization of processing parameters for BisTi301» template platelets preparation.

4.1.1 The importance of morphology, crystal structure and aggregation stage of
initial precursors (TiO) in the formation of non-aggregated, defect-free
BisTi3012 platelets with the narrow size distribution

In the process of hydrothermal topochemical conversion, BisTi301, platelets dissolve and at
the same time serve as the substrate for the ATiO3 (A=Sr, Ba, Ca) epitaxial growth. Thus, the
quality (i.e. number of defects and aggregation stage) of the BisTi301 platelets is expected to play
an important role in the transformation process. For example, defects are expected to influence
the BisTi3012 platelets’ dissolution rate and increase the activation energy for ATiO; nucleation
on the BisTi3012 surface by increasing interfacial free energy, being larger than that arising only
from the lattice mismatch.

Considering the “dissolution-precipitation” mechanism for Bi4Ti30:, formation in molten salt
(see Section 4.1.2), the morphology and crystal structure of the starting materials (Bi,O3 and TiO3)
affect the quality of the BisTi3O12 platelets. Smaller nanoparticles as a starting material enable
their faster dissolution and ensure more homogeneous concentration of dissolved species in the
molten salt media. As a result, there is higher probability for BisTi;O;> homogeneous
precipitation, while in the case of larger undissolved reagent particles, these serve also as the
substrate for nucleation and growth of the product material. Fluctuations in the conditions are
greater in the latter case. Thus, precipitated particles are expected to be more aggregated with
broader size distribution and contain also more defects. To evaluate to which extent the
characteristics of the reagents affect the morphology of precipitated BisTi3Oi, particles, I
synthesized Bi4T13012 using TiO; precursors with a different size and morphology: nanopowder
P25, anatase and rutile (Figure 17, Figure 18 and Figure 19).

The XRD patterns of TiO» precursors were recorded (Figure 17) and their morphologies were
examined by SEM (Figure 19). The P25 nanopowder is the mixture of anatase and rutile. This
powder consists of small non-aggregated nanoparticles with average particle size of 20 nm and
narrow size distribution (Figure 19A). The powder that is declared as anatase was confirmed to
be anatase, while the TiO, powder that was declared as a rutile is not pure rutile but also contains
some amount of anatase phase (Figure 17, black curve). However, the amount of anatase is lower
than in P25 nanopowder. Anatase TiO: has crystallites with the size of 50-100 nm, which are
aggregated forming pm-size aggregates (Figure 19B). TiO; rutile precursor consists of even larger
particles with a wider size distribution and these crystallites are also aggregated (Figure 19C).
The specific surface area of TiO; is by far the largest for the nanopowder P25, and smaller for the
other two (Table 7). These differences between the TiO, precursors are manifested in the
morphologies of formed Bi4Ti30; platelets in the following manner: BisTi3012 platelets formed
from TiO, P25 exhibit well-defined platelet shapes with side lengths ranging from 0.25 um to
3.62 um, resulting in average value of 1.17 um and median of 1.0 um. Both statistical values are
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larger compared to those of BisTi3012, prepared with the other two TiO» precursors (Table 4). In
the case of larger and more aggregated anatase and rutile TiO; precursors, the range of the formed
BisTi3012 platelets dimensions, was 0.10-5.23 microns and 0.13-2.75 microns, respectively
(Figure 18 and Table 7). Anatase- and rutile-made BisTi30,2 consists of some significantly larger
platelets, while the most frequent particle size group is that with platelet side lengths of smaller
than 0.5 microns, resulting in average side lengths of 0.7 um and 0.6 pm respectively. BET of
Bi4Ti301, synthesized from rutile and P25 are comparable, however, BisTi301, formed from rutile
particles are smaller, but aggregated which together does not reflect the difference in BET value
(Figure 18 and Figure 19). On the other hand, BisTi301, prepared from anatase has a larger BET
because of a larger number of smaller BisTi301» particles, which are, as evident from the SEM
image (Figure 19E), also aggregated, but at the end, the specific surface area is still larger in this
case (Table 7). Also, the XRD patterns acquired from the powders cast on the single crystal silicon
substrate confirmed that Bi4Ti301, platelets obtained from nanopowder TiO; (P25) can be easily
separated and oriented parallel to the substrate. This is evident from the high intensity of (001)
diffractions, while (117) diffraction exhibits very low intensity. On the contrary, other two TiO»
precursors give BisTi3O12 with XRD patterns, in which (117)-crystal plane shows higher intensity,
indicating random orientation of the platelets due to aggregation (Figure 20). The aggregated
BisTi301, platelets formed from larger anatase and rutile are presumably a less ideal template for
topochemical conversion to SrTiOs. The findings of the conversion of different quality templates
to SrTiO3 under moderate and high supersaturation conditions are described in 4.2.2.1.
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Figure 17: Powder XRD patterns of used TiO; and Bi»O; raw materials.
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Table 7: Comparison of the size (BisTi3012: side length) and specific surface area (BET)

values for TiO; sources and prepared BisTi;0,, platelets.
TiO; source P25 nanopowder Anatase Rutile
Diameter[nm] 20 50-100 500-2000
Specific Surface
Area [m?/g] >4 1 8
Bi4Ti3012 Bi4Ti3012 (P25) Bi4Ti3012 (anatase) Bi4Ti3012 (rutile)
Side length [um] 0.25-3.62 0.10-5.23 0.13-2.75
Mean [um] 1.17 0.70 0.60
St. Dev. [um] 0.57 0.60 0.33
Median [um] 1.02 0.52 0.50
Specific Surface
Area [m?/g] 3 4 3
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Figure 18: Side length distribution of BisT1301; particles prepared from three different TiO,
precursors: P25 nanopowder (A), anatase (B) and rutile (C).
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Figure 19: SEM images of TiO; reactants (P25 (A), anatase (B) and rutile (C)) and synthesized
Bi4Ti301; platelets prepared from P25 nanopowder (D), anatase (E) and rutile (F) TiO, powders
in molten salt at 800 °C for 2 hours.
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Figure 20: XRD patterns of BisTi301, prepared from different TiO, reagents: P25 nanopowder
(blue), anatase (red) and rutile (black). XRD patterns were acquired for the BisTi301, samples,
cast from the (iso-propanol) suspensions on the Si-monocrystalline substrate.

4.1.2 Optimization of processing parameters for preparation of the BisTizO12
template platelets

According to the literature review, the reaction temperature of 800 °C was selected [84]. Based
on the results presented in 4.1.1., TiO2 nanopowder P25 was selected for further optimization of
the conditions of BisTi301, template platelets preparation. The heating rate was selected according
to the capability of our chamber furnace and was 10 °C/min. Holding time, salt:rectants molar
ratio, Bi:Ti initial molar ratio and cooling rate were investigated. The reaction conditions for the
investigation of the influence of processing parameters on the morphology are summarized in
Table 8. In the beginning of the optimization study, the Bi,O3 was added in excess with respect
to TiO, (Bi:Ti molar ratio 2.67, while the stoichiometric Bi:Ti molar ratio is 1.33) in order to
provide a high concentration of Bi*" for the formation of BisTi3015 plates.

Table 8: The reaction conditions for the investigation of the influence of processing
arameters on the BisTi301, morphology (TiO,=P25 nanopowder).

Sample Bi:Ti NaCl:KCI:BisTizO12 | T(°C) Time Heating | Cooling
BIT1 2.67 50:50:1 800 20min | 10°min 10°/min
BIT2 2.67 50:50:1 800 2h 10°/min 10°/min
BIT3 2.67 25:25:1 800 2h 10°/min 10°/min
BIT4 2.0 25:25:1 800 2h 10°/min 10°/min
BITS 1.33 25:25:1 800 2h 10°/min 10°/min
BIT6 1.33 50:50:1 800 2h 10°/min 10°/min
BIT7 1.33 25:25:1 800 2h 10°/min 5°/min
BIT8 1.33 25:25:1 800 2h 10°/min natural

The XRD analysis confirmed the formation of the orthorhombic (S.G. B2¢cb) BisTi30,, phase
(PDF:01-072-1019) as the main phase in all experiments, summarized in Table 8. However, in
some cases (BIT1, BIT2, BIT3, BIT4 and BIT7) also Bi;2TiO2 secondary phase was present
(Figure 21). The secondary phase was removed after washing with 2 mol/L HNO; (XRD for BIT1
in Figure 22).
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The formation of BisTi30:, platelets in the molten salt proceeds according to the dissolution-
precipitation mechanism. First, BioO3; and TiO, dissolve in the molten salt, and afterwards,
BisTi301, platelets precipitate. Further growth of the platelets is governed by Ostwald ripening.
To tailor the size of the platelets, longer (2 hours, BIT2) and shorter (20 minutes, BIT1) reaction
times were selected for the preparation of larger and smaller BisTi3O1» platelets, respectively. In
both cases, product particles were formed as platelets (Figure 23). Platelets obtained after a shorter
reaction time exhibited a smaller average side length and thickness in comparison to the platelets
obtained after a longer reaction time. Moreover, particles obtained after a longer reaction time
have a more defined plate-like shape and a more uniform size distribution. This can be ascribed
to the Ostwald ripening process because in the second case, particles had more time to grow and
achieve a more uniform size distribution.

In the next step, the nominal molar ratio of bismuth to titanium (denoted as Bi:Ti in Table 8)
was investigated. The following nominal Bi:Ti molar ratios were selected: 2.67, 2.0 and 1.33
(stoichiometric) for BIT3, BIT4, and BITS, respectively. The BITS platelets with stoichiometric
Bi:Ti initial ratio, have a more defined shape and narrower size distribution than in other two
cases. In cases with an excess of Bi»O; (BIT3 and BIT4), a considerable amount of the secondary
bismuth phases such as Bi;,TiO, was formed. On the contrary, when the stoichiometric ratio was
used (BITS5), BisTi301, was the main phase already before washing with HNOj3 (Figure 21).

For the optimization of the amount of salt, the weight ratio of reactant to salt 1:6 was used
(50:50:1 in molar ratio NaCl:KCI:Bi4Ti3012) according to the reports in the literature [84]. SEM
observations showed some inhomogeneity in size distribution. Therefore, the ratio was lowered
to 1:3 (25:25:1 molar) and the size distribution of product particles became narrower. With the
lower amount of salt, the diffusion distance of reactant particles is smaller, therefore reaction
occurs faster and more uniformly. Powder XRD patterns are comparable in both cases. BisTi3012
is the main phase, however, there is some secondary Bi12TiO» phase present before washing with
HNO:s.

Cooling is an important part of the crystallization process and particle growth. Cooling rates
of 10 °C/min (BITS), 5 °C/min (BIT7) and natural cooling (BIT8) were compared. However,
based on SEM observations there is no significant difference in the morphology when the cooling
rates were 10 °C/min, 5 °C/min or natural cooling.

The processing conditions that were found to be optimal for the preparation of the BisTi301»
template platelets in molten salt are presented in

Table 9. If not mentioned differently, the proposed reaction conditions were used for further
template preparations.

Table 9: The optimal processing conditions for the preparation of BisTi301, platelets from
TiO; nanopowder (P25).
Sample | Bi:Ti NaCl:KClI:BisTi3012 T(C) |Time Heating | Cooling
BITS 1.33 25:25:1 800 2h 10°/min 10°/min
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the patterns belong to BisTi3012 phase.

Figure 22: Powder XRD patterns of two different BisTi3012 samples (BIT1 and BIT5) washed
only with water and after additional washing in HNO; and removal of secondary phase. Denoted

lattice planes above the patterns belong to BisTi30, phase.
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Figure 23: SEM micrographs of the BisTi30,, platelets, synthesized in molten KCl/NaCl salt
at 800 °C as described in Table 8.
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4.1.2.1 Washing and drying procedure

After the formation of Bi4Ti3012 from B1,O3 and TiO; in molten KCI/NaCl salt, this reaction
product and eventual secondary phase (e.g. BinTiOz) must be separated from the salt.
Considering the high solubility of NaCl (36 g/100 g H,O) and KCI (35.5 g/100 g H,O) in water
at 25 °C, the salts can be easily removed by dissolving them in water. Two methods were used:
suction filtration and centrifugation in 50 mL centrifugation tubes and Eppendorf 5810 R
centrifuge.

I have found that the first step — removing the salt, is faster by suction filtration and the
particles agglomerate less than in the case of multiple centrifugation rounds with high revs.
However, one has to take care that the underpressure is not too high and that the particles on the
filter paper are always wet and in the form of a suspension. If not, particles can agglomerate and
it is difficult to separate them afterwards. Rinsing and washing with deionized water is carried
out until all salt is removed — no white precipitate after the addition of a few droplets of 0.1 mol/L
AgNO:; to the filtrate.

Afterward, the product was washed with HNOs to ensure that all secondary phases are
removed. The second step of the washing procedure was performed employing centrifugation,
since it was faster and particles did not agglomerate strongly, because the centrifugation
conditions with short times (1-2 min) at low speed (6000 rpm) are enough for sedimentation of
the particles and their efficient separation from the solution. HNOs is a strong acid that can
similarly to HCI or HF etch the surface of the materials [63], [227]-[230]. Therefore, I studied
how the type of acid, concentration, and contact time of the acid with the platelets affect the
efficiency of the secondary phases removal as well as how it influences the platelets’ surface. A
comparison between soaking in HNOj in ultrasonic bath and without ultrasonic support was also
made. No significant difference was observed on particles with SEM and XRD analysis (not
shown). Particles were also washed with HF instead of HNO3 and by-products were also removed
successfully, and the platelets did not appear damaged under SEM (not shown). Compared to HF,
handling HNO; is easier from a health and environmental standpoint and therefore, HNO3 was
selected for further use.

The used concentrations and contact times for HNO; are presented in Table 10. The samples
after HNO;-treatment and water washing were examined by SEM (Figure 24) and XRD (Figure
25). For the systematic investigation of the effect of the washing agent (HNOs3), 3 batches of
Bi4Ti301; platelets were prepared and mixed (10 g). Afterwards, the powder was divided into 10
samples (approx. 100 mg each) and washed by soaking the powder in washing agent for a defined
time as shown in Table 10. For the comparison of phase purity and morphology, one sample was
washed only with deionized water. In this investigation, the reduced amount of the washing agent
(20 ml instead of 40 ml) was used, because also the amount of BisTi301» platelets was lower in
comparison to as-prepared batches, however, the concentration was still not the same as in
further/normal/usual experiments. Using higher concentrations (4 mol/L HNOs3) caused the
dissolution of the product particles, not only the removal of the secondary phases, so it was
necessary to use a lower concentration of the acid. After HNOj3 treatment and water washing, the
samples were freeze-dried, because the preliminary experiments showed fluffier and less
agglomerated powders after freeze-drying in comparison to dying in the dryer chamber at elevated
temperatures (60 °C — 100 °C).
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Table 10: Used washing agents for the removal of secondary phases after BisTi301» synthesis
in molten salt. Volume of added washing agent was 20 ml in all experiments.

Sample VS;agsehl::lg ng:ﬁgy Contact time (min) (ﬁg/g)
BIT-0-0 H,O / 15 3
BIT-1-5 HNO; 1 5 3
BIT-1-15 HNO; 1 15 3
BIT-2-1 HNO; 2 1 3
BIT-2-10 HNO; 2 10 2
BIT-2-30 HNO; 2 30 3
BIT-3-15 HNO; 3 15 3

W 2
oy —/7j \L, al
4“* ) “=~500 nm
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Figure 24: SEM micrographs of BisTi301; platelets after different washing procedures with
HNO; acid as presented in Table 10.
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Figure 25: XRD patterns of BisTi3012 platelets after different washing procedures with HNO;
acid as presented in Table 10.

Template platelets were also examined under HR-STEM before and after washing with HNO;
to observe the changes on the atomic scale. In Figure 26, typical BisTi301; platelets after H,O
washing (A) and after additional washing with 2 mol/L. HNO; (B and C) in cross-sectional view
are presented. STEM revealed that after washing the platelets only with water, the platelets are
surrounded with an amorphous phase (Figure 26 A). The amorphous phase was not present
anymore after the platelets were washed also with HNOs. In addition, the platelets in both cases
show bismuth oxide [Bi»0,]*" layer termination (described in more detail later in 4.1.3).

Figure 26: HR STEM micrographs of BisTi30, platelets in cross-sectional view after H,O
washing (A) and HNO; washing (B and C).
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4.1.2.2 Some characteristics of the selected BisTiz;O;. platelets: Photocatalytic activity for
Rhodamine B dye degradation and phase transition behavior

The size of the BisTi3012 platelets is expected to influence their functional properties. For two
samples with significantly different size of the product platelets (BIT1 and BIT8 from Table 8),
the specific surface area (BET), the photocatalytic activity (PA) and the DSC measurements were
performed to evaluate how the size of the platelets influences these platelets’ characteristics. For
these measurements, BIT1 (smaller) and BIT8 (larger) BisTi301> plates were selected (Table 8).
The BET results correlated with the SEM observations; the larger BET values were obtained for
BIT1 than for BIT8 (Table 11). BIT1 particles were smaller, and consequently, the specific
surface area was larger than for BITS.

Factors such as surface defects, particle size, morphology, crystallinity, and band gap
influence photocatalytic activity. Therefore, BIT1 and BIT8 were tested for their capability to
degrade Rhodamine B (RhB) under UV-A light irradiation. For photocatalysis, defects are
beneficial to some extent, because they introduce intermediate surface states that narrow the band
gap. But a high density of defects, which act as recombination centers for photo-induced electrons
and holes, lowered the photocatalytic activity. Moreover, high concentration is not beneficial for
epitaxial growth, which we wanted to achieve in the next step. After 4 hours of irradiation with
UV-alight, 88 % of RhB was degraded with BIT1 and 65 % with BIT8. This result confirmed the
assumption that the photocatalytic activity of BIT1 is larger than that of BITS8, since smaller
particles with a higher specific surface area provide a greater number of active sites for the
photocatalytic reaction and consequently lead to higher degradation rates.

The same samples (BIT1 and BIT8) were used for the DSC study. The DSC measurements
revealed that ferroelectric-to-paraelectric phase transition for both samples occurs at similar
temperatures, i.e. 643.6 °C for BIT1 and 642.9 °C for BIT8 (Figure 27). However, the samples
differed in absolute values of the phase-transition enthalpies, i.eﬁ AHggr | for BIT was 1.457 Jig
and for BITS it was 4.555 J/g (Table 11). The same correlation of the phase-transition enthalpy
and particle size was also observed for BaTiO3[231]. Taking into account that the enthalpy of the
phase transition is proportional to the polarization (P) (AHper= 2 P> T./C (Eq. 1), where C is the
Curie-Weiss constant), the decrease of | AHrer | could be explained by the decrease of P. It is
also known that the phase-transition enthalpy is related to the domain structure [231], [232]. The
larger | AHer| of BITS could correlate with larger particles and be expected to exhibit a multi-
domain structure. Due to the domain clamping, the enthalpy of the phase transition was higher
for larger platelets compared to the single-domain smaller platelets. In addition, with a decrease
of the platelets’ size, the ratio between the disordered surface and the ordered bulk is increasing,
which additionally causes a destruction of the polar state, which consequently decreases the
enthalpy of the ferroelectric-paraelectric phase transition [231].
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Figure 27: DSC curves of BIT1 (smaller platelets) and BIT8 (larger platelets) during heating.

Table 11: Summarized BET wvalues and results of DSC and PA measurements for BIT1 and
BITS.

Sample | BET (m%/g) Te (°C) | AH pr | (372) PA4 hours
BITI 3 643.6 1.457 88.6 %
BITS8 1 642.9 4.555 65.0 %
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4.1.3 Compositional and structural studies of BisTizO12 template platelets

Bi4Ti3012 in the hydrothermal topochemical conversion to ATiO3/BisTi3012 and ATiOs
(A=Sr, Ba, Ca) serves as a template. For a better understanding of this transformation process,
atomic-scale insight into template characteristics was needed. For this reason, Bi4Ti301, platelets
were characterized down to the atomic scale by scanning transmission microscope (STEM). The
platelets were analyzed in cross-section to obtain information about the platelets’ termination and
distribution of the layers’ parallel to the basal surface plane.

Observations of the thinned edge-on oriented BisTi3O1 platelets at lower magnifications
showed that the thickness of the platelets varies from 50 nm-70 nm (Figure 28). Furthermore, it
is also evident that the basal-plane surface of the BisTi301; platelets is quite well atomically flat
on a large scale (Figure 28 C and D). High magnification STEM along [100] and [110] Bi4Ti3012
zone axes (Figure 28) disclosed single crystalline layered structure of the platelet with alternation
of pseudoperovskite [Bi,Ti3019]* blocks and bismuth oxide [Bi»O,]*" layers, whereby the latter
exclusively terminates the basal surface planes of the as-prepared BisTi3012 platelets. Termination
with [Bi,0,]*" layer remains also after washing of the product powder with 2 mol/L HNO; to
remove secondary phases. On the contrary, at the lateral surfaces of the platelets, both types of
structural units ([Bi2Ti3O10]* and [Bi»O,]*" ) are exposed (Figure 28 D and E). These differences
between the basal and lateral surfaces are the result of layer-by-layer growth and presumably
influence different dissolution rates of the BisTi301, platelets along different crystallographic
orientations. The hydrothermal topochemical conversion is performed in a highly alkaline
solution (6 mol/L. NaOH) under elevated pressure and temperature, which could modify the
surface by etching or incongruent dissolution.

The solubility of BisTi301 platelets in 6 mol/L. NaOH at 25 °C is not high. However, it is
different at higher temperatures such as reaction temperature of 200 °C (Figure 29 and Figure 30).
To investigate what happens to BisTi30,, platelets in 6 mol/L NaOH at 200 °C, Bi4Ti301, platelets
were exposed to 6 mol/L NaOH and temperature of 200 °C for 1 hour in the high-pressure reactor
(Figure 29). After SEM and XRD observations (Figure 31, blue curve), it could be concluded that
the particles did not change. However, a closer look under HR STEM revealed some important
changes. The most important information that is clear from HR STEM image is change of
termination. While as-prepared BisTi;O1, platelets were exclusively terminated by [Bi,O.]*
layer, BisTi301, platelets exposed to 6 mol/L NaOH solution and 200 °C were terminated with
pseudoperovskite [BiTi3010]* layer. To test the stability of such particles that are exposed to
elevated pressure and 200 °C, the platelets were treated in 6 mol/L NaOH at 200 °C for 15 hours
[233]. Even after that time, the platelets did not significantly change the dimensions. Small
deterioration of the lateral surfaces was observed by SEM. All these indicate that the solubility of
BisTi30,2in 6 mol/L NaOH solution at 200° C is low [233], [234].
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Figure 28: BisTi302 template platelets under scanning electron microscope (A and B)
showing the typical morphology of particles and atomic-resolved microscope (C, D: atomically
flat basal surface with bismuth oxide termination and the rounded edge with the steps and exposed
both types of structural units: [Bi;Ti3010]* and [Bi.O,]*" (D and E)).
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Figure 29: Termination of the BisTi30,, platelets: as-prepared and after treatment in 6 mol/L
NaOH at 200 °C.
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Additionally, the system can also behave differently if strontium ions (Sr>*) are present in the
alkaline solution. Namely, as explained in Section 4.2.1, the SrTiO; formation is the driving force
for further BisTi301> dissolution. To examine whether the change in termination occurs already
at much lower temperature below 200 °C, an additional experiment was conducted. NaOH
solution with the temperature of 70 °C was added to suspension of BisTi3012 in water solution,
containing high excess of SrCl, (Sr/Ti=12). The suspension was left in a sealed flask for 35
minutes in ambient conditions. Afterwards, the particles were washed with deionized water and
1 mol/L HNOs;. SEM and XRD examinations were done before and after HNO3 washing. In this
case, SrCO; was formed as a side-product and was removed after washing with nitric acid. The
formation of SrCOj; is undesirable during the transformation of BisTi3012 to SrTiO;3 because it
consumes strontium. The sample was examined also under STEM to see whether the [Bi20,]*"
layer is still the termination layer of the Bi4Ti3012 basal surface planes, or it is removed already
at these mild conditions (70 °C, 6 mol/L NaOH, Sr/Ti=12). To get reliable information about the
initial processes, several BisTi3O; platelets that were previously dispersed in SrCl, water solution
and added by hot (70 °C, 6 mol/L) NaOH solution, were examined by STEM from the cross-
sectional view. HR-STEM disclosed partial dissolution of the [Bi,O»]*" termination layer. Some
of the BisTi;O12 platelets still preserve [Bi0,]*" termination, while the others are already
terminated by pseudoperovskite block. Presumably, [Bi,O.]*" layer and pseudoperovskite
[Bi2Ti3010]* layer dissolve incongruently. The STEM examinations shown evidently prove that
[Bi20,]*" layer dissolves before the nucleation of SrTiOs, therefore, in the process of the
topochemical conversion SrTiO; starts to grow on the pseudoperovskite [Bi,TizO10]* layer. The
majority of the BisTi30, platelets have mixed termination. This means that at some points on the
surface, [Bi,02]*" layer is removed, on the other part of the platelets’ surface it is still present.
Imperfections such as dislocations and steps were found to be the most common starting points
for the dissolution of the BisTi301» platelets (Figure 30 G). Thus, the addition of hot NaOH
solution (60 °C — 70 °C) in the presence of SrCl, significantly increases the surface roughness of
growing SrTiOs compared to the synthesis procedure starting from cold (25 °C) NaOH solution
(see Section 4.4). This result implies that the processes (BisTi3012 dissolution, SrTiO3 nucleation)
start much below 200 °C.



4.1. Bi4Ti3012 Template Platelets 57

*

e .
[Bi,0,]** termination \

20 nm Pseudoperovskite termination

e e
4@4.-':&&({{&&-‘.{}.{;.}_. vv'e'e's e

A ARALE
p gl il
LS eE SN Y R E N E v e ey v e v ey Y v e

A F A,

AW AR A A A A S A

AARBASNL S PPRBINBASILS
o -

A S N o |

ELAAAARAIPSRI S L il

Weaker forces — ?
dissolution from/
lateral side

5 nm

Bi atomic columns are not
in a streight line, but wavy

mixed termination
\

defect
Gt tatthansana s

R

Steps and weaker bonds

10.nm

Figure 30: STEM images of cross-sectional analysis of BisTi30,. platelets soaked in hot 6
mol/L NaOH solution in the presence of SrCl..



58 Chapter 4. Results and Discussion

1 1 " n 1 " 1

BIT+SrCl, 35 min @70 °C

,

BIT in NaOH/1h @200 °C

J | N

as prepared BIT

JJ$A4Lﬁ

Intensity [a.u.]

T
15 20

T T T
0 35 40

2-Theta [7]

Figure 31: Powder XRD patterns of BisTi301, platelets: as-prepared (black), dispersed in 6
mol/L NaOH and heated to 200 °C for 1 hour in high pressure reactor (blue) and BisTi3012
particles, soaked in 6 mol/L NaOH with the temperature of 70 °C for 35 minutes (red). All samples
were washed with D.I. water and 1 mol/L HNOs after treatment and prior to XRD examination.
All XRD diffractions correspond to BisTi3012 (pdf: 01-072-1019).
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4.2 Topochemical Conversion of BisTi;O12 Platelets to SrTiO; Platelets
under Hydrothermal Conditions

Bi4Ti3012 and SrTiOs have similar structural elements that potentially allow epitaxial growth
of one phase on the other. Therefore, BisTi;O1, platelets were selected as a template for the
preparation of plate-like SrTiOj; particles. Topochemical transformations from similar Aurivillius
phase precursors to various perovskite titanates (ATiO3, A= Ca, Sr, Ba) that were already reported
in the literature were mostly performed in molten salt [45], [47], [82], [83], [113], [235]-[237].
Such reactions occur at higher temperatures (800 °C — 1200 °C) and consume more energy in
comparison to reactions under hydrothermal and solvothermal conditions (100 °C — 200 °C).
Also, most commonly, the reactions were performed in more steps to preserve the plate-like shape
of the template. The presented one-step hydrothermal topochemical conversion is therefore the
novelty in the field and is supported by a detailed study of the mechanism. Furthermore, we have
explored the possibilities to control the reaction pathway and to tune the morphology.

42.1 The background of the SrTiO; formation and the selection of reaction
conditions

Thermodynamic modelling for hydrothermal formation of SrTiOs; from simple TiO;
precursors was done by Lencka and Riman, who calculated a phase-stability diagram for the Sr-
Ti-H,O hydrothermal system of anatase and hydrous TiO, gel [118], [238]. The diagram was
extended to rutile by Kalyani and colleagues [30], [48]. Knaus and colleagues measured the
solubility of rutile over a pH range from 1 to 13 from 100 °C to 300 °C, modeled obtained data
using different hydrolysis species and determined the hydrolysis constants [239]. Sr-Ti-H,O
stability diagram shows that the formation of SrTiOs requires alkaline pH. The required pH for
SrTiOs3 formation increases with decreasing Sr concentration. TiO, solubility and the formation
of the predominant aqueous titanium species is strongly dependent on the temperature and pH
[55],[118], [239]. Excess mineralizer (typically KOH or NaOH) is used to ensure alkaline pH for
SrTiOs3 formation. Additional impact on the pH comes from the strontium source. Namely,
solubility of the salt also influences the pH of the solution. Sr(NOs); is easily soluble and nearly
neutral to the pH changes [118]. On the contrary, the solubility of Sr(OH), is lower, and it tends
to precipitate to Sr(OH), or Sr(OH),:8H,0O. Moreover, high pH range promotes the formation of
SrCO;3, therefore the use of glovebox or working in N, atmosphere are recommended. If the
chemicals are not clean enough, the formation of SrCOs cannot be fully avoided with either of
the approaches. Nevertheless, by providing excessive Sr** ions, formation of SrCOs in the
synthesis of SrTiOj is not problematic, because SrCOs can be easily removed through dissolution
with weak acid (e.g. diluted CH;:COOH).

Similar thermodynamic modelling for hydrothermal formation of SrTiO3; from complex
titanate precursors such as BisTi3012 is hampered by the lack of thermodynamic data, which limits
the theoretical predictions for BisTi302 dissolution and formation of equilibrium compounds
(S1Ti0s3, Bi203, Bi12TiO29) under hydrothermal conditions as a function of the physical-chemical
conditions, i.e. pH, reaction temperature, ions concentrations. Based on the known chemistries of
the initial precursors (BisTi3012, SrCly) in alkaline media, the following reactions can be
envisaged. SrCl, exhibits high solubility in aqueous media at room temperature. Under alkaline
conditions, dissolved Sr** ions precipitate as St(OH),, but with the increase of temperature to 100
°C or even up to 300 °C, this compound becomes highly soluble [118]. BisTi302 platelets are
expected to dissolve in alkaline hydrothermal media according to the equation:

BisTi301; +12H,0+60H = 4Bi(OH)3+3Ti(OH)62' (10)

In the presence of dissolved Sr** and Ti(OH)s> species, SrTiOs starts to precipitate according
to the equation:
Ti(OH)e*(aq) + Sr**(aq) — SrTiOs(s) + 3H,0O(1) (11)

In the presence of dissolved CO,, SrCOs also forms in small quantities:
Sr(OH): (aq) + CO: (g) — SrCO; (s) + H20(1) (12)

In general, the formation of SrTiOsis expected to be the main reaction. Considering structural
similarities between SrTiOs and BisTi3012, precipitation of SrTiOs on the BisTi3012 might be
foreseen. The first experimental conditions for the hydrothermal topochemical transformation of
BisTi3012 to SrTiOs were selected based on the existing literature, including thermodynamic
modeling of the SrTiOs crystallization from TiO, and empirical studies of SrTiO3 growth on
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various titanate precursors [30], [48], [118], [238], [239]. BisTi30i, platelets can serve as a
template in the topochemical transformation when their dissolution is slow enough. At the same
time, a low concentration of BisTi301, was used to keep the concentration of dissolved Bi-O-
based species low and thus to avoid the supersaturation for precipitation of bismuth titanates. On
the contrary, high excess of SrCl, was used in order to achieve that dissolved Ti(OH)s** were
exclusively used for the nucleation of SrTiO;. The crystallographic matching between the
Bi4Ti301, (template) and SrTiOs (product) together with the supersaturation plays an important
role in reaction mechanism and consequently determines the morphology of the final particles
[30], [48].

First, influence of the reaction parameters was investigated, followed by the mechanism of
the hydrothermal topochemical conversion of BisTi301, platelets to SrTiOs. Finally, the interplay
of crystallographic matching and supersaturation in the steering of the transformation pathway
was investigated.

4.2.2 The impact of reaction parameters

First, the effect of a single parameter on the investigated system was tested. More precisely,
what trend is shown by the increase or decrease in the values of the reaction parameters. The
initial conditions were determined based on thermodynamic studies and previous research on
hydrothermal syntheses of ATiO; perovskite particles. BisTi301, platelets were used as a titanium
source and SrCl,'6H,O as a strontium source. Reactions were performed in high-pressure reactor
Berghof BR100 with 60 % filling capacity, which corresponds to 120 mL of the solution. The
time required for heating up to 200 °C is 75 minutes, and cooling down to room temperature takes
3 hours. The reaction time that is compared and discussed within this thesis is the time of exposure
to the target temperature and does not include heating and cooling. However, the reaction takes
place to some extent also in this period of time. In the end, the washing and drying procedure was
also optimized.

4.22.1 SrTiOs formation from BisTi;O 1 platelets with different size and aggregation stage

In the topochemical conversion, BisTi3O1, platelets are anticipated to serve as a template and
also the source of Ti(OH)s species that form through the platelets dissolution (Eq. (10)). From the
standpoint that the most common goal of particles synthesis is preparation of non-aggregated
well-defined particles, well-separated BisTi301» platelets prepared from TiO, (P25) and Bi,O;
nanopowders are expected to be a more suitable template for the hydrothermal topochemical
transformation into SrTiOs; than aggregated smaller and less uniform-sized BisTi3O1, platelets
prepared from large aggregates of anatase and rutile (see Chapter 4.1.1). Despite this, I still
decided to study the transformations employing various BisTizO2 templates with different
morphological characteristics to better understand the principles for the steering of the
transformation pathway. As it is shown in 4.1.1, different types of the TiO; precursors result in
Bi4Ti301; platelets that differ in terms of size distribution, aggregation, and surface defects. It is
expected that all these BisTi3O1, template properties could then affect the success of the
topochemical conversion to SrTiOs in terms of inherited morphology. Transformation of non-
aggregated defect free BisTi3012 platelets is anticipated to lead to SrTiO; platelets with better
preserved platelet shape. Nevertheless, the BisTi301, platelets with broader morphological
characteristics were employed to find out whether it is possible to overcome the imperfections of
Bi4Ti301; platelets and maintain the platelet shape in the transformation process by selection of
proper experimental conditions (e.g. higher excess of strontium ions). For this reason, two sets of
experiments were performed for each type of the BisTi;O1. platelet. These templates were
subjected to the transformation at moderate (i.e. Sr/Ti=3 and 4 mol/L NaOH) and high (i.e.
Sr/Ti=12 and 6 mol/L NaOH) excess of strontium salt and base concentration. Considering Eq.
(11) — that higher excess of Sr** and hi%her base concentration would lead to a higher
concentration of dissolved Sr*" and Ti(OH)¢>, respectively, the above-mentioned experimental
settings could be denoted also as moderate (Sr/Ti=3, 4 mol/L NaOH) and high supersaturation
(St/Ti=12, 6 mol/L NaOH) conditions.

For the nucleation of SrTiO; on the BisTi3012 platelets, defect-free BisTi;012 template platelets
provide the lowest nucleation barrier due to the lowest interfacial free energy that originates from
lattice mismatch without additional contributions due to defects. Among various BisTi3012
platelets, prepared from different TiO» precursors, this ideal was best approached by the platelets
that were synthesized from Bi»Os and TiO (P25) nanopowders (Figure 19D, Figure 23 (BITS)
and Figure 26 B, C). XRD and SEM in Figure 32 and Figure 33, respectively, show that under
both moderate and high supersaturation conditions, this kind of BisTi30;; transformed to (100)-
oriented SrTiO; platelets with almost fully preserved shape of BisTi30, template platelets. The
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highest intensities of the (100) and (200) SrTiO; diffractions in the XRD patterns of the platelets
cast on Si-single-crystalline substrate (Figure 32, blue curves) show that the platelets are well
separated and oriented with (h00) planes parallel to the substrate. In the XRD patterns of the 12-
hour-transformation products obtained at moderate supersaturation conditions (Sr/Ti=3, 4 mol/L
NaOH)from the other two BisTi301» (synthesized from aggregated anatase and rutile) also other
diffractions of SrTiOs ((110), (111)) were present (Figure 32 A and B red and black curves).
These diffractions are a clear indication for randomly oriented SrTiOs particles in the aggregates.
This was confirmed by SEM, which showed the formation of aggregated SrTiOs nanocubes,
which did not resemble the template platelet shape (Figure 33). Presumably, in the case of these
less ideal BisTi3012 templates, there is a larger interfacial contribution and therefore, activation
energy for nucleation of SrTiO3 on BisTi30121s larger. As a result, formation of SrTiOs3 layer over
the basal surface planes of such BisTi301» platelets is not fast enough to protect the dissolution of
the platelets from the top and consequently the platelet shape is not preserved during
transformation from BisTi3012 to SrTiO;. Moreover, as evident in Figure 32G, defects present the
starting points for the BisTi301, dissolution. What about if the supersaturation is increased? Is it
possible to overcome the template imperfections with an increase of supersaturation and promote
SrTiOs layer-by layer growth? XRD patterns (Figure 32) show that the transformation reaction is
slower in case of more aggregated template particles (from anatase and rutile) and the BisTi3012
remains are still present in the product powder after a 12-hour reaction. The product particles are
also more aggregated, which is visible from SEM images (Figure 33) as well as from XRD spectra
on Si-single-crystalline substrate, through the presence of high intensity (110)- and (111)-
diffractions of SrTiO; (Figure 32 B). SEM clearly shows that under high supersaturation
conditions (Sr/Ti=12, 6 mol/L NaOH), the platelets’ shape of the template is preserved also in the
case of aggregated BisTizO1, templates (formed from anatase and rutile) (Figure 33). This
indicates that larger interfacial free energy which arises from BisTi301; platelets with more
defective surface can be overcome by higher supersaturation conditions and in this way, the initial
morphology of aggregated template platelets is preserved.
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Figure 32: XRD of SrTiO; particles transformed from BisTi3012 templates, obtained from
different TiO, source — nanopowder P25 (blue), anatase (red) and rutile (black) at moderate
supersaturation conditions (left: Sr/Ti=3, 4 mol/L NaOH) and high supersaturation conditions
(right: St/Ti=12, 6 mol/L NaOH).
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Figure 33: SEM of SrTiOs particles transformed from BisTi30, templates of different quality
(different TiO, source) at moderate (Sr/Ti=3, 4 mol/L NaOH) supersaturation conditions (upper
row) and high (St/Ti=12, 6 mol/L NaOH) supersaturation conditions (bottom row). Reaction
conditions: 200 °C for 12 hours.

42.2.2  Strontium precursor

For the evaluation of the influence of strontium precursor, SrCl,, Sr(CH3COQO), and Sr(NOs),
were used. The testing conditions for verification of the role of strontium precursor were
performed at Sr/Ti=3, 4M NaOH and 200°C for 12 hours (Figure 34). In all the cases, SrTiOs3
particles resemble the templates shape. This indicates that all the tested salts can be used in the
topochemical conversion of BisTi301, platelets to SrTiO; platelets. These experiments also show
that anions (Cl', CH3COO", NOs") do not play any important role in the topochemical conversion
reaction.
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Figure 34: SEM micrographs of obtained SrTiOs platelets from different strontium sources:
chloride (A), nitrate (B) and acetate (C) with their XRD patterns (D) of particles cast on Si-single
crystalline substrate showing preferential (100) orientation. Samples were prepared with Sr/Ti=3
molar ratio, at 200 °C in 4 mol/L NaOH for 12 hours.
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4223  Stirring

Stirring is another important parameter, because it provides a more uniform concentration of
all the solutes during the whole process. If the reaction mixture is not stirred during the reaction,
the crystallization occurs under stagnant conditions. Thus, there is a higher probability that
diffusion is the rate determining process of the transformation. Consequently, this can affect the
reaction kinetics, mechanism, and product morphology. Therefore, the influence of stirring on the
transformation from BisTi301» to SrTiO; was also investigated.

Two cases were compared: the first experiment was without stirring during the conversion,
and the other was stirred for the whole time of the reaction with 250 rpm. All other conditions
(reagent concentration, temperature) were the same. The results did not differ significantly,
however the continuous stirring contributed to better preservation of the platelet morphology with
a lower number of smaller holes.

4224 Sr/Ti molar ratio

Presumably, it is important for the preservation of the template’s shape that the nucleation of
SrTiOs takes place rapidly and evenly over the entire basal surface. For this reason, an excess of
strontium was used. The comparison of the reaction performed with stoichiometric Sr/Ti=1 initial
molar ratio and with high excess of Sr (St/Ti=3, 6, 12 and 24) was performed. Results showed
that when the reaction was done with stoichiometric ratio of Sr/Ti=1, the SrTiO; reaction product
does not resemble the plate-like morphology. Most probably due to too low concentration of Sr**
and in this case BisTi30;, dissolves too fast. On the contrary, in the cases when Sr**" excess was
applied, the SrTiOs better resembled the plate-like morphology. The SrTiOs platelets prepared at
different degrees of the Sr excess differ in the surface appearance. In the case of higher excess
(St/Ti=6), the platelets are rougher and more ruffled compared to the condition with Sr/Ti=3,
when the platelets look smoother, but still not as smooth as original BisTi301, template platelets.
The Sr/Ti molar ratio was found to have a significant (profound) influence on the conversion,
therefore, it was separately investigated in more detail and this topic is presented in 4.2.4.

4.2.2.5 Reaction temperature

The temperature of hydrothermal reaction is also an important parameter, because it
influences the BisTi;01, dissolution rate (formation of Ti(OH)s*") and also SrTiO; nucleation rate.
To evaluate the effect of temperature on the transformation rate and morphological development,
the reaction temperature was varied between 160 °C and 220 °C, while the other conditions were
Sr/Ti=3 and 4 mol/L. NaOH and the reaction time was 12 hours. At lower temperatures, the
reaction was expected and confirmed with SEM and XRD (Figure 35) to proceed more slowly
than at 200 °C — 220 °C. At the reaction temperature of 160 °C and 180 °C, the product did not
result in pure SrTiO; particles even after 24 hours (not shown). On the other hand, reaction at 220
°C commonly produced frame-like SrTiOs particles even at shorter times, i.e. 3 hours or 6 hours
(not shown). Due to the higher temperature, the dissolution of BisTi30; was too fast and the
surface in the middle of the basal surface plane is not protected by SrTiOs, and consequently, such
product plate-like particles contain holes, resembling the frame-like shape.
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Figure 35: SEM micrographs (A-D) and powder XRD patterns of product particles of
converted BisTi301; platelets to SrTiO; particles under hydrothermal conditions at 160 °C (A),
180 °C (B), 200 °C (C) and 220 °C, at Sr/Ti=3 molar ratio in 4 mol/L NaOH for 12 hours. SrTiO;
diffractions are marked with a * sign, other belong to the BisT130,2 phase.

4.2.2.6 NaOH concentration

As already explained in the beginning, the pH, (via NaOH concentration) plays an important
role on the BisTi301, solubility. Therefore, different NaOH concentrations (2, 4 and 6 mol/L
NaOH) were tested for the conditions with various St/Ti ratios (1, 3 and 12) at 200 °C. In 2 mol/L,
NaOH SrTiO3 was not pure phase nor after 24 hours with Sr/Ti=3. Moreover, the SrTiO; growth
started at the edges of the BisTi;O12 platelets, but the frame breaks before the rest of the plate
converted to SrTiO;. The reaction products of the transformations in 4 mol/L and 6 mol/L NaOH
were similar. In case of 4 mol/L NaOH negligible remains of BisTi3012 were still present, while
in 6 mol/L, the transformation into SrTiOs; was complete with all selected Sr/Ti ratios. The
influence of the NaOH concentration was found to be one of the two the most important factors
that influence the conversion therefore, it was separately investigated in more detail and is
presented in 4.2.4.

42277  Addition of TiO;

From the preliminary results, it was already obvious that nucleation of SrTiO3z on the basal
planes of the template must be rapid. Consequently, a large enough concentration of titanium ions
must be present in the vicinity of the surface. Therefore, I tried to increase the concentration of
available titanium ions in the solution by the addition of TiO, nanopowder to the reaction solution
2.5 %, 5 % and 10 % (molar) Ti excess with respect to needed St/Ti ratio in SrTiO3).
Unfortunately, these TiO, did not fully dissolve but acted like a seed which prefers the nucleation
and growth of SrTiOs from the solution. As grown SrTiO; was in the shape of cubes and SrTiO;
which anyway converted from BisTi301, was frame-like and rod-like (Figure 36).
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Figure 36: SEM micrograph (A) and powder XRD pattern (B) of product powder of BisTi3012
template platelets converted to SrTiO; with the addition of TiO, nanopowder (10 % mol. excess
Ti). Reaction conditions: 4 mol/L NaOH, temperature 200 °C and reaction time 12 hours.

42.2.8 ‘Washing and drying

HNO; concentration, used for SrTiOs; washing and the removal of the by-products (Bi2O3,
SrCOs3) after the hydrothermal topochemical transformation, might influence the properties of
SrTiOs. Not enough concentrated HNO; may not remove all the by-products, while too
concentrated acid may change the termination of SrTiOs plates and consequently modify the
surface characteristics. Also, for drying two options were compared: air drying in the dryer and
freeze drying. Powder obtained by freeze drying was fluffier and less aggregated. Therefore, it
was the method of choice later in the research.

After hydrothermal reaction and natural cooling product particles were separated from the
reaction solution by centrifugation at 7,500 rpm for 5 min/run and washed several times with
distilled water. In the next step, the solid product was divided into 3 parts (into 3 centrifuges).
Each part was soaked in 30 mL of HNO3 with different concentrations (0.1 mol/L, 0.5 mol/L or
1 mol/L) for 5 min. Then, HNOs-based solution was immediately separated from the particles by
centrifugation and the remains of acid were removed by repeatable washing using distilled water.
The particles were dried by freeze-drying according to the same procedure as BisTi30, particles.
Dried SrTiOs samples were characterized by SEM (Figure 37) and XRD (Figure 38). As-prepared
samples are denoted as STO1 (0.1 mol/L. HNOs3), STO2 (0.5 mol/L HNO3) and STO3 (1 mol/L
HNO:s). The morphology of the SrTiOs particles is similar in all cases and it does not seem as if
the 1 mol/L HNO; would harm/etched their surface more than 0.1 mol/L HNOs;. However, the
XRD clearly shows that 0.1 mol/L and 0.5 mol/L HNO3 does not remove SrCOs efficiently.
Therefore, StTiO; particles were treated in 1 mol/L HNOs to remove all by-products. In such a
way, pure SrTiOs platelets were obtained.

Figure 37: SEM micrographs of SrTiOj; particles treated with different concentrations (0.1
mol/L, 0.5 mol/L and 1 mol/L) of HNOj3 after the synthesis.
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Figure 38: Powder XRD patterns of SrTiOs particles treated with different concentrations (0.1
mol/L, 0.5 mol/L and 1 mol/L) of HNOs after the synthesis. SrCO; diffractions were assigned
with pdf card nr. 00-052-1526.

4.2.3 The topochemical conversion mechanism

In the hydrothermal topochemical conversion of BisTi3O1, to SrTiO;, Ti*" ions can be
provided by BisTi3012, and Sr** ions must be added by the other source — SrCl>'6H>O in this case.
The epitaxial growth of SrTiO3; on low-lattice-mismatch-single-crystalline BisTi30,, substrate is
expected to start taking place when the product of Sr** and Ti(OH)e* activities exceeds the
solubility product, i.e. reaches the supersaturation conditions. The Sr** concentration is controlled
by the amount of Sr-containing salt, i.e. SrCl in this case. On the contrary, the concentration of
Ti(OH)s> is controlled by the dissolution rate of BisTi301, in the reaction media.

To verify whether high enough Ti(OH)s* concentration for the precipitation of SrTiOs can be
achieved already without the addition of a mineralizer, the experiment with aqueous solution of
SrCl, and BisTi301, was performed. In this experiment, BisTi3O1, was dispersed in aqueous
solution of SrCl, and heated to 200 °C for 15 hours. SEM analysis showed unchanged BisTi301»
platelets (Figure 39). That the product was pure BisTi301, phase was confirmed also by XRD
(Figure 39). It indicates that in aqueous solution (i.e. without the addition of the mineralizer), the
dissolution of BisTi;O12 does not provide enough Ti(OH)¢* to reach supersaturation for
precipitation of SrTiOs. This result is also supported by the study of Lencka and Riman who
showed that SrTiOs precipitation requires alkaline pH [118].

The side-products carry valuable information about the reaction mechanism. Accordingly,
powder XRD spectra (Figure 40) of water-washed reaction products provide information about
the reactions occurring during the transformation.

The formation of SrTiOs is accompanied by the formation of SrCOs and Bi,Os as the by-
products of the reaction. These reaction products can also be envisaged from Equations (10) and
(12) (page 59) SrCO:; is the consequence of the reaction of Sr(OH), with atmospheric CO,. High
excess of SrCl, and highly alkaline conditions (6 mol/L NaOH) lead to the formation of excessive
Sr(OH),, which reacts with atmospheric CO- to SrCOs. This reaction also takes place when the
autoclave is opened after the synthesis and the content is exposed to air. Bi,Os forms by
condensation of Bi(OH)3; whichresulted from the BisTi301, dissolution [240]. By-products, Bi»Os;
and SrCOs3, were removed by soaking the product powder in 1 mol/L HNO3. No bismuth titanium
compounds (e.g., Bi12TiO») were detected, which proves that the dissolved titanium is consumed
exclusively for the crystallization of SrTiOs.
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Figure 39: SEM image and powder-XRD pattern of the product powder obtained from
Bi4Ti30:, platelets and SrCl, (St/Ti=12) in H,O after 15 hours at 200 °C. According to PDF 01-
072-1019 reference card, the product is pure BisTi3015.
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Figure 40: Powder-XRD patterns of SrTiO3; (STO) sample after washing only with deionized
water (blue) with identified by-products SrCO; and Bi»O3; and XRD pattern of the same sample
after additional washing with 1 mol/L HNOs (red).

4.23.1 Time tracking of the conversion

To understand the mechanism of the hydrothermal topochemical conversion of BisTizO12
platelets to SrTiO; platelets the reaction was interrupted at different reaction stages and the
product was analyzed. The selected reaction conditions for this study are presented in Table 12.
Holding time (might be referred to also as a reaction time) means the time of exposing the reaction
mixture to the set reaction temperature (in this case 200 °C) and is not the actual reaction time,
which includes also heating and cooling.
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Table 12: The selected reaction conditions for the study of the mechanism of topochemical
conversion of BisTi301 to SrTiOs.

¢(BisTiz012) Sr/Ti ¢(NaOH) Temperature Holding time
1.07 mmol/L 12 6 mol/L 200 °C Smin—30h

To evaluate the behavior of the system during heating and cooling, the reaction was performed
just to heat up the system to 200 °C and cool it back down to room temperature. The SEM image
and powder-XRD pattern are shown in Figure 41. According to PDF 01-072-1019 reference card,
the product is pure BisTi3012, no SrTiO; was observed. Also, SEM examination confirmed that
SrTiO; nucleation still did not proceed. From this experiment it was concluded that no significant
progress of the topochemical reaction occurs during the heating stage.
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Figure 41: SEM image and powder-XRD pattern of the product powder obtained from
BisTi3012 platelets and SrCl, (Sr/Ti=12) in 6 mol/L NaOH after 5 minutes at 200 °C. According
to PDF 01-072-1019 reference card, the product is pure BisTi301,. The inset is zoomed-in part of
the XRD with expected position of (200) peak of SrTiOs.

The progress of the topochemical conversion was followed so that HNOs-washed product
particles were investigated by XRD, SEM and STEM. The XRD patterns and SEM images of
morphological examinations of the initial BisTi301; platelets, intermediate SrTiO3/BisTi3012
products and pure SrTiOs particles are shown in Figure 42. The formation of the SrTiOs was
observed already after 1 hour of the reaction and the ratio of SrTiO; to BisTi301, increases with
the increased reaction time. The estimation of the amount of SrTiO3 and BisTi301, present after
each reaction was determined by the ratio of XRD intensities (200)SrTi03/(008)BisTi3012 and
(200)SrTi03/(0014)Bi4Ti3012 by the help of calibration curve as described in 3.3.1.1. The SrTiO3
content is increasing with time from 24 % of SrTiO; after 1 hour to 73 % and 85 % after 3 and 6
hours, respectively. Pure SrTiO; was obtained after 15 hours. Obtained values for the
SrTiOs/Bi4Ti301; ratio after the reaction are graphically presented in Figure 42 C. The XRD
pattern of the platelets cast on Si-single-crystalline substrate revealed the (001) and (100)
preferential orientations of BisTi3012 and SrTiOs phases, respectively.
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Figure 42: The monitoring of the transformation of Bi4Ti301, to SrTiOs. The SEM images of
top-view and side-view of platelets after 1 hour, 6 hours and 15 hours of the transformation (A)
with the XRD patterns (B) of the initial Bi4+Ti30,, platelets, partially converted platelets after 1
hour, 3 hours and 6 hours of the reaction and completely transformed particles after 15 hours and
30 hours of the transformation in 6 mol/L NaOH with the Sr/Ti=12 initial molar ratio at 200 °C.
The particles for XRD measurements were cast on Si-single-crystalline substrate. In C, the SrTiO;
(STO) content in heterostructural particles is graphically presented.

Particles after 1 hour of synthesis remained the platelet morphology of the template with core-
rim structure. The core and the rim give visible contrast in the BSE image (Figure 43B). This
contrast may result either from the difference in the thickness of the platelets or because of the
difference in the composition (atomic masses of the constituting elements). Various settings of
the scanning electron microscope were used to get as much as possible entire information about
the variation of the platelet’s composition or morphological characteristics. When investigating
the chemical composition of the sample using EDS, higher accelerating voltages are required to
provide enough energy for electron ejection from the sample. But higher accelerating voltages
also means lower surface sensitivity and resolution, because the signal for the image formation
originates from deeper thickness of the sample. To obtain comparable SE and BSE images of the
same platelet, accelerating voltage of 5 kV (50 pA) and no beam deceleration was used. The beam
deceleration (2 kV) with low accelerating voltage (2 kV and 13 pA) was used to explore the
surface of the platelets. The difference in obtained images (Figure 43, A in comparison to C and
D) in terms of surface roughness is more than obvious and the selection of operation conditions
of the microscope is of great importance not to mask the surface topography. From the plan-view,
platelets seem almost flat, however, side-view together with the selection of milder operation
conditions of the microscope shows differently. Basal plane is not smooth, but quite rough, with
many nucleation sites and the groove is formed from the lateral sides.
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Figure 43: SEM micrographs of the heterostructural SrTiO3/BisTi3012 platelets after 1 hour of
conversion. Images A and B are secondary electron (SE) and backscattered electron (BSE) images
of a platelet, respectively. C with the inset is the SE image showing the surface of the platelet,
which is not atomically flat. D is the SE image showing the rough surface and formed groove
from all lateral sides. Higher accelerating voltage and no beam deceleration were used for A and
B in comparison to C and D resulting in the difference in the surface smoothness on the images.

SEM and STEM images in Figure 43 and Figure 44, respectively, reveal that conversion
proceeds from the lateral sides towards the platelet’s center with decreasing the size of the phase
contrast in the plate’s center. After 6 hours of conversion, SrTiOs is already the main phase and
after 15 hours almost pure SrTiOs is identified. However, negligible bismuth remains are still
visible. EDXS analyses revealed less than 1 atomic % of Bi in SrTiO; after 15 hours of
conversion.

To confirm that the origin of the contrast of SEM images between the core and the rim is a
consequence of a difference in the molar mass of BisTi3012 and SrTiOs, the EDS mapping and
EDS line profiling were performed on the partially converted particles after 1 hour of conversion
(Figure 44).

EDS mapping revealed that the distribution of bismuth, exhibiting the largest atomic mass
among the elements in the SrTiO3/BisTi301, system, matches with the brighter platelet’s core.
Sr?*, Ti** and O* are evenly distributed over the whole platelet. This is a confirmation that
Bi4Ti3012 is dissolving from the edges towards the platelets’ core, meaning that the “island” in
the platelet’s core is undissolved BisTi301,. The darker “frame” (i.e. the rim), consisting of lighter
elements, is SrTiOs. The growth of the SrTiO; in the early stage of the transformation occurs on
the whole basal surface of the BisTi30; platelet and later continues also on the inner side of
SrTiOs in the groove. Minimums in the EDS line profile of Sr**, Ti*" and O* coincide with the
boundary of the core and the rim. At this spot of the platelets, darker areas are also observed in
the EDS mapping. The dark color indicates a low concentration of detected ions (EDS line profile)
due to lower thickness and holes, which most probably appear because of the disruption of the
transformation process.
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Figure 44: Heterostructural SrTiOs/BisTi301, platelet after 1 h at 200 °C with Sr/Ti=12 in 6
mol/L NaOH under STEM observation in BF and DF with EDS mapping and EDS line profiling.

4232 Microstructural and atomic-scale analysis of SrTiO; and SrTiO3/BisTi;O12 platelets

A deeper insight into the microstructure was needed to understand the process of the
transformation from the initial BisTi3012 platelets to SrTiOs. For this purpose, the partially and
fully transformed platelets were examined by HAADF-STEM and HR-STEM from top and cross-
sectional (edge-on) views.

First, completely converted pure SrTiO; particles were examined and are shown in Figure 45.
The general plate-like shape of the initial BisTi301, template particles is well preserved, however,
the integrity of the SrTiO; platelets reflects the mesocrystallinity of the final product (Figure 45
A and B). The final platelets consist of two intergrown SrTiOj platelets (Figure 45 D and E). The
presence of BisTi3012 in the central part of the SrTiO; platelets is not observed (nor in microscopic
observations, nor in XRD analysis), indicating that all BisTi30;, dissolved and consumed for the
formation of SrTiOs. In the edge-on-oriented platelets, the two parallel Bi-rich monoatomic layers
were observed along the whole length of both SrTiOj; platelet halves (Figure 45 E). The platelet
is relatively dense at the edges, where the transformation starts, and the porosity of the platelet is
increasing toward the central region of the platelet (Figure 45 B). A higher-magnification STEM
image taken in the central part of the platelet with the FFT calculated from the whole area is
shown in Figure 45 C. The matrix consists of epitaxially oriented nanocrystallites that formed
(100)-oriented SrTiOs; mesocrystalline platelets with some pores and nanosized inclusions with
brighter contrast. The analysis showed that these are amorphous Bi-rich inclusions, which were
trapped and overgrown by SrTiO; during the processes of BisTizO12 dissolution and SrTiO3
crystallization (Figure 45 F).
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Figure 45: SrTiOs particles after complete transformation of BisTi3Oi, template platelets
(St/Ti=12, 6 mol/L NaOH, 15 h at 200 °C). SEM(A) and STEM-BF (B) images of platelets from
top-down view. C: STEM-DF image of a platelet from top-down view from the central part of the
platelet with a FFT in the inset, showing a (100) orientation of formed SrTiO;. D and E are STEM-
DF images of edge-on particles with visible Bi-rich layer (E). F is a STEM-DF image in top-down
view showing the SrTiOs crystalline domains interrupted with some Bi-rich inclusions.

Even greater diversities are observed from the cross-sectional view of the partially
transformed platelets (Figure 46), which can be assigned as a heterostructure of BisTi30;2 and
SrTiOs (SrTiOs/BisTizO12 or STO/BIT). A typical heterostructural SrTiO3/BisTizO,2 platelet
possesses a core-rim structure (Figure 44) with a groove from the lateral sides to the inwards,
splitting the platelet into two thinner parallel platelets (Figure 46 D, G and H). In the dark-field
(DF) image, the core of the partially converted particles is much brighter, indicating a higher
atomic density in the core region, whereas the rim is more electron transparent due to the lower
average atomic density or thinner particle. The opposite is true for the images in the bright field
(BF). High resolution STEM micrographs clearly show the formation of epitaxial contact between
SrTiO; and pseudoperovskite layer of underlying BisTi3O12 (Figure 46 B). The SrTiOs grows in
the form of a nanosized crystallites with a rectangular morphology (Figure 47 B). The presence
of regions with distinctly different gray levels suggests that the crystallization of SrTiO3 on the
Bi4Ti3012 surface occurs in several layers and that the first layer consists of smaller
nanocrystallites than upper layers (Figure 46 E).

A platelet was investigated in more detail in cross-sectional view in different platelet’s
regions. Images D-F in Figure 46 were taken in the central part, where the particle has a sandwich
structure (SrTiO3/BisTi3012/SrTiO3). A closer look at the BisTi301 layer in this part of the platelet
(Figure 46 F) reveals that the atomic layers of the Bi4sTi301, are subjected to intensive dissolution.
Bi4Ti30,, disintegration is much faster from the lateral directions than from the top. This could
be at the beginning a consequence of larger concentrations of kink sites at the BisTi3O1, lateral
surface compared to that at the basal surface planes. But, with the continuation of the reaction,
when the basal surface planes get protected by the SrTiOs layer, the dissolution of BisTi30y is
enabled only from the unprotected lateral side. Figure 46 G was recorded in the region between
the central part and the edge of the SrTiO3/BisTi301, heterostructural platelet. The epitaxial
orientation relationship between the SrTiO; and the BisTi3012 is [100]SrTiO;||[001]Bi4Ti30;2 and
shows that the orientation of the SrTiOs is governed by the structure of the underlying BisTi3012
template. The fact that the SrTiO3 growth on the BisTi3012 is epitaxial confirms that the reaction
is topochemical conversion [241].
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Figure 46: STEM images of partially converted SrTiOs/BisTi30; particles after 1 h of
conversion at 200 °C (St/Ti=12, 6 mol/L NaOH). A-C represents the early beginning of the
conversion where SrTiO; grows mostly on both basal surfaces. D-I represents the continuation of
the transformation with the dissolution of BisTi301> from lateral side and groove formation. H-I
show the Bi-rich monolayer inside the SrTiOs;. All images except C are in cross-sectional view
(edge-on orientation of the particles).

In the SrTiOs layer, one of the most interesting features of this conversion was revealed. Inside
the SrTiOs platelet, a bismuth-rich monolayer (Bi-rich layer) is present (Figure 46 H and I).
Similarly, the STEM image of the platelet close to the edge (Figure 46 H) revealed the formation
of two parallel SrTiOjs platelets that both contain the Bi-rich atomic layer running along both split
platelets. Considering fast removal of terminating (Bi,O)*" layer due to the presence of hot and
concentrated NaOH, this Bi-rich monoatomic layer might be the remain of the Bi from the top
pseudoperovskite layer. The Bi-rich monoatomic layer remains bonded to SrTiOs even after the
progressive dissolution of the remaining BisTi301> template. When the dissolution front of
Bi4Ti3012 (inside the groove) reaches this Bi-rich layer, it remains attached to the epitaxial SrTiO;
layer and the growth of the SrTiOs also proceeds from the inner side and the Bi-rich layer becomes
a coherent part of the newly formed SrTiOs, where it is usually observed approximately in the
middle of each SrTiOs platelet half (Figure 46 H). The presence of the Bi-rich layer seems as a
consequence of the strong bonding between the terminating pseudoperovskite layer of the
Bi4Ti30, template and the growing SrTiOs. However, it may also be important in terms of the
template’s shape preservation. It is obvious that the formation of two parallel platelets with an
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incorporated Bi-rich layer is the consequence of SrTiO; epitaxial growth on the top
pseudoperovskite layer of the basal-plane surfaces of the BisTi301, platelets.

4233 Heteroepitaxial contact

Cross-sectional atomic-scale analysis of the SrTiOs/BisTizOi, interface provides the
information needed for the complete understanding of the nucleation and growth process during
studied hydrothermal topochemical conversion.

In the first part of the study (Chapter 4.1.3), it was identified that as-prepared BisTi3O12
platelets are terminated with [Bi>0,]*" layer. However, when the platelets come into contact with
NaOH, the last [Bi,O,]*" layer is dissolved, so BisTizO1, platelets become terminated with
pseudoperovskite [Bi>O3Tiio]* layer. BisTizO2, terminated with a pseudoperovskite layer is
therefore the substrate for the nucleation and growth of SrTiOs. This was also confirmed by the
high-resolution STEM examination of the interfacial area (Figure 46B, Figure 47C-F). Despite
structural similarities between SrTiO; and pseudo perovskite layer, there are some misfits
between both structures. The lattice mismatches between different lattice planes of BisTi3012 and
SrTiOs of the relevant orientation relationships were determined by Rietveld structural
refinements of the XRD patterns of both phases. Then, to understand how the misfit is manifested
across the SrTiO3/BisTi301, interface, HAADF-STEM examination of partially transformed
platelet in edge on orientation was performed. The SrTiOs/Bi4Ti3012 platelets formed after 1 hour
at 200 °C in 6 mol/L NaOH with Sr/Ti=12 used for this investigation.

For determination of the unit cell parameters and relevant lattice spacings of SrTiO3; and
BisTi3012, the XRD patterns were recorded at room temperature (R.T.) and at 200°C on a high-
resolution X-ray diffractometer using high temperature heating stage. Through three heating-
cooling cycles, four XRD patterns at room temperature and three measurements at 200 °C were
collected. Measurements at room temperature for the initial sample and after cooling from 200
°C to R.T. are in good agreement, however, the results indicate that after first heating to 200 °C
and cooling back to room temperature, the unit cell of SrTiOj; shrinks a bit. The initial SrTiO3
sample has a=3.9105(1) A, and the final one at room temperature has a=3.9101(1) A. At 200 °C,
a=3.9171(2), which means an increase of 0.17 % (Table 13).

Table 13: XRD-determined unit cell parameters, lattice spacing and thermal expansion
coefficients of BisTi3012 and SrTiOj3 at room temperature and at 200 °C.

Material 25°C 200 °C Expansion TCEO((%)S (Ig 1; 200
a 5.4517(5)A 5.4584(5)A 0.12 % 7.0-10°
Bi,TisOn b | 5.4143(5)A 5.4239(5)A 0.18 % 1.0-107
c | 32.796(2)A 32.820)A 0.23 % 1.3-10°
SITiO; a | 3.9105(DA 3.9171(2)A 0.17 % 2.9-10°

From the unit cell parameters, inferred distances at room temperature and at 200 °C of the
{110} plane in BisTi;012 are 3.8417 A and 3.8475 A, respectively, while that of {100} plane in
SrTiOs are 3.910 A and 3.9171 A, respectively. Due to the increase in the temperature (from room
temperature to 200 °C h), the observed increase in the unit cell parameters of Bi4Ti3012 (~0.12 %
to 0.23 %) and SrTiO3 (~0.17 %) are in good agreement with the calculated TCE values reported
in the literature ((1.3 + 0.2)-107 for BisTiz01, and 3.2-107 for SrTiO; [242], [243]). At both
temperatures, the lattice mismatch between {110} plane in BisTi30:2 and {100} in SrTiO; does
not differ significantly and is calculated as ~1.78 %. For the comparison of d(100) SrTiO3 and
d(110) Bi4Ti3012, I have taken into account that in Bi4Ti301, a and b are not the same. The misfits
between the BisTi30:2 and SrTiOs lattice planes in other relevant orientation relationships at
200°C were calculated to be 1.48 % between (200) plane of BisTi3012 and (110) of SrTiO; and
2.11 % between the (020) of BisTi301, and (110) of SrTiO;. These misfits in the range from 1.48
% to 2.11 % are the unavoidable contribution to the interfacial free energy (Eq. (14)) for the
nucleation of SrTiO; on the basal surface plane of BisTi;O12 platelet, which will be discussed in
4.2.4.

It is not easy to compare the Ti-O distances in the two structures with the above XRD data.
The SrTiOs structure is cubic, and the space group Pm3m means that all atoms are locked in
special positions. This means that all TiOs octahedra are perfectly symmetrical, and the Ti-O
distance is exactly half of the distance a (at 200 °C it is 1.9586+1 A and at room temperature
1.9551+1 A). On the contrary, the symmetry for BisTi3O12 is lower, therefore the TiOs octahedra
in the perovskite blocks are distorted; the oxygen atoms are not in specific positions, and it is not
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possible to deduce the distance from the cell. To be able to fit the coordinates of the atoms, even
more accurate data are needed.

In general, in the process of epitaxial growth, the misfit can be reduced by elastic strains or
accommodated by misfit dislocations. The latter are formed when the misfit is too large to be
eliminated by elastic strains. The HAADF-STEM analyses revealed that the misfit across the
SrTi0s/Bi4Ti30:, interface is compensated by missing lattice planes in the SrTiOs film, showing
as misfit dislocations (Figure 47C-F). The average spacing between these misfit dislocations in
an unstrained (relaxed) film is calculated from Eq. (13):

_ (13)
xO ar—ag

where ar and as are the lattice spacings of the film (f) and substrate (s), respectively [244],
[245]. The expected number of planes separating two dislocations in SrTiO; film grown on

BisTi301 substrate in [ 100]sto (010)sto I [110]grr (110)g1T orientation relationship is around
57 and 58 (100) SrTiO; lattice planes (Table 14 and Figure 47). The spacing between the
dislocations observed in the experimental images was slightly smaller (approximately 18-19 nm)
in comparison to calculated values (approximately 22 nm) (Table 14). Spacings between the

misfit dislocations in the other investigated low-index zone axis with [110]sto (110)sto II
[010]giT (200)BIT are irregular (depending on the sample cross-section).

Table 14: The misfits between different lattice planes pairs of BisTi3012 (BIT) and SrTiOs
(STO) at heteroepitaxial contact. The presented values were calculated from the experimentally
determined (by STEM) unit cell parameters at room-temperature (R.T.) and at 200 °C obtained
from Rietveld structural refinements of the XRD patterns.

(110)g:1 - (100)st0 (200)g:1 - (110)s10 (020)g:1 - (110)s10
R.T. 200 °C R.T. 200 °C R.T. 200 °C
deir, A | 3.842 3.848 2.726 2.729 2.707 2.712
dsto, A | 3911 3.917 2.765 2.770 2.765 2.770
Misfit, % 1.77 1.79 1.43 1.48 2.12 2.11
Period of 222 220 195 189 144 133
misfit, A
Period of
misfit, lattice 57 56 70 68 52 48
planes

Local contrast around the misfit dislocations is a bit blurred in magnified images (Figure 47 D
and F). It indicates that the crystal structure of the last pseudoperovskite layer of the BisTi3012 is
slightly disturbed around the dislocation cores due to the strain imposed to the substrate by the
larger SrTiOs film. On the other hand, the SrTiOs film seems to be relaxed already after a few
atomic layers. These results also indicate that the formation of the first layer of SrTiOs film starts
by deposition of Sr** ions from the solution followed by the deposition of the perovskite TiOs*
octahedra. The growth continues with the next layer of Sr** and so on.

The observations obtained from the top-down STEM examination (Figure 47 A and B) to
some extent supplement the information obtained from the cross-sectional view. STEM image of
high magnified area of the SrTiO; growing on BisTi302, shown in Figure 47 B, discloses that
SrTiO; in the first layers (1-2 structural units) grow in small crystallites with the dimensions like
the calculated distances between the dislocations. After 1-2-unit cells, the growth mode rather
continues as layer-by-layer growth and SrTiOj starts to form larger islands.
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Flgure 47: Sr i03/BisTi301 1nterface the typical platelet with visible domalns from top -down
view (A, B) and HAADF-HRSTEM images of the SrTiO3/BisTizO1> interface ([100]sto

(010)sto I [110]srr (110)BIT(C, D)and [110]sto (110)sto 11 [100]81T (200)8IT (E, F)). In the
C-F the [Bi,02]*" layers and pseudoperovskite [BiTi3010]* blocks are marked with blue and pink
colors, respectively, and SrTiO; with green. The dislocations are marked with | sign (C-F). The
SrTi03/Bi4Ti3012 heterostructural platelets were prepared with St/Ti=12 in 6 mol/L NaOH for 1
hour at 200 °C.
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4234 The proposed reaction mechanism

Based on the above results, the conversion mechanism of BisTi;01, to SrTiO; under
hydrothermal conditions is proposed. For better visualization it is schematically presented in
Figure 48.

The dissolution of the initial BisTi30,, platelets starts from the lateral surfaces where both
types of structural units ([Bi.O,]*" layers and the pseudo-perovskite [Bi>Ti3010]*" blocks) are
exposed. Additionally, the concentration of atomic steps is typically higher at the lateral surface
and closer to the edge than in the middle of the basal surface planes. When the solution becomes
locally saturated with Sr*>* and Ti(OH)s>, nucleation of the SrTiOs occurs. The areas close to the
edges are subjected to higher concentrations of Ti(OH)s> from the beginning of the reaction. Also,
the SrTiO; nucleation occurs preferably in the areas with the lowest energy barrier (e.g. edge-
atoms, kink sites). Therefore, SrTiO; nucleation starts at the BisTi3O01» platelet’s edges and
continues over the whole BisTi30, platelet’s basal surfaces. By formation of this SrTiOs
protection layer, dissolution of BisTi3O1» is restricted by the lateral side, which leads to the
formation of a groove. With the progress of the reaction, the SrTiOs layer becomes thicker, while
the groove deepens. As the BisTi3O,, inside the groove completely dissolves to the topmost
pseudoperovskite block, the epitaxial growth of the SrTiOs also proceeds on the inner side and
monoatomic Bi-rich layer gets captured within SrTiOs;. Consequently, the Bi-rich layer becomes
coherently integrated into the SrTiOs platelet on both sides. The reactions of BisTi30, dissolution
and SrTiO; epitaxial growth continue till pseudomorphic replacement of the BisTi301» platelet by
two parallel and partially intergrown SrTiO; slabs. The monoatomic Bi-rich layer runs along each
SrTiOs platelet half, and it is positioned approximately in the middle.
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Figure 48: Schematically presented proposed mechanism (modified schemes from our articles
[233], [234])).
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424 Pathways of the reaction mechanism and morphology control

The precipitation of SrTiOs on BisTizO1, platelets (heterogeneous nucleation) proceeds
following Eq.(11): Ti(OH)¢*(aq) + Sr**(aq) — SrTiOs(s) + 3H,O(l). The classical nucleation
theory defines that the nucleation barrier (Ag,) is proportional to the third power of interfacial
energy () and inversely proportional to the square of the natural logarithm of supersaturation (S)
as defined in Eq. (14):

a® (14)

B % ()2

The structural mismatch is a constant and unavoidable contribution. The misfit between the
relevant lattice planes of BisTi3012 and SrTiO; was determined by Rietveld refinement (Table
14). How this misfit is manifested on the atomic level at the interface was examined by STEM
(Figure 47). All these are described in more detail in previous sections. The second contribution
to the activation energy for nucleation is supersaturation. Considering Eq. (14), higher
supersaturation means lower activation energy for nucleation. The supersaturation (Eq. (15)) isin
this system defined as the ratio between the product of the activities (activity of Ti(OH)¢* species
that form during BisTi3O1, dissolution and Sr** activity) and solubility product of SrTiOs:

g = a(Ti(OH)% )a(sr?™) (15)

K¢

Consequently, supersaturation is dependent on the concentration of Ti(OH)¢* and Sr** that
are present in the solution and available for the reaction. While the Sr*" concentration can be
easily controlled by the initial SrCl, concentration and therefore by Sr/Ti molar ratio, the
T1(OH)6 " concentration is a complex function of the BisTi3012 dissolution and SrT103
precipitation. Consequently, controlhng the reaction pathway in terms of Ti(OH)¢> is more
challenging than the control of Sr** concentration. So, the following subchapters describe how
the transformation is guided by changing the molarity of NaOH and the initial Sr:Ti molar ratios
which control the concentrations of dissolved titanium ((Ti(OH)s>)aq) and strontium ((Sr>") aq)
species, respectively.

For this study, the hydrothermal reactions at different concentrations of the Sr?*(aq) and
Ti(OH)s)*(aq) were performed. As already explained in Chapter 4.2.4, the concentrations of
Sr**(aq) and Ti(OH)s)*(aq) are controlled by the nominal concentration of SrCl, and NaOH
concentration. The minimal selected Sr/Ti molar ratio was 1, as at least stoichiometric Sr/Ti ratio
is needed for complete transformation from BisTi3O12 to SrTiOs. Higher Sr**(aq) concentrations
that significantly exceed the stoichiometric ratio (Sr/Ti=3, 12, 24) were used for the comparison.
The influence of NaOH concentration was investigated at low (2 mol/L) and high (6 mol/L) NaOH
concentration. The growth progress and phase composition were examined after 2.5 h and 12 h
of each reaction at 200 °C.

4.24.1 Topochemical conversion in 2 mol/L. NaOH

First, the nucleation and growth were investigated for four Sr/Ti nominal ratios (St/Ti=1, 3,
12 and 24) in 2 mol/L NaOH. Figure 49 represents the typical growth of SrTiO; on BisTi3012 after
2.5 h of hydrothermal reaction at the lowest investigated supersaturating conditions (i.e.
stoichiometric St/Ti ratio and 2 mol/L NaOH). In the beginning of the process, BisTizO12 ;ﬂatelets
are still mostly undissolved. This means that the concentration of available Ti(OH)g) * is still
considerably lower in comparison to Sr?* in the solution. Consequently, at the early stage of the
reaction, the St/Ti ratio is much higher than stoichiometric. As seen from Figure 49, SrTiO;
nucleates preferentially on the places of the BisTi301, template that enable lower nucleation
energy [233], [246], i.e. kink sites in steps. SrTiOs grows as islands, reminiscent of island-by-
island or Volmer-Weber growth mode. After 2.5 h, the islands have a side length of 20-50 nm
and approximately 35 % of BisTi30,, basal surface was covered with SrTiOs (Figure 49 and
Figure 50A). The surface coverage was determined by the analysis of SEM micrographs of the
particles by measuring 20 platelets and their SrTiOj islands in ImageJ and calculating the average
coverage of the surface. According to XRD data, 90 % of the SrTiOs/BisTi3012 sample is still
BisTi301.

For the comparison, the particles, obtained at conditions with higher Sr/Ti ratios, were
analyzed (Figure 50 and Figure 51). At Sr/Ti=1, the SrTiOs islands are larger and thicker
compared to those formed at higher Sr/Ti ratios. Moreover, islands are also more isolated and
appear mostly close to the edge of the basal surface plane of the BisTi3;01 platelet (Figure 49).
On the other hand, the islands appear smaller and closer together as the St/Ti ratio is increasing.
Figure 50 shows the size of SrTiOs islands for all four St/Ti ratios and the SrTiO3 coverage of the
basal surface plane of BisTi3O,, platelets, that increases from 35 % for Sr/Ti=1 to 65 % for
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St/Ti=3, 75 % for St/Ti=12 and to almost fully covered basal plane for Sr/Ti=24, For the latter,
the size of the islands and surface coverage were not possible to determine based on SEM images.
By increasing the St/Ti ratio, the growth appears more layer-by-layer than island-by-island. In
Figure 51, the particles are presented at lower magnification, showing the distribution of SrTiO3
over the basal surface of the BisTi301, platelets.
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Figure 49: SEM micrographs of the SrTiO; growth on BisTi301; platelets after 2.5 h at 200
°C with the Sr/Ti=1 in 2 mol/L NaOH. SrTiOs primarily grows in islands on the edges and defect
sites.

The observed morphological development is in accordance with the atomistic observation of
the Bi4Ti3012 platelet ‘s morphology, as well as with nucleation and crystal growth theory.
According to the classical nucleation-crystallization theory, the kink sites at the steps are the most
favorable location for the incorporation and disincorporation of structural units [40], [247]. The
steps in BisTi3015 platelets were rarely present in the middle of the BisTi3012 platelet. Instead, the
steps are frequently present close to the edge (Figure 28B). The dissolution of the BisTi301»
templates proceeds faster from the lateral side. As a result, the solubility product for SrTiO3
formation at these places is exceeded earlier than in the middle of the basal surface plane.
Moreover, in the case of Sr/Ti=1, larger SrTiOs3 islands are the biggest and the most distinct. On
the other hand, tiny SrTiO; islands that are close to each other (in case of high supersaturation)
provide better protection of the BisTi30,, basal surface plane against the dissolution from the top
of the basal surfaces. The explanation about better SrTiO3; overgrowth over the basal surface
planes of the BisTi301, platelet at higher csy+ can be established based on the easier formation of
the first Sr** and subsequent layers due to the abundance of Sr?** ions in the solution. According
to high resolution STEM (Figure 47D and F), the SrTiOs nucleation and growth over the
pseudoperovskite layer of the BisTi;O12 platelets start with deposition of the Sr** layer, followed
by the deposition of the layer of perovskite TiOs octahedra, next Sr** and so on. Additionally,
faster SrTiOs nucleation and growth at higher cs+ can also be explained based on Eq.(15) — a
higher csp+ ensures longer-term high supersaturation. As a result, the nucleation energy barrier is
lower, which leads to a higher nucleation rate of SrTiO; on BisTi301; at larger St/Ti ratios.
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Sr/Ti=12

Figure 50: SEM micrographs of the part of the SrTiO3/BisTi301; platelet after 2.5 h at 200 °C
at different Sr/Ti ratios: (a) St/Ti=1, (b) St/Ti=3, (c) Sr/Ti=12, (d) Sr/Ti=24.
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Figure 51: SEM micrographs showing the early stage of SrTiO3 formation on BisTi30; at
St/Ti= 3, 12 and 24. The SE (A-C, G-I) and corresponding BSE (D-F, J-L) images of
SrTi0s/Bi4Ti301; particles after 2.5 h of reaction at 200 °C in 2 mol/L NaOH are present at lower
(A-F) and higher magnification (G-L).

Regardless of the initial St/Ti ratios, the BisTi30, diffractions in the XRD patterns are highly
dominating over those of SrTiOs (Figure 53), since the SrTiO; layer on the BisTi301; is still thin
and the major part of BisTi30,, remained unreacted after 2.5 h. Significant advancement of the
transformation to SrTiOs was observed after 12-hour-reaction (Figure 52 and Figure 53). Almost
pure SrTiOs was obtained at Sr/Ti=1 (~98 % SrTiOs and 2 % BisTi301, remains), whereas the
amount of unreacted BisTi30,2 increased with Sr excess: the remains of BisTi3012 are 27 % at
St/Ti=3, 42 % at St/Ti=12 and 58 % at Sr/Ti=24. The unreacted BisTi301, phase appears as the
brighter core in the BSE images (Figure 52). These results indicate that higher Sr concentrations
impede the conversion from Bi4Ti3012 to SrTiOs. This is a consequence of a high surface coverage
at higher St/Ti ratios and the only remaining possibility for BisTi3O:. dissolution is from the
lateral side. Hence, the supply of Ti(OH)s)*(aq) is restricted to a long diffusion path from the
formed groove. The conditions with higher St/Ti ratio (St/Ti=12 and Sr/Ti=24) enable the best
preservation of morphology, but the sluggishness of the reaction significantly extends the time
needed for complete conversion to SrTiOs. On the contrary, the preservation of the platelet
morphology in the case of stoichiometric Sr/Ti=1 or low excess of Sr (Sr/Ti=3) is impaired. All
these observations confirm that higher Sr concentrations (St/Ti=12, 24) are needed to direct the
nucleation and growth of SrTiO; over the whole basal surface planes of the Bi4Ti301, platelets.
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Sr/Ti=24

Sr/Ti=24

Figure 52: SEM micrographs showing the proceeding of SrTiO; formation from BisTi3O12
template platelets with nominal Sr/Ti= 1, 3, 12 and 24. The SE (A-D) and corresponding BSE (E-
H) images of SrTiO3/BisTi3012 particles after 12 h of reaction at 200 °C in 2 mol/L NaOH showing
the unreacted BisTi3012 (brighter platelet’s core) and SrTiO; edge (darker). SE images in I-L
represent product particles obtained in 6 mol/L NaOH at 200 °C for 12 hours at nominal Sr/Ti=1,
3, 12 and 24.
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Figure 53: XRD patterns of the SrTiO3/BisTi3012 and SrTiOs platelets (A and B: powder
samples, C and D: particles, cast on Si- single-crystalline substrate) formed in 2 mol/L NaOH at
200 °C with different nominal Sr/Ti ratio after 2.5 hours (A and C) and after 12 hours (B and D).
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4242 Topochemical conversion in 6 mol/L. NaOH

The reactions in 2 mol/L NaOH at higher St/Ti ratios than stoichiometric did not completely
transform BisTi3012 to SrTiOs within 12 hours. To accelerate the reactions to accomplish the
complete transformation in a reasonable time, the concentration of NaOH was increased for this
study from 2 mol/L to 6 mol/L. According to Eq. (10): BisTi3012 +12H,O+60H =
4Bi(OH)s+3Ti(OH)s* , BisTizO1, is expected to dissolve faster in 6 mol/L NaOH, providing a
higher concentration of Ti(OH)s)*(aq) in comparison to 2 mol/L NaOH. On the other hand, the
dissolution of BisTi301, should still be slow enough to preserve the shape and to serve as the
substrate for the epitaxial growth of SrTiOs. The nucleation and growth progress were observed
similar as in case of using 2 mol/L NaOH: for St/Ti= 1, 3, 12 and 24 after 2.5 h and 12 h of the
reaction at 200 °C.

The XRD patterns of the SrTiOs/BisTi3012 and SrTiOs platelets (powder samples and particles
cast on Si-single-crystalline substrate) are shown in Figure 54. Obviously, the transformations of
Bi4Ti301, to SrTiOs are significantly faster in 6 mol/L NaOH than previously in 2 mol/L NaOH.
For easier visualization, the SrTiO; content after 2.5 h and after 12 h of the reaction is graphically

presented in Figure 55.
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Figure 54: XRD patterns of the SrTiO3/BisTi3012 and SrTiOs platelets (A and B: powder
samples, C and D: particles, cast on Si-single-crystalline substrate) formed in 6 mol/L NaOH at
200 °C with different nominal Sr/Ti ratio after 2.5 hours (A and C) and after 12 hours (B and D).

Like the reactions in 2 mol/L NaOH, also in 6 mol/L NaOH the transformation rate is
decreasing with the increased Sr/Ti ratio. After 2.5 h of the reaction, pure SrTiOs3 is obtained in
case of St/Ti=1. Under SEM examinations it was observed that the morphology of the template
platelets is not preserved also in this case (Figure 56). Therefore, the reaction with Sr/Ti=1 in 6
mol/L NaOH was not performed for 12 h at 200 °C. For the St/Ti ratios higher than stoichiometric,
Sr/Ti=3, 12 and 24, the presence of the SrTiOs after 2.5 h of the reaction at 200 °C was
approximately 82 %, 3 % and 1%, respectively. After increasing the reaction time to 12 hours,
the presence of the SrTiOs was approximately 98 % for Sr/Ti=3 and 12, and about 80 % for
Sr/Ti=24.
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Figure 55: Graphical presentation of SrTiOs; (STO) content in the platelets as a function of
initial St/Ti ratios (Sr/Ti=1, 3, 12 and 24) at lower (2 mol/L — black lines) and higher (6 mol/L —
red lines) NaOH molarity after 2.5 h (dashed lines) and after 12 h (solid lines) of the reaction at
200 °C. The STO content was determined according to the average ratio of the diffractions
(200)STO/(008)BIT and (200)STO/(0014)BIT with the help of the calibration curve.

The experimental conditions with Sr/Ti=1 provide the lowest supersaturation. Together with
6 mol/L NaOH, these conditions do not allow fast enough protection of the basal surfaces of the
Bi4Ti3012 template due to too low supersaturation and too fast template dissolution. Therefore,
the morphology of the template is not inherited after the transformation. The SrTiOs particles
obtained after the transformation reminiscent of various plate-like irregular morphologies like
broken platelets, frame-like particles, or even distorted rods. The groove from the lateral side that
is typical for the conditions with higher supersaturation and leads to the morphology preservation
was not observed in any of the above SrTi0O; nanostructures (Figure 56: A and E). This indicates
that the dissolution of BisTi301> was not restricted exclusively from the lateral side, because the
basal surfaces were not covered with SrTiO; nuclei (and therefore protected). Due to higher
NaOH concentration (6 mol/L), the solubility of BisTi3O12 was even higher and the template
dissolved intensively also from the top of the basal planes leading to previously described
morphologies. Similar to 2 mol/L NaOH experiments, also under higher NaOH concentrations,
better SrTiOs coverage and protection of the basal surface planes was observed at conditions with
higher Sr/Ti ratios leading to better morphology preservation of the template (Figure 56 and
Figure 57).

For the Sr/Ti ratios that exceed the stoichiometric, the particles morphology is preserved to
great extent. However, for the St/Ti=3, it is the borderline molar ratio whether the morphology of
the template will be preserved after the transformation or not. Supersaturation together with the
quality of the template are the decisive elements (factors). In the case of St/Ti=3, the template
morphology is preserved if the template is of great crystallinity with a low number of defects. In
this case, the supersaturation can balance the influence of the lattice mismatch and the minor
irregularities in the structure. The opposite is true for the case when the Bi4Ti3;01> template batch
does not show great crystallinity or possesses a very defective surface. Namely, the BisTi3012
particles are very sensitive during their preparation for accurate weighting and good
homogenization of reactant powders. As already mentioned earlier, this is the reason that the
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Bi4Ti301, templates were prepared in more batches and approved batches were then mixed
together as a starting powder (mixture) for the systematic study of the transformations to SrTiOs.
In such a way, the uniformity of the template for all systematic studies was ensured. Before
mixing, each BisTi30,, batch was separately analyzed under SEM and XRD as well as tested
under moderate hydrothermal conditions (St/Ti=3 in 4 mol/L NaOH for 12 h at 200 °C) to see the
morphological outcome. Only BisTi30;> batches that under this condition lead to satisfactory
preservation of the platelet morphology, were used for further systematic studies. In this way, the
only source of the difference in the morphology are the reaction conditions (so, the difference
cannot be ascribed to the characteristics of the template).

Sr/Tizl

srfTi=12. sr/Ti=24

Figure 56: SEM micrographs showing the formation of SrTiOs; from BisTi30;2 template
platelets with nominal Sr/Ti= 1, 3, 12 and 24. The SE (A-D) and corresponding BSE (E-H) images
of SrTiOs/Bi4Ti30,, particles after 2.5 h of reaction at 200 °C in 6 mol/L NaOH showing the
unreacted BigTi3012 (bright) and formed SrTiOs (dark).

Sr/Ti=12 |F Sr/Ti=24%

Figure 57: SEM micrographs showing the formation of SrTiOs; from BisTi30:2 template
platelets with nominal Sr/Ti= 3, 12 and 24. The SE (A-c) and corresponding BSE (D-F) images
of SrTiOs/BisTi301, particles after 12 h of reaction at 200 °C in 6 mol/L NaOH showing the
unreacted BisTi3012 (bright) and formed SrTiOs (dark).

The results demonstrate that the transformation from BisTi3O;, to SrTiOs; performed in
alkaline (2 mol/L or 6 mol/L NaOH) aqueous solutions at 200 °C with Sr/Ti=12 under
hydrothermal conditions leads to well-preserved morphology of the initial BisTi3O1, template for
intermediate SrTi03/BisTi3012 as well as for the final SrTiO; structures. It is true also for higher
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nominal St/Ti ratio (Sr/Ti=24), but the benefit of higher supersaturation does not exceed the costs
of time and energy due to the deceleration of the reaction with higher supersaturation.

The comparison of the reaction pathways that can be directed by changing the reaction
conditions (namely supersaturation) is schematically presented in Figure 58. The conditions with
higher Sr/Ti ratios enable better protection of the basal surface planes against dissolution from
the top at the beginning of the process, because the SrTiO3 nucleation and growth occurs over the
entire basal surface planes, while consequently the BisTi301 dissolution proceeds from the lateral
sides. The process of BisTi13012 dissolution and SrTiO; epitaxial growth continues till the complete
transformation and formation of SrTiO; nanoplatelets. In the end, it consists of two parallel
partially intergrown platelets. The groove that extends in the middle of the platelet and is parallel
to the platelet’s basal surface planes is the result of the Bi4Ti130; dissolution from the lateral sides.
The combination of high-quality template nanoplatelets, Sr/Ti=12 and 6 mol/L NaOH, provides
the conditions for the complete transformation of BisTi30;; into SrTiOs nanoplatelets in less than
12 hours. The presented procedure can also serve as some kind of general strategy for controlling
hydrothermal transformations that proceed through dissolution and epitaxial growth processes.
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Figure 58: Schematic presentation of the reaction pathways depending on the level of the
supersaturation depending on the concentration of Sr** (low and high). Modified scheme from
Graphical abstract of our article [234].
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4.3 Topochemical Conversion of BisTizO1: Platelets to Other MTiO;
Platelets Under Hydrothermal Conditions

43.1 BaTiO;

Barium titanate (BaTiOs, also BT or BTO) is a ferroelectric perovskite oxide. The key
applications of barium titanate are in multilayer ceramic capacitors [248], thermoelectric and
piezoelectric applications [249], energy harvesters [250], and (piezo)catalysis [251]-[253].
Lately, BaTiO; has also been investigated in cancer therapy, aids for faster healing and drug
delivery systems [254]. BaTiOs with a larger A-site cation in comparison to SrTiO; has some
limitations in the efficiency of topochemical conversion hydrothermal heteroepitaxial growth
starting from BisTi301, template platelets [251]. However, due to the great application potential
of BaTiOs, it would be interesting to prepare this material in a 2D platelet shape. Great potential
also has various 2D heterostructures containing the BaTiOs phase.

For the study of the transformation from the BisTi301> to BaTiO3, similar strategies (various
excess of Ba) and reaction conditions (200 °C, different NaOH concentrations) were used as
previously for the research of topochemical conversion from BisTi301> template platelets to
SrTiOs. With respect to BisTi3012-to-SrTiOs-transformation, where the lattice spacing of (110) in
BisTi3012 (3.842 A) and (100) SrTiOs (3.905 A) corresponds to lattice mismatch of 1.8 %, the
corresponding lattice spacing ((110) in BisTi;012 (3.842 A) and (100) BaTiOs (4.006 A)) results
in much larger misfit, around 4 %. Due to this greater misfit, the complete BaTiOs overgrowth of
the BisTi3O1, basal surface planes and consequently the formation of BaTiOs platelets with
inherited platelet shape of the BisTi301> template is under question whether it is possible under
normal hydrothermal conditions without special additives. The reactants and synthesis procedure
for the Bi4Ti302-to-BaTiOs-transformation are described in the methods section 3.2.2.2.

The reaction temperature, time, stirring, NaOH concentration, and nominal Ba/Ti molar ratio
were changed and their effect on the morphology of the product particles and composition was
studied.

First, NaOH concentration of 6 mol/L was selected and experiments with Ba/Ti=1, 3 and 12
were performed at 200 °C for 12 hours with stirring. Aditionally, the experiment with shorther
reaction time (3 hours) was performed for Ba/Ti=12 to evaluate the reaction time, needed for the
complete transformation and to track the morphology evolution. SEM and XRD results are shown
in Figure 59. It is evident that after a 12-hour reaction the amount of BaTiO3 increased with the
increase of Ba excess (Ba/Ti ratio). At Ba/Ti=1 and 3, BisTi301, phase was still present after 12
hour reaction and its amount decreased when Ba/Ti icreased from Ba/Ti=1 to Ba/Ti=3. At
Ba/Ti=12, the transformation to BaTiO; was nearly completed after 3 hours. Under conditions
with a high excess of Ba (Ba/Ti=3 and 12) BaTiO; particles exhibit clear tetragonal crystal
structure, while stoichiometric Ba/Ti ratio results in pseudocubic BaTiOs; phase. For the
stoichiometric Ba/Ti nominal ratio, BaTiO; particles formed in a octahedral morphology. On the
contrary, when Ba was added in excess, cubic BaTiOs particles formed. None of the above
conditions (Cnaon=6 mol/L, Ba/Ti=1-12) enabled preservations of the platelet morphology. These
results clearly show, that the nucleation rate of BaTiOs over the basal surface planes of the
Bi4Ti301; platelet is not so high to protect the dissolution of the platelet from the top, what is
essential that the platelet morphology is preserved.
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Figure 59: SEM micrographs and XRD patterns of particles during the topochemical
conversion of BisTi3O1 platelets to BaTiO3 under hydrothermal conditions in 6 mol/L NaOH.
Initial molar Ba/T1i ratios were 1 (A and D), 3 (B and E) and 12 (C and F). The reaction time was
12 hours for Ba/Ti=1 and Ba/Ti=3, and 3 hours for Ba/Ti=12. The reaction temperature was 200
°C in all cases. The reaction was performed under stirring conditions.

The same was not observed for Ba/Ti ratios of 3 and 12 when the reaction was also performed
in 2 mol/L NaOH. By increasing the initial Ba/Ti ratio to 12, BaTiOs still grows on BisTi30; in
islands, while the shape of BaTiO; particles changed to cubes. According to XRD, both (BaTiO3
and unreacted BisTi302) phases were present after 1 hour of the reaction (Figure 60E), but after
12 hours almost all BisTi30; template transformed to BaTiO3 cubes. This result again confirms
that larger excess of Ba ions promotes the higher rate of BaTiO; formation. Namely, at lower Ba
excess (Ba/Ti=1 and 3), great part of the BisTi30,> template remained untransformed after 12
hours. In contrast to BisTi30,,-to-SrTiO;s-transformation, the misfits between the corresponding
lattice planes of BaTiOs and BisTi3O1; are too large to facilitate high nucleation rate of BaTiOs;
over the whole basal surface planes of BisTi3O, platelets. This is a prerequisite to protect
Bi4Ti30,, dissolution from the top and thus enable preservation of the platelet shape in the course
of transformation. Presumably, BaTiOs; nucleates on energetically most favorable sites of
Bi4Ti30:, basal surfaces (edges, corners, kink sites at steps) and then the growth continued on the
formed BaTiOs islands rather than on the unprotected BisTi301; sites. BisTi3012 in the vicinity of
BaTiO; particles dissolved and provided Ti(OH)e*> for further BaTiO; growth. As a consequence,
BaTiOs cubes and tetrahedrons with the side length around 150-300 nm formed. Additionally,
from SEM micrographs A and B in Figure 60 it is seen how BaTiO; particles grew in layer by
layer manner, accompanied by the formation of polyatomic steps. Polyatomic steps typically form
by bunching of monoatomic steps due to local fluctuations in supersaturation or impurities. The
steps with higher height advance at a lower rate due to the needs for greater flux of ions [40]. The
steps are only visible in the case of lower Ba/Ti ratios of 1 and 3, while larger excess of Ba
(Ba/Ti=12) leads to the formation of cube-like islands without visible steps.
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Figure 60: SEM micrographs and powder XRD patterns of particles during the topochemical
conversion of BisTi30; platelets to BaTiOs under hydrothermal conditions in 2 mol/L NaOH.

Initial molar Ba/Ti ratios and reaction times are written on every image. The reaction temperature

was 200
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None of previously examined reaction conditions combinations was sufficient to be able to
provide conditions for BaTiOs laver-by-laver growth over the entire basal surfaces of BisTi301».
which would result to formation of BaTiOs with inherited platelet morphology. For this reason,
some additional synthesis trials at higher temperature of 220 °C were performed. The highest
reaction temperature in this study was 220 °C, because this is the limit temperature according to
the recommendations of the autoclave manufacturer. The reactants were added in amounts
corresponding to Ba/Ti nominal molar ratio 24, concentration of NaOH was 8 mol/L, the reaction
temperature was 220 °C, stirring was 150 rpm, the reaction time was 1 hour to see the
transformation in early stage and after 12 hours to see the final products. For this case, BaTiO;
formed in cube-like and platelet-like morphologies. Nevertheless, the anisotropic 2D BaTiO3
structures typically do not represent the entirely preserved shape of the template platelets (Figure
61A). Side products were also evaluated. XRD analysis of product particles washed only with
deionized water revealed that besides BaTiO; and BisTi301; also Bi2TiOz0, BizTi03,, BaCOs
and Bi,0Os formed (Figure 61B). Secondary phases were removed after washing with 1 mol/L
HNO:s.
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Figure 61: SEM micrograph (A) and powder XRD pattern (B) of product particles after 1 hour
of the conversion of BisTi301» platelets to BaTiO3; with Ba/Ti=24, 8 mol/L NaOH, 220 °C with
stirring. Product powder was washed only with water to determine side products.

Some experiments were also performed under non-stirring conditions. Again, various
morphologies were obtained, however, none of the selected reaction conditions lead to BaTiO3
platelets after the reaction (Figure 62). Like stirring conditions, also under non-stirring conditions,
higher Ba excess (Ba/Ti=12) leads to BaTiOs cubes and the transformation is nearly completed
within 12 hours with negligible remains of the BisTi30:, present (XRD patterns shown in Figure
63). At stoichiometric Ba/Ti ratio (Ba/Ti=1) and lower excess of Ba (Ba/Ti=3) in 1 mol/L NaOH,
elongated BaTiOs nanostructures were grown from the BisTi30,, platelet templates. Under these
(i.e. the lowest used in this study) supersaturations conditions, BaTiO; starts to nucleate on the
small area on the Bi4Ti30; platelet and then BaTiO; continues to grow, forming elongated rods.
At higher NaOH concentration (i.e. 4 mol/L), different rose-like and propeller-like morphologies
were obtained (Figure 62 A, B and D). Also in this case, BaTiO; starts to grow on energetically
most favorable sites of BisTi3012 and not over the entire basal surface planes. The unprotected
surface of the BisTi301; platelets dissolves and the product BaTiOs3 particles do not resemble the
template morphology. The main reason for such reaction pathway and morphological
development could be attributed to large lattice misfit (4 %) between the phases. From XRD
patterns (Figure 63), it is seen that BaTiOj; is the main phase after 12 h-24 h under experimental
conditions combining Ba/Ti=12 with 1 mol/L or 4 mol/L NaOH (Figure 63 C), and Ba/Ti=3 with
4 mol/L NaOH (Figure 63 B). These results confirm that the Ba excess and NaOH concentration
play the most important role in morphological development, while stirring conditions do not have
significant impact.



4.3. Topochemical Conversion of Bi4Ti3012 Platelets to Other MTiO3 Platelets Under
Hydrothermal Conditions 91

Figure 62: SEM micrographs of product particles after the hydrothermal transformation of
Bi4Ti301, platelets to BaTiO3 in 1 mol/L NaOH (A-C), 4 mol/L. NaOH (D, E) and 6 mol/L NaOH
(F, G). Nominal Ba/Ti ratios and NaOH concentrations are written on images. The reaction
temperature was 200 °C, reaction time 12 hours (all, except A and D). The reaction time in A and
D was 24 hours.
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Figure 63: XRD patterns of product particles after the hydrothermal transformation of
BisTi30,; platelets to BaTiO; for nominal molar ratio Ba/Ti=1 (1, 4 and 6 mol/L NaOH), Ba/Ti=3
(1 and 4 mol/L NaOH) and Ba/Ti=12 (1 and 6 mol/L NaOH). The reaction temperature was
200°C, reaction time 12 hours, except for BaTi=1 with 1mol/L and 4 mol/L NaOH, the reaction
time was 24 hours. Non-denoted peaks belong to BisTi301».

From SEM micrographs of partially converted particles, formed at higher Ba excess
(Ba/Ti=12), it is evident that the cube formation starts already at the beginning of the conversion.
The growth starts on the sites on basal surface of BisTi301, that are energetically most favorable.
BisTi301, template in the vicinity of these sites dissolves and provides titanium ions (Ti(OH)s*
octahedra) for the formation of BaTiOs. Unfortunately, for the BaTiOs, the lattice mismatch
between BaTiOs; and BisTi30: is too big to be overcome just by changing the Ba/Ti ratio and
NaOH concentrations. In all cases, no matter how large excess of Ba was used (the highest Ba/Ti
nominal molar ratio was 24 and concentration of NaOH 8 mol/L, Figure 61), the island formation
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growth prevails over layer-by-layer growth. The shapes of growing BaTiOs3 strongly depend on
the Ba/Ti ratios and NaOH concentration and changed from elongated rods, stars, flowers to
octahedrons and cubes (Figure 59, Figure 60 and Figure 62).

Recently, a research group from ETH Ziirich prepared well-defined BaTiO3; nanosheets with
highly exposed {001} polar facets according to our procedure [153]. The difference in
experimental parameters in comparison to this study is higher temperature (240 °C), higher
concentrations of BisTi3012 (0.002133 mol/L) and NaOH (12 mol/L), while Ba/Ti nominal molar
ratio was 8.8. The main distinction was the usage of sodium oleate to additionally help regulate
the morphology. The role of sodium oleate was not explained. Their particles were tested for
piezocatalytic organic pollutant degradation and hydrogen evolution and achieved 3- and 2-times
higher rates in comparison to BaTiO3 nanoparticles.
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Figure 64: BaTiO; nanosheets prepared by hydrothermal topochemical transformation of
Bi4Ti301, platelets with the addition of sodium oleate (Adopted from Tang et al. [153]).
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43.2 CaTiOs

Calcium titanate (CaTiOs, also CT or CTO) is a ceramic material with a perovskite structure,
which naturally does not show high anisotropy. This dielectric material is widely used as a
capacitor in electronic circuits, for microwave resonators, high-frequency filters and radioactive
waste detectors. In the last decade, CaTiOs is investigated as a photocatalyst for water purification
to replace TiO,, or in solar cells [7], [29], [255], [256]. For microwave dielectric-resonator
applications, dielectric ceramics materials should have high relative permittivity, low dielectric
loss and a temperature-stable resonant frequency [257]. CaTiO3 undergoes three phase transitions:
above 1307 °C it is cubic, between 1227 °C and 1107 °C it is tetragonal and under 1107 °C it is
orthorhombic [258]. Most commonly, CaTiOs is prepared by solid state reaction and sintering
[258], [259] or hydrothermal/solvothermal method [176], [260]-[262]. The main disadvantage of
the former approach is that this reaction needs high calcination temperature. Topochemical
microcrystal conversion method was used for fabrication of textured microwave dielectric CaTiOs
ceramics [107]. Plate-like CaBisTi4O;s was used as a template precursor. The reaction was
performed at 950 °C for 8 hours in molten KCl flux. Reaction was as follows: CaBisT14Os
+3CaCO; > 4CaTiO; +2Bi,03 +3CO,. Precursor particles were plates with a thickness of
approximately 0.3 um, and a width of 2-6 um. (001) plane of the precursor was converted into the
(h00) plane of the CaTiOs.

In the literature, various CaTiO; morphologies were reported, including cubes, cuboids,
blocks, rods, flower-like particles etc. [262]-[269]. As for other MTiO; (M for Ba and Sr)
perovskites, preparation of highly anisotropic 1D and 2D CaTiO3 nanostructures is not an easy
task. To the best of my knowledge, hydrothermal synthesis of CaTiO3; nanoplatelets has not been
reported yet. Results of my work on the preparation of anisotropically shaped SrTiO; particles
showed that it is possible to perform topochemical transformation of BisTi301, template platelets
into SrTiO; platelets. Due to the similarity of crystal structures of SrTiO3; and CaTiOs; I decided
to perform this preliminary study to verify whether BisTi30,, platelets can be topochemically
transformed to CaTiOs platelets under hydrothermal conditions. In the designing of the synthesis
conditions, I have taken into account the findings obtained in the study of the BisTi3012-to-SrTiO;
transformation. According to my previous work, BisTi30, platelets have to be well dispersed in
the reaction mixture in order to ensure optimal conditions for the topochemical transformation.
The selected temperature range for CaTiO3; formation was 180 °C — 200 °C, Ca/Ti equals 1-3 and
Craon varied from 2 mol/L to 6 mol/L. In order to evaluate the role of the titanate precursor,
CaTiO3 was also synthesized using other TiO. precursors (TiO; nanopowder P25 and TiO»
anatase) in addition to BisTi301, platelets (Table 15).

Table 15: Reaction parameters for the preparation of CaTiOs particles by hydrothermal
topochemical conversion from BisTi3012 (BIT) platelets.

Sample | Temperature H?il:ll:g (l;:g)l c¢(NaOH) s (;l;l ! r-c e ¢(BIT)
A 200 °C 12 h 1 4 mol/L TiO, P25 N.A.
B 200 °C 12h ! 4 mol/L TiO: N.A.
anatase
C 180 °C 6h 3 6 mol/L BIT 1.423 mmol/L
D 180 °C 12 h 3 6 mol/L BIT 1.423 mmol/L
E 180 °C 12 h 3 6 mol/L BIT 0.711 mmol/L
F 180 °C 12 h 3 6 mol/L BIT 2.846 mmol/L
G 180 °C 12h 3 2 mol/L BIT 1.423 mmol/L
H 200 °C 12 h 3 4 mol/L BIT 1.423 mmol/L
I 220 °C 12h 3 6 mol/L BIT 1.423 mmol/L

Figure 65 shows the morphology of the hydrothermal reaction product using P25 TiO, (A),
anatase TiO, (B) and BisTi301, template plates (C and D). For hydrothermal synthesis of CaTiO3
A and B the reaction conditions were the same: Ca/Ti=1, 6 mol/L NaOH was used as a
mineralizer, reaction temperature was 200 °C and the reaction time was 12 hours.

For the topochemical reaction as a way to prepare CaTiOs platelets from BisTi301, template
platelets, the reaction conditions were varied by changing the reaction temperature (180 °C, 200
°C) reaction time (6 hours, 12 hours), molarity of NaOH (from 2 mol/L to 6 mol/L) and the



94 Chapter 4. Results and Discussion

concentration of Bi4Ti30,, templates (see Table 1). For the preparation of CaTiO3 from BisTi3012,
the nominal molar ratio of Ca and Ti (Ca/Ti ratio) was in all experiments the same — Ca/Ti=3.
This means that Ca was added in the 3-times higher amount than stoichiometrically needed. It can
be seen that in case of using TiO», the morphology of particles resulted in block-like shape, while
in case of using plate-like BisTi30,2 templates, the shape of plates was preserved to some extent,
depending on the reaction conditions (Figure 65, Figure 67, and Figure 69). Moreover, CaTiO;
blocks are significantly smaller when using P25 TiO, in comparison to anatase TiO, precursor.
This difference could arise from different sizes of TiO, nanoparticles, which influences TiO»
dissolution and CaTiO; nucleation rates. In accordance to widely known reports from the
literature, these results confirm that the size and the morphology of the precursor as well as
reaction conditions influence the size and morphology of the product particles. In Figure 66, XRD
patterns for samples A-D are presented. Phases that were identified and matched for each sample
are denoted above the corresponding XRD patterns.

Sample A
TiO, P25used

\ T
Sample C \ 9 ' p | Sample D
Bi,Ti;0,, templatgfused™™> i, Tis0 3 template Used

Figure 65: The morphology of prepared CaTiOs particles. Particles were prepared from TiO,
P25 (A), TiO; anatase (B), Bi4Ti302 template platelets (C and D) at different reaction conditions.
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Figure 66: Powder XRD patterns for CaTiOs particles prepared from A: TiO, -P25
nanopowder, B: TiO, — anatase, C and D: BisTi301, platelets. Reaction conditions for A and B:
nominal molar ratio Ca/Ti=1, 6 mol/L NaOH, 200 °C, 12 hours. For C and D: Ca/Ti=3, 6 mol/L
NaOH, 180 °C, 6 hours (C) and 12 hours (D).

In reaction C, the reaction time was shorter in comparison to reaction D and the transformation
did not occur completely. There are still clearly seen patterns for the remains of a BisTi3012
template. As the reaction time was prolonged to 12 hours, the transformation was almost
concluded and orthorhombic CaTiO; was the main phase (Figure 66). From SEM images C and
D in Figure 65 it can be seen that the platelet shape is to some extent preserved, indicating that
the transformation proceeds through dissolution and epitaxial growth. Based on this result it could
be inferred that BisTi301; platelets are an appropriate template for the topochemical conversion
into CaTiOs platelets, however, it is not necessary that optimal reaction conditions would be found
easily.

During the study of topochemical conversion of BisTi3012 to SrTiO; it was observed that
reactant mass also influences the morphology of prepared particles. Therefore, the next parameter
that was investigated for the BisTi3012-to-CaTiOs transformation was the influence of the
reactant’s concentrations. For this experiment, the mass of BisTi302 was set to 0.1 g, 0.2 g and
0.4 g. SEM images and XRD patterns of the reaction products are presented in Figure 67 and
Figure 68, respectively. From Figure 67A (sample E, using 0.1 g BisTi3012) and Figure 67B
(sample D, using 0.2 g Bi4Ti302) we cannot see any significant difference in particle morphology.
From XRD pattern it is also seen that the reaction with 0.2 g of BisTi3012 is completed. Due to
the lack of product powder, it was not possible to obtain powder XRD pattern for the experiment
with 0.1 g Bi4Ti3012 (sample E). Based on SEM micrographs of particles obtained from 0.1 g and
0.2 g of BisTi3012 and the XRD pattern for the 0.2 g experiment, it can be assumed that the
reaction with 0.1 g Bi4sTi3012 was completed and the CaTiO3 was the main phase. Unfortunately,
the particle shape was not preserved. Moreover, the platelets were broken into smaller particles,
some of them retained the platelet shape, other parts were in different morphologies, including
rods and frames. Some individual preserved platelets and frames with the dimensions of the initial
template indicate that the transformation includes the elements of topochemical conversion
(epitaxial growth). Nevertheless, the results disclose that under experimental conditions of the
samples D-F, the nucleation rate of CaTiO; was not high enough to protect the basal surface
planes of the BisTizO;, platelets against dissolution from the top. Product particles in the
experiment F (0.4 g of Bi4Ti301,) still maintain the plate-like shape of the template, but as seen
from its XRD pattern in Figure 68, there is a great amount of unreacted BisTi30> still present.
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From SEM micrographs and XRD patterns in Figure 65-Figure 68, it is evident that shorter
reaction time and higher reactant mass show similar influence on the transformation rate and
product morphology. Higher mass and shorter time resulted in lower degree of transformation
(lower amount of CaTiO3).

\ ‘ | rth
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Figure 67: SEM images for the comparison of the influence of the mass of Bi4Ti30:, template
platelets: a) 0.1 g, b) 0.2 g and c¢) 0.4 g with the reaction parameters: 6 mol/L NaOH, reaction
temperature 180 °C, and holding time 12 h. Nominal molar ratio Ca/Ti was 3.
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Figure 68: XRD pattern for the comparison of the influence of the BisTi302 mass. Sample E:
0.1 g is not shown due to lack of product powder, D: 0.2 g and F: 0.4 g template platelets for the
topochemical conversion at same reaction conditions (6 mol/L NaOH, 180 °C 12 hours)

Afterwards, I investigated the influence of the mineralizer concentration in combination with
temperature. SEM micrographs and powder XRD patterns are shown in Figure 69 and Figure 70,
respectively. Reaction in 2 mol/L NaOH and at 180°C (Sample G) resulted in well-preserved
plate-like shape, however the reaction did not complete in 12 hours at these conditions, because
there is still Bi4+Ti3012 phase present in the product as it is evident from the XRD pattern. On the
other hand, the reaction is nearly completed after 12 hours when using 4 mol/L. NaOH and 200
°C (sample H). Despite the plate-like shape of the template not being completely preserved in
these two cases — in some cases it resembles frame-like shape, the morphology looks very
promising in terms of being able to prepare CaTiOs platelets with some further optimization,
including the Ca/Ti ratio. The latter optimization has not been done so far, but as it was observed
from the Bi4Ti3012-to-SrTiO; transformation, the increase in Ca/Ti ratio is expected to be essential
so that CaTiO; better preserves the BisTi3Oi2 template morphology. In the last experiment
(sample I), the temperature was increased to 220 °C together with the NaOH concentration (6
mol/L) and it seems to be beneficial. The morphology of the CaTiOs particles of sample I appears
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similar to SrTiOj3 platelets prepared in this thesis by topochemical conversion of the BisTi3012
platelets.

o

A
Saniple’G /
2M, 2008C il

Figure 69: The morphology of
topochemical conversion using a different concentration of NaOH and temperature: 2 mol/L
NaOH with 200 °C (A, sample G), 4 mol/L NaOH with 200 °C (B, sample H), and 6 mol/L NaOH
with 220 °C (C, sample I). All samples were prepared from 0.2 g BisTi301, template platelet’s

powder and the holding time at selected temperature was 12 hours.
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Figure 70: Powder XRD of CaTiO;s particles obtained from BisTi30i2 templates by
topochemical conversion using a different concentration of NaOH and temperature: 2 mol/L
NaOH with 200 °C (sample G) and 4 mol/L NaOH with 200 °C (sample H). Powder XRD for
sample I was not obtained due to the lack of product powder. Samples were prepared from 0.2 g
Bi4Ti30; template platelet’s powder and the holding time at selected temperature was 12 hours.

In this study I showed that it is possible to prepare CaTiOs3 particles with defined shape under
hydrothermal conditions. I observed block-like shaped particles produced from TiO, and
CaClx2H,O and plate-like or frame-like shaped particles produced with topochemical
conversion from plate-like Bi4Ti301, templates. In both cases, I performed reactions under stirring
conditions. Similar correlations between reaction conditions and transformation rate have been
observed for the conversion of BisTi30;, platelets to CaTiO; and to SrTiOs. The results indicate
that the transformation rate is faster at higher temperature, higher NaOH concentrations and lower
concentrations of the BisTi301, platelet. However, some additional experiments are needed to
confirm the trend. I believe that reaction conditions exist where the shape of the template would
be nicely preserved in CaTiO3, which would also be the main phase. To achieve this, some further
experimental optimization is needed. Furthermore, thorough investigation of the reaction
mechanism is still needed. According to these preliminary investigations there are some
differences between the BisTi3012-t0-SrTiOs and BisTi3012-to-CaTiO; transformation. This is
expected already based on the differences in the lattice mismatches of the corresponding
perovskite pairs (BisTi3012/SrTiOs and BisTi30,2/CaTiOs), different solubility of Ca(OH):
compared to that of Sr(OH), and different solubility product for the formation of CaTiOs and
SI‘TiO3.



98 Chapter 4. Results and Discussion

44 Photocatalytic Hydrogen Evolution

Previously described SrTiOs/BisTi301, heterostructural platelets are new materials and
therefore, it is worth evaluating their application potential. Considering that SrTiOs is an
important H, evolution photocatalyst, the SrTiOs; and SrTiO3/BisTi301, platelets obtained after
different hydrothermal reaction times were tested for photocatalytic hydrogen evolution. This
photocatalytic testing was performed in pH-neutral water/methanol solution (H,O/CH3;OH =
75/25 vol.), without the addition of any noble-metal co-catalyst. Different SrTiO;:BisTi301, ratios
were achieved by varying the reaction time, however, the reaction times and ratios were not
always proportionate in a way that longer reaction time means higher SrTiO; content. Other
reaction parameters, like the temperature of the initial NaOH solution, can also influence the
transformation rate. Therefore, the prediction of the SrTiO;:BisTi30;, ratio was not always
straightforward. The temperature of the NaOH solution before the start of the hydrothermal
reaction was found to influence the surface roughness of the growing SrTiO3 and consequently
specific surface area of the heterostructures and SrTiOs. The H» evolution photocatalytic activities
of the heterostructures were compared to pure BisTi30;; platelets (as used as a template for the
topochemical conversion), pure SrTiO; platelets (completely transformed), and commercial
SrTiOs nanopowders. All samples were evaluated under the same conditions. Emission spectrum
of the light source used in photocatalytic experiments in shown in Figure 71 [270]. Xenon lamps
are known for producing a broad and continuous spectrum of light that spans from ultraviolet to
visible and near-infrared regions. The sun-like emission spectrum of Xenon arc lamps makes them
a popular choice for solar simulation experiments. AM 1.5 G filter was also applied. In our
experiments, the 6258 Ozone Free lamp was used. The light energy flux (1000 W/m?) was
achieved by adjustment the distance between the sample and light source.

I have attempted to estimate the contribution of surface area (Figure 72, right Y axe) and
SrTi03:BisTi3012 ratio to the photocatalytic performance. The BisTizO1> platelets with the
smallest specific surface area (2-3 m’g™") show the lowest Ho-evolution rate among the studied
materials, only 7.5 umol g'h!. Low H, evolution photocatalytic activity of the BisTi;O12 is
expected, because its conduction band is not negative enough. Slightly higher H, evolution rates
were noticed for low SrTiO; content SrTiO3/BisTi301, heterostructures (up to 37 umol g'h!). The
highest H, evolution rate, which was 15 times higher compared to that of commercial SrTiO;
powder, was observed for the heterostructure, containing around 63 % of SrTiO3 (1264.5 pmol g
'h'!). The H evolution rate drops again with increasing the ratio of SrTiO; (724.5 pmol g'h' at
95 % SrTiO3) in the heterostructure and further decreases as the topochemical conversion is
complete to pure SrTiO; (up to 130 umol g'h™'). Commercial nanocrystalline SrTiOs; powder
reached 81 pmol g'h' (BET 24 m?g'). As it can be seen from Figure 73, there is no clear
correlation between SrTiO3/Bi4Ti301; ratio and H» evolution rate. The great differences of the H»
evolution rates of the SrTiO3/BisTi3012 and SrTiOs platelets, that roughly follow the variation of
BET values, imply that higher H, evolution rates are related to their higher BET.
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Figure 71: Emission spectrum of the light source used in photocatalytic experiments (6258
300 W Xe Ozone Free) [270]
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Figure 72: H, evolution rates (left Y axe) over the photocatalytic particles (20 mg) in 40 mL
of aqueous solution with 25 vol % of methanol without noble-metal co-catalysts and BET values
(right Y axe). Studied particles were pure BisTizO12 (BIT), heterostructural SrTiO3/BisTi3012
(STO/BIT) particles with different SrTiO3 (STO) contents, and commercial SrTiO3 nanopowder
(STOcomm).

It took quite some time to recognize that the experimental parameter that crucially determines
the BET value is the temperature of NaOH, which is added to the suspended BisTi30: platelets
in SrCl, water solution before the hydrothermal reaction. When using the solution of NaOH
cooled down to room temperature, obtained platelets after the hydrothermal reaction were smooth
with BET values lower than 10 m?/g. On the other hand, the addition of a warm or hot solution of
NaOH yielded platelets with a rough surface, showing BET values between 20 and 70 m?/g.
Figure 73 shows the H, evolution rate of the samples with comparable SrTiOs/BisTi30: ratio
(0.41 and 0.46), but different BET values. It is clear that the sample with higher BET (23 m?*/g)
shzows 30-times higher photocatalytic activity compared to the sample with 4-times lower BET (6
m°/g).
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Figure 73: SEM micrographs of photocatalytic heterostructures with similar SrTiO3/BisTi3012
ratio, but different surface roughnesses (A-smooth surface, BET 6 m?/g, and B- rough surface,
BET 23 m?/g), measured H, evolution rates and corresponding BET values (C).

To better understand the effect of BET on the photocatalytic activity some additional
SrTi03/BisTi3012 heterostructural and SrTiOs platelets with a rough surface (higher BET) were
prepared using the same approach of adding hot NaOH (temperature between 65 °C and 70 °C)
to the suspension of BisTi3012 platelets in SrCl, water solution. Figure 74 presents the results of
H; evolution rates, including those already shown in Figure 72 — Figure 74. The highest hydrogen
evolution rate (2950 pmol/gh) among prepared and studied platelets was observed for
SrTi03/BisTi3012 heterostructures with SrTiOs content of 56 % and BET value of 52 m?/g. With
this synthesis strategy (using hot NaOH) also higher H» evolution rate for pure SrTiOj3 particles
was achieved (STO/BIT-1 NEW, Figure 74). In terms of H» production rate, our heterostructures
demonstrate better performance than several other noble-metal-loaded photocatalysts [195],
[271]-[276].
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Figure 74: H» evolution rates (left Y axe) over the photocatalytic particles (20 mg) in 40 ml
of aqueous solution with 25 vol % of methanol without noble-metal co-catalysts and BET values
(right Y axe). Studied particles were pure BisTi301> (BIT), heterostructural SrTiOs/BisTi3O12
(STO/BIT) particles with different STO contents and commercial SrTiOs nanopowder
(STOcomm). SrTiO3/BisTiz012 and SrTiO; platelets with BET higher than 15 m?/g were prepared
with the addition of hot NaOH solution.

Band structural analysis is a prerequisite to understand photocatalytic properties of the
material. The optical band gap energy (Eg) is an important optical parameter, defined as the
energy difference between the bottom of the conduction band (ECB) and the top of the valence
band (EVB). The Eg energies of the BisTi3012, SrTiO3/BisTi3012 and SrTiOs, were calculated
using the well-known Tauc method from the UV-VIS diffuse reflectance spectra (DRS) and
Kubelka-Munk (K-M) function F(R) [277], [278] as shown in Eq (16):

K 1 — R)? 16
F(R)z?z(m) "

where K is the K-M absorption coefficient, S is the K-M scattering coefficient. Kubelka-Munk
coefficients K and S are dependent on the illumination geometry and do not represent physical
properties of the material [279]. However, K and S are dependent on the intrinsic absorption
coefficient (o) and scattering coefficient (s) of the material. R is defined as the ratio of reflectance
of the sample and the standard (BaSOj in this work):

R
R = sample (1 7)

Rstandard



102 Chapter 4. Results and Discussion

R is dependent on the sample powder thickness, which has to be between 1 and 3 mm
according to Murphy [280] or larger than 2 mm according to Escobedo-Morales [281] to avoid
the contribution of the substrate.

Combination of F(R) into Tauc equation provides Eq (18):

JFQR) -hv = B(hv — E,) (18)

where h is the Planck constant, v is the incident frequency and B is a constant. More details
on the measurements, calculation and derivations of the equations can be found elsewhere [277],
[282]. The (F(R) - hv)}/? vs. hv plots are shown in Figure 75. The band gaps (Eg) of StTiOs,
Bi4Ti3012 and heterostructure SrTiO3/BisTi301, were determined by extrapolation of the linear
part of the function at F(R)=0. Eg values are 3.16 eV, 3.23 eV and 3.20 eV for Bi4Ti3012, SrTiO3,
and SrTi03/BisTi3012 heterostructure, respectively.
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Figure 75: Determination of the band-gap energy from the Tauc plot for (a) BisTi3012, (b)
SrTiOs and (c¢) SrTiOs/BisTi301, platelets.

The Ecs and Evs were calculated by using Eq. (19) and Eq. (20) [283]-[285]:

Ecg = Xmot — Ee — O-SEg (19)

EVB = ECB + Eg (20)

where E. is the free-electron energy vs. hydrogen (4.5 eV) and ymolis the geometric mean of
Mulliken’s electron negativities of constituent atoms, calculated according to Eq. (21) [284]:

1
Xmot = [X$ - xB - x&] avb+e 21)

where the molecular formula is A:BvCe. xa (%8, xc) is Mulliken’s absolute electronegativity
of the corresponding atom (in eV) and it is defined as the arithmetic mean of the electron affinity
and the first ionization energy of that atom [286], [287]. For SrTiO; and BisTi3O12, the
calculations give ysmio3=5.29 and ygistiz012=5.84. Considering this, the Ecg and Evg of SrTiOs are
-0.80 eV and 2.43 eV, respectively, and for BisTi3012 Ecg=-0.21 eV and Evpg=2.95 eV (Figure
75).

For SrTiOs, the calculated Ecg (-0.8 €V) matches the reported Ecg value (-0.81 eV[288],
[289]), determined by the Mott-Schottky method for the single-crystalline SrTiO; [288]. In
contrast, in the case of BisTi301, a larger deviation was observed between the calculated Ecs (-
0.21 eV) and those Ecg values obtained from the Mott-Schottky plot (-0.1 eV[290],-0.41 eV[66]).
The deviations are expected, because experimental values in the literature were determined for
two different BisTi3012 nanostructures [66], [290]. It is known that the experimental determination
of the fundamental characteristics of nanostructural materials is related to a high degree of
uncertainty [291]. The same applies also to the determination of Ecg from the Mott-Schottky
relationship, which is based on several assumptions and ideal conditions (not completely fulfilled
for nanostructures) [291], [292].

Considering the position of the Fermi energy in n-type semiconductors (0.3 to 0.1 eV below
Ecg), the Fermi energy levels of SrTiO; and BisTi3012 were estimated to be -0.51 eV and -0.11
eV, respectively (Figure 76). Due to the Fermi energy level equalization at the SrTiO3/BisTi3012
interface, electrons tend to move from SrTiOs; to BisTi3O12 side. Consequently, SrTiO; and
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BisTi301 at the interface become positively and negatively charged, respectively. The formation
of such an internal electric field at the interface could be important for the decrease of the
recombination rate of the photoinduced charges. Under simulated-light irradiation, both SrTiO;
and BisTi30,, absorb photons and the electrons from Evg are promoted to Ecg, leaving holes in
Evs. This results in the generation of the electron/hole pairs (Figure 76), which are prone to
recombine. Due to the formation of internal electric field at the interface (positive charged SrTiO;
side, negative charged BisTi3012 side), some photoexcited electrons from Ecg of BisTi3012 move
to positive charged SrTiOj; side and recombine with the holes in Evg there. As a result, these holes
at SrTiOs side are not recombined by the photoinduced electrons from SrTiOs, which can be thus
available for the reduction of H,O (H» generation). On the BisTi301> side of the heterostructure,
the holes oxidize the methanol [293]. The band structure of SrTiOs and BisTi301, supports the
possible execution of direct Z-scheme charge transfer (Figure 76), by which the recombination
rate is decreased and high redox ability is preserved [220], [294]. Highly ordered epitaxial contact
between SrTiOs and BisTi3012 enhances charge mobility at the interface, which is also expected
to contribute to better efficiency.
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Figure 76: Band structure of SrTiO3 and BisTi3012.

Considering above-described band structure analysis, one possible explanation for better
photocatalytic properties of the SrTiO3/BisTi3012 heterostructures could be established based on
the direct Z-scheme charge transfer and formation of epitaxial SrTiO3/BisTi;O12 heterojunction.
However, it has to be pointed out that a high hydrogen evolution rate was achieved also with
completely transformed BisTi3012 to SrTiOs (STO/BIT-1 NEW). This result implies that the
heterojunction may not be the only and the main reason for enhanced photocatalytic performance.

The color change of the samples after illumination implies that some metallic species can form
by in-situ reduction and act as co-catalysts and improve photocatalytic performance through
surface plasmon resonance (SPR). Therefore, the other reason for higher photocatalytic
performance of the SrTiO3/BisTi3012 and SrTiO; platelets could be related to the presence of such
kind metallic species. In our system, Bi*" could be potentially captured in the porous structure of
the platelets and under illumination and H, generation reduced to metallic Bi°. Based on the
literature report, similar improvement was observed for TiO: loaded with metallic Bi° co-catalysts
[200]. During our procedure, Bi** ions could form during dissolution of Bi»Oj; side product with
HNO; and get captured on the rough platelet surface. Those Bi** are more easily reduced than
Bi*" in the oxide network (or Ti*" in oxide network). XPS revealed that in as-prepared platelets
most Bi-remains are in the form of Bi**, but small amount is also in the form of metallic Bi°
(Figure 77). We assumed that even more Bi® can form in-situ during photocatalytic hydrogen
evolution reaction as it was also reported for Bi/TiO [200]. To prove this, the sample after the
photocatalytic reaction was immediately examined by XPS, which revealed that the amount of
metallic bismuth significantly increased (Figure 78). Therefore, we believe that this is important
evidence that Bi° plays an important role in the improvement of H; evolution. It could be that the
Bi° plays an even more important role than the direct Z-scheme heterojunction.
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Figure 77: XPS spectra of as-prepared SrTiOs/BisTi3012 heterostructural platelets with lower

and higher SrTiO; ratio. The majority of Bi-remains are in the form of Bi**, some metallic bismuth
signal is present as well in samples with higher SrTiO3 ratios.
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Figure 78: XPS before and immediately after hydrogen evolution reaction for the sample with
the highest hydrogen evolution rate.

Based on the change of the color of the photocatalyst during the photocatalytic reaction the optical
properties (in UV-VIS spectral range) of the photocatalysts after the HER were verified and
compared with that of the initial photocatalysts. For the optical and XPS characterization of the
platelets after the photocatalytic experiment, the following procedure was applied: powder was
separated from the water-methanol solution by centrifugation, dried under vacuum and then kept
under an inert atmosphere of N». The contact of the sample with air and oxidation of metallic Bi
was avoided as much as possible during all procedures. Diffuse reflectance spectroscopy (DRS)
analysis revealed (Figure 79) a considerable increase in absorption at 350-700 nm for the
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photocatalysts after HER, while both samples (before and after HER) showed similar strong
absorption in the UV region. The latter can be attributed to the absorption due to the bandgap of
SrTiO;. The higher light absorption of the black-colored STO/BIT platelets after HER in the
visible part of the spectra compared to that of pristine STO/BIT agrees with the literature reports,
dealing with photocatalysts containing metallic Bi® nanoparticles [295]-[298]. In these studies,
it was typically observed that the presence of Bi gives continuous absorption in the spectral range
400-800 nm. A weak peak around 560 nm was observed in the spectrum of the photocatalysts
after HER, and this peak matches with the reported broad SPR absorption of 10-70 nm Bi
nanoparticles at 550 nm [299]. Nevertheless, this needs to be confirmed by additional experiments
(e.g. determination of the size of Bi°).
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Figure 79: DRS in dependence of wavelength of pristine STO/BIT (before) and after HER
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Figure 80: Color changed from white to black after the illumination and hydrogen evolution
reaction in samples that showed greater hydrogen evolution values.
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Long-term stability of the photocatalyst is important for its practical application. Cycled
measurements of the H, evolution revealed good repeatability and reusability of the
nanoheterostructural SrTiOs/Bi4Ti30,, platelets. The stability of the H, evolution over the tested
24-hour reaction time is similar to that reported for other SrTiOs-based photocatalysts (Figure 81)
[136], [299], [300].

6000

i § 2% ) 8 1 4 § B B

L

'y 5000 ~

g

4000

3000

2000

1000

Amount of H, Evolution (umol

O
JBvacuation T

o
g
o]
5
]
=
(o]
]
o
N
5

Time(h)

Figure 81: Stability test of H, evolution for SrTiOs/BisTi3O1> heterostructural platelets
obtained after 6-hour hydrothermal reaction (sample STO/BIT 0.63). After every 4 hours of
photocatalytic reaction, the formed H, was evacuated.

For comparison with other photocatalysts, it is very convenient to express the photocatalytic
efficiency in the form of solar-to-hydrogen (STH). STH efficiency is calculated by Eq. (22):

T2 XAGH20

where, 1, AGmo, Psunand S represent the H, production rate, the reaction Gibbs free energy
(237 kJ/mol), the light energy flux (1.0-10° Wm™) and irradiation area (9 cm?), respectively.

Due to the small portion of UV light in the incident light spectra, the SrTiOs-based
photocatalysts do not show a high solar-to-hydrogen (STH) efficiency. It has been reported that
a modification of the SrTiO3 by doping and/or co-catalyst deposition led to a variation of the STH
from 0.037 % to 0.65 % [25], [26], [136], [193], [276], [300], [301]. The highest STH efficiency
(0.65 %) was reported by the group of Domen and co-workers [136] for Al-doped SrTiO3loaded
with Rh/Cr,03 and CoOOH co-catalysts. A STH greater than 1 % was demonstrated for La- and
Rh-codoped SrTiO; (H> evolution) combined with Mo-doped BiVOs4 (O; evolution) and Au in
the Z-scheme based photocatalysts [25]. To the best of my knowledge this was for quite a long
time the highest STH obtained for the suspended photocatalysts powders in water. However, in
2023, Zhou et al. published the work about photocatalytic water splitting system with STH higher
than 9%. In their work, the photocatalysts were InGaN/GaN nanowires (NW) grown on silicon
wafer by molecular-beam-epitaxy technology. Actually, these were not particles suspended in
water, but the InGaN/GaN NW exhibit columnar growth perpendicular to silicon substrate and
the NW were deposited with Rh/Cr,03/Co304 co-catalysts. Actually, this material did not show
high STH (~0. 5 %) at 30 °C, but the STH increased above 9 % at 70 °C [163].

In the current study, SrTiOs/BisTi3012 heterostructural platelets without any noble-metal
doping or co-catalyst loading exhibit an STH efficiency of 0.19 %-0.44 %, which is moderate,
but comparable to several other reported STH values for noble-metal decorated SrTiO;
photocatalysts [25], [26], [136], [193], [276], [300]. Considering that the SrTiO3/BisTi30:,
heterostructure was evaluated for the first time in terms of photocatalytic H» evolution, we believe
that there is still room for an improvement of the photocatalytic efficiency.



107

Chapter 5

Conclusions

Research and development are commonly strongly focused on the improvement of functional
properties. At the same time, in terms of designing new nanostructured materials and tailoring
their functional properties, the understanding of nucleation and crystal growth mechanisms is
important as well. However, many gaps exist in understanding these processes and reaction
mechanisms. With this work, we wanted to fill some of these gaps in the field of hydrothermal
topochemical conversion (TC) reactions. Specifically, I studied the TC approach for the low-
temperature hydrothermal preparation of functional 2D perovskite ATiO; (A=Ca, Sr, Ba)
particles, which naturally do not grow in an anisotropic shape due to their symmetric crystal
structure. The layered Aurivillius titanate phases, which spontaneously grow in a 2D morphology,
can make it possible to bridge this natural feature of ATiOs3 perovskites by my means of
topochemical reactions, enabling preservation of the 2D shape of the initial template. This is
possible because of similar perovskite units in both phases. Till recently, this kind of
transformation was mainly studied in molten salt media. The most common Aurivillius phases
for the formation of ATiO3; (M=Sr, Ca, Ba) in molten salt were BisTi3012 and ATisBi4O1s. In my
thesis, I attempted to translate the topochemical transformation from BisTi3012 to ATiO3to much
lower temperature ranges in the hydrothermal media. In many aspects, my research represents the
pioneering work in the field of hydrothermal topochemical transformations of Aurivillius titanate
phases to ATiO3 perovskites. I have investigated the mechanisms and described them in view of
nucleation crystallization theory.

In this thesis, the main emphasis is on the study of transformation from the BisTi301» platelets
into SrTi0; platelets. The synthesis process was performed in two steps. In the first step, BisTi3012
platelets were prepared in molten salt. Therefore, the preparation of BisTi30:, templates was first
studied and optimal reaction conditions were determined. Different reactants were used and
compared. In the second step, the BisTi;O12 platelets were used as a template for the conversion
under alkaline hydrothermal conditions into different SrTiO3/Bi4Ti3012 heterostructures and pure
SrTiOs. X-ray diffraction and electron microscopy helped me to understand these processes.
Atomic scale analysis of the BisTi30:2 template platelets, intermediate SrTiOs/BisTi3012
heterostructures, and final SrTiOs platelets was performed to be able to understand and control
the transformation pathway. BisTi30, platelets that were used for the topochemical conversion
exhibited an average side length of 1-2 um and thickness of 60 nm. STEM examination of the
BisTi301, platelets showed their layered structure with alternation of pseudo perovskite
([Bi2Ti3010]*) blocks and bismuth oxide ([Bi»02]*") layers. The basal surface planes of the as-
prepared platelets were exclusively terminated with [Bi,0,]*" layer, while both types of structural
units were exposed at the lateral surfaces. Typically, platelets are single crystalline, (001) oriented
containing a few or no planar defects and have atomically flat basal surface planes. As the
template platelets are exposed to a highly alkaline NaOH solution, the outermost [Bi»O,]*" layer
dissolves and the pseudo perovskite layer is exposed.

Next, the background of hydrothermal topochemical conversion of BisTi302 to SrTiO3 was
studied. The mechanism of the transformation was inferred from the atomic scale analysis of the
platelets at different transformation stages, performed at high supersaturation conditions
(St/Ti=12, 6 mol/L NaOH, 200 °C). The BisTi;01, platelets are the source of Ti(OH)s> and also
serve as the substrate for the nucleation of SrTiO;. Already at the beginning and also after the
formation of the protective SrTiO; layer, the dissolution of the BisTi3012 platelets is faster from
the lateral side and SrTiO3 grows over both basal surface planes of the template. The process leads
to the formation of a groove that extends along the platelet and deepens with the progress of the
transformation. When BisTi301» inside the groove dissolves till the top layer of TiOg octahedra of
the surface pseudo perovskite block of the BisTi3012 platelet, SrTiO; starts to grow also from the
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inner side and monoatomic Bi-O layer remains captured in the forming SrTiOs. Through this
process, the BisTi301, platelets become gradually pseudomorphically replaced by two SrTiOs
partially intergrown parallel platelets, each of which contains approximately in the middle
monoatomic Bi-O layer. The (100) SrTiOs orientation is dictated by the (001) orientation of the
BisTi3012. Since the BisTi3012-to-SrTiO; topochemical conversion proceeds by the epitaxial
growth, we accurately examined the lattice mismatches between the phases in all relevant
orientation relationships (ORs). This was determined by Rietveld refinement of the XRD patterns
of both materials at R.T. and at 200 °C. Depending on the orientation relationship, the misfit was
between 1.4 % and 2.8 %. By STEM we examined the heteroepitaxial interface and confirmed
that SrTiOs3 grows epitaxially on the pseudo perovskite layer of the template, and we also found
that the misfit between SrTiO3; and BisTi301, is manifested through the formation of dislocations.

Furthermore, I investigated how the misfits can be balanced by supersaturation and how the
transformation can be steered by reaction conditions, particularly by reagents’ concentrations and
temperature. The supersaturation is in the reaction of SrTiOs; formation defined by the
concentration of Ti(OH)¢* species that form during BisTi3012 dissolution and Sr?* concentration
that is present in the solution and available for reaction. The NaOH concentration determines the
dissolution rate of the BisTi3O\ platelets and consequently, the concentration of Ti(OHg)*, which
is also the function of SrTiOs precipitation. The nucleation rate depends on the supersaturation —
higher supersaturation means lower activation energy for nucleation. I thoroughly investigated
how the Sr concentration (Sr/Ti molar ratio) at a certain NaOH concentration influences the
transformation kinetics and the manner of SrTiOs growth. With increasing the Sr/Ti nominal
molar ratio, the SrTiO; islands on the basal surfaces of BisTi30,2 became smaller, but the SrTiO;
surface coverage was higher. This indicates that by increasing the strontium excess (Str/Ti ratio),
the growth can be promoted from island 3D to layer-by-layer-like 2D growth over the whole basal
surface planes. At the same time, with an increased Sr/Ti ratio and increased surface coverage,
the conversion to SrTiOsis slower and SrTiOs content after a certain time and at a particular NaOH
concentration decrease. On the contrary, a decrease of Sr excess (Sr/Ti=1 and 3) results in the
SrTiOs island growth and the great part of the BisTi301, basal surface planes is not protected
against dissolution from the top, and consequently, this leads to faster BisTi301, dissolution
providing more Ti(OH)¢> for the formation of SrTiO; which continues to grow on the already
formed SrTiOs islands. Consequently, the transformation from BisTi3012 to SrTiOs is faster, but
the platelet morphology of the BisTi301» template is not preserved. SrTiO; particles, depending
on the conditions (Sr/Ti=1 or 3, Cxaon) and template quality (number of defects), adopt the shape
of frames, cubes, or partially preserved platelets. The concentration of NaOH determines the rate
of BisTi30;1, dissolution and SrTiO; formation. Optimal conditions for the complete
transformation in a reasonable time of 12 hours from the BisTizO2 to SrTiO3 with preserved
platelet morphology are the following: Sr/Ti=12, 6 mol/L NaOH, 200 °C. Shorter reaction times
(<12 hours) lead to SrTiOs/BisTi3012 heterostructural platelets with various ratios of the
components.

The developed hydrothermal topochemical conversion procedure is new and enables the
preparation of unique SrTiOs platelets and novel SrTiOs/BisTi30:2 heterostructural platelets and
therefore it was worth evaluating their application potential. Platelets were tested for
photocatalytic hydrogen evolution from pH-neutral water/methanol solution without the addition
of any noble-metal co-catalyst. Also, a new approach for the preparation of platelets with higher
surface area was developed and incorporated into the synthesis procedure. SrTiOs/BisTi3012
heterostructure with SrTiOs content of 56 % and BET value of 52 m*/g produced the highest
hydrogen evolution rate among prepared SrTiOs/BisTi3012 and SrTiO; platelets along with
SrTiO; nanopowder. One possible explanation for better photocatalytic properties of the
heterostructures could be established based on the formation of epitaxial SrTiO3/BisTi3012
heterojunction. BisTi3012 and SrTiO; exhibit appropriate relative positions of band edges that
enable the formation of direct Z-scheme. Another reason for higher photocatalytic performance
could be related to the presence of Bi® metallic species, which can form by in-situ reduction of
Bi*" ions and act as co-catalysts and improve photocatalytic performance through surface plasmon
resonance of Bi°. It could be that Bi° plays an even more important role than the heterojunction
itself.

The same approach with topochemical conversion was used also for the preparation of other
ATiOs perovskites. For BaTiOs, the lattice mismatch was too big to handle at similar reaction
conditions. In all cases, no matter how large supersaturation was used, the island formation growth
prevails. However, the shapes strongly differed in almost every case from stars and flowers to
octahedrons and cubes. On the contrary, the morphological studies of the topochemical
conversion of BisTi301, platelets to CaTiOs particles showed that it is possible to apply the
approaches from the BisTi301,-t0-SrTiOs conversion and also for transformation to CaTiOs.
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The detailed insight into the mechanism of epitaxial growth of SrTiOs on BisTi3012 by
hydrothermal topochemical conversion of BisTi3012 platelets to SrTiOs expands the possibilities
for using the hydrothermal topochemical reaction concept in the design of highly preferentially
oriented heterostructures or mesocrystallites, involving other template particles and growing
phases for the preparation of new, efficient, photocatalytic systems. An understanding of this
transformation process provides general guidelines for the engineering of other epitaxial
heterostructures or defined (anisotropic) nanostructures via hydrothermal topotactic epitaxy.
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