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Zusammenfassung 

In der vorliegenden Arbeit wurde die Synthese von ABO3-Perowskiten durch Sprayflammensynthese 
(SFS) untersucht. Das im Fokus stehende Materialsystem war das Perowskit BaTiO3 (BTO), bei dem 
die A-Position im Gitter von Ba und die B-Position von Ti besetzt sind. Bisher berichten nur wenige 
Literaturquellen über die SFS von BaTiO3, daher wurden im Rahmen dieser Doktorarbeit geeignete 
Lösungsmittel, Präkursoren und Syntheseparameter (Konzentration der Präkursoren, Gasflüsse, Reak-
tordruck) untersucht, um die optimalen Synthesebedingungen zu ermitteln. Die hergestellten Materia-
lien wurden ex situ bezüglich ihrer physiko-chemischen Eigenschaften untersucht. 

Bei den hergestellten Materialien handelt es sich um nanokristalline BaTiO3-Pulver, die neben einer 
Mischung von Materialien mit kubischer und tetragonaler Kristallstruktur auch eine zusätzliche uner-
wünschte hexagonale Phase aufweisen. Die hexagonale Phase tritt in allen hergestellten Proben auf. Ihre 
Entstehung wird auf das Schnelle Abkühlen des austretenden Partikelstroms durch Vermischen mit 
Quenchgas zurückgeführt. Die Substituierung der A-Position mit Sr und der B-Position mit Zr hat ge-
zeigt, dass die Herstellung von Materialien je nach Konzentration des substituierten Stoffes ohne die 
hexagonale Phase möglich ist. Untersuchungen der gebildeten Materialien mit IR-Spektroskopie zeigen, 
dass die Oberflächen der Materialien mit organischen Spezies verunreinigt sind, die durch unvollstän-
dige Verbrennung der Lösungsmittel und Präkursoren entstehen. Eine thermische Nachbehandlung der 
Pulver nach der Synthese führt zu Materialien mit saubereren Oberflächen und höher Kristallinität mit 
einem verringerten Anteil der hexagonalen Phase, während die mittlere Partikelgröße auf der Nanoskala 
bleibt.  

Die erzeugten Materialien wurden hinsichtlich ihrer Eigenschaften bezüglich photokatalytischer Was-
serspaltung mit UV-Licht (BST, Ba1–xSrxTiO3) und kapazitiver Energiespeicherung (BTZ, BaTi1–xZrxO3) 
getestet. Die photokatalytische Aktivität von BTO- und BST-Proben mit und ohne Wärmebehandlungen 
wurde mit denen einer kommerziellen BaTiO3-Probe verglichen. Die Ergebnisse zeigen, dass die durch 
SFS hergestellten Materialien eine zur kommerziellen Probe ähnliche Aktivität aufweisen. Bei der pho-
tokatalytischen Aktivität wurde kein nennenswerter Unterschied zwischen wärmebehandelten und nicht 
wärmebehandelten Proben beobachtet. Um die Energiespeichereigenschaften der Materialien abschät-
zen zu können, wurden dielektrische Tests an kompaktierten und gesinterten BTZ-Pulvern durchgeführt. 
Niedrige Zr-Konzentrationen (x = 0–0.15) liefern dabei eine gute Kombination aus Dielektrizitäts-
konstante und von dielektrischen Verlusten (tan δ). Die Ergebnisse wurden stark von den relativ kleinen 
Dichten der erzeugten Materialien beeinflusst, die den niedrigeren Sintertemperaturen und Sinterzeiten 
im Vergleich zu konventionellen Herstellungsmethoden von Keramiken zugeschrieben wurden. 

Die vorliegende Arbeit hat gezeigt, dass die Herstellung von komplexen und hochqualitativen Materia-
lien wie Perowskiten durch Sprayflammensynthese möglich ist. Die Flexibilität der Herstellungsme-
thode wurde durch die gezielte Herstellung variabel (0 < x < 1) substituierter Materialien mit den Zu-
sammensetzungen Ba1–xSrxTiO3 und BaTi1–xZrxO3 nachgewiesen.   
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Abstract 
The production of ABO3 perovskites via spray-flame synthesis (SFS) was investigated in this thesis. The 
materials system of interest was the perovskite BaTiO3 (BTO) where the A-site is occupied by Ba and 
the B-site is occupied by Ti. Considering the scarcity of information on the SFS of BaTiO3, suitable 
solvents, precursors, and synthesis parameters (precursor concentrations, gas flows, reactor pressure) 
were investigated to identify appropriate synthesis conditions. The as-synthesized powders were exten-
sively characterized ex situ regarding their physico-chemical properties.  

It was found that nanocrystalline BaTiO3 powders were produced. They consisted of a mixture of cubic 
and tetragonal phases but also contained a secondary hexagonal phase. Its formation is attributed to 
steep temperature gradients downstream of the reaction zone because of the introduction of quenching 
gas. Atomic substitution of the A-site with Sr and of the B-site with Zr showed that materials without 
the hexagonal phase can be produced at specific compositions. IR spectroscopy of the as-synthesized 
materials revealed surface contamination with organic species that originate from incomplete combus-
tion of the solvents and precursors. A post synthesis heat treatment of the powders was shown to aid in 
obtaining cleaner surfaces and highly crystalline powders with a lower amount of the hexagonal phase, 
while retaining the nanometer size range. The powders were tested for photocatalytic water splitting 
(Ba1–xSrxTiO3, BST) and capacitive energy storage (BaTi1–xZrxO3, BTZ). 

Photocatalytic performance of the pristine and heated BTO and BST powders in water splitting was 
examined and compared to that of a commercial BaTiO3 powder. The results suggest that the spray-
flame synthesized powders perform similarly to the commercial sample. Additionally, no significant 
differences between the catalytic activities of the as-synthesized and heat-treated samples were ob-
served. Dielectric tests were performed on the compacted and sintered BTZ powders to assess the capa-
bilities for capacitive energy storage. Low Zr concentrations (x = 0–0.15) were found to deliver a good 
combination of the dielectric permittivity values and low dielectric losses (tan δ). However, the results 
were strongly influenced by the relatively low volumetric density of the materials, which was attributed 
to the lower sintering temperatures and sintering times compared to those applied in conventional sin-
tering of ceramic materials.  

The feasibility of the SFS method towards producing complex and high-quality materials such as per-
ovskites was demonstrated. The flexibility of the spray-flame synthesis method was demonstrated 
through the selective atomic substitution of the host perovskite material in a wide range (0 < x < 1), 
which opens up new ways for the synthesis of more complex material systems. 
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1 Introduction 

The term “nanotechnology” was first indirectly coined by Richard P. Feynman in 1959 while addressing 
the problems of miniaturization and prospects of investigating “small” things on the scale of individual 
atoms [1]. It was not until the early 1980s when the first scanning tunneling microscope was developed, 
which provided enough resolution to observe single atoms, thus marking the actual beginning of the 
nanotechnological era. Meanwhile, the official definition of nanotechnology describes it as a manipula-
tion of a system which has at least one dimension sized from 1 to 100 nm. The word “system” in this 
case implies a material where at least one dimension falls into the nano-range. If all three dimensions 
are on the nanoscale, such system is called a nanoparticle and is a special case of nanomaterials [2]. 

Owing to their dimensions, nanoparticles possess new unique properties (e.g., increased catalytic activ-
ity, tunable optical absorption and electronic properties, improved mechanical properties) compared to 
their “bulk” counterparts, which has already opened up new horizons for the application of the former 
in diverse areas such as microelectronics, pharmacy, chemistry, catalysis, etc. [3]. Of particular im-
portance today is the issue of sustainable energy conversion and storage, which would facilitate the use 
of regenerative energy sources and thus minimize the detrimental impact on the environment caused by 
the extensive use of fossil fuels. This topic motivates researchers to put a lot of effort into the design 
and investigation of functional nanomaterials with pre-defined performance characteristics [4]. 

Among diverse groups of nanomaterials (binary metal oxides, carbon-based materials, etc.), perovskite 
materials are considered particularly interesting in the context of catalysis (oxygen evolution reaction 
[5]), energy conversion (solar cells [6]), and energy storage (ceramic capacitors [7]). Perovskites are a 
class of crystalline materials described by the ABX3 chemical formula, where A is a large cation, B is a 
medium-sized cation and X is an anion. This results in a large number of possible compositions within 
the perovskite family with remarkable catalytic, dielectric, magnetic, electric, thermal, and optical prop-
erties [8]. One of the greatest advantages of the perovskite structure is its flexibility that allows substi-
tution of the A, B, and X sites, where the former two are typically metal ions and the latter can be 
occupied by C, N, O, organic molecules, and halides. This, for example, provided ground for the rapid 
emergence of the hybrid organic-inorganic perovskites for high-efficiency photovoltaic devices [6, 9].  

The oxygen atom on the X site gives rise to another large class of perovskite materials – perovskite 
oxides with the idealized cubic perovskite structure embodied by the mineral CaTiO3, which in turn 
belongs to a prominent subclass of titanate perovskites, where the B site is occupied by a Ti atom. A 
particular research interest in the titanate-based type of perovskites dates back to the 1940s, when Ba-
TiO3 ceramics were employed in capacitors owing to their excellent dielectric properties [10]. Some 
well-known derivatives of the BaTiO3 structure like PbZrxTi1–xO3 or Ba1–xSrxTiO3 have been extensively 
studied since then towards improving dielectric performance in connection with capacitive energy stor-
age [7, 10-14]. Today, the focus is directed on the downscaling of energy storage device while increasing 
their volumetric efficiency, which necessitates the use of nanograined ceramics with enhanced dielectric 
properties [15]. In this respect, perovskite materials on the BaTi1–xZrxO3 basis are considered promising 
due to their strong performance characteristics such as high dielectric permittivity and low energy losses, 
combined with an environment-friendly nature [12-14]. Furthermore, interest has grown in recent years 
in highly active catalytic nanomaterials for energy conversion that provide adequate performance [16]. 
This allowed some of the members of the titanate perovskite family (e.g., SrTiO3) to emerge as potent 
catalysts for hydrogen production through electrocatalytic water splitting [17-19], electrocatalytic CO2 
reduction [20], and water decontamination [21]. Despite these recent developments, the overall research 



2 

on titanate-based perovskites regarding catalytic applications remains incomplete. For instance, only a 
handful of works is present in the literature describing photocatalytic performance of titanate-based 
perovskite systems such as BaTiO3 and its derivatives [19, 22-24].  

A question of significant importance is to develop suitable synthesis methods that enable reliable pro-
duction of nanoparticles. Conventional methods can be divided into three approaches: solid-state, wet 
chemistry, and gas-phase techniques [25]. Solid-state synthesis deals mostly with high-temperature 
(close to the melting points of initial substances) reactions of metal salts, sometimes yielding inhomo-
geneous, highly agglomerated, and sintered powders in the micrometer-size range [26, 27]. Established 
wet chemistry techniques are in position to yield monodisperse powders in the nanometer range, but 
require additional calcination steps after the synthesis to remove residual organics and to improve crys-
tallinity of the material [28, 29]. Diverse forms of hydro- and solvothermal processes allow precise 
control over the particle size distribution and compositional range [30, 31], but have potential problems 
like organic contaminations and the requirement of stringent reaction conditions [21, 25]. Another point 
to consider is the scalability of the mentioned techniques, which is usually limited to batch-like produc-
tion [32]. However, it has been shown recently that solvothermal approaches can deliver industry-scale 
production rates [25].  

Alternatively, gas-phase methods can also be applied to the production of nanoparticles, for example, 
microwave plasma synthesis, hot-wall reactor processing, and combustion-based methods [33, 34]. 
Combustion techniques, specifically spray-flame synthesis (SFS or also known as flame-spray pyroly-
sis, FSP), takes advantage of the energy that is supplied by burning solvents in order to force metal 
precursor species into the gas phase and is appropriate for the production of various oxide materials with 
the prospect to be scalable to generate commercial materials quantities [35, 36]. The benefits of using 
SFS is that it provides good control over the following properties: particle size in the nanometer range, 
crystallinity, and phase composition of the final products [37-41]. An additional strength of SFS is that 
it offers the option of performing a reliable and relatively straightforward wide-range doping/substitu-
tion as a part of a continuous process [42, 43]. In brief, the SFS method is a combustion process in which 
a premixed pilot flame (typically CH4/O2 or H2/O2) stabilizes a turbulent spray flame that is fueled by a 
dispersed solution (spray) containing dissolved metal precursors and solvents, which is continuously fed 
into the reactor. High temperatures of the burning spray lead to the evaporation of the dissolved metal 
precursors and subsequent gas-phase reactions, whereby particles form and undergo growth processes 
[33, 34]. One of the benefits of the method is a possibility to flexibly vary both solution compositions 
and synthesis parameters, which gives the operator a wide spectrum of combinations to directly control 
the properties of the final product. In the SFS environment, it is possible to synthesize and preserve 
metastable phases through rapid cooling of the particle-laden gas mixture after the reaction, which are 
otherwise not attainable by any other synthesis technique [42, 44]. 

Extensive literature exists describing synthesis of nanoparticles via SFS starting from the pioneering 
works of Ulrich [45, 46] on fumed silica. Meanwhile, many binary oxides like TiO2, Fe2O3, Al2O3, ZnO 
[35], NiO/CoO catalysts [47] have been synthesized and studied detail, and the research has been ex-
tended since to encompass more complex systems like LiFePO4 [48], Li7Ti5O12 [49], and some perov-
skites as well, mostly restricted to LaCoO3-related systems for catalysis [42, 50-55].  

The number of works on titanate perovskites produced via SFS is rather modest and is restricted to pure 
BaTiO3. Kodas and Brewster [56] were the first to describe the synthesis of BaTiO3 via flame-assisted 
spray pyrolysis (FASP) technique, which is essentially a spray-drying process [57, 58], where a flame 
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is used1 instead of a furnace as a heat source. The authors reported production of the powders with a 
particle size around 200–500 nm with tetragonal and hexagonal phases present, the latter being an un-
desired secondary phase. The occurrence of the hexagonal phase was attributed to the high temperatures 
of the flame. Purwanto et al. [59] and Terashi et al. [60] also showed the synthesis of BaTiO3 nanopar-
ticles with FASP and confirmed particle sizes around 100 nm and the emergence of the hexagonal phase 
along with a barium carbonate BaCO3 by-product impurity, which is routinely detected in as-synthesized 
powders. Choi et al. [61] described production of core–shell Ag-BaTiO3 composite nanopowders using 
FASP. They report low crystallinity of the as-synthesized powders, which can be improved in a subse-
quent prolonged powder calcination step starting at temperatures around 600°C and above. Recently, 
Schädli et al. [62] reported the production of BaTiO3 nanoparticles using an SFS setup with a H2/O2 
flame in order to reduce the amount of CO2 in the off-gas compared to the conventional methane com-
bustion reaction and to provide more energy for the spray combustion and therefore facilitate formation 
of highly-crystalline carbonate-free particles. In addition, they investigated the influence of the reactor 
tube length on the particle size and crystallinity of the powders. They found that the freshly-prepared 
powders demonstrate a multi-phase system with a significant amount of amorphous product and car-
bonates. Changing the reactor length helps anneal the powders in situ, which resulted in larger particle 
sizes (24 versus 51 nm before and after increasing the height, respectively), but also allowed to decrease 
the number of unwanted by-products and secondary phases. No literature references regarding the sub-
stitution of the host BaTiO3 and related systems in the SFS or related processes have been found so far, 
which together with the outlined challenges (contaminations, phase impurity) is the driving motivation 
for the present research. Expectedly, no information on the use of the flame-synthesized titanate perov-
skites in either photocatalysis or as dielectric material in ceramic capacitors were found in the literature, 
which strengthens the motivation behind the present work. Therefore, in this study, barium titanate (Ba-
TiO3, further referred to as BTO), barium strontium titanate (Ba1–xSrxTiO3, referred to as BST), and 
barium zirconium titanate (BaTi1–xZrxO3, referred to as BTZ) were chosen to examine applicability of 
the SFS technique to the synthesis of the named materials. Obtained results should help in establishing 
a deeper understanding and providing insight in the SFS of various titanate systems and perovskite ox-
ides in general. 

The focus of this work is to investigate the synthesis of BaTiO3 nanoparticles and related systems (Ba-
TiO3, substituted with Sr on the Ba site and Zr on the Ti site) using the SFS technique. In order to obtain 
a profound understanding of the process, it was vital to conduct experiments describing the synthesis of 
pure BaTiO3 powders while varying process parameters and/or solvent compositions to find any corre-
lation between them and particles properties. Another important integral part of the present work is to 
understand if a desired substitution with various elements during the SFS process can be successfully 
performed. The synthesized powders were extensively characterized in connection with their perfor-
mance as photocatalysts for water splitting reaction (Ba1–xSrxTiO3) or dielectric materials for capacitive 
energy storage (BaTi1–xZrxO3).  

 
1 The fundamental difference between SFS and FASP is that in the former, the particle formation succeeds through gas-to-
particle process, which makes it a gas-phase process. In the latter particles are formed by droplet-to-particle conversion process, 
hence spray drying [33]  
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2 Materials systems of interest 
Through the course of this chapter, the perovskite structure and some of the most important concepts 
describing the relation between structure and properties are examined. The main focus is on introducing 
BaTiO3 and related systems. Additionally, approaches to structural modifications through substitution 
of the atoms of the host BaTiO3 perovskite are considered with two particular substitution cases (Sr2+ 
on the Ba site and Zr4+ on the Ti site) examined in detail. 

2.1 The perovskite ABX3 structure 

The ABX3 formula is used for a general description of the elemental composition of perovskite crystals, 
where the A site is occupied by a large cation, the B site is a medium-sized cation, and X is an anion, in 
most cases oxygen but not exclusively [8]. A typical perovskite structure is usually visualized by SrTiO3 

as a prototype, a system very similar to BaTiO3. At room temperature, SrTiO3 adopts a cubic structure 
with a characteristic Pm3m space group, where Sr atoms occupy the corners of the unit cell with a Ti 
atom placed in the center of the unit cell surrounded by six oxygen atoms, thus forming an octahedron, 
as shown in Figure 2-1a. Typically, the cell origin is translated to the Ti atoms, which then renders the 
structure as a framework consisting of an array of regular corner shared BO6 octahedra or TiO6 in the 
case of SrTiO3. This is especially useful for comparison purposes of various perovskite structures, since 
they are built up from the stacked sequences of BO6 octahedra (Figure 2-1b).  

 

Figure 2-1.  (a) ABO3 perovskite structure of SrTiO3, (b) stacking sequence of BO6 octahedra in a conventional 

perovskite. Adapted from [8]. 

Perovskite structures are frequently viewed as ionic crystals, which need to maintain electroneutrality 
to be thermodynamically stable. Consequently, a combination of two ions of various sizes has important 
implications for the structure and therefore its properties. The merit of how likely they form a stable 
perovskite structure can be described through the so-called tolerance factor (Goldschmidt’s rule): 

 𝑡 = (𝑟A + 𝑟X)√2(𝑟B + 𝑟X) ≈ 1 Equation 2-1 

where 𝑟A is the radius of the A-site cation, 𝑟B is the radius of the B-site cation and 𝑟X is the radius of the 
anion (X) [8]. The idea behind the tolerance factor is that a perovskite structure would form when the 
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value of 𝑡 is close to 1. The Goldschmidt factor is used extensively to predict if a structure is more likely 
to converge to the ideal cubic structure of SrTiO3 (t ≈ 0.9–1.0), hexagonal (t > 1.0), or to other lower 
symmetry phases such as tetragonal, rhombohedral, and orthorhombic (t ≈ 0.71–0.9) [63]. Decreasing 
the 𝑡 value generally corresponds to an increased disorder of the structure, and thus deviation from the 
ideal perovskite configuration shown in Figure 2-1b [64].  

The tolerance factor holds a reasonable predictive power for the theoretical analysis of perovskite struc-
tures and their stability. For instance, in the case of organic–inorganic halide perovskites, where the 
structures with 𝑡 values of 0.8–1 possess the key photoactive phase, and the structures whose 𝑡 values 
lie slightly beyond these values demonstrate compositional disorder, which leads to the formation of 
secondary phases that negatively affect the performance [9].  

2.2 BaTiO3 and the cation displacement 

Many valuable properties of conventional ABO3 perovskites are determined by the chemistry of the BO6 
octahedra, specifically by the electron configurations of the B-site cations. In contrast, the larger A-site 
cations are chemically less responsive and serve as a framework for the BO6 octahedra. For instance, a 
change in the oxidation state of the B-site cation or introduction of B-site cations with different oxidation 
states might result in stoichiometries ranging from the standard ABO3 to non-stoichiometric, oxygen-
deficient ABO3–δ compositions. The final structure in these cases is stabilized by introducing oxygen 
vacancies and a corresponding change in the coordination of the BO6 octahedra [63, 64].  

In reality, any structural modification of the principal ABO3 stoichiometry is accompanied by either or 
a combination of the following changes in the BO6 chemistry: B-cation displacement, BX6 octahedra 
tilt/rotation or BX6 distortion (elongation or flattening) [8]. B-site cation displacement is the one most 
frequently observed of the three and is very well studied on the example of BaTiO3, which is considered 
more closely in the present chapter.  

 

Figure 2-2. Comparison between TiO6 octahedra in the cubic and tetragonal phases of BaTiO3. 

A classic example of the BO6 displacement is the displacement of the Ti4+ ions of the TiO6 octahedra in 
BaTiO3 caused by the second-order Jahn-Teller effect, which states that symmetry deviations occur that 
help minimize the ground-state energy of the system with a non-degenerate electronic ground state under 
the influence of a sufficiently low-lying excited state [65]. In more simple terms, even for high-sym-
metry systems such as a cubic system in a ground state, symmetry distortions are favorable to preserve 
the minimum energy state driven by the improved covalent bonding between the highest occupied (HO) 
and lowest occupied (LO) molecular orbitals. In BaTiO3 this is realized by the coupling between the 3d 
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orbitals of the Ti4+ and the highly electronegative oxygen 2p orbitals [8, 66-68]. Therefore, to preserve 
the minimal energy state and at the same time to retain the highest possible symmetry, a displacement 
along one axis happens to compensate for the excess energy provided by the unfavorable initial electron 
configuration. To demonstrate the implications this effect has on the structure, a projection of the corre-
sponding TiO6 octahedra of the cubic and tetragonal phase of BaTiO3 are shown in Figure 2-2.  

 

Figure 2-3.  Phase transitions of BaTiO3. Red mark ticks indicate the respective phase-transition temperatures. 

The cubic structure of BaTiO3 with the highest symmetry (space group Pm3m) is thermodynamically 
stable at temperatures above 393 K (120°C) (Figure 2-3), with the six Ti–O bond lengths being equal to 
0.2 nm in each octahedron (Figure 2-2). As the system cools down below 393 K, a phase transition into 
the lower symmetry tetragonal phase (space group P4mm) occurs as the cubic structure can no longer 
be retained because of the above described second-order Jan-Teller effect. The consequence is that the 
Ti–O bond lengths adjust (either lengthen or shorten), also leading to a unit cell expansion along the c 
axis, while the two remaining a axes slightly compress (Figure 2-3) [69]. The displacement of the Ti4+ 
ions happens along the c axis and the bond lengths parallel to the c axis are ~0.22 and 0.18 nm, while 
the equatorial bond lengths remain ~0.2 nm and thus the average bond length across the unit cell stays 
0.2 nm (Figure 2-2). The ultimate effect of the cation displacement is that it gives rise to dielectric di-
poles in each TiO6 octahedron owing to the polar nature of the Ti–O bond, which is the source of a 
spontaneous electric polarization (ferroelectricity) in tetragonal BaTiO3. Thus, changes in the chemical 
environment of the BO6 octahedra have a profound influence on the structure and properties not only in 
BaTiO3 but also in any other perovskite system [69-71]. With further temperature decrease, the tetrago-
nal structure of BaTiO3 undergoes subsequent phase transitions, which leads to systems with even lower 
symmetry (orthorhombic and rhombohedral phases) accompanied by changes in unit cell dimensions 
and bond lengths. Both phases display ferroelectric properties, and the former occurs between 263 and 
183 K, while the latter is found below 183 K [8] (Figure 2-3).  

It is important to understand that phase transitions can not only be induced by changing temperature. 
Intentional manipulation of the ABO3 perovskite structure can be achieved by performing substitutions 
on either A- or B- site with generally two main aspects considered: ionic radius and valency of the 
substituting elements. While discussing numerous individual cases of structural variations is beyond the 
scope of this thesis, some cases of structural modifications of the BaTiO3 perovskite structure are exam-
ined, specifically how one can customize and tailor the properties of interest.  
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2.3 A-site substitution of BaTiO3 with Sr2+ 

Possible substitution cases of BaTiO3 on the A-site are generally described in terms of introducing ele-
ments from group 2 of the periodic table (alkaline earth metals), which gives rise to perovskites like 
MgTiO3, ZnTiO3, CaTiO3, and SrTiO3. For instance, MgTiO3 is known for its dielectric properties and 
is used in electronic filters, resonators, and microwave antennas [72, 73], while ZnTiO3 is used as a 
catalyst for dehydrogenation reactions and oxidation of chemical wastes [74], and has been also exam-
ined regarding its photocatalytic performance [75]. A disorder-engineered CaTiO3 was shown to demon-
strate good photocatalytic activities in dye degradation compared to the unmodified samples [76]. Sub-
stitution of the A-site with Sr produces a series of technologically important materials owing to their 
excellent dielectric performance [7, 77-79]. Moreover, pure SrTiO3 nanoceramics have received sub-
stantial attention in catalytic community due to their reliable hydrogen production in water splitting 
reaction, coupled with its stability and favorable band-edge positions [80, 81], which strengthens the 
interest in investigating synthesis of SrTiO3 nanopowders for photocatalytic applications. Their catalytic 
performance can be further boosted by adding co-catalysts like Ni, Pd, or Rh [18, 19, 82-84].  

The similarity between BaTiO3 and SrTiO3 is apparent with the former having a slightly expanded unit 
cell compared to the latter (3.9906 Å and 3.905 Å, respectively) due to the difference in the ionic radii: 
Sr2+ ion is slightly smaller than Ba2+ (1.44 Å versus 1.61 Å, respectively) [78]. Therefore, at room tem-
perature, SrTiO3 possesses an ideal cubic perovskite structure (Pm3m) and is not ferroelectric – a fact 
that is additionally emphasized by the Goldschmidt tolerance factor ~1. This also means that introduc-
tion of Sr does not directly interfere with the TiO6 octahedra chemistry observed in BaTiO3. Both SrTiO3 
and BaTiO3 share almost identical electronic structures with an indirect band-gap of ~3.2 eV [81]. Sub-
stitution of BaTiO3 with Sr shows complete solubility and creates a homogenous solid solution with no 
secondary phases over the whole composition range [85]. Upon introduction of Sr, the tetragonal phase 
of BaTiO3 is preserved at room temperature up to at least 15 mol% Sr [78] although the degree of te-
tragonal distortions (the ratio between the c and a cell constants) diminishes with increasing Sr concen-
tration [86]. Further increase in Sr concentration converts the structure completely into cubic with a 
linear decrease in the calculated cell constant values [25].  

So far, the synthesis of SrTiO3 via SFS has not been reported in the abundant literature on the various, 
mostly wet-chemistry synthesis methods of SrTiO3 [25, 83, 86]. It is therefore the goal of this thesis to 
investigate the feasibility of producing SrTiO3 and Sr-substituted BaTiO3 nanoceramics via SFS, and to 
examine their performance in water splitting reaction regarding hydrogen production. 

2.4 B-site substitution of BaTiO3 with Zr4+ 

The number of options regarding the substitution of the B-site in BaTiO3 is typically limited to the 
elements from groups 4, 5, 8, and 9 of the periodic table that have a similar ionic radius to Ti (0.605 Å). 
That leads, for instance, to the following well-known systems: BaZrO3, BaSnO3, BaFeO3, and BaCoO3, 
though some additional combinations are possible. BaSnO3 finds its use as an electrode for organic solar 
cells, in gas sensors, and as a thin-film transistor [87], while Ba(Fe,Co)O3 perovskites are known for 
their conductive properties for cathode materials in solid oxide fuel cells [88]. Since the focus in the 
present work is directed on the substitution of the B-site towards capacitive energy storage, the only 
viable option from the mentioned systems above is Zr, therefore leading to BaTi1–xZrxO3. This system 
received much attention owing to its strong dielectric characteristics, which render it attractive for en-
ergy storage applications in ceramic capacitors [12-14, 89]. In addition, the emergence of the diffuse 
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phase transition (DPT) and relaxor behavior gives the BaTi1–xZrxO3 system another edge in the topic of 
capacitive energy storage, where materials with pure ferroelectric characteristics suffer from pronounced 
hysteretic behavior despite their strong permittivity values [7]. This is not the case for DPT and relaxor-
based ceramics, because hysteretic behavior is much less pronounced due to the partial or total absence 
of the seamless domain structure, which therefore allows to store higher amount of electric energy in a 
ceramic material. The topic of ferroelectric hysteresis and its importance for energy storage is addressed 
in greater detail in Chapter 3.2. An additional significant benefit is that BaTi1–xZrxO3 (BTZ) is non-toxic 
unlike its lead-containing analogues (e.g., Pb(TiZr)O3 or (Pb,La)(Ti,Zr)O3), which are being skeptically 
viewed due to environmental and safety concerns [7]. In this chapter the key features of the BTZ systems 
are concisely summarized that would help understand what makes it stand out when compared to BaTiO3 
with respect to energy storage applications.  

 

Figure 2-4.  Temperature dependence of the dielectric constant and losses for pure BaTiO3 (a) and BaTi1–xZrxO3 

ceramics with various Zr concentrations (b). Arrows indicate phase transitions, T1 and T2 stand for 

transition 1 (tetragonal/cubic) and 2 (orthorhombic/tetragonal), respectively. Adapted from [89, 90]. 

As described in Chapter 2.2, ferroelectricity in the tetragonal phase of BaTiO3 occurs trough the dis-
placement of Ti4+ ions, which ultimately renders every TiO6 octahedra a dipole. Neighboring dipoles are 
polarized and an aligned array of dipoles with identical orientation is called a ferroelectric domain, 
which contributes to the spontaneous polarization of the material. Domains are formed to minimize the 
electrostatic energy associated with an uneven distribution of the spontaneous polarization throughout 
the material, therefore forming a long-range ferroelectric order. An important fact is that any ferroelec-
tric material can be turned into a non-ferroelectric material (paraelectric) through an induced phase tran-
sition, for instance, by applying heat. The phase transition is accompanied by a strong change in the 
dielectric permittivity values and changes in the unit-cell dimensions dictated by the symmetry of the 
system, as discussed in Chapter 2.2. The observed change of the dielectric permittivity versus tempera-
ture is described by the Curie-Weiss law, and the temperature at which the peak permittivity is registered 
is called the Curie temperature (TC). A typical example of that is shown in Figure 2-4a. 

A different case emerges when taking into account the incorporation of Zr substituting Ti atoms (ionic 
radii 0.72 Å and 0.605 Å, respectively [91]) in BaTiO3. Briefly, introduction of Zr leads to the develop-
ment of local inhomogeneities so that a ferroelectric domain is made up of microregions, each with a 
slightly different distribution of Zr and Ti, which in turn leads to the breakage of the long-range ferroe-
lectric order. These microregions were shown to have nanometer dimensions (2–10 nm) and demonstrate 
only locally correlated polarizations and therefore are called polar nanoregions (PNR) [92]. Each such 
PNR has a slightly different TC value from its neighbors, which results in a significant broadening of the 
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permittivity maximum – frequently described as a diffuse phase transition (DPT), as shown in Figure 
2-4b for x = 0.18 [8, 92]. The phase composition has a profound influence on the existence of PNRs and 
therefore dielectric properties of substituted BaTixZr1–xO3 ceramics depend on the Zr concentration. The 
first event to occur is that phase transitions of various ferroelectric phases (tetragonal/cubic and ortho-
rhombic/tetragonal, T1 and T2, respectively) in pure BaTiO3 (Figure 2-4b) draw closer to each other at x 
≤ 0.1. At x ≈ 0.1–0.15, the T1 and T2 phase transitions completely merge – a phenomenon frequently 
called a “pinched phase transition”, and the system is then said to preserve a rhombohedral symmetry 
up to x ≈ 0.2–0.25, which is still actively discussed in the literature [89, 92-94]. At the same time as the 
pinched phase transition occurs, the DPT phenomenon can be observed over x ≈ 0.15–0.25 in Zr-substi-
tuted BaTiO3, which is no longer correctly described by the Curie-Weiss law, and the maximum permit-
tivity value is simply denoted as Tm. It should be stressed that despite DPT, the material’s behavior is 
still regarded as a pure ferroelectric one. 
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Figure 2-5.  Temperature dependence of the dielectric permittivity (ε´) for BaTixZr1–xO3 with x = 0.5.  

At higher substitution stages with Zr concentration x ≈ 0.25–0.35, a transition (crossover) to a so-called 
relaxor state occurs. The relaxor state is described by the frequency dispersion of the dielectric permit-
tivity values, as shown for x = 0.5 by the arrow in Figure 2-5. The origin of the frequency dispersion is 
related to the kinetics of the reorientation process of PNRs during cooling, which is a frequency-de-
pendent process [92, 93]. However, there is still some controversy regarding the phase composition at 
room temperature at x ≈ 0.25–0.35. For instance, Buscaglia et al. [95] showed that at x = 0.2 the rhom-
bohedral phase can coexist with the cubic phase. Miao et al. [94] argue that at x = 0.25 and 0.35, the 
cubic structure prevails with rhombohedral-like distortions. Maiti et al. [93] conducted dielectric per-
mittivity experiments with various Zr concentrations and proposed a phase diagram, suggesting that the 
materials at x > 0.25–0.35 are macroscopically cubic judging from the measured neutron diffraction data 
but with local symmetry deviations, as suggested by thorough Raman measurements. The relaxor be-
havior in BaTixZr1–xO3 ceramics is expected at 0.35 < x < 0.95 with all materials being cubic at room 
temperature. Above x = 0.95, paraelectric behavior is observed [91-93]. It should be pointed out that the 
phase composition of the synthesized materials heavily depends on the synthesis method and the pro-
cessing conditions. 
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In this thesis, the focus is on the SFS of BaTi1–xZrxO3, which has not been described in the existing 
literature on the synthesis of BTZ ceramics. In addition, in the present work an attempt was made to 
synthesize BTZ covering the entire Zr concentration range. A benefit provided by SFS is the generation 
of nanoscale powders. This is advantageous for the production of dense fine-grained ceramics with good 
dielectric characteristics, because the nanoscale powders demonstrate much better densification during 
sintering (faster powder consolidation and less porosity without significant grain growth that usually 
sets on at later stages of sintering) compared to particles in the micrometer range [15, 96-98]. 
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3 Photocatalytic energy conversion and capacitive energy storage in  
BaTiO3-based perovskites 

This chapter is devoted to addressing photocatalytic energy conversion and capacitive energy storage 
using perovskite ceramic materials on the BaTiO3 basis. The aim of this relatively large section is not to 
give an exhaustive review of both photocatalytic processes and capacitive energy. Rather, the focus here 
is on giving fundamentals and approaches to both topics, which is then applied on the material systems 
of choice, namely BaTiO3 and its derivatives. 

3.1 Semiconductor photocatalysis 

According to the IUPAC terminology, photocatalysis is defined as “change in the rate of a chemical 
reaction or its initiation under the action of ultraviolet, visible, or infrared radiation in the presence of a 
substance – the photocatalyst – that absorbs light and is involved in the chemical transformation of the 
reaction partners” [99]. Photocatalytic reactions such as water disinfection [100], conversion of carbon 
dioxide [101], and water splitting [18, 81] have attracted much attention in view of sustainable energy 
technology. Water splitting especially has been the research focus for many decades, all with the aim to 
better understand the process and increase its efficiency. 

The main emphasis of this chapter is to briefly introduce the fundamentals of photochemistry and pho-
tocatalytic processes in general with a focus on the water splitting reaction using a conventional n–type 
semiconductor. Basic interaction between material and light, processes occurring in the semiconductor 
and at its surface are considered, with a brief examination of thermodynamic aspects. Furthermore, es-
sential material properties and requirements are discussed in connection with catalytic activity. Finally, 
the attention is turned to titanate ATiO3 perovskite oxides, where their activities in water splitting are 
examine depending on the amount of the substituting material introduced. 

3.1.1 Fundamentals of photochemistry 

The main processes that occur in a photocatalytic reaction are graphically outlined in Figure 3-1a. The 
interaction between light and a semiconductor implies absorption of photons and a subsequent excitation 
of electrons from the energetically low state (ground state) to a state with higher energy (excited state) 
as shown schematically in Figure 3-1b. In other words, the interaction of light with the electronic struc-
ture of the semiconductor takes place, whereby an electron–hole pair forms (exciton), and the electron 
with sufficient energy (higher than the bandgap value) is excited into the conduction band (CB), leaving 
a positively charged hole in the valence band (VB) [81]. After migration of the photogenerated charge 
carriers to the surface, single electron or energy2 transfer processes to a redox system (oxidizable and 
reduceable species) at the semiconductor surface may occur. Additional events such as emission of light 
(fluorescence and phosphorescence) and radiation-less deactivation (internal and external conversion 
when a molecule transits from a higher to a lower electronic state) can occur during migration and at the 
surface causing very short charge-carrier lifetimes on the order of ns or shorter. Electron-transfer pro-
cesses are the only ones that lead to chemical reactions as discussed below [102, 103]. 

 
2 Electron exchange or dipole–dipole resonant coupling. Refer to [102]  
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Figure 3-1.  Schematics of the processes in heterogeneous photocatalysis. a): Spatial view of charge-carrier gen-

eration symbolized by h+ and e– upon irradiation, recombination events: volume (VR) and surface 

recombination (SR), charge-transfer processes (CT). b): Excitation of an electron from the valence 

band (VB) to the conduction band (CB) and relaxation to the bottom of the conduction band. c): 

Electron transfer onto an adsorbed acceptor molecule. Adapted from [104]. 

In order to maintain an ongoing chemical reaction, it is necessary to preserve a continuous electron 
transfer process from the VB of the material to the acceptor species and from the acceptor species to the 
hole in the CB of the materials (Figure 3-1c), which vastly depends on the average lifetime of the charge 
carriers involved in the process. Electron transfer proceeds via electron tunneling – a phenomenon that 
can occur across the solid/liquid (or solid/gas) interface enabled by the distances less than a nanometer. 
A competing process with the electron transfer is electron and hole recombination – a process, which 
decreases the number of available charge carriers for the reaction and is detrimental to the overall effi-
ciency of the photocatalytic processes because the recombination rates lie roughly on the same timescale 
as the interfacial electron transfer [103]. Recombination (schematically shown in Figure 3-1a) can occur 
either in the volume (volume recombination) or at the surface (surface recombination), and inhibiting 
its rate is crucial to increasing the efficiency of the catalytic processes [102, 105].  

In a model reaction where a semiconductor is in contact with a redox system, the ability to perform 
charge transfer depends on the existence of an electrochemical potential gradient in the system. This 
means that the oxidation and reduction potentials of the adsorbed species (acceptors and donors) have 
to be located below the CB edge potential for the acceptor species and above the VB potential for the 
donors, i.e., within the bandgap of the semiconductor. However, it is very often the case that higher 
potentials are required to drive reactions with high rates, which is called overpotential. The better the 
catalytic function of the catalyst, the lower is the kinetic barrier and therefore overpotential values [104]. 
If the established charge transfer is continuous and exergonic (G < 0), the process is then termed het-
erogeneous photocatalysis [81, 102, 105].  

A very important consequence of the electron transfer for solid/liquid interfaces is that it causes redis-
tribution of charges in the semiconductor and at its surface, which results in a phenomenon called band 
bending [24]. This leads to the development of a space-charge region in the semiconductor, which in 
turn varies the potentials of electrons and holes. The potential difference creates an internal electric field 
that serves as an effective charge separator, preventing electron–hole recombination and driving oppo-
site charges in opposite directions [102]. The same principle is used in the formation of a Schottky 
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barrier at the metal-semiconductor interface and also exploited in the photocatalysis when doping with 
noble metals like Pt on TiO2 nanoparticles for a more effective charge separation [24, 102, 105, 106]. 

3.1.2 Photochemical water splitting 

In this section, the attention is focused on water splitting and its main aspects are discussed. Photocata-
lytic water splitting (or photochemical cleavage to hydrogen and oxygen) is an endergonic reaction (G 
> 0) where stoichiometric amounts of H2 and O2 (2:1) form from water upon interaction of light with 
the electronic structure of a semiconductor. The basic thermodynamic requirement for water splitting is 
that the standard oxidation and reduction potentials for water match the electrochemical potentials of 
the reactive electrons and holes, i.e., more negative than –0.42 eV and more positive than 0.81 eV ac-
cording to Equation 3-1–Equation 3-3. Thus, the theoretical minimum bandgap of a semiconductor to 
produce one molecule of H2O is 1.23 eV [105]. Equation 3-2 and Equation 3-3 are called half reactions 
of water splitting. 

 2H2O → 2H2 + O2 2.46 eV Equation 3-1 

 2H2O → O2 + 4H+ + 4e– 0.81 eV Equation 3-2 

 2H2O + 2e– → H2 + 2OH– –0.42 eV Equation 3-3 

These thermodynamic considerations apply only at standard conditions (pH = 7) and zero reorganization 
energies (solvent relaxation after electron exchange) of the transfer reactions. In reality, many factors 
must be considered (thermodynamic losses, kinetic considerations of the charge transfer), and therefore 
a more realistic bandgap value ~of 2.0 eV has been proposed [105, 106]. Additionally, after closer ex-
amination of Equation 3-2, it is obvious that the oxygen evolution reaction (OER) is more complicated 
because four electrons are needed to generate one O2 molecule, which is regarded as one of the main 
barriers to increasing overall efficiency [107]. In contrast, in the hydrogen reaction the uptake of only 
two electrons is required. Moreover, the kinetics of the OER are more intricate and proceed through the 
production of OH radicals, which requires 1.9 V reduction potential of the reacting hole, and is thus 
regarded as the rate-limiting step in complete water splitting [105]. Furthermore, light-induced electrons 
and holes are always in close proximity to each other, which favors back reactions of the reaction prod-
ucts to form water. These instances make water splitting a demanding reaction, and, therefore complete 
water splitting is rarely observed under the irradiation of an aqueous complex. For this reason, frequently 
only reduction or oxidation reactions (half-cell reactions) are performed to test the performance of a 
material [81]. 

One way to increase the catalytic activity of a semiconductor is to modify its surface through doping 
with noble metals. This is a widely applied practice, where small nanoparticles are deposited on the 
semiconductor surfaces to selectively improve production rates of both H2 oxidation (Pt, Pd, Rh) and O2 
reduction reactions (IrO2, CoxOy, etc.). Metal nanoparticles act as Schottky barriers that help separate 
opposite charges thus suppressing recombination events. Another benefit of this type of surface modifi-
cation is that metal nanoparticles themselves also act as active sites for the reaction [102, 103]. 

Another efficient way of enhancing production rates of either hydrogen or oxygen is the use of sacrificial 
agents (electron or hole scavengers). Upon addition of such agents one half-reaction can be avoided so 
that the rate of the other half-reaction is increased [102]. For example, photocatalytic H2 production can 
be improved by introducing electron donors such as methanol (CH3OH) or other alcohols into aqueous 
solution, whose oxidation potential is much lower than that of water (0.02 and 1.23 eV, respectively). 
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The introduced alcohol is then oxidized during the reaction by positive holes to produce CO2. The same 
concept can be applied to O2 production reaction, where silver cations Ag+ can be employed as electron 
acceptors that react with the photogenerated electrons from the valence band. The disadvantage of the 
method is that sacrificial agents must be constantly added to maintain constant reactions [105, 108, 109]. 

3.1.3 Materials requirements for photocatalysts towards water splitting 

The ultimate goal behind any photocatalytic reaction is to increase the yield of the forming species, in 
other words, the efficiency of the process. The main impediment is the occurrence of recombination and 
the thermodynamically favored reverse reaction yielding water. In this chapter, essential factors that are 
considered important for a photocatalyst are presented. 

Arguably, the most critical factor is the light absorption spectrum of a photocatalyst, which is controlled 
by its bandgap value. A sufficient overlap between the employed radiation and the bandgap is an im-
portant prerequisite for higher quantum yield (number of molecules decomposed per photons absorbed) 
values and therefore efficiencies of the process. The problem is that most of the available semiconductor 
materials are only UV-light sensitive, which makes up as much as 10% of the total solar radiation. Shift-
ing the absorption spectrum towards longer wavelengths (lower bandgap values) allows visible light 
harvesting, i.e., λ > 420 nm with the corresponding bandgap value of 2.94 eV (BG = 1240 eV /(λ/nm)). 
The result is that more photons (with less energy) can interact with the electronic structure of a semi-
conductor, therefore producing more electron–hole pairs, which then can participate in the surface reac-
tions. Visible light absorption is commonly achieved by manipulating the band structure of a semicon-
ductor through the introduction of dopants [105, 110]. Unfortunately, energy is lost due to thermody-
namic considerations, non-radiative recombination, interfacial kinetics, and band-bending [111]. There-
fore, the maximum theoretical efficiency for water splitting is only 14% for a bandgap of 2.5 eV [24]. 
An optimal bandgap value of 2.03 eV was suggested for an ideal material with no loss mechanisms 
taken into account that would theoretically lead to a solar–hydrogen efficiency of 16.8% [106]. 

A proper alignment of the bandgap edges in a semiconductor with respect to the reduction and oxidation 
potentials of water is a thermodynamic requirement that shows feasibility of performing either complete 
water splitting or its half reactions. This relationship is usually illustrated as band levels of various sem-
iconductor materials versus redox potentials of water splitting, i.e., H2 and O2 generation as shown in 
Figure 3-2. It can be seen from the Figure 3-2 that most materials are suitable either only for hydrogen 
evolution or oxygen evolution, but not for both reactions, as it is restricted by the bandgap alignment. 
In this respect, perovskite materials such as SrTiO3 have the advantage of possessing a favorably aligned 
but relatively large (3.2 eV) bandgap. Some uncertainty exists in the exact band edge levels of the ma-
terials largely due to surface electronic structure (dangling bonds, irregularities) and energy losses asso-
ciated with the charge transfer [106]. Even if the bandgap alignment requirement is seemingly satisfied, 
due to thermodynamic reasons either hydrogen or oxygen evolution reaction but not both are observed 
at the same time, as is the case for TiO2 (Figure 3-2). 
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Figure 3-2.  Band-edge positions of some semiconductor materials. Adapted from [81]. 

Another critically reviewed factor is the availability of active surface sites where photocatalytic reac-
tions can occur mediated through the specific surface area of a semiconductor. As a consequence, nano-

scale powders are preferred over their bulk counterparts due to their high surface-to-volume ratios [19]. 
Another benefit of having smaller particles is that the photogenerated carriers have to travel shorter 
distances to the reaction sites, thereby decreasing the recombination probability [24].  

Operating with nanoparticles has some shortcomings as well. For instance, electrons and holes are in 
closer proximity to each other, which can increase the probability of recombination [81]. Moreover, the 
electronic structure of nanoparticles is directly influenced by the size reduction, meaning that space 
charge region is smaller, which leads to the decrease in the band bending potentials, and therefore less 
effective charge separation during the transfer process and performance degradation [24]. It is clear that 
compromises need to be made between having more surfaces sites and increased recombination, and no 
unanimous opinion exists in the current literature regarding the optimal particle size for photocatalysis, 
though nanoscale particles (~30–50 nm) are generally favored [82, 112]. An effective solution to the 
problem might be careful design of heterostructures, which combine positive sides of both material 
systems while diminishing charge recombination and staying at the nanoscale [23]. 

Crystallinity of a material affects the probability of recombination events and bulk transport. Essentially, 
the more crystalline the material is, the fewer defects it has, and therefore the fewer scattering and re-
combination events can be promoted by various structural irregularities such as grain boundaries, dislo-
cations, and substitutional impurities [24, 81]. High crystallinity is conventionally achieved by perform-
ing high-temperature treatment, which on the other hand leads to unwanted particle coarsening and thus 
reduced surface availability [19, 81]. 

The crystal structure of a photocatalyst was also shown to be of importance for high catalytic activities, 
as it directly reflects the electronic structure of a material, with the best example being TiO2 with its 
anatase and rutile polymorphic forms. The differences in lattice structures and overall lower symmetry 
of the anatase phase lead to different electronic band structure configurations (3.3 eV for the anatase 
phase and 3.1 eV for the rutile phase), which allows the latter to show better catalytic activity [102]. In 
connection with crystal structure, the particle shape has been found to play an important role, demon-
strating that certain surface configurations are more reactive than others [113]. 

In conclusion, higher catalytic activities are achieved after a careful scrutiny of all factors and finding 
the right balance between them. Essentially, nanoscale and highly crystalline particles with the light 
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absorption spectrum extended into the visible range are preferred. This correlates directly with the pro-
duction method of a photocatalyst, therefore encouraging the need to optimize catalysts and process 
parameters towards the photocatalytic reaction of interest. 

3.1.4 Titanate-related perovskites for photocatalytic water splitting 

Titanate perovskites with the general ATiO3 formula like BaTiO3, SrTiO3, and CaTiO3 are stable, non-
toxic, and are wide-bandgap semiconductors suitable for photocatalytic reactions such as hydrogen pro-
duction in water splitting, CO2 reduction, and degradation of organic pollutants [19-21]. While the per-
formance of pristine and unmodified (by doping or substitution) titanate perovskites in photocatalytic 
reactions sometimes cannot match that of common catalysts (Pt, Pd, Ni, Co, etc.) or the benchmark 
heterogeneous photocatalyst TiO2, they are thermally stable and resilient against photo-corrosion. The 
main advantage of the titanates lies in their flexibility and non-toxicity. This instance renders them 
promising in terms of structural modification, which allows tailoring of the properties of interest, e.g., 
bandgap width or introduction of defects like oxygen vacancies [17]. The range of titanate-based pho-
tocatalysts that are reasonably well studied up-to-date is rather limited and includes mostly BaTiO3 and 
SrTiO3, with the latter being examined most because of its robustness, stability, spatial reaction selec-
tivity [114], and performance in water splitting [19]. The catalytic performance of SrTiO3 can be boosted 
through the introduction of noble metal (Ag, Au, Pt etc.) onto the surface, as they help suppress detri-
mental charge recombination on the surface. Band modification is also a common technique to shift the 
optical absorption edge towards the visible light region, where elements like S, C, F, N, etc. are used to 
widen the light absorption window [19, 115]. Tan et al. [17] showed that preparing a non-stoichiometric 
SrTiO3–x with oxygen defects results in a better photocatalytic activity compared to stoichiometric 
SrTiO3. A comprehensive review on the subject of the perovskite photocatalysis with a large section 
dedicated to SrTiO3 is given by Grabowska et al. [18]. The author examined various synthesis methods 
of pure and doped/surface-modified SrTiO3 nanoparticles and their photocatalytic activities, concluding 
that extending optical absorption window into the visible range and loading the particle surface with 
noble metals is an effective way of enhancing photocatalytic activity of SrTiO3. 

Despite SrTiO3 being by far the most studied titanate perovskite system, BaTiO3 is also of certain interest 
for photocatalysis owing to its ferroelectric properties, as discussed in Chapter 2.2. Ferroelectricity has 
been shown to significantly influence the surface-charge chemistry [116, 117]. For instance, Burbure et 
al. [116, 117] demonstrated that titania films grown on BaTiO3 substrates can photochemically reduce 
Ag+ to Ag0 and oxidize Pb2+ to Pb4+ while exposed to UV light. The authors argued that dipolar electric 
fields from the ferroelectric domains cause carriers generated in the BaTiO3 substrates to migrate to 
surfaces and participate in the respective redox reactions [116]. Later it was shown that ferroelectrics 
can also assist in the charge separation process in photocatalysis, and thus amend the charge recombi-
nation problem [22-24]. This concept had inspired some works in the field of photocatalysis, and proof 
of concept had been demonstrated by Inoue et al. [22, 23, 118-121]. They showed that the use of either 
poled single ferroelectric materials or in combination with other materials positively affects various 
catalytic reactions, including water splitting. Later, the effect was studied in detail for BaTiO3 by Li et 
al. [23, 24], showing that inclusion of relatively large BaTiO3 nanoparticles (hundreds of nm) in a core–
shell heterostructure significantly enhances the H2 production rate. Cui et al. [22] also demonstrated that 
annealed micrometer-sized BaTiO3 particles modified with Ag nanoparticles show higher dye degrada-
tion rates than unmodified BaTiO3 particles in the nanometer range, thereby attributing the better cata-
lytic performance to a more prominent ferroelectric effect in particles with larger sizes.  
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Recently, Alammar et al. [19] described the use of sonochemically prepared CaTiO3, BaTiO3, and 
SrTiO3 nanopowders all adopting the cubic perovskite structure for photocatalytic water splitting with a 
sacrificial agent. The authors compared activities of the powders after different treatment conditions 
(heat-treatment, doping with Rh) with a commercial TiO2 (P25) sample. They stated that as-synthesized 
SrTiO3 demonstrated a matching activity with P25, and even outperformed the latter while loaded with 
0.025 wt.% Rh. Performing calcination of SrTiO3 powders was shown to result in increased particle size 
and agglomeration, which negatively affected the overall performance. Some other works showed prac-
ticality of using SrTiO3 for various photocatalytic reactions such as [17, 21, 82, 114, 122, 123]. 

In summary, titanate perovskites offer a consistent photocatalytic performance, which can be further 
enhanced by introducing dopants, surface modification or performing structural substitution. Possible 
utilization of the ferroelectric phenomenon inherent to tetragonal BaTiO3 to increase the catalytic per-
formance of H2 production in water splitting is a particularly interesting option to explore. Considering 
the scarcity of works regarding BaTiO3 nanoparticles for water splitting reaction, the main goal of the 
present study is the production of nanoscale and non-agglomerated powders for photocatalytic hydrogen 
production in water splitting. In particular, the feasibility of producing pure and substituted perovskite 
materials vis SFS for photocatalytic water splitting, challenges, and possible solutions are examined. A 
direct comparison of the photocatalytic activities between BaTiO3, SrTiO3, and Sr-substituted BaTiO3 
has never been done in the literature, which is an additional motivation for this thesis. 

3.2 Capacitive energy storage  

Energy storage technologies in the form of batteries and capacitors are extremely important today and 
are widely used in constantly growing fields of microelectronics, power grids, for electric vehicles, and 
renewable energy devices [7, 124]. Though batteries and capacitors are both energy storage devices, the 
respective approaches to energy storage and transport differ. While the main focus with batteries lies 
within maintaining high energy densities (10–300 Wh/kg), capacitors fall short in this respect demon-
strating much lower values (30 Wh/kg) compared to batteries. On the other hand, capacitors possess 
high power densities (108 W/kg), which contrasts much lower values typical for batteries (500 W/kg) 
[125]. This means that batteries can store more energy but have much less energy output than capacitors 
(Figure 3-3a). Conversely, capacitors are capable of delivering huge amounts of electric power over a 
short period of time at the expense of long-term storage capabilities. Nevertheless, high energy through-
put makes capacitors suitable as parts of various electronic devices such as inverters, rectifiers, and 
capacitive power supplies. In recent years, interest in high pulse-power applications like pulse generators 
(electronic flashes, electroshock generation, defibrillators) dramatically increased, where high energy 
densities and fast charge transfer are essential [7, 124-128]. 

In the following section, a correlation between important characteristics of capacitors such as the die-
lectric permittivity, capacitance, and energy density is established. For that, first a simple ceramic ca-
pacitor system is examined, and a theoretical background of its functioning principles is provided. In 
order to deliver a better understanding of the topic, the outlined concepts are later supported with some 
examples of specific material systems. Towards the end of the chapter, the focus is shifted towards  
BaTiO3-based systems, and strategies of improving energy storage in them are discussed. 
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3.2.1 Working principle of capacitors 

Ceramic capacitors are passive electronic devices, where a dielectric material is placed between two 
conductive plates, and energy is stored on the plates in the form of electric charge [129, 130]. When an 
electric field is applied on a capacitor as shown in Figure 3-3b, an internal electric field develops inside 
the dielectric material that acts oppositely to the applied external field which is sustained by equal op-
posite charges 𝑄 on the surfaces of the plates. As a result, the dielectric material polarizes.  

 

Figure 3-3. a) Power density as a function of energy density in various energy storage devices. Adapted from 

[125]. b) General schematics of a parallel-plate capacitor. The dielectric polarizes under the applica-

tion of an electric field E. 

A capacitor is said to be fully charged when the voltage between the plates is equal to the voltage sup-
plied externally. The amount of the electric charge stored or capacitance 𝐶 is described then by:  𝐶 = 𝑄𝑉 

 Equation 3-4 

where 𝑉 is the voltage between the conductive plates. Changing the magnitude 𝐸 = 𝛿 𝜀⁄   of the electric 
field causes a corresponding change in the surface charge density  𝛿 = 𝑄 𝐴⁄  and the voltage between 
the conductive plates according to: 𝑉 = 𝐸𝑑 = 𝑄𝑑𝜀𝐴  

 Equation 3-5 

where 𝜀 is the permittivity of the dielectric material, 𝐴 is the area of the capacitor plates, and 𝑑 is the 
thickness of the dielectric layer. The maximum charge that the capacitor can store therefore depends on 
the permittivity values 𝜀 of the dielectric material and its dimensions. The relationship between these is 
described by 𝐶 = 𝜀 𝐴𝑑  

 Equation 3-6 

The permittivity of a dielectric can be also expressed in a slightly different form: 𝜀 = 𝜀r𝜀0, where 𝜀r is 
the relative permittivity of a material and 𝜀0 is the permittivity of vacuum. As discussed above, when an 
electric field 𝐸 is applied on a dielectric, it causes polarization of the material (Figure 3-3), which is 
described by the electric polarization 𝑃 
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𝑃 = 𝜀0 𝜒 𝐸  Equation 3-7 

where 𝜒 is the electric susceptibility. The latter indicates the degree of polarization of a dielectric in 
response to an applied field and is related to the relative permittivity of the material in the following 
way: 𝜀𝑟 = 1 + 𝜒. The total charge density (both free and induced by the electric field) is then described 
by the electric displacement 𝐷 defined as 𝐷 = 𝜀0𝐸 + 𝑃  Equation 3-8 

Substituting Equation 3-7 into Equation 3-8 and directly simplifying it, yields 𝐷 = 𝜀0𝐸 + 𝜀0𝜒𝐸 = 𝜀0𝐸(1 + 𝜒) = 𝜀𝑟𝜀0𝐸  Equation 3-9 

The relationship between the total energy density 𝑈 (in J/cm3) of the capacitor and an applied electric 
field 𝐸 is described as an integral of the E values over displacement values  𝑈 = ∫ 𝐸 𝑑𝐷 

 Equation 3-10 

For dielectric materials with high 𝜀 values, the electric displacement 𝐷 is equal to the polarization den-
sity 𝑃, and combining Equation 3-9 and Equation 3-10 results in  𝑈 = ∫ 𝐸 𝑑𝑃 = ∫ 𝜀r 𝜀0 𝐸 𝑑𝐸 

 Equation 3-11 

Equation 3-11 has a defining role in the topic of capacitors, since the form of the 𝑃 − 𝐸 curve describes 
the behavior of an individual energy storage system, and the energy density can be therefore directly 
extracted from the graph. For instance, a direct way of calculating the energy density of a system can be 
then represented by a linear relation after integrating Equation 3-11 𝑈 = 12 𝜀0 𝜀r 𝐸2 

 Equation 3-12 

It follows from Equation 3-11 that high permittivity values of the dielectric material together with large 
electric fields (typically kV/cm to MV/cm range) are the prerequisites for high energy densities [7, 11, 
125]. Equation 3-12 and its graphical form (Figure 3-4a) suggests that linearly increasing the strength 
of an applied electric field results in a corresponding linear increase of the polarization values. However, 
at some value of the electric field the material can sustain dielectric breakdown, i.e., it becomes conduc-
tive, and therefore ceases to be an insulator. Breakdown strength of a capacitor is thus a vital parameter 
that determines the stability of the capacitor at high voltages [7]. An additional inherently related char-
acteristic to the energy storage is the energy storage efficiency 𝜂 of a capacitor 𝜂 = 𝑈rec𝑈tot × 100% 

 Equation 3-13 

where 𝑈rec and 𝑈tot are the recovered and the total energy density, respectively.  

Another aspect that is inevitably associated with the performance of capacitors is the amount of dielec-
tric losses, which is given by the loss tangent (tan δ). Dielectric losses are an inherent dissipation of 
electromagnetic energy in a dielectric associated with the dipole relaxation phenomenon when an elec-
tric field is applied. Low values of tan δ represent good electrical resistivity of the dielectric, and there-
fore a capacitor with low losses, whereas large values are attributes of a lossy capacitor.  
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One issue that needs to be addressed is that the performance of a capacitor is a complex function of the 
various materials properties. To achieve good performance, mechanical stability, and miniaturization 
that result in high volumetric efficiencies, the dielectric material of choice must be a dense fine-grained 
(<1 μm) ceramic, preferably with high polarizability (e.g., ferroelectrics) [15]. For instance, it was 
shown that continuously improving the ability to produce dense fine-grained ceramics has resulted in a 
constant increase in permittivity values for sub-100 nm grain sizes for BaTiO3 [10, 15, 131-135]. Den-
sities approaching the maximum theoretical values (≥ 95%) for specific materials are controlled by ap-
plying various sintering techniques with carefully selected temperatures and timescales, while limiting 
and, ideally, inhibiting grain growth [136, 137]. Grain growth and densification are competing processes 
during sintering, and if one to retain the beneficial properties of nanograined ceramics, densification has 
to be promoted. In this regard, the main benefit of using nanoscale ceramics is that they offer a much 
faster and better densification than coarse-grained ceramics [96-98, 135]. However, it should be pointed 
out that on decreasing grain sizes below 1 μm, the measured permittivity values also decrease, which is 
related to changes in density and mobility of grain boundaries, and their dilution with low permittivity 
grain boundaries [15]. Moreover, in ferroelectrics the measured dielectric response decreases with de-
creasing grain sizes, which is associated with a reduced tetragonality of the unit cell, as well as decreased 
complexity of domain structures and their stable variants [15]. Thus, careful consideration of many fac-
tors is vital to maintaining the balance between high efficiencies and compactness of the final devices. 

3.2.2 Classification of P–E curves in relation to energy storage 

After having laid out theoretical foundations for capacitors with respect to energy storage, various types 
of the P–E dependencies are examined and how can Equation 3-11 can be applied in practice.  

The simplest case is described by Equation 3-12 and graphically shown in Figure 3-4a, which applies to 
linear dielectrics and, to some extent, to paraelectrics with their ability to develop a more enhanced 
polarization when an electric field is applied. This results in larger permittivity values compared to linear 
dielectrics. Generally, linear dielectrics possess low permittivity values, moderate electric breakdown 
strength, and fairly high efficiencies. Metal oxides such as Al2O3, TiO2, and fluor-containing polymers 
(e.g., PVDF) are the classic representatives of the linear dielectrics group whose typical behavior is 
shown in Figure 3-4a, while SrTiO3 is a classic example of a paraelectric material. For example, in a 
review by Yao et al. [7] a TiO2 system with 𝜀 values of ~110 at an electric field of 350 kV/cm is men-
tioned. In contrast, Mg-modified SrTiO3 shows higher 𝜀 values of ~300, low dielectric losses (~0.001), 
which results in the total energy density of 1.86 J/cm3 and high efficiency of 89.3% at an electric field 
of ~362 kV/cm. However, despite the seeming linearity of the P–E dependence for both linear dielectrics 
and paraelectrics, energy losses for these systems originate from the interfacial or space charge polari-
zation and result in lower efficiencies of the capacitors [7, 11].  
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Figure 3-4.  Dependence of polarization P from electric field E for (a) linear dielectrics, (b) ferroelectric materi-

als, and (c) relaxor ferroelectrics. Additionally, ferroelectric domain (b) and relaxor microstructures 

(c) are schematically shown. The green colored areas show the recovered energy. Based on [8]. 

Accomplishing higher energy densities is inherently linked to the ability of a material to exhibit higher 
polarization values. This directly correlates with the ability of a material to retain polarization caused 
both by the creation of induced dipoles and by the relative ion displacements like in the structure of 
ionic crystals when an electric field is removed. The former case guarantees polarization enhancement 
in paraelectrics and thus higher permittivity values than in linear dielectrics, while the latter is the cause 
of ferroelectricity in materials [7].  

The classic treatment of ferroelectric materials is that they have permanent spontaneous polarization in 
the absence of an electric field owing to the fact that they are made up of an array of dipoles. The dipoles 
form ferroelectric domains, provided that the they are uniformly oriented [138]. A very distinctive char-
acteristic of ferroelectrics is that the polarization orientation can be switched (reversed) by changing the 
direction of an electric field. Particularly important is the occurrence of a ferroelectric hysteresis (Figure 
3-4b), which is associated with the domain size rearrangements when an electric field is applied or 
reversed. As the field strength increases, the polarization of the domains with unfavorable direction of 
polarization starts to switch along the directions that are as close as possible to the direction of the 
applied electric field, until at some value all domains share the same orientation. When reversing and 
decreasing the field, the P–E curve does not follow the same trend as before and at zero electric field 
the polarization value does not equal zero and shows an offset, the remanent polarization (Pr). Zero 
polarization can only be reached by continuing to decrease the electric field in the opposite direction. 
The value of the electric field at zero polarization upon reversal is called coercive field (Ec). Extrapola-
tion of the linear segment in ferroelectric hysteresis to the electric field gives the value of the spontane-
ous polarization (Ps) (Figure 3-4) [8, 138].  

The essential implication of the hysteresis phenomenon for energy storage is that energy needs to be 
spent during the domain reorientation process, and the amount of the energy invested graphically ex-
pressed is equal to the area between the upward (charge) and downward (discharge) curves (Figure 3-4b) 
[7]. This adversely affects the effective energy density and therefore renders ferroelectric materials with 
large hysteresis unfavorable for energy-storage applications despite their high permittivity values [7, 8]. 
Ferroelectricity is generally associated with perovskite materials like BaTiO3 and PbTiO3 due to the B-
site cation displacements inside of the TiO6 octahedra, which results in the polarization of the octahedra 
as discussed in Chapter 2.2 [8, 68, 138].  

A significant enhancement in the energy density of ferroelectric systems can be achieved by retaining 
high polarization values while at the same time substantially minimizing hysteretic losses. The practice 
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so far has been to modify ferroelectric structures by substituting elements in the initial structure to create 
disorder and thus disrupt the ferroelectric ordering in the material towards either diffuse phase transition 
(DPT) or relaxor ferroelectric (RFE or relaxors) or antiferroelectric (AFE) behavior [7, 11, 139, 140]. 

The advantages of DPT/RFE materials is that they demonstrate lower remanent polarization values 
(graphically shown in Figure 3-4c), which therefore implies lower hysteretic losses, hence slimmer P–
E loops [7]. The main difference between DPT, relaxors, and conventional ferroelectrics lies in the do-
main structure, more specifically, in the interaction between the dipoles. In a conventional ferroelectric 
material, a long-range ferroelectric order exists, whereas in a DPT/relaxor ferroelectric, polar nanore-
gions across the material have reduced long-range or only short-range interaction between them [7, 8, 
92, 125]. This effect is usually accomplished by substituting a host ferroelectric perovskite material on 
either the A- or B-sites so that inhomogeneities arise that cause an overall compositional disorder. For 
instance, for ferroelectric BaTiO3, the long-range ferroelectric order that was initially preserved by the 
polarized TiO6 octahedra, is disrupted by breaking the link between the corner-sharing octahedra. The 
consequence is that each of these created individual polar regions behaves as an individual ferroelectric 
with slightly deviating characteristics (Tm) from its neighbors, leading to a smeared phase transition and 
less pronounced hysteresis [8]. An excellent review on the topic of relaxor materials and their theory is 
given by Shvartsman et al. [92].  

The range of RFE materials includes largely well-studied lead-based systems, such as Pb(Mg1/3Nb2/3)O3, 
Pb(Zn 1/3 Nb 2/3)O3, (Pb,La)(Zr,Ti)O3 etc. [7, 8, 92, 125]. Since lead became the cause of environmental 
concern, it is constantly discarded from the research despite convincing dielectric characteristics of the 
materials. This revitalized interest in BaTiO3-based ceramics and resulted in some encouraging results 
with systems like BaTiZrO3–BaCaTiO3 [141], BaTiO3–BiScO3 [7, 92], BaTiO3–BiYbO3 [140], and Ba-
TiO3–Bi(Mg,Ti)O3 [68].  

In conclusion, a combination of high polarization due to ferroelectric effect while minimizing energy 
losses associated with hysteresis is regarded as a key to obtaining higher energy densities and therefore 
leads to more efficient capacitive devices.  

3.2.3 BaTiO3-related perovskites for capacitive energy storage 

Titanate perovskites, especially ferroelectric BaTiO3 became popular as dielectric materials for ceramic 
capacitors owing to their excellent dielectric properties. As pointed out above, the major downside and 
obstacle in achieving better performance is the hysteresis phenomenon and losses associated with it. 
Additionally, a strong dependence of the dielectric permittivity values from temperature coupled with a 
phase transition from the ferroelectric tetragonal to the paraelectric cubic phase is observed around 
~120°C (Figure 2-4a) [10, 131]. This results in unstable performance of the material, as both permittivity 
values and dielectric losses can show considerable fluctuation over a narrow temperature range. Im-
provement of this situation and others (hysteretic losses, phase composition, and particle size) in BaTiO3 
ceramics is traditionally accomplished by performing a wide-range substitution on either the A- or B-
site of the host perovskite structure. This gives rise to certain structural rearrangements in the micro-
structure with the purpose of steering the properties towards improving energy storage characteristics. 
In this respect, dielectric materials based on the ferroelectric BaTiO3 structure can be modified with the 
aim of achieving DPT or relaxor behavior. As was previously pointed out in the preceding chapter, RFEs 
combine high permittivity values with low energy losses, because of slimmer P–E loops (Figure 3-4c), 
which are exactly the requirements for high-performance capacitors [7].  
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One of the most prominent and extensively studied RFE systems is Zr-substituted BaTiO3 (BTZ) [92]. 
Depending on the amount of Zr, BTZ can display a wide range of various ferroelectric behavior types 
[142]. The region of particular interest lies within the values of Zr concentration ≤ 0.30, where conven-
tional ferroelectricity, DPT, and relaxor phenomena occur [92]. An additional asset of the system is that 
it is not toxic, unlike its Pb-containing analogues. 

Unfortunately, BTZ systems have been continuously neglected with respect to energy storage applica-
tions despite the potential they might hold. For instance, Sun et al. [13] studied the energy-storage ca-
pabilities of BaTi0.8Zr0.2O3 film capacitors grown on SrTiO3 substrates. The total layer thickness was 
about ~90 nm while the dielectric constant values registered were in the range between 130–190. The 
system was able to achieve volumetric energy storage values of 30.4 J/cm3 with 81.7% energy efficiency 
under an electrical field of 3.0 MV/cm. Liang et al. [12] investigated the BaTi0.65Zr0.35O3 system with 
the focus on varying the thickness of film capacitors deposited on SrTiO3 substrates. They showed that 
increasing the thickness of the film from 20 to 440 nm results in dielectric constants of ~200, higher 
breakdown voltages of 6.6 MV/cm, and higher recoverable energy densities of 78.7 J/cm3 that are com-
parable with lead-based systems like Pb0.8Ba0.2ZrO3. Additionally, great thermal stability of the investi-
gated BTZ systems is emphasized in both works. Instan et al. [14] studied BTZ films prepared by pulsed 
laser deposition while varying the concentration of Zr. For a film with 30% of Zr they found the best 
recoverable energy density around 156 J/cm3 at an electric field of ~3 MV/cm with an efficiency of 
72.8%. This provides an excellent example of the energy storage capabilities of BTZ ceramics.  

The use of fine BTZ nanoparticles towards energy storage in ceramic capacitors has not been explored 
in the literature so far. As mentioned above, fine nanoparticles deliver better densification behavior dur-
ing sintering than bulk ceramics, therefore contributing to the production of dense fine-grained ceramics. 
The latter in turn allow for a decrease in layer thickness of a capacitor which leads to higher volumetric 
efficiencies, and ultimately better performance. Considering the convincing performance on the exam-
ples of various thin film BTZ systems discussed above, BTZ is an excellent candidate to test in the 
nanoparticle synthesis. The aim of the current study is to apply the SFS synthesis technique and examine 
its viability for production of BaTixZr1–xO3 nanopowders with various x values. The powders have to be 
later compacted, sintered, and, lastly, tested in regard to their dielectric performance. Powder character-
ization, post synthesis processing, and dielectric tests are described in detail in chapters 6.4 and 6.5. 
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4 Gas-phase synthesis of nanoparticles  
With the material systems discussed in the preceding chapters, the question that arises next is which 
production method can be suitable for the synthesis of nanoparticles. This matter was briefly addressed 
in the introduction, where a few typical synthesis routes such as wet chemistry, solid state, and gas-
phase approaches were introduced. In this chapter, the attention is focused on the gas-phase synthesis 
methods, specifically on the spray-flame synthesis process.  

As it becomes quite evident from the name of the technique, the SFS method is based on a combustion 
process, where energy is supplied by the exothermic reaction of a burning pilot flame, which is typically 
a CH4/O2 mixture. It is also apparent that the final products in combustion-based processes are oxide 
materials. The technique is very flexible: organic precursors like metal salts or soluble metal complexes 
can be directly dissolved in appropriate organic solvents, which also serve as combustible fuel. One 
additional advantage is that the prepared solutions can be directly supplied into the reaction zone [35]. 

One of the essential processes associated with SFS is spray formation, whereby solutions are dispersed 
into a spray consisting of fine droplets. The droplets are then ignited by the pilot flame and combust. 
Combustion of droplets is a very complex topic, which was in detail studied by Rosebrock et al. [143, 
144]. Essentially, the authors showed that homogeneous powders form from specific solvent/precursor 
mixtures that facilitate droplet disruptions via microexplosions. In brief, in droplets that consist of high 
meting/boiling point precursors and a solvent with a lower boiling point first evaporation of the solvent 
takes place trough combustion of the droplet. At some point, as the solvent evaporates, the concentration 
of the precursor species in the outer layer of the droplet leads to a viscous shell formation that “traps” 
evaporating species from underneath the shell. The vapor pressure of the precursor species steadily rises 
until the droplet explodes. Strobel and Pratsinis [40] also showed that homogeneity of the synthesized 
powders can be controlled by varying solvent/precursor composition. Thus, careful consideration of 
solvent/solution mixtures is crucial to obtaining high-quality particles in SFS. 

Ideally, homogeneous particles are produced through a gas-to-particle route, which implies complete 
transition of the precursor into the gas-phase, where then nucleation takes place and from that the onset 
of particle growth (Figure 4-1). A competing process is droplet-to-particle conversion, where a solid 
phase formed in the droplet through a variety of routes, e.g., precipitation, gelation, and therefore isn’t 
a gas-phase process [33]. It should be noted though that both conversion route may occur in SFS, we’ll 
address the gas-to-particle route, as it is supposed to be the only dominant mechanism in the flame-
synthesis of homogeneous nanoparticles. 

 

Figure 4-1. Particle formation steps in the gas-phase synthesis via an SFS process. Based on [34]. 
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The focus of this chapter is to describe the main processes during the gas-phase synthesis of nanoparti-
cles. The theoretical fundamentals that are given further in the text are applicable to any gas-phase 
method and are not restricted solely to the SFS technique. For a more profound theoretical description 
of the aerosol-based processes, the reader is referred to [33, 145]  

4.1 Nucleation 

Nucleation in the gas-phase is the process whereby gas atoms and molecules form solid or liquid parti-
cles. The process is intimately linked with the condensation of small ensembles of gas atoms, molecules, 
and monomers (also called clusters), and occurs only if the vapor pressure of the species in a cluster is 
higher than their equilibrium vapor pressure, in other words supersaturation has been reached [33, 145]. 
This phenomenon is described by the following expression: 𝑆 = 𝑝/𝑝𝑠  Equation 4-1 

Once 𝑆 > 1, the system becomes unstable and is said to be supersaturated. Before the nucleation process 
sets on, clusters of various sizes formed by multiple collisions with other molecules or clusters exist in 
the gas-phase. Most of them are thermodynamically unstable with respect to evaporation and eventually 
break up. It is assumed that clusters have a spherical shape (similar to water droplets in the atmosphere), 
and the vapor pressure around a curved surface of such cluster is different from that over a flat surface. 
The free surface energy of the cluster will then be described by 4π𝑟2δ term, where 𝑟 is the radius of the 
cluster and δ (J/m2) is the surface tension of the bulk material over a planar surface. Therefore, the Gibbs 
free energy of the whole system comprising of the vapor and the cluster is given by [145]: 𝐺 = 𝑛A𝜇A + 𝑛B𝜇B + 4π 𝑟2δ  Equation 4-2 

where 𝑛𝐴 and 𝑛𝐵 the number of moles in the vapor and cluster phases, respectively, and 𝜇A and 𝜇B are 
the corresponding chemical potentials. Since the condition for equilibrium is Δ𝐺 = 0 and the mass trans-
fer from the gas-phase to solid particles is 𝑑𝑛B = −𝑑𝑛A, the first two terms result in the negative dif-
ference in the free energy between the vapor and the cluster of a critical size: Δ𝐺 = (𝜇B − 𝜇A)𝑛B + 4π 𝑟2δ = 0  Equation 4-3 

Knowing that for an ideal vapor [146] chemical potentials of the liquid and vapors are equal (𝜇𝐵 = 𝜇𝐴) 
and considering that the energy difference between the two components for 𝑛 molecules is (𝜇B − 𝜇A)𝑛B = −𝑛B𝑘B𝑇 ln 𝑝𝑝s 

 Equation 4-4 

and for a spherical cluster 𝑛 can be written as follows 

𝑛 = 4π 𝑟33𝑉  
 Equation 4-5 

Equation 4-3 can be rewritten in a similar manner: 

Δ𝐺 = − 4π 𝑟33𝑉 𝑘B 𝑇 ln 𝑝𝑝s + 4π 𝑟2δ 
 

Equation 4-6 

Taking the differential of Equation 4-6 with respect to 𝑟 and performing additional transformations, one 
comes to the final expression, which is known as the Kelvin equation: 



26 

ln 𝑝𝑝s = 2δ 𝑉𝑘B 𝑇 𝑟 
 

Equation 4-7 

where 𝑉 is the atomic volume, 𝑘B Boltzmann constant, 𝑇 is the temperature. The Kelvin equation relates 
vapor pressure over a flat surface and that over a curved one. Remembering that 𝑝/𝑝s = 𝑆, one can 
rewrite the expression above in a similar way: 𝑟∗ = 2δ 𝑉𝑘B 𝑇 ln𝑆 

 Equation 4-8 

where 𝑟∗ corresponds to the critical diameter or size of a thermodynamically stable cluster, which can 
serve as a nucleation center for further particle growth through collisions with other clusters. Below this 𝑟∗ value the clusters are unstable and can disperse. The implication of Equation 4-8 is that the supersat-
urated state is always required to activate nucleation process. It is important to mention that if the nu-
cleation centers were generated in the vapor without the presence of a foreign body, the process is termed 
homogenous nucleation [33, 145, 146]. The theory has some limitations, for example, in the case of very 
small clusters, huge saturation values are required for a cluster to reach equilibrium with the vapor 
around it. Even smaller clusters a few molecules large cannot be treated as macroscopic entities, which 
requires surface tension and density values of a nanodimensional system. Another extreme is when the 
clusters are large enough (1 μm), which allows to treat them as flat surfaces [146].  

4.2 Coagulation and coalescence 

After nucleation occurred, further particle growth can proceed by two processes called coagulation and 
coalescence. The former is described as a collision of two spherical particles largely governed by the 
Brownian motion of these particles. As a result, the particles stick to each other to form a larger spherical 
particle. Coalescence is defined as particle fusion due to sintering, which strongly depends on tempera-
ture, particle size, and some material characteristics. The driving force for coalescence is the same as 
for sintering, namely the minimization of surface energy. Both processes always occur simultaneously 
but with different rates, which determines the final particle morphology [33].  

In general terms, the collision frequency of two colliding particles 𝑛𝑖 and 𝑛𝑗 was described by the Smolu-
chowski equation [147] 𝑁𝑖𝑗 = β(𝑣𝑖 , 𝑣𝑗)𝑛𝑖𝑛𝑗 = 4π(𝐷𝑖 + 𝐷𝑗)(𝑎𝑖 + 𝑎𝑗)  Equation 4-9 

where 𝑣𝑖, 𝑣𝑗 are the particle volumes, 𝛽(𝑣𝑖 , 𝑣𝑗) is the collision frequency function, which depends on 
temperature and on the radii of the colliding particles (𝑎𝑖, 𝑎𝑗) and the diffusion coefficients (𝐷𝑖, 𝐷𝑗), 
which describe the relative motion of two particles. The diffusion coefficient 𝐷 is related to the proper-
ties of the particle and the medium through the Stokes-Einstein expression: 

𝐷 = χ22𝑡 = 𝑘B𝑇𝑓  
 

Equation 4-10 

where χ2 is the mean square displacement of the diffusing particles, 𝑓 is the friction coefficient, whose 
exact expression depends on the form and size of the particles and how they behave in the gas medium 
relative to the gas mean free path. The particles are said to be in the free molecular regime if their sizes 
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are much lower than the mean free path (𝑑p ≪ 𝜆, Kn ≫ 1), where Kn = 2λ 𝑑p⁄ . In the continuum re-
gime, the particle is larger than the gas mean free path (𝑑p ≫ λ, Kn ≪ 1). Both regimes are used to 
describe particle transport through the medium and effectively describe particle growth at different 
times, which allows comparison with other important times like process residence time [33]. 

In an idealized situation and for spherical particles, in the continuum regime (Kn ≪ 1) coagulation can 
be described using [145] 

β(𝑣𝑖 , 𝑣𝑗) = 2𝑘B 𝑇3μ ( 1𝑣𝑖1 3⁄ + 1𝑣𝑗1 3⁄ ) ( 1𝑣𝑖1 3⁄ + 1𝑣𝑗1 3⁄ ) 
 

Equation 4-11 

where 𝑣𝑖 and 𝑣𝑗  are the particle volumes, 𝑘B is Boltzmann constant and μ is the gas viscosity. A similar 
expression is also available for the free-molecule regime (Kn ≫ 1), when the molecules are much 
smaller than the gas mean free path and collide in a ballistic (elastic) manner: 

β(𝑣𝑖 , 𝑣𝑗) = ( 34π)1 6⁄ (6𝑘B 𝑇ρp )1 2⁄ ( 1𝑣𝑖 + 1𝑣𝑗)1 2⁄ (𝑣𝑖1 3⁄ + 𝑣𝑗1 3⁄ )2
 

 
Equation 4-12 

where ρp is the particle density. Using both expressions and applying the definition of the fractal dimen-
sion 𝐷f to describe morphology of the agglomerate that formed (e.g., 𝐷f → 3 for spheres and 𝐷f → 1 for 
a chain-like structure), one can study particle agglomeration in both regimes [148]. For instance, 
Matsoukas and Friedlander studied the effect of the primary particle size on agglomerate growth [149]. 
They showed that the smaller the primary particle size the more rapid is the agglomerate growth. They 
also observed that the observed effect is much more pronounced in the free molecular regime, since 
agglomerates collide faster than the spheres of the same volume and is a strong function of 𝐷𝑓. In most 
industrial processes, however, an interpolation formula is used, which takes into account agglomeration 
in the transition from the free molecule regime to the continuum mode (Kn ≈ 1 ) [33, 145]. 

After collision, two particles may rapidly coalesce to form a larger spherical particle. The opposite case 
is when the rate of coalescence is slow with respect to that of coagulation, which results in agglomerated 
particles. A ratio between the characteristic sintering τf and collision τc times is thus used to describe 
the resulting final particle morphology. If the characteristic time for collisions is much longer than the 
characteristic time for sintering (τc ≫ τf), then the particles instantaneously fuse together and have 
spherical shape before the next collision occurs. A completely opposite case occurs when τc ≪ τf. If the 
value of 𝜏𝑓 is much larger than 𝜏𝑐, then growth is said to be sintering-limited, and so-called soft agglom-
erates are said to form, which are held together by the van der Waals forces. When τc~τf, hard agglom-
erates or aggregates form, since the temperature is no longer high enough to guarantee complete sinter-
ing, and therefore partially sintered particles are formed [33, 36, 145, 148, 150]. These cases are graph-
ically visualized in the right portion of Figure 4-1. 

4.3 Spray-flame reactor  

The reactor system used in this work is an in-house designed spray-flame synthesis setup, which in detail 
is described by Hardt et al. [151], where the authors demonstrated production of small Fe2O3 and TiO2 
nanoparticles with various process conditions.  
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Figure 4-2.  Schematics of the spray-flame reactor. (A) gas and liquid supply; (B) burner and reaction zone; (C) 

powder collection system [152]. 

The setup can be separated into three main sections as illustrated in Figure 4-2: (A) gas and liquid supply, 
(B) spray burner and reaction zone, and (C) powder collection system. The gas flow is adjusted by mass 
flow controllers (MFC, Bronkhorst, Netherlands) while the solution containing the precursor is supplied 
by means of a syringe pump (Nemesys, Germany). The liquid is fed through a hollow needle mounted 
in the middle of a two-fluid nozzle, which enables atomization of the precursor solution with oxygen 
(Air Liquide, 99.95%). The spray is ignited by a premixed pilot flame (CH4/O2 ratio of 1:2) on a porous 
sintered bronze support and surrounded by a coaxial sheath gas flow (air) for stabilization. Particles 
produced during the synthesis are subsequently transported through the cooling cone and sampled on a 
round sheet of a filter material (R+B Filter, Germany). A rotatory vane pump is used to control the 
pressure inside the reactor that enables to run the reactor at pressures between 250 and 1200 mbar [153].  
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5 Characterization methods 

This section provides a brief outline of the experimental techniques that were used to characterize the 
produced nanoparticle powders.  

5.1 X-ray diffraction (XRD) 

X-ray diffraction is one of the most established analysis techniques that allows examination of structure 
on atomic scale. X-rays are electromagnetic radiation with the wavelengths ranging from 0.01 to 10 nm 
and energies from 100 eV to 100 keV, which puts them between -rays and UV radiation. The short 
wavelengths of X-rays are similar to the spacing of atomic planes in crystals. Therefore, X-rays are able 
to “probe” the crystal structure and obtain information on the atomic positions and help distinguish 
between different crystal structures. A crystal structure is formed when the atoms in a material are peri-
odically arranged in space, and the smallest repeating unit of the crystal structure is called a unit cell. 
The periodic arrangement of unit cells extends over large distances forming a long-range order. Non-
crystalline or amorphous materials have no regular periodicity of their crystalline counterparts and are 
said to have only a short-range order. 

Like all electromagnetic waves, X-rays are characterized by a locally oscillating electric field, which 
exerts a force on any charged particle such as an electron in an atom, which will leave the electron 
oscillate about its mean position. The oscillation means that the electron will continuously accelerate or 
decelerate thereby emitting an X-ray photon during its, and therefore the electron is said to “scatter” X-
rays. If the scattered beam is characterized by the same wavelength and frequency as the incident X-ray 
beam, the scattering event is then described as elastic. The scattered waves from various crystal planes 
interfere with each other and if the waves are in- or out-of-phase, two different types of interreference 
can occur. If the waves are in-phase, constructive interference takes place, whereas when the waves are 
out-of-phase, destructive interference occurs. Ultimately, the former leads to the superposition of the 
scattered waves and therefore diffraction in specific directions (schematically shown in Figure 5-1), 
whereas in the latter case, the waves cancel each other out and no diffraction occurs.  

If an atomic arrangement of repeating unit cells is considered with d being the distance between the 
diffracting planes within one family of planes, diffraction will occur for constructive interference at 
specific angles which are determined by the Bragg law  2𝑑 sinθ = 𝑛λ , Equation 5-1 

where θ is the incident angle, n is any integral number describing the order of the reflection (e.g., n = 1, 
2, 3, …), and λ is the wavelength of the incident X-ray beam. The important implication of Bragg law 
is that diffraction occurs only at specific angles (Bragg angles) and depends on the arrangement of atoms 
within the unit cell. From the observed reflections d-spacings can be determined using Equation 5-1, 
which hold information about the corresponding crystal planes, which are described by the Miller indi-
ces ( Each crystal structure has a unique set of diffracting hkl planes, which therefore allows phase 
determination of the examined materials according to the appearing peaks in a diffraction pattern [154].  

In reality, diffraction occurs not only at the exact Bragg angle, but also at angles that are slightly smaller 
or larger than 2θ, which leads to the appearance of peaks and not just straight lines. Another important 
consequence is that intensity and broadening of the observed peaks depend on the number of repeating 
unit cells a material is made up of, i.e., crystal or crystallite size. In the course of the present work, only 
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nanocrystalline powders are examined, where each particle is ideally a small crystal with a random 
orientation with respect to the incident beam. This means that every set of lattice planes will produce a 
diffraction pattern unlike a single crystal, where diffraction from only specifically aligned orientations 
can be obtained [154].  

Analysis of the acquired diffraction patterns can be conveniently done by performing Rietveld refine-
ment. The main idea of the method is that a diffraction pattern is calculated that matches as closely as 
possible the measured one. From there it is possible to obtain information on unit cell dimensions, crys-
tallite sizes, and additionally extract weighted fractions of the phases present if a multi-phase material 
is under investigation. The mathematic part of the refinement is governed by the least-squares method 
whereby the best solution or fit minimizes the sum of the squared residuals, i.e., the difference between 
the observed and calculated diffraction patterns.  

 

Figure 5-1. Bragg diffraction from a set of planes in the case of constructive interference. 

For calculating the crystallite size of a phase, the Scherrer equation is used: 𝑑XRD = 𝐾 λ𝐵 cosθ Equation 5-2 

where K is the Scherrer constant and depends on the shape of the crystallites (typically 0.9 is taken for 
spherical crystallites), λ is the wavelength of the incident monochromatic X-ray beam, B  is the full 
width at the half maximum (FWHM) of a diffraction peak, and θ is the Bragg angle. The most significant 
value in the equation is the FWHM B value, which should be determined properly to guarantee correct-
ness of the calculated crystal size. In a typical refinement program, the peak shape is represented by a 
convolution of a Lorentzian and a Gaussian function, which is used to fit the observed peaks from where 
B is determined. Additionally, the instrument contribution must be subtracted from the observed Bsample 
value, such that 𝐵total = 𝐵sample + 𝐵instrument. The instrumental broadening can be determined by 
measuring a Si or LaB6 standard [155]. 

In the present work, X-ray diffractometers from PANalytical X’pert Pro and Empyrean with a Cu anode 
were used with a wavelength of λ = 1.5405 Å. The acquired patterns were analyzed using the GSAS-II 
software to extract crystallite sizes and phase ratios [154, 156, 157]. 
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5.2 Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM) is an extensively used imaging technique that allows exami-
nation of particle sizes, crystal structure, defects and more owing to its extremely high resolution of 
about 0.2 nm. Modern TEMs include many operating modes like conventional imaging, scanning TEM 
(STEM), selected area electron diffraction (SAED), various spectroscopic modes (EELS, EDX), etc. 

The resolution of a TEM is determined primarily by the nature of electrons according to the Abbe equa-
tion 𝑑 = 0.61 λ𝑛 sin α , Equation 5-3 

where λ is the wavelength of the electron wave, n is the refractive index of the medium, and α is the 
aperture angle. It follows that the smaller λ, the better the resolution d. The relation between λ of the 
particle and its velocity v is introduced by the de Broglie relation: λ = ℎ𝑚 𝑣 Equation 5-4 

where m is the mass of the particle and h is the Planck constant. Equation 5-4 implies that shorter wave-
lengths require high particle velocities and therefore high kinetic energies, which is attainable if one 
uses electrons instead of light. The relation between the wavelength and the acceleration voltage of 
electrons is provided by  λ = ℎ√2𝑚 𝑈 𝑒 , Equation 5-5 

where U is the acceleration voltage, and e is the charge of an electron. It is evident that high voltages 
are needed to guarantee small λ values, therefore TEMs are typically operated at 100–200 kV or even 
higher. As electrons are used for imaging in TEM, they are manipulated by applying electromagnetic 
field to create a convex lens that resembles that in a light microscope to focus the electron beam. An 
operation in ultra-high vacuum is required to prevent electron losses. 

 

Figure 5-2.  Schematics of TEM components showing formation of (a) bright field image and (b) diffraction pat-

tern. Based on [158]. 
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Another important constituent of a TEM is the lense system, which manipulates the electron beam and 
is usually comprised of condenser, objective, and intermediate/projector lenses. The primary objective 
of the condenser lens is to focus the electron beam onto the sample to obtain sufficient intensity. The 
electron beam then impinges on the sample and the latter which must be thin enough (under 0.1 μ) to let 
at least some of the electrons pass through it. The electron beam undergoes elastic or inelastic interaction 
with the sample resulting in different contrasts.  

After the beam has passed through the sample it is then focused by the objective lens and forms the first 
bright field intermediate image behind the objective aperture with a magnification of 20–50 times (Fig-
ure 5-2a). In diffraction mode, the objective aperture is removed, and the interfering waves are focused 
at the back focal plane behind the objective lens (Figure 5-2b). Selector aperture can be then introduced 
to define the region of the obtained diffraction pattern. Further magnification of the first image is ad-
justed by changing the operating coil current of the lens. The projector lenses situated further down the 
beam path are used to guide the beam onto the imaging device, which can be a photo plate or a phosphor 
screen coupled with a CCD (charged coupled device) camera. Figure 5-2 shows the layout of the com-
ponents and outlines the working principle of a TEM. In the present work, a TEM microscope JEOL 
2200FS was used to acquire high magnification images and electron diffraction patterns [158]. The TEM 
samples were prepared from small amounts of powder dispersed and sonicated in ethanol. A droplet of 
a slightly turbid solution was deposited on a lacey carbon copper grid and dried. 

5.3 Raman spectroscopy 

Raman spectroscopy is a very important and widespread spectroscopy technique for analyzing vibra-
tional modes of molecules and condensed matter based on scattering of light by a substance, whereby 
electromagnetic radiation interacts with the electron cloud in a molecule to induce a dipole moment. At 
the same time, two different types of photon scattering events can occur: Rayleigh and Raman. The 
former one describes elastic scattering, whereas the latter is inelastic, which means that some energy is 
lost or gained in the process relative to the energy of the incoming radiation, with the Rayleigh scattering 
being the dominant process with a much larger scattering cross-section. A high-power monochromatic 
light source such as laser is used for analysis to provide good spectral resolution and sufficient signal 
from the rather inefficient scattering process. 

 

Figure 5-3. Schematics of Rayleigh scattering and Stokes and anti-Stokes Raman scattering. 
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Both processes are two-photon processes meaning that upon the initial interaction of the incident pho-
tons with the electron cloud of a molecule or a crystal, the electrons oscillate (often described as a “vir-
tual state”) and almost immediately release a new photon. In Rayleigh scattering, the emitted photon 
carries the same energy as the incoming one. Raman scattering is much less probable than Rayleigh 
scattering and thus generates signal with a much lower intensity. During the scattering, an interaction 
with the vibrational/rotational energies (in molecules) or phonons (in the solid state) occurs and the 
scattered signal thus carries information about the local material. There are two types of Raman scatter-
ing exist: Stokes and anti-Stokes. In the first case, energy is lost during the scattering process, in the 
second case, energy is gained, for example from thermally-excited lattice vibrations. All the processes 
described in the preceding paragraph are schematically shown in Figure 5-3. 

The intensity of Raman scattering is expressed by  

𝐼 ∝ ν4𝐼0𝑁 (𝜕α𝜕𝑄)2, Equation 5-6 

where I0 is the incident laser intensity, N is the number of scattering molecules in a given state,  is the 
frequency of the exciting laser, α is the polarizability of the molecules, and Q is the vibrational ampli-
tude. The use of the Equation 5-6 has some important implications for Raman analysis. The most im-
portant is that only molecular vibrations which cause change in polarizability are Raman active. This is 
addressed by  (𝜕α𝜕𝑄) ≠ 0 . Equation 5-7 

In solid crystalline materials, the incident laser beam causes polarization of the dipoles by interacting 
with the phonons of the crystal lattice. The polarization of the dipoles depends on the polarizability 
tensor α* 𝑃 = ∑ 𝛼∗ 𝐸 . Equation 5-8 

This expression can predict both elastic and inelastic scattering and the latter occurs only if the vibrations 
(or rotations in molecules) change the (non-zero) polarizability of the molecule. The condition expressed 
by Equation 5-8 is dictated by the symmetry of the molecules/crystals, therefore, Raman activity can be 
predicted by applying group theory [159, 160]. 

Measurements in the present work were carried out on a RENISHAW Invia 0113-20 Raman microscope 
using a 532 nm laser with 1800 grooves/mm grating and an ×20 objective. 

5.4 Fourier transform infrared spectroscopy (FTIR) 

Infrared spectroscopy is an important tool that allows examination of surfaces to study their coverage 
with organic groups. As the name already suggests, IR portion of the electromagnetic spectrum is used 
to illuminate the sample, whereupon the alternating electric field of the IR light interacts with the elec-
trons of a molecule and causes the molecule to displace (vibrate or rotate) when the resonance condition 
is provided. The resonance condition means that the frequency of the incident IR radiation matches the 
natural frequency of a particular vibration/rotation mode of the molecule and the radiation is then said 
to be absorbed. The absorption process therefore raises the energy of the molecule from its initial state 
state to a higher specific quantized excited state. More importantly, in order for an IR photon to be 



34 

absorbed, its energy must be transferred to the molecule causing a change in the dipole moment of the 
molecule. This is a so-called selection rule for IR spectroscopy, which is frequently expressed in the 
following form: μ = ∑ 𝑒𝑖𝑟𝑖 , Equation 5-9 

where μ is the dipole moment, ei are the atomic charges, and ri are the atomic positions. Motion of a 
diatomic molecule is usually depicted using the harmonic oscillator model where atoms are connected 
by a spring, and the vibration frequency depends on the mass of the atoms and the bond energy between 
them. A change in the dipole moment relates to the symmetry of the molecule or the charge distribution 
in it. For instance, symmetric homonuclear molecules like O2 or N2 exhibit no dipole moments and 
therefore are said to be IR-inactive, whereas heteronuclear molecules like CO have dipole moments and 
are IR-active. Important to stress is that for IR-inactive molecules no absorption occurs. Group theory 
can be applied to IR spectroscopy to predict the frequencies of the expected bands. 

 

Figure 5-4. ATR-FTIR principle at the interface schematically depicted.  

In IR spectroscopy, it is typically differentiated between transmission and reflectance measurement 
methods. For transmission methods of powder or thoroughly ground samples, pellets are typically 
pressed using KBr as a non-absorbing matrix. Though when correctly prepared the pellets deliver good 
quality spectra with no absorption bands from KBr, it is hygroscopic which might result in the presence 
of unwanted water bands and therefore requires careful handling. Reflection techniques specifically at-
tenuated total reflectance IR spectroscopy (ATR- IR) have become popular due to easiness in handling 
and absence of any sample preparation. ATR-IR is a contact method where non-transmitting and are in 
contact with an ATR crystal, the latter having a refractive index nc much higher than that of the sample 
(ns) to allow for internal reflections at moderate angles of incidence. The incident angle must be greater 
than the critical angle θ so that total internal reflection back into the crystal occurs at the interface: 

sin θ = 𝑛s𝑛𝑐 Equation 5-10 

where ns is the refractive index of the ATR crystal and nr is the refractive index of the sample. During 
reflection, the incident IR beam partially passes through the crystal surface and the reflected radiation 
penetrates for a short distance into the sample in the form of an evanescent wave. The effective penetra-
tion depth is described by  𝑑p = λ2π 𝑛c√sin2θ−(𝑛s 𝑛c⁄ )2 , Equation 5-11 
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where λ is the wavelength of the IR radiation. Typically, the penetration depth is in the range of 0.5–
2 μm. The reflected light is then partially absorbed through resonant interaction of the evanescent wave 
with the material (e.g., a powder sample) positioned on top of the ATR crystal. Commercial IR spec-
trometers can be equipped with a wide variety of ATR crystal materials (diamond, Ge, Si) and make use 
of an interferometer to generate an interferogram that is later converted to an IR spectrum of the sample 
by applying a Fourier transformation, and for this reason are called FTIR spectrometers. After a spec-
trum is recorded, band assignment can be carried out based on the spectral features or “fingerprints” of 
the individual organic groups [159, 161, 162]. For surface analysis in the present work, attenuated total 
reflectance infrared spectroscopy measurements (ATR-FTIR) were measured using a Bruker Vertex 80 
spectrometer in the 400–4000 cm-1 wavelength range with a resolution of 4 cm1.  

5.5 Specific surface area measurements (BET) 

Gas-adsorption methods allow for examination of the sample’s specific surface area and porosity. The 
former can yield information on the particle size values if morphology and density of the sample are 
known. The most common approach is the use of the BET (Brunauer-Emmet-Teller) multilayer adsorp-
tion theory, which is in essence an extension of the monolayer adsorption theory introduced by Lang-
muir. The pinnacle of the BET theory is that it enables the determination of the number of physically 
adsorbed molecules required to cover exactly one monolayer even though that monolayer is never actu-
ally formed. In this case, an uneven random distribution of sites covered by a different number of mol-
ecules is said to occur, and gas molecules infinitely adsorb on a solid surface. Important assumptions of 
the theory are that all layers after the first one have the same adsorption and desorption constants and 
the same energy of adsorption E. Additionally, E is independent of the surface coverage θ, which there-
fore implies a homogeneous surface of the solid. For a monolayer adsorption, the coverage is described θ1 = 𝑁𝑁m = 𝑊𝑊m Equation 5-12 

where N and Nm are the number of molecules, W and Wm is the weight adsorbed in the incomplete and 
complete monolayer, respectively. Assuming that the number of the adsorbed layers is infinite, the sur-
face coverage for the nth layer is then θ𝑛θ𝑛−1 = 1 Equation 5-13 

which physically means that the adsorbate condenses on the surface or 𝑝 𝑝0⁄ = 1, where p is the adsorb-
ate pressure and p0 is the saturation pressure of the bulk fluid. One arrives then at the final expression 
known as the BET equation 1𝑊(1 − 𝑝/𝑝0) = 1𝑊m + 𝐶 − 1𝑊m𝐶 (𝑝/𝑝0) , Equation 5-14 

where C is the BET constant and is related to the heat of adsorption. Generally, it is accepted that values 
of C > 2 give a generic curve of the Type 2 isotherm, whereas higher values (~100) deviate from that 
and therefore signify a different adsorption behavior. 

 For further evaluation of the surface area, a typical BET plot must be constructed, whereby  1 𝑊(1 − 𝑝 𝑝0⁄ )⁄  values are plotted versus different 𝑝 𝑝0⁄  values. Therefore, Equation 5-14 is linear with 
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slope 𝑠 = 𝐶−1𝑊𝑚𝐶 and intercept 𝑖 = 1𝑊m𝐶 to obtain Wm and C values. To guarantee the linearity of the BET 

plot, the experiments must be carried out in a specifically determined pressure range, which is typically 𝑝 𝑝0⁄ ≈ 0.05–0.3, but not exclusively and depends on the material system. After Wm was determined, 
the total surface area can be calculated from 𝑆 = 𝑊m 𝑁A 𝐴𝑀  , Equation 5-15 

where 𝑊m is in grams, M is the adsorbate molecular weight, NA is the Avogadro number, and A is the 
cross-sectional area of the adsorbate gas, nitrogen in most cases. The specific surface area (SSA) δ is 
the S value divided by the weight of the sample. The SSA can be further converted to the average particle 
size assuming a spherical particle shape using the following expression: 𝑑p = 6000ρ δ  Equation 5-16 

where dp is the particle size in nm, ρ is the density of the sample. The BET theory is very convenient in 
everyday analysis, but some assumptions taken do not correspond to the situation occurring in real sys-
tems. For instance, the energetically homogeneous surface is not provided in all cases and the absence 
of the influence between the lateral interactions of the adsorbate molecules is not considered. The last 
point is the significance of the C parameter, which though helps in characterizing the shape of an iso-
therm, should be nevertheless approached with care as the E values cannot be extracted with 100% 
credibility [163, 164]. In the present work, a Quantachrome NovaWin 2200 instrument was used to 
perform BET measurements. All samples were degassed at 200°C overnight prior to analysis. 

5.6 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) allows tracking the mass change of a sample as it is subjected to 
heating at a constant rate. Thermal events such as decomposition, oxidation, phase transition etc. that 
occur during the heating can therefore be assigned based on the observed mass changes. A complemen-
tary technique that is routinely employed alongside TGA is differential scanning calorimetry (DSC) in 
which the difference in the amount of heat flow rate to the sample and to a reference sample is analyzed. 
As the sample of interest displays endothermic or exothermic features, more or less heat flows to the 
sample than to the reference material to maintain both at the same temperature, and temperature differ-
ence is recorded as a direct measure of the difference in the heat flow rates. Important is that the refer-
ence sample should have well defined heat capacity and demonstrate no changes over the measured 
temperature range. Additionally, spectroscopic techniques can be applied to analyze the evolving gase-
ous species. For instance, quadrupole mass spectrometry (QMS) is frequently used to scan a range of 
various mass-to-charge (m/z) ratios. The detected ions can be then assigned based on their m/z values.  
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Figure 5-5. Schematics of a TGA/DSC apparatus. 

TGA measurements can be performed in various atmospheres, e.g., in N2 if inert atmosphere is desired. 
Powdered samples are typically pelletized to guarantee consistent DSC signals. In the present work, the 
measurements were performed on a STA-449 Jupiter from NETZSCH with a built-in QMS [165]. 
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6 Experimental results 

As discussed in Chapters 1 and 2, BaTiO3 is a technologically important material whose synthesis via 
the SFS technique has been scarcely covered in the available literature. This fact makes the subject of 
investigating the applicability of the SFS towards consistent production of high-quality BaTiO3 an at-
tractive research task. In addition to pure BaTiO3, a derivative titanate system such as (Ba,Sr)TiO3 is of 
certain scientific interest since it can be potentially used as a catalyst in photocatalytic energy conversion 
such as hydrogen production in water splitting, where the nanoscale size range of the produced powders 
by SFS should be of benefit for attaining higher production rates due to their high surface areas. On the 
other hand, Ba(Ti,Zr)O3 is another system that is a promising candidate for energy storage applications 
owing to its good dielectric characteristics and non-toxic nature, which could lead to a potential replace-
ment of PbTiO3-based capacitors, where nanoscale of the produced powders would allow for higher 
volumetric efficiencies of the final capacitors. Thus, the focus of this chapter is to explore the feasibility 
of the SFS technique for the production of BaTiO3, BaxSr1–xTiO3, and BaTi1–xZrxO3 (further referred to 
as BTO, BSTO, and BTZ, respectively) perovskites. In order to perform a comprehensive study that 
correlates physiochemical properties of the produced materials with their performance in the respective 
applications, the following strategy was used: a preliminary study was first conducted for pure BTO 
powders to define synthesis and process parameters that guarantee a stable production of high-quality 
nanoparticles. The defined parameters were then transferred on the synthesis of other perovskite sys-
tems, namely BSTO and BTZ. At the same time, great emphasis is put on powder characterization that 
helps correlate physiochemical properties of the materials based on the chosen synthesis and process 
parameters. Thus, both synthesis and powder characterization are the focal points of the present work.  

6.1 Synthesis of BaTiO3 nanoparticles 

6.1.1 Investigation of process parameters, solvents, and precursors. 

One of the main difficulties in the SFS of BaTiO3 and perovskite materials in general is the scarcity of 
information that describes the choice of synthesis conditions, precursors, and solvents. The main reason 
for that is that titanate perovskites are conventionally produced via solid state or wet chemistry methods 
[25, 29, 166, 167]. Therefore, one of the primary objectives of the present study is to survey precursor, 
solvent, and process parameter configurations (e.g., pressure in the reactor, gas and liquid flows). All of 
those are known to greatly affect properties of the final powders and therefore the right combination 
helps in obtaining high-quality powders [40, 153, 168]. In this study, for the term “high-quality” the 
following aspects were considered: (i) particles have to be in the nanometer range; (ii) preferably single-
phase materials with the main phases being perovskite phases and no undesired secondary phases; (iii) 
limited amount of carbon contaminations that are typically present in the powders after combustion 
processes in the form of carbonates (e.g., BaCO3) or other carbonaceous species, which is a common 
issue for almost all established synthesis methods of BaTiO3. The presence of carbonate impurities neg-
atively affects performance of the powders and should be minimized, and if possible, avoided at all. 

First, prior to synthesis, an evaluation of the metal precursors and solvents on the market was done 
considering following points: (i) their availability; (ii) compatibility (solubility, melting/boiling points); 
(iii) cost. A list of typically used barium precursors includes barium nitrate (“BN”, Ba(NO3)2), barium 
carbonate (“BC”, BaCO3), and barium acetate (“BA”, Ba(CH3COOH)2). BC was discarded from further 
consideration as it is soluble only in highly acidic environments (e.g., addition of HCl) and insoluble in 
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alcohols and water [169]. Moreover, in the reaction between BC and acetic acid, BA is produced, 
whereby CO2 and water are released, which leads to the formation of large particles by precipitation [40, 
143]. BN is an accessible and inexpensive barium precursor with extremely low solubility in water and 
complete insolubility in alcohol, and therefore is not suitable for SFS. BA on the other hand, is widely 
available and offers good solubility in water and carboxylic acids but is more expensive then BN and 
BC. It is important to mention that acetates are known to decompose to the undesired MeCO3 by-prod-
ucts on heating, as is typically the case in solid state and sol-gel synthesis approaches [28, 170]. On the 
other hand, the use of metal acetate precursors in an SFS process was shown to result in small and 
homogeneous nanoparticles [51]. 

Titanium can be introduced into the synthesis in the form of titanium isopopropoxide (TTIP, C12H28O4Ti) 
and titanium tetrachloride (TiCl4). The latter is corrosive and toxic, which is also prone to hydrolysis, 
and therefore was discarded. TTIP is the standard chemical for the flame synthesis of TiO2 that is less 
toxic, but is also prone to hydrolysis, which could potentially lead to unwanted formation of TiO2 during 
the SFS of BaTiO3. TTIP and is also more expensive then TiCl4[171], but an advantage of using TTIP is 
that it is miscible with alcohols [168, 172]. 

The choice of solvents was also carefully considered. Carboxylic acids and alcohols were previously 
used in the literature in the flame synthesis of binary oxides and perovskites. Their influence on the 
powder properties such as particle size, morphology, and phase composition has been extensively ex-
amined [38, 40, 52, 53, 143, 144]. Through a proper selection of carboxylic acids and alcohols many 
precursors can be dissolved in the required concentration range for SFS. A concept that is frequently 
used to estimate energetical contribution of a single solvent or a solvent mixture is the concept of the 
combustion enthalpy [38, 59, 60]. For instance, the use of high enthalpy solvents (e.g., xylene, 
2-ethylhexanoic acid, etc.) is correlated with higher combustion temperatures, often increasing the crys-
tallinity of the products but also leading to the formation of larger particles and increased agglomeration 
[173]. The combustion enthalpy has the unit [kJ/mol] and should be accounted for the volumetric flows 
of solvents that are fed into the reactor, and the values were therefore converted to [kJ/ml]. 

For the preliminary study on the flame synthesis of BaTiO3 the following solvents were picked: Propi-
onic acid (PA), iso-propanol (2-PrOH), and xylene (XE), because they satisfy the requirements defined 
above, namely availability, solubility, and low cost. The addition of xylene is justified by the fact that it 
has a much higher combustion enthalpy (–37,4 vs. –27 kJ/ml for xylene and ethanol, respectively) and 
thus provides higher flame temperatures, as shown by Bettini et al. [168] for the synthesis of TiO2 na-
noparticles. The use of carboxylic acids was found to help produce homogenous particles in the case of 
a LaCoO3 perovskite [52, 53].  

Teoh et al. summarized a criterion for the synthesis of homogeneous nanoparticles via SFS [35]. Briefly, 
the lack of the energy provided to the flame and the ratio values between the boiling temperature of 
solvents and melting temperature of precursors expressed in Tbp/Tmp< 1 result in varying particle sizes 
in micro- and nano-range. Essentially, high melting temperatures of the precursors without sufficient 
energy supply lead to the incomplete droplet evaporation without the precursor transiting into the gas-
phase, thus favoring the droplet-to-particle conversion route and resulting in inhomogeneous (hollow or 
irregularly shaped) particles, which is common in conventional spray pyrolysis [56]. In contrast, in-
creasing energy supply by adding high enthalpy solvents while keeping the Tbp/Tmp ratio above 1 was 
shown to produce homogeneous nanopowders through the preferred gas-to-particle conversion route as 
described in Chapter 4 and demonstrated by Jossen et al. [38]. In the present study, the precursor choice 
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for the synthesis of BTO is restricted, therefore the current selection is by no means optimal for an 
idealized SFS process, because the boiling point of TTIP (235°C) is much lower than the melting point 
of BA (450°C), which would result in inhomogeneous products according to the Tbp/Tmp ratio. This sit-
uation in some way circumvented by the use of the solvents with relatively high combustion enthalpy 
values (–20,37, –26,9, and –37,4 kJ/ml for PA, 2-PrOH, and XE, respectively), which should help in 
obtaining homogeneous particles. In addition, the difference between the boiling and melting points of 
both precursors presents difficulties for the synthesis of mixed metal oxides due to possible phase sep-
aration and dissimilar vaporization rates [169, 174]. The list of all components selected for this study is 
presented in Table 6-1. 

The last parameter considered is the precursor concentration in the solution. Higher concentrations typ-
ically lead to higher particle collision probabilities, therefore resulting in larger and agglomerated parti-
cles, while lower concentration yield less material after the synthesis [36, 173, 175]. In this respect, 
experiments with varying concentrations were performed to investigate how metal concentration influ-
ences particle sizes of the as-produced BaTiO3 powders.  

Table 6-1.  List of solvent and precursors selected for the preliminary study of BaTiO3 powders with some of 

their properties. 

No. Name Chemical formula Boiling point 
 / °C 

Combustion en-
thalpy / (kJ/ml) 

1.  Propionic acid CH3CH2COOH 141.2 –20.37 

2.  2-Propanol C3H8O 82.5 –26.90 

3.  Xylenes (mixture) C8H10 138.5 –37.4 

4.  Barium acetate Ba(CH3COOH)2 450 - 
5.  Titanium iso-

propoxide 
C12H28O4Ti 235 –26.74 

 

Thus, summarizing, the focus of the preliminary study regarding the synthesis of BaTiO3 nanoparticles 
was to: (i) investigate the use of selected precursors and solvents; (ii) examine the influence of varying 
precursor concentrations. A list of experiments was devised accordingly, and the total precursor concen-
tration used was varied between 0.2, 0.5, and 1M. Additionally, a single experiment was performed at a 
fixed precursor concentration of 0.5 M with an addition of xylene in proportion to PA and 2-PrOH to 
investigate the influence of adding a high-enthalpy component into the solution. The list of conducted 
experiments is presented in Table 6-2. The synthesis parameters i.e., the flows of the solutions and gases, 
and pressure in the reactor are listed in Table 6-3 and were held constant throughout all experiments. 
Since no synthesis parameters for BaTiO3 are available in the literature, the selection was made based 
on the work by Hardt et al. regarding the SFS synthesis of TiO2 nanoparticles, where the same reactor 
setup was used [151, 153]. The precursor feed flow was adjusted to 3 ml/min, and the dispersion gas 
flow was 4 ml/min. The ratio between CH4 and O2 was kept at 2:1 (2 and 1 slm for CH4 and O2, respec-
tively) to avoid soot formation. The pressure inside the reactor was set at ~950 mbar, as the flame was 
found to burn stable at this value. 

The solvent preparation procedure was executed as follows: BA (Sigma-Aldrich, 99%) and TTIP 
(Sigma-Aldrich, 97%) were used as metal precursors in 1:1 molar ratio with a total concentration ac-
cording to the mixtures in Table 6-2. PA (Sigma-Aldrich, 99.5%), 2-PrOH (VWR, 99%) and XE (Roth, 
98.5%) were added according to the proportions in Table 6-2. First, BA was completely dissolved in PA 
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under vigorous stirring at 60°C for 1 hour and then the solution was left to cool down to room tempera-
ture. After that, 2-PrOH or a mixture of it with XE was added followed by a subsequent addition of the 
prescribed amount of TTIP. The resulting solution was additionally stirred for an hour prior to synthesis. 
After the synthesis, the powders were collected from the filter and examined with respect to their phys-
iochemical properties. 

Table 6-2. List of performed experiments for the synthesis of BaTiO3. 

Sample name 
Total precursor  

concentration / M 
Solvent composition Proportion 

0.1M 0.2 
Propionic acid / 2-Propanol 1:1 

0.5M 0.5 

0.5MX 0.5 Propionic acid / 2-Propanol / xylene 1:0.7:0.3 

1M 1 Propionic acid / 2-Propanol 1:1 

 

Table 6-3. Process parameters during the synthesis of BaTiO3 

Liquid precur-
sor flow  

/ (ml/min) 

CH4 pilot 
flame / slm 

O2 pilot 
flame / slm 

O2 dispersion  
/ slm 

Compressed air 
sheath / slm 

Pressure  
/ mbar 
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Figure 6-1. a) XRD patterns of as-synthesized BTO powders and b) details of the 2θ = 29–34° and 2θ = 43–48° 

region. Red tick marks indicate the expected positions for the cubic phase (ICSD 99736) and blue 

tick marks indicate the position of the hexagonal phase of BaTiO3; dashed line in graph b) indicate 

the hexagonal phase (ICSD 164386).  

First, a phase analysis via XRD was carried out. The patterns of as-synthesized BaTiO3 powders pre-
sented in Figure 6-1 show peaks that can be attributed to the cubic phase (shown as red tick marks in 
Figure 6-1a) of BaTiO3 with an additional contribution from a high-temperature hexagonal phase (shown 
as blue tick marks in Figure 6-1). However, it is not yet clear if the tetragonal phase of BaTiO3 is also 
present in the samples, as it should be stable at room temperature according to the phase diagram in 
[176], since structural differences between the cubic and tetragonal phases are very negligible as was 
discussed in Chapter 2.2. Thus, both phases share practically the same reflection positions, therefore 
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complicating determination of the exact phase composition. A specific feature used to distinguish be-
tween these two phases is the characteristic broadening of the signal measured at 45° caused by the peak 
splitting in the case of the tetragonal phase [10, 29, 90, 177, 178]. This splitting can be directly observed 
for micrometer and sometimes for submicrometer-sized particles but is not clearly identifiable for the 
powders under study because of the interference with the hexagonal phase. The hexagonal phase is said 
to form above 1200°C and is usually observed due to thermal quenching [56, 177, 179]. Thermal 
quenching in our case is provided by the cooling cone (Figure 4-2), resulting in a steep temperature 
gradient on exiting the reactor zone.  

Apart from the crystalline phases mentioned above, the diffraction patterns explicitly indicate the exist-
ence of some amorphous material, as suggested by a noticeable lump (halo in 24-30° region) and the 
absence of a flat and defined background for all samples. Such contributions to XRD powder patterns 
typically symbolize the occurrence of non-crystalline particles or intermediate weakly crystalline phases 
that can transform to the final products under the application of heat [62, 169, 180].  
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Figure 6-2. Raman spectra of as-synthesized BTO powders with dashed lines indicating positions of the most 

prominent bands; T: tetragonal phase (blue), C: cubic (green) phase, and H: hexagonal phase (red). 

From the XRD patterns it cannot be ruled out that the BaTiO3 samples also contain some portion of the 
tetragonal phase alongside cubic. In order to be able to distinguish the contributions from the cubic and 
tetragonal phases, the pristine powders were additionally investigated by Raman spectroscopy, which 
allows for a qualitative phase analysis than XRD, since Raman analysis is more sensitive towards the 
individual features of different phases. All spectra of pristine powders are shown in Figure 6-2. As-
synthesized powders show principal symmetry bands related to cubic (257 and 519 cm–1), tetragonal 
(307 and 716 cm–1), and hexagonal phases (154, 224, and 639 cm–1) [71, 131, 169, 177, 178, 181]. The 
Raman analysis therefore confirms the existence of the tetragonal phase in our as-synthesized samples. 
A band at 1059 cm–1 corresponding to the BaCO3 impurity that is regularly present in BaTiO3 samples 
wasn’t found in any of the current samples, thus suggesting its absence in our powders [177]. 
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Figure 6-3. FTIR spectra of (a) as-synthesized BTO powders, (b) commercial BaTiO3, and barium acetate. Two 

additional insets are shown in (a) with a more precise interpretation of the band positions. 

FTIR analysis is routinely performed to provide information on the surface species. This analysis is 
particularly invaluable in the present case because organic residuals from combustion processes have a 
tendency to adsorb on the powder surface, therefore giving rise to specific features detectable via IR 
spectroscopy [28, 59, 181]. Thus, FTIR spectra of as-synthesized powders were acquired to provide a 
qualitative analysis of partially burned and unburned hydrocarbons.  

ATR-FTIR spectra of the as-synthesized powders presented in Figure 6-3a show that the as-synthesized 
powders are contaminated with various organic groups with the most prominent of them being carbox-
ylate and carbonyl groups [28]. Carboxylate species form a chemical bond with metals and therefore 
give rise to two characteristic νs(COO-) symmetric and νas(COO-) asymmetric stretching vibrations at 
1414 and 1537 cm–1 in the bridging bidentate configuration with no characteristic for carboxylic acids 
C=O bond present that typically appears in the spectra as a feature around 1600 cm–1, as described in 
Refs. [28, 59, 182-184] and additionally shown in the barium acetate spectrum (Figure 6-3b top). Addi-
tional weak intensity bands at 2972 and 2839 cm–1 were assigned to the symmetric and asymmetric 
stretching vibrations of aliphatic CH3- and CH2- groups (νs(CH3/CH2) and νas(CH3/CH2)). The broad 
feature around 3000–3600 cm–1 is a characteristic feature for adsorbed hydroxyl groups. It is worth 
mentioning that hydroxyl groups can be also accommodated in the unit cell of perovskites as lattice 
defects and are also detectable by means of IR spectroscopy [185]. As stated previously, the existence 
of BaCO3 impurity can be tentatively ruled out (Figure 6-3a), since no apparent bands corresponding to 
carbonates around 1460 and 860 cm–1 were found, in agreement with both XRD and Raman data [181]. 
To strengthen the statement regarding the absence of BaCO3 in the as-synthesized samples, an additional 
FTIR spectrum of the commercially available BaTiO3 powder (Sigma-Aldrich) synthesized by a wet 
chemistry method was recorded, which shows a distinctive carbonate feature at 1434 cm–1 (Figure 6-3b). 
In addition to the signals of the organic species, a band at ~500 cm–1 that represents the fundamental 
phonon Ti–O vibration frequency of the TiO6 octahedra in BaTiO3 is observed. An increase in intensity 
of this band is reported to be an indication of a higher sample crystallinity (Figure 6-3a) [28, 29].  

To investigate thermal stability of the organic species observed and of the powders in general, simulta-
neous thermal analysis (STA) was employed. This technique combines thermogravimetric analysis 
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(TGA) and differential scanning calorimetry (DSC), and provides means of following weight loss pro-
gression accompanied by any thermal (exothermic/endothermic) events. Additional identification of the 
gaseous species released during the heating process is possible due to a built-in quadrupole mass spec-
trometer (QMS).  
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Figure 6-4.  STA data of (a) as-synthesized powder synthesized from 0.2 M solution and (b) barium acetate pre-

cursor. Blue line: weight loss, red line: calorimetric data, dotted lines: mass spectra for H2O and CO2. 

Figure 6-4a shows the STA data obtained only from 0.2 M sample, as it reflects all main features that 
were also observed during the analysis of the other powders. The sample demonstrates a total weight 
loss (blue line) of 12%, which on average constitutes around ~14% for all as-synthesized samples when 
heated in air up to 1000°C. Considering progression and shape of the TG curves, three regions can be 
distinguished within the measurement: The first one with a distinctive weight loss (~1.7%) occurring up 
to 300°C followed by a second step with a strong weight loss (~6.4%) up to 570°C, and the last one 
(~4.2%) starting from about 600°C. With the assistance of mass spectroscopy measured in parallel, the 
main species released during heating, OH (m/z = 17) and CO2 (m/z = 44), were recorded. Up to ~250°C, 
the results suggest that physisorbed water is released, which is indicated by an endothermic peak over 
100–200°C. Starting from 300°C, a simultaneous release of OH and CO2 is spotted accompanied by a 
notable exothermic feature in the DSC signal over 400–500°C and marked by a dramatic weight loss, 
which continues up till 600°C. This exothermic event suggests a combustion reaction of the residual 
COO- groups [28, 186]. FTIR and TGA measurements performed on BaTiO3 powders produced via sol-
gel method showed that water can be present in the structure in form of lattice hydroxyl groups and is 
released on heating in the same temperature range (~400°C) as was observed in our case [169, 185, 187, 
188]. Also, TG data and DSC signals match quite well with the values reported in the literature for sol-
gel prepared BaTiO3 synthesized using acetates as metal precursors, where a full conversion of the latter 
occurs only on application of heat [170]. This strengthens the argument that some COO- acetate groups 
bonded to barium probably did not completely convert to the final product during the synthesis, and 
therefore appear in the FTIR spectra in Figure 6-3 [28, 183, 184]. An additional faint weight loss con-
tinues after 700°C along with some weak exothermic signals indicating that the powder evolution is 
almost complete by 800°C.  
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To prove the assumption that barium acetate stays on the powder surface after synthesis, an additional 
STA measurement was carried out using BA (Figure 6-4b). As the DSC graph suggests, a sharp exother-
mic peak is seen over the 400–500ºC range, which correlates well with the peak that was observed in 
the STA data of our BTO samples. On heating BA converts to BaCO3, whose phase transitions are seen 
at 819 and 972 ºC [189]. This confirms that some amount of the unreacted barium precursor indeed stays 
after the synthesis in as-produced powders. 

 

Figure 6-5.  TEM images of as-synthesized BTO (a) 0.2 M, (b) 0.5 M, (c) 0.5 MX, and (d) 1M samples. Image 

(e) shows existence of some larger particles synthesized using same conditions as in Table 6-3, and 

(f) demonstrates the 0.2M sample with an electron diffraction inset.  

Transmission electron microscopy (TEM) was used to analyze particle size and morphology of as-syn-
thesized samples. The images in Figure 6-5 clearly demonstrate that produced particles are in the na-
nometer range with mostly spherical shape and consisting of agglomerates and aggregates. No faceted 
particles were noticed in any of the powders. Continued observation of the images shows that the sample 
with higher precursor concertation (1 M) and the one with the addition of xylene (0.5 MX) seemingly 
have larger particle sizes than the powders produced from lower concentrations or without xylene. Ad-
ditionally, some larger particles were spotted during the observation (Figure 6-5e), whose appearance 
can be assigned to the use of alcohol in the solution, which can lead to precursor precipitation on the 
droplet surface, leading to large and inhomogeneous particles [38, 40, 144]. To investigate the matter 
further, particle-size distributions (PSDs) were determined by measuring particle diameters (over 100 
particles counted) and fitting a log-normal particle size distribution (PSD) to the histograms. 
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Figure 6-6.  Calculated PSDs from (a) 0.2 M, (b) 0.5 M, (c) 0.5 MX, and (d) 1 M samples; dp stands for the 

particle diameter in nm and δ is the geometric standard deviation. 

PSDs presented in Figure 6-6 reveal that the as-produced powders have particle sizes between 12 and 
20 nm and the count median diameter (CMD) increases with increasing precursor concentration. The 
addition of xylene also increases the particle size, which is attributed to the higher flame temperatures 
associated with higher combustion enthalpy and in agreement with the observations in literature [168].  

In addition to TEM and XRD, the specific surface areas (SSA) of all as-synthesized powders were de-
termined by BET measurements, from which particle sizes were calculated using Equation 5-16 given 
in Chapter 5.5. Additional investigations were done by performing Rietveld refinement, whereby one 
can extract crystallite sizes and phase ratios from XRD data. In order for a typical refinement to converge 
properly, only two and not three phases observed in Raman (Figure 6-2) were introduced: the cubic 
phase of BaTiO3 was not included in the refinement procedure, as the refinements were unstable and 
provided relatively high Rwp values when three phases (tetragonal, hexagonal, and cubic) were intro-
duced. Instead, only the tetragonal (ICSD card 99737) and hexagonal (ICSD card 164386) phases of 
BaTiO3 were used, which resulted in more stable results and lower Rwp values. Rwp (weighted profile or 
goodness of fit, the smaller the Rwp value, the better) values in general describe the difference between 
the observed and calculated XRD patterns from Rietveld refinement (graphical outputs presented in 
Figure 6-7). The determined particle and crystallite sizes from all measurements were plotted in Figure 
6-8. The extracted phase ratios from refinements and the SSA values are given in Table 6-4. 
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Figure 6-7.  Graphical output from Rietveld refinements for as-synthesized (a) 0.2 M, (b) 0.5 M, (c) 0.5 MX, and 

(d) 1 M. 
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Figure 6-8.  Comparison of the particle and crystallite sizes obtained from TEM, BET, and XRD versus precursor 

concentration. The xylene-containing 0.25 MX solution is plotted with a letter X to avoid confusion 

with the 0.25 M sample. Drawn lines between the data points serve to guide the eye. 
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Table 6-4.  Phase ratios obtained from XRD and SSA values from BET of as-synthesized BaTiO3 powders. 

Sample 
Phase 

SSA / m2/g 
Tetragonal / % Hexagonal / % 

0.2 M 46.3 53.7 28.2 

0.5 M 43.6 56.4 13.8 

0.5 MX 48.3 51.7 17.7 

1 M 52.5 47.5 19.9 

As seen from Figure 6-8, the values acquired from XRD and TEM show that with increasing precursor 
concentration the average particle/crystallite size increases. The addition of xylene illustrates that in-
creasing the combustion enthalpy of the solution leads to the expected increase in the particle size. Re-
markable is the finding that both with increasing concentration and addition of xylene, the crystallite 
size corresponding to the hexagonal phase decreases while that of the tetragonal phase increases. The 
ratio between both phases stays practically unchanged around 50/50 with minor deviations and no iden-
tifiable trend. The particle sizes from BET are in general in good agreement with the XRD data. How-
ever, it should be mentioned that since BET is a surface-based technique that heavily depends on particle 
agglomeration, aggregation, and the amount of surface contaminations, a certain over- or underestima-
tion of the particle sizes calculated from BET measurements can be expected, especially from moder-
ately agglomerated SFS-produced, where large particles with high mass coexist with small particles as 
can be seen in Figure 6-5 [62]. A notably large discrepancy between the TEM and XRD values is prob-
ably due to polydispersity of the produced particles [39, 40]. Crystallite sizes from XRD are a mass-
weighted property averaged over a large sample volume, whereas particle sizes calculated from TEM 
are based on counting statistics of a much smaller number of particles. As the TEM image suggests 
(Figure 6-4e), small primary particles coexist with some larger ones, therefore leading to overall larger 
average crystallite sizes in XRD.  

In conclusion, the preliminary experiments demonstrated the feasibility of the flame-based synthesis of  
BaTiO3 nanoparticles. Despite having challenges with the phase composition, the powder produced is 
in the nanometer range with the lowest particle size obtained from the 0.2 M concentration. The calcu-
lated phase ratios from the XRD data between the tetragonal and hexagonal phases of BaTiO3 seem to 
be not connected to either concentration or solvent composition. The solvents selected for this study, 
i.e., PA and 2-PrOH are suitable for the synthesis of BaTiO3 nanoparticles and will be used as a standard 
solution while keeping metal concentration at 0.2M. The process parameters in this preliminary study 
were also found adequate for the production of nanopowders. One issue that was identified is the exist-
ence of the organic rests that stay on the powder surface after the synthesis, which can lead to undesired 
carbonate formation over time and therefore performance deterioration of the final products [190].  

6.1.2 Investigation of the influence of solvent composition  

In the preceding section, the optimal synthesis parameters and precursor/solvent solution mixture was 
determined. In addition to the preliminary investigation, the list of selected solvents was expanded with 
the following objectives: (i) diminishing the amount of the undesired secondary hexagonal phase; (ii) 
controlling the amount of carbon contamination on the surface of the as-produced powders. Therefore, 
three new solvents were included: glacial acetic acid (AA, VWR, 99,8%), 2-ethylhexanoic acid (EHA, 
Sigma-Aldrich, 99%), and absolute ethanol (EtOH, VWR, 99,8%). AA is the simplest carboxylic acid 
with only two carbon atoms in its structure, and therefore has a lower combustion enthalpy and boiling 
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point than PA (118 and 141°C, –15,29 and –20,37 kJ/ml, respectively). 2-EHA is an oily liquid that 
consists of a long and branched carbon chain, showing high combustion enthalpy value of –26,95 kJ/ml 
and high boiling point of 223°C. An interesting fact about EHA is that it was shown to aid the production 
of fine and homogeneous particles because it promotes microexplosions during droplet evaporation as 
studied by Rosebrock et al. [143, 144]. Thus, it was decided to test its applicability to the synthesis of 
BaTiO3 powders. Finally, EtOH (boiling point 78°C and combustion enthalpy –23,4 kJ/ml) was chosen 
instead of 2-PrOH to study the stability of TTIP in the solution, and to investigate if the lower enthalpy 
value of EtOH than that of 2-PrOH (–26,9 kJ/ml) has any influence on the synthesis. All solvent com-
binations are listed in Table 6-5 with the combustion enthalpy values calculated by the mixture rule, and 
the boiling points were calculated using the Antoine equation. All synthesis were performed with exactly 
the same process parameters except for the O2 dispersion gas value, which was increased to 6 slm to aid 
the formation of smaller particles through the creation of finer spray droplets with higher dispersion gas 
values [37]. The metal concentration was kept at 0.2 M. The combustion enthalpy approach reflects 
differences between various solvents, thus allowing for a better comparison of diverse solvent combi-
nations. 

Table 6-5. List of solvent mixtures with corresponding calculated combustion enthalpy values and boiling points 

for the synthesis BaTiO3. 

Sample name Solvent composition Combustion enthalpy / kJ/ml Boiling point / °C 

AP AA / 2-PrOH –21.3 93 

PP PA / 2-PrOH –23.7 97 

AE AA / EtOH –19.6 92 

PE PA / EtOH –22.0 95 

AEH AA / 2-EHA –22.7 126 

PEH PA / 2-EHA –25.2 138 
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Figure 6-9.  XRD patterns of as-synthesized BTO powders from various solvents (a) and details of the 2θ = 29–
34° and 2θ = 43–48° region (b). ♦ and dashed line indicate the peak positions of the hexagonal phase 

of BaTiO3. 
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As-produced powders were analyzed with XRD and the corresponding patterns are presented in Figure 
6-9. It is directly evident from the graph that powders from the solutions containing EHA (AEH and 
PEH) are much less crystalline than the rest of the powders, which is manifested in a larger lump around 
24–30° and a visible decrease in the peak intensities of the diffraction maxima. There is no conclusive 
argument why the powders are less crystalline with the use of EHA, but it might be related to the higher 
viscosity and boiling point of the substance. On a closer inspection of the ethanol-based solutions (AE 
and PE), a slightly higher background (24–30°) than in the PA-based solutions is noticeable. Common 
for all powders is the existence of the hexagonal phase, as displayed in the magnified portion of Figure 
6-9, which suggests that the phase forms regardless of the solvent composition.  

To elucidate the reason for the lower crystallinity and peak intensities in the EHA-based samples and to 
additionally obtain information on the state of organic contaminations, FTIR spectra were collected. For 
that reason, 2-PrOH-based powders (AP and PP) and one 2-EHA-based sample (AEH) were further 
investigated to allow for a comparison between the various carboxylic acids used during the solvent 
preparation. The powders from the EtOH solutions were also investigated but are not shown as the 
observed differences between them and the samples with 2-PrOH are virtually non-existent. FTIR spec-
tra of the three selected powders are presented in Figure 6-10. 
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Figure 6-10.  ATR-FTIR spectra of as-synthesized BTO powders produced from AP, PP, and AEH solutions. 

Dashed rectangles highlight main features of the spectra. 

The spectra are dominated by the strong features belonging to the carboxylate COO- group over 1400–
1500 cm–1 range, in accordance with the previous FTIR measurements (Figure 6-3a). Moreover, a dis-
tinct difference between the samples is noticeable over 2900–2960 cm–1 (dashed rectangle on the left in 
Figure 6-10), where the AP sample produced from acetic acid and 2-PrOH shows only weak intensity 
bands of CH3/CH2- groups compared to the rest of the examined samples. Another clear difference be-
tween the samples is a lower intensity of the Ti–O band at 500 cm–1 in the EHA-based sample, which 
confirms its lower crystallinity observed in XRD. 
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Figure 6-11.  TGA (a) and DSC (b) data of as-synthesized AP, PP, and AEH samples in air heated at 20°C/min to 

1000°C. 

STA measurements (Figure 6-11) were performed to unravel the differences in the powders through the 
thermal evolution. The progression of both TGA and DSC signals is very similar to that observed pre-
viously (Figure 6-4). However, in the case of the EHA-based solution, the observed total weight loss is 
substantially higher (~12% for the PrOH -based powders and ~18% for the EHA sample, respectively). 
The exothermic feature of the COO- combustion at ~450°C is considerably broader than for the PrOH-
based powders and is accompanied by a much steeper weight loss. This fact suggests that this sample 
has more unreacted species that contribute to the overall high weight loss triggered by heating.  

Three distinctive regions can be extracted from the TGA data: A region of the initial weight loss around 
250°C, a region of the intensive weight loss around 450°C, and the region with almost no weight loss 
above 800°C. Performing FTIR of the powders heated at these three temperatures might provide addi-
tional details on the evolution of the organic species, whereas XRD might hold information regarding 
possible phase transitions in general. It can potentially help understand the differences suggested earlier 
by XRD and TGA data. For this reason, the three powders (AP, PP, AEH) were annealed based on the 
STA results for three hours in O2 atmosphere at three target temperatures (250, 450, and 800°C) with 
the collection of FTIR and XRD data afterwards (Figure 6-12).  
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Figure 6-12. XRD (a, c, e) and FTIR (b, d, f) data of the powders from different solvents at 250, 450, and 800°C. 

XRD patterns show that the powders heated at 250°C are almost identical to the as-synthesized ones 
with no changes observed. At 450°C, the formation of a new weakly crystalline phase with the main 
peak positioned at 26.6° along with traces that were assigned to the BaCO3 contamination at ~24° is 
evidenced for all samples in XRD. The presence of the weakly crystalline phase is explicitly pronounced 
in the AEH sample. After consulting with literature, the unknown phase was identified as an intermediate 
oxycarbonate Ba2Ti2O5CO3 phase [29, 169, 177]. On further heating at 800°C the oxycarbonate phase 
disappears, and two new signals appear around ~30°. These peaks belong to a polytitanate Ba2TiO4 
phase (ICSD card 29389), which is known as a by-product of the oxycarbonate decomposition around 
500–700°C in the Ba-rich environment [191]. The presented diffraction patterns also reveal a shift in 
the tetragonal/hexagonal phase ratio as denoted by a gradual decrease in the intensity of the left shoulder 
at 31°. IN summary, the XRD data suggest that heat treatment at temperatures as high as 800°C and 
above is a possible way to reduce the amount of the hexagonal phase and improve the crystallinity of 
BaTiO3 powders.  

FTIR measurements of the powders heated at 250°C shown in Figure 6-12b reveal that the spectra are 
almost identical to that of the as-synthesized samples, which is in line with the TGA measurements that 
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show minor losses due to water desorption in that temperature range. As the annealing temperature in-
creases to 450°C, carboxylate peaks are no longer visible, and a new set of bands resembling those of 
BaCO3 appears around 1419 and 858 cm–1. However, on closer inspection, these bands were attributed 
to the bands belonging to a similar intermediate oxycarbonate Ba2Ti2O5CO3 phase, as described in Refs. 
[28, 29, 169, 183]. This phase has been shown to form by the reaction between CO3-containig species 
(e.g., barium carbonate), TiO2, and BaTiO3, and is commonly observed during the drying stage for sol-
gel prepared BaTiO3 powders [28, 169]. The emergence of the CO3-like species in our FTIR data on 
heating at 450°C in O2 atmosphere indicates the oxidation of the COO– group (exothermic event over 
the 350–600°C range in TGA in Figure 6-11) and their subsequent conversion to carbonates. This is both 
in good agreement with the literature and present measurements (Figure 6-4) on the carbonate formation 
from precursor salts containing carboxylate COO– groups [28]. On further heating to 800°C, the 
Ba2Ti2O5CO3 intermediate phase decomposes and transforms into highly crystalline powders noticeable 
by the high intensity of the Ti–O band along with minor traces of BaCO3 at 1409 cm–1. 

TEM images were additionally acquired for the PP powder to illustrate the difference in the particle size 
between pristine and calcined at 800°C powders (Figure 6-13). Provided TEM images show an expected 
increase in the particle size on heating and partial sintering of the particles. 

 

Figure 6-13. TEM images of (a) as-produced and (b) heat-treated at 800°C for three hours BaTiO3 powders pro-

duced from PP (propionic acid/2-propanol) solution. 

In conclusion, a variety solvent combinations and their effect on the synthesis of BaTiO3 powders were 
examined. An interesting finding is that despite having comparable or slightly higher combustion en-
thalpy values, the powders produced from the EHA-based solutions are less crystalline than the powders 
from carboxylic acid/alcohol mixtures. The powders from the EHA solution show on average higher 
weight losses when heated to 800°C, which indicates a larger amount of organics as shown by TGA. 

Regardless of the solvent composition, all powders demonstrate an exothermic reaction at 350–600°C 
in TGA, which indicates a strong oxidation reaction involving the COO– groups from barium acetate to 
form the intermediate Ba2Ti2O5CO3 oxycarbonate phase. The latter decomposes on further heating to 
BaCO3, Ba2TiO4, and BaTiO3. Heat-treatment allows to achieve a cleaner surface, higher crystallinity, 
reduced presence of the hexagonal phase while preserving the particle size in the nanometer range as 
shown by TEM (Figure 6-13), albeit with visibly increased agglomeration and particle size and some 
minor carbonate contamination. By using diverse solvents, the desired effect of decreasing carbon con-
taminations and possibly preventing formation of the hexagonal phase in the as-synthesized samples 
was not achieved. A possible improvement in this respect can be potentially accomplished by performing 
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a wide range substitutional doping of the initial BaTiO3 perovskite structure by introducing new ele-
ments on either A- or B-site, such as Sr or Zr, respectively. 

6.2 Synthesis of BaxSr1–xTiO3 nanoparticles 

In the introductory part, energy sustainability was discussed in terms of hydrogen and oxygen production 
in photocatalytic processes such as the water-splitting reaction. In this respect, titanate perovskites have 
been closely examined in the literature in connection with their ability to produce hydrogen from water 
upon illumination with UV light. Among titanates, SrTiO3 is by far the most studied and best performing 
photocatalyst. It is nevertheless of certain scientific interest to further examine the titanate perovskite 
structure and exploit its key advantages such as structural versatility in terms of substitutional doping 
and non-toxic nature. For example, in the case of SrTiO3, the A site can be substituted by larger Ba 
atoms. However, the influence of this effort on the catalytic properties of BaxSr1–xTiO3 ceramics has not 
been studied in the literature to the best of my knowledge. Therefore, the focus of this chapter is to 
perform a wide-range substitution study of the initial SrTiO3 structure with Ba via SFS. The synthesized 
powders are to be extensively characterized and then examined with respect to their photocatalytic per-
formance in for photocatalytic water splitting. 

In the preceding chapters, the practicality of performing sprayflame synthesis of BaTiO3 nanoparticles 
was shown. Though the powder synthesis itself can be described as successful, the following challenges 
were recognized: (i) as-synthesized materials are not phase-pure as evidenced by the existence of the 
undesired hexagonal phase of BaTiO3; (ii) contamination with organic moieties (mostly acetate groups) 
on the powder surface originating from the combustion processes. Therefore, a post-synthesis heat-treat-
ment step at 800°C is needed to improve crystallinity, surface powder purity, and phase composition of 
the powders. It was shown that for powders synthesized with the initially proposed PA/2-PrOH as sol-
vent, heating for 3 hours at 800°C transformed the as-synthesized material with carbonaceous contami-
nants to the final BaTiO3 product and to secondary phases such as Ba2TiO4 or BaCO3. However, the 
effect of these secondary phases on the photocatalytic activity has not been studied before. The powders 
stay in the nanometer range, as showed by the TEM image in Figure 6-13b.  

Another open question that will be investigated is, whether substitution of the flame-produced BaTiO3 
nanopowders might be a way for steering the phase composition towards a decreasing fraction (ideally: 
completely suppressing) of the hexagonal phase in the as-synthesized samples. Additionally, considering 
the wide variety of the available phases for BaTiO3 (cubic, tetragonal, hexagonal), an attempt at assign-
ing the catalytic activity to one of the mentioned phases is of certain scientific interest. In the case of 
pure BaTiO3, the tetragonal phase was shown to be favorable in photocatalytic reactions [22].  

Table 6-6. List of the synthesized BaxSr1–xTiO3 compositions. 

Sample name Intended composition 

BTO BaTiO3 

BSTO-20 Ba0.8Sr0.2TiO3 

BSTO-40 Ba0.6Sr0.4TiO3 

BSTO-50 Ba0.5Sr0.5TiO3 

STO SrTiO3 
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Table 6-7. Process parameters during the synthesis BaxSr1–xTiO3 powders. 

Precursor solu-
tion flow 

/ (ml/min) 

CH4, pilot 
flame / slm 

O2, pilot 
flame / slm 

O2 dispersion-
gas / slm 

Compressed air 
sheath flow / slm 

Pressure  
/ mbar 

3 2 1 6 300 950 

 

The process parameters for the synthesis of Ba1–xSrxTiO3 powders were adopted from the previous syn-
thesis of BaTiO3 powders and are listed in Table 6-7. The solvents used were PA and 2-PrOH, mixed in 
1:1 ratio. Strontium acetate (Sigma-Aldrich, 99%) was chosen as precursor, which has a melting point 
of 380°C. The total metal precursor concentration was 0.2 M. An overview of the synthesized composi-
tions is given in Table 6-6. Compositions with varying Sr concentrations were chosen to investigate 1) 
the catalytic performance of BaTiO3 and SrTiO3; 2) if the intermediate compositions with Sr concentra-
tion x = 0.2, 0.4, and 0.5 can improve the phase composition of the as-synthesized powders towards 
reducing the amount of the hexagonal phase. An additional question was to investigate if the hexagonal 
phase of BaTiO3 detected in the as-synthesized samples has any impact on the catalytic activity of the 
powders.  

6.2.1 Characterization of as-synthesized BaxSr1–xTiO3 powders 
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Figure 6-14.  XRD patterns of (a) as-synthesized BSTO powders and details (b) of the 2θ = 29–34° and 2θ = 43–
48° region. Red tick marks indicate the positions for the hexagonal phase of BaTiO3. 

The phase composition of as-synthesized Ba1–xSrxTiO3 powders was controlled with XRD (Figure 6-14). 
The XRD patterns indicate cubic structure for all samples except for the BTO and BSTO-20 powders, 
both of which reveal additional peaks corresponding to the hexagonal phase of BaTiO3 [62, 131]. This 
phase is formed above 1200°C and is observed due to thermal quenching downstream the reaction zone 
[56, 177, 179]. One can see a clear contribution at 31° from the hexagonal phase in the pure BTO powder 
and a minor one in BSTO-20 (Figure 6-14b). This case shows that the amount of the hexagonal phase 
in the pristine BaTiO3 powder can be reduced by introducing moderate concentrations of Sr in the range 
of 20%. At Sr concentrations x > 0.2, no contributions from the hexagonal or any other phase than cubic 
were found. This is in accordance with the observations reported in literature that the smaller Sr atoms 
preferably stabilize the cubic crystal structure of BaTiO3 [25, 86].  
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It is visible from Figure 6-14a that peak positions shift towards higher 2θ values with increasing stron-
tium content which is explained by the smaller ionic radius of Sr2+ compared to Ba2+ (1.44 and 1.61 Å, 
respectively). The observed peak shifting towards higher angles also suggests that the cell unit is grow-
ing smaller, since cubic SrTiO3 has an a parameter of ~3.90 Å as opposed to cubic BaTiO3 with roughly 
~4.01 Å. In addition, the pattern belonging to the STO sample demonstrates a significantly higher crys-
tallinity than the rest of the samples as can be concluded from the high intensity of the reflections ob-
served. Overall, crystallinity increases with increasing Sr amount in the samples. The smaller FWHM 
(full width at half maximum) values for SrTiO3 suggest that the crystallite size is larger than in the rest 
of the samples.  

In the case of BaTiO3, tetragonal and cubic phases can be both present at room temperature in the same 
material, as was discovered previously in pure BaTiO3 samples by Raman spectroscopy (Figure 6-2). 
The tetragonal phase is recognizable by the characteristic peak splitting at 45° into the (002) and (200) 
reflections in XRD [62, 131, 192]. Despite the fact that a broadened signal is indeed observed, a precise 
phase analysis of the nanosized powder diffraction pattern is difficult, and additional measurement tech-
niques (e.g., Raman spectroscopy) are mandatory in such cases for clarification [71].  
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Figure 6-15.  Raman spectra of as-synthesized BTO, BSTO-20, BSTO-40, BSTO-50, and STO powders. Dashed 

lines and tick marks indicate positions of the most prominent bands; T: tetragonal phase (blue), C: 

cubic (green) phase, and H: hexagonal phase (red).  

As discussed above, from the XRD patterns it cannot be completely ruled out that the BTO sample also 
contains some tetragonal phase of BaTiO3. Therefore, all powders were analyzed by Raman spectros-
copy that allows for a qualitative phase analysis and provides additional resolution towards structural 
features of individual phases (Figure 6-15). The BTO sample shows two main signals at ~255 and 
517 cm−1 that can be assigned to the cubic phase of BaTiO3, which normally should not be visible ac-
cording to symmetry restrictions [193]. However, the appearance of these bands is explained by the fact 
that the cubic phase shows some distortions or deviations across the whole material, which then manifest 
in some Raman-active modes [131]. 

The feature spotted at 635 cm−1 and identifiable only for BTO and BSTO-20 can be attributed to the 
hexagonal phase of BaTiO3, thus fully supporting the XRD data in Figure 6-15 and in accordance with 
literature [177]. A sharp peak at 306 cm−1 along with a broad signal at 717 cm−1 confirms the presence 
of the polar-active tetragonal phase in the BTO sample [131, 193]. Both peaks are also seen for higher 
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Sr concentrations (except for SrTiO3) as a shoulder at 304 cm−1 with decreasing intensity and shifting to 
lower wavenumbers, which indicates a decreasing ratio between the c and a cell constants of the tetra-

gonal phase and thus marks the gradual stabilization of the cubic phase. The Raman spectra of SrTiO3 
show two broad characteristic bands at 200–500 and 550–800 cm−1, which are related to the second-
order scattering of the cubic phase in strontium titanate [166]. Even though the cubic symmetry forbids 
any first-order Raman activity, three additional peaks are clearly identifiable at 175, 540, and 790 cm−1. 
Their appearance is ascribed in the literature to the local breaking of the cubic symmetry, which is caused 
by defects such as impurities and oxygen vacancies often occurring in perovskite materials [166]. Some 
additional contributions can be seen at 247, 298, 360, 617, 673, and 719 cm−1, which is in good agree-
ment with the measurements conducted by Rabufetti et al. [166]. Despite the fact that all powders under 
study were prepared in a combustion process, it is important to stress that no indication of BaCO3 im-
purities was found in any of the samples. BaCO3 is generally represented by a series of peaks around 
24–25° in the XRD pattern and by a band around 1060 cm−1 in the Raman spectra [29, 62, 177, 192]. 
Both features are missing in the samples under investigation. 

It is commonly observed that nanomaterials with high surface areas made by flame synthesis adsorb 
partially-burned combustion products [59]. IR spectroscopy is a reliable method to identify these species 
due to their characteristic spectral signatures. Surface contaminations are important to control, since 
they may negatively affect the materials properties and performance, especially in the field of catalysis 
where surface reactions play a major role in the overall catalytic activity.  
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Figure 6-16. ATR-FTIR spectra of as-synthesized BTO, BSTO-50, and STO powders with a detailed inspection 

of the most prominent spectral features. 

ATR-FTIR spectra of the three as-synthesized powders are presented in Figure 6-16, as they represent 
well the rest of the samples. The spectra show that the powders are contaminated with various organic 
groups with the most prominent of them being the carboxylate group (COO-, 1300–1600 cm−1) and 
carbonyl groups (CO-,1000–1300 cm−1) as previously seen in Figure 6-3 [28]. The carboxylate species 
form a chemical bond with metals and therefore give rise to two characteristic νs(COO-) symmetric and 
νas(COO-) asymmetric stretching vibrations at 1414 and 1537 cm−1 in the bridging bidentate configura-
tion as described in [28, 59, 170, 182-184]. Additional bands of weak intensity assigned to the symmetric 
and asymmetric stretching vibrations of aliphatic CH3- and CH2- groups (νs(CH3/CH2) and 
νas(CH3/CH2)) spotted at 2972 and 2939 cm−1, respectively. The broad band around 3000–3600 cm−1 is 
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a characteristic feature for adsorbed hydroxyl groups. As mentioned before, commonly observed BaCO3 
contamination originating from a reaction between barium and CO2 can be tentatively ruled out, since 
no apparent bands corresponding to the carbonates around 1460 and 860 cm−1 were found, in agreement 
with both XRD and Raman data [181].  

Particle size and morphology were characterized using TEM with the representative images of all as-
synthesized powders shown in Figure 6-17. The particles are fairly agglomerated having a spherical 
particle shape as commonly observed for flame-produced powders [40, 62]. The average particle size 
was obtained from fitting a log-normal particle size distribution (PSD) to the histograms with the values 
presented in Figure 6-17. The calculated values demonstrate a tendency towards smaller particle sizes 
with increasing strontium content. However, some individual particles with larger than average particle 
sizes can be found in all samples, which might be indicative of a bimodal particle size distribution. This 
is clearly demonstrated in the case of STO, where some much larger than average particles were ob-
served (~200 nm) (Figure 6-17f), which also supports the conclusions drawn based on the high maxima 
intensity of this sample in XRD. The higher crystallinity of Sr-containing samples is also obvious from 
the clear high contrast in the selected-area electron diffraction (SAED) pattern (shown as insets) that are 
in contrast to the pristine BaTiO3 and BSTO-20 samples, which show a much more diffuse diffraction 
pattern. These results are in accordance with XRD measurements.  

   
Figure 6-17.  TEM images of as-synthesized BTO (a), BSTO-20 (b), BSTO-40 (c), BSTO-50 (d), and STO (e) 

samples with corresponding SAED patterns (shown as insets). An additional image of the STO sam-

ple (f) that shows large and small particles.  
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The materials were examined regarding the carbonaceous species detected in FTIR by a simultaneous 
thermal analysis (STA), which combines TGA and DSC measurements. STA allows tracking the weight 
loss and assigning it to the corresponding thermal processes. The measurements were carried out in 
synthetic air to potentially oxidize/burn adsorbed species. 
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Figure 6-18.  TGA (a) and DSC (b) data of as-synthesized BTO, BSTO, and STO samples in air heated at 20°C/min 

to 1000°C. 

The TGA curves in Figure 6-18 for three powders (BTO, BSTO-50, and STO) show a similar pattern to 
what was observed previously across all samples with a total weight loss constituting between ~20 and 
24%. After a minor weight loss around 100°C, all samples show a two-step process around 400 and 
600°C. The corresponding DSC signals display an endothermic feature around 100°C, which is known 
to correspond to the removal of the physisorbed water. The measurements are dominated by a strong 
exothermal signal around 400°C and a shoulder at 600°C. These results can be attributed to the removal 
of acetate groups and concurrent formation of the intermediate oxycarbonate phase, as was previously 
observed in Figure 6-4 [28, 170, 183]. They combust on heating and then produce carbonates or partic-
ipate in further reactions whereby secondary phases may form [28]. TG and DSC measurements show 
that the materials stabilize around 750°C indicating no further thermal events. Overall, the observed TG 
results essentially reproduce those obtained earlier for pure BaTiO3 samples, again bringing to the at-
tention the incomplete precursor conversion during the combustion process. A thorough investigation 
was conducted by Mos et al. [170] regarding the decomposition properties of strontium acetate in SrZrO3 
powders, showing that strontium acetate produces an exothermic feature around 400–600°C, which is 
in very good agreement with the present and previous observations. Thus, in order to clean the powder 
surface, a temperature of 800°C was chosen based on the TGA data obtained to calcine the as-synthe-
sized materials. 

6.2.2 Characterization of heat-treated BaxSr1–xTiO3 powders 

Heat-treatment was applied for only 3 hours at 800°C under oxygen atmosphere to minimize the effect 
of temperature on particle size growth and at the same time to provide the desired cleaning effect for the 
surface. The annealed samples were then characterized using XRD, FTIR, Raman, and TEM. Only three 
powders were selected for further characterization: BTO, BSTO-50, and STO, as the photocatalytic per-
formance of these samples was of prime interest than that of the remaining samples. 



60 

20 30 40 50 60 70

a)

N
o

rm
. 

in
te

n
s
it
y
 /

 -

2 / °

BTO

STO

BSTO-50

HT-800°C

 Ba2TiO4

ICSD 164386

28 30 32 44 46 48

2 / °

b)

 

Figure 6-19. XRD diffraction patterns of heat-treated Ba1–xSrxTiO3 samples (a) with a magnified portion of the 

2θ = 26–34° and 2θ = 44–48° region (b). Red ticks mark the positions of the hexagonal phase of 

BaTiO3.  

The XRD patterns presented in Figure 6-19 reveal increased crystallinity of the heat-treated samples 
compared to the pristine ones indicated by the sharp and narrow diffraction signals. The amount of the 
hexagonal phase in the heat-treated samples decreased compared to the as-synthesized BTO powder, as 
can be seen by the decreased intensity of the peak at ~31°. The characteristic peak splitting at ~45° 
expected for the tetragonal phase of BaTiO3 is not readily visible after heat-treatment [192]. In addition, 
traces of the barium orthotitanate phase Ba2TiO4 could be identified in BTO and BSTO-50 based on the 
appearance of two new minor signals at 29.1 and 29.6° (Figure 6-19b) [194]. Beauger et al. proposed 
that the reaction between barium carbonate and barium titanate leads to the formation of the orthotitanate 
phase [191]. It is a distinct possibility that in the present case first the adsorbed carboxylate group con-
verts either directly to carbonates or to the metastable Ba2–xSrxTiO5CO3 phase on heating, and then 
reacts with Ba1–xSrxTiO3 to finally produce the metatinate Ba2–xSrxTiO4 phase [169, 191, 195]. A faint 
shift towards higher 2θ angles was noticed for the BSTO sample (Figure 6-19), indicating that apparently 
a partial substitution of the Ba2TiO4 phase with strontium took place. The emergence of Ba2TiO4 is 
identical to the case described previously for pure BTO samples in Chapter 6.1. 
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Figure 6-20. Raman (a) and FTIR (b) spectra of heat-treated at 800°C BTO, BSTO and STO samples. Dashed 

lines indicate positions of the most prominent bands; T: tetragonal phase (blue), C: cubic (green) 

phase, and H: hexagonal phase (red). 

Additional analysis of the phase composition was done by Raman measurements with three representa-
tive samples shown in Figure 6-20a. The hexagonal phase feature is still present at 638 cm−1 in the 
Raman spectrum of the heat-treated BTO sample, thus confirming the XRD results (Figure 6-19b). The 
Raman spectra of the heat-treated samples are identical to those of the as-synthesized ones (Figure 6-15) 
and show the presence of the tetragonal phase as suggested by the bands at 306 and 717 cm−1. Significant 
changes can be seen in the FTIR spectra of the heat-treated samples, namely that they are practically 
free from any carbonaceous species after calcination at 800°C (Figure 6-20b). Only an insignificant 
carbonate contamination is visible as a low-intensity band around 1421 cm−1. Interestingly, no carbonate 
contaminations were found in the XRD patterns of the heat-treated powders, therefore suggesting that 
that carbonates are present only on the surface of the powders and not as a crystalline phase. 

The particle morphology and size of the annealed materials were analyzed by TEM. It is clear from the 
images in Figure 6-21 that the initial spherical shape of the as-synthesized particles gradually evolves 
into a more faceted morphology. The powders are more agglomerated and show signs of sintering and 
densification processes. This is an expected result, since powders with high surface areas and small 
particle sizes have a natural propensity for much faster sintering rates plus the contribution of surface 
defects on high-surface particles, and therefore an expected increase in the particle size upon heat-treat-
ing [196]. However, despite the three-hour calcination, this increase is not dramatic, as the powders still 
stay in the nanometer range. Count median diameter of primary particles was calculated from the PSDs 
of the heat-treated samples (Figure 6-21), showing that the size increase is roughly twofold compared 
to the as-synthesized samples (Figure 6-17).  

In addition to TEM, the XRD data of both as-synthesized and heat-treated samples were analyzed by 
Rietveld refinements to extract the crystallite size values for the main phases. For the heat-treated BTO 
sample, the tetragonal and hexagonal phases (ICSD 99737 and ICSD 164386, respectively) were intro-
duced to ensure stability of the refinements and provide a better match between the observed and calcu-
lated profiles, as was described in Chapter 6.1.1. For BSTO-50 and STO only the cubic phase was in-
troduced, since it is the only expected phase for these materials. Refinement outputs for all samples are 
presented in Figure 6-22. 
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 Figure 6-21.  TEM images of heat-treated BTO (a, b), BSTO-50 (d, e) and STO (g, h) samples with corre-

sponding PSD patterns (c, f, and i). 

The particle sizes obtained from the PSDs from TEM of the as-synthesized powders are 11.2, 9.3, 8.3 nm 
for BTO, BSTO-50, and STO respectively. The value slightly decreases with increasing Sr concentration 
towards pure SrTiO3 composition. This is expected as the cell unit of SrTiO3 is smaller than that of 
BaTiO3 because of the smaller ionic radius of Sr, therefore the expected decrease in the particle size, as 
was shown by Dunne et al. [25]. The calculated values from XRD are ~35, 32, and 80 nm (for BTO, 
BSTO-50, and STO, respectively) contradict the sizes from TEM. Such inconsistency would point at 
the existence of large particles alongside small ones, which is typically indicative of bimodal size dis-
tribution and can be expected in an SFS process, as was discussed in Chapter 6.1.1 [40, 51].  
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Table 6-8.  Phase ratios obtained from XRD and SSA values from BET of as-synthesized (AS) and heat-

treated (HT) BTO, BSTO-50, and STO powders.  

Sample XRD crystallite size / nm TEM particle size / nm 

AS HT AS HT 

BTO 33 49 11.2 19.5 

BSTO-50 32 38 9.3 17 

STO 80 100 8.3 22.8 

 

Figure 6-22.  Graphical output from Rietveld refinements for as-synthesized (a) BTO, (c) BSTO-50, (e) STO, and 

heat-treated (b) BTO, (d) BSTO-50, (f) STO. 

Briefly, the use of alcohols as solvents can lead to the formation of submicron particles due to the pre-
cursor precipitation on the droplet surface promoted by low boiling point of the used solvents, which 
therefore leads to the particle formation via the undesired droplet-to-particle conversion route [38, 144]. 
This claim is especially well-presented in the case of the STO sample demonstrated by the TEM image 
in Figure 6-17f, which shows that primary particles with the sizes around 10 nm can co-exist with much 
larger particles (~200 nm). A larger crystallite size for STO is therefore expected, which correlates with 
the initially high crystallinity of the sample observed in XRD (Figure 6-14).  

After heat-treatment, the particle size did not increase substantially, as suggested by both XRD and 
TEM. The extracted values from XRD are 49, 38, and 100 nm for BTO, BSTO-50, and STO samples, 
respectively. They are in agreement with the acquired XRD patterns, indicating that the heat-treated 
BTO sample demonstrates a larger crystallite size compared to the BSTO-50 sample inferred from the 
higher peak intensity of the former (Figure 6-14). The calcined STO sample again shows the highest 
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crystallite size value among all samples, indicated by the high reflection intensity in XRD. TEM images 
show increased agglomeration and the average particle size increased upon heating, and small particles 
coexist with some much larger ones (Figure 6-21).  

The applicability of BET measurements to assess the SSA of the flame-synthesized samples was ques-
tionable after the powders showed a substantial weight loss upon heating (20–24% depending on the 
sample) due to elimination of organic moieties from the surface. The existence of various adsorbates 
influences the density of the powders, which is needed for proper surface area and particle-size calcula-
tions, which therefore can lead to biased BET results. The SSA measurements were performed on a test 
basis on the as-synthesized BTO and heat-treated powders at 400 and 800°C for 3 hours. An additional 
heat-treatment step at 400°C should help to account for the exothermic feature and weight loss observed 
in TGA at the mentioned temperature (Figure 6-18). The density value was chosen 6.02 g/cm3, which 
corresponds to the bulk density of BaTiO3. The samples were outgassed overnight at 200°C prior to 
analysis. The measured SSA values were 29.9, 6.7, and 4.1 m2/g and the corresponding calculated par-
ticle sizes using Equation 5-16 are 33, 144, and 243 nm for the as-synthesized, heat-treated powders 
(400 and 800°C), respectively. The values for heat-treated powders are in contrast with those obtained 
from XRD and TEM. Moreover, repeated BET measurements of the as-synthesized powders tended to 
yield inconsistent SSA values. Thus, BET measurements were not considered further in this study. 

In conclusion, the feasibility of producing a wide range of Sr-substituted BaTiO3 nanoparticles via an 
SFS process was demonstrated. The as-synthesized BaTiO3 sample was shown to have the tetragonal 
and hexagonal phases. With a Sr concentration of 20%, the phase composition of the pristine powders 
showed much less amount of the hexagonal phase, and further increasing Sr concentration resulted in 
the complete absence of the hexagonal phase and stabilization of the cubic phase towards pure SrTiO3. 
The crystallinity of the powders also benefited from the introduction of Sr, which increased with in-
creasing Sr concentration. Primary particle sizes of the pristine powders shown by TEM are around 
10 nm, and they co-exist with some much larger ones in the sub-micrometer range. The larger particles 
provide a major contribution to the high intensity reflections in XRD patterns, therefore suggesting a 
bimodal particle size distribution in the samples. This fact shows that the SFS process primarily leads 
to the formation not only of small nanoparticles, but also of some significantly larger ones. One partic-
ular issue that was observed in the present and previous experiments is the surface contamination with 
carbonaceous moieties. For this reason, a subsequent heat-treatment (800°C, 3 hours in oxygen) was 
applied to the powders to clean the surface. This resulted on one hand in a cleaner surface and on the 
other hand in an expected particle size increase. The increase in the particle size was accompanied by 
powder agglomeration and sintering as was illustrated by TEM images. Crystallite values extracted from 
XRD patterns of the heat-treated samples additionally confirmed particle growth. 
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6.3 Photocatalytic water splitting of Ba1–xSrxTiO3 nanoparticles 

Photocatalytic performance of Ba1–xSrxTiO3 (BST) powders was examined regarding hydrogen produc-
tion in water splitting reaction under UV light. An outline of the setup that was used for the measure-
ments is first provided, and the results are then discussed.  

6.3.1 Photocatalytic reactor setup 

Photocatalytic hydrogen generation was investigated in an inner irradiation type photoreactor described 
by Grewe et al. [197, 198]. The setup is shown in Figure 6-23. The tests were conducted as follows: 
50 mg of the photocatalysts were dispersed and sonicated in a mixture of methanol (Sigma-Aldrich, 
>99.8 %) and distilled water (10 vol.% of methanol in 200 ml). Methanol was used as a sacrificial agent 
to enhance the hydrogen production rate as described in Chapter 3. For photocatalytic tests, the disper-
sions were illuminated with a 150 W medium-pressure mercury lamp (TQ 150) while continuously 
stirred (850 rpm). The reaction chamber was constantly purged with an argon flow of 50 ml/min to carry 
the reaction products (H2, O2, and CO2) directly into the X-STREAM gas analyzer from Emerson for 
their quantitative analysis. The temperature of the reactor was held constant at 20°C throughout the 
experiment. Six BST powders were tested in total: Three as-synthesized samples with x = 0, 0.5, and 1, 
as well as their heat-treated at 800°C analogues. The heat-treated powders were examined to see if the 
surface-cleaning effect provided by calcination affects the measured catalytic activity. On the contrary, 
the observed particle sizes increase on heating, which leads to fewer surface sites and therefore to a 
decrease in catalytic activity. 

 

Figure 6-23.  Overview of the photocatalytic setup for water splitting: a) the reactor is placed in a casing, which is 

kept closed during the operation of the photoreactor. The UV-light photoreactor (1) equipped with 

an inner irradiation lamp (2), gas connections (3) and connections for cooling water (4). Power supply 

for the UV-lamp (5), cryostat (6) used for providing cooling water, gas analyzer (7), which is con-

nected to the control panel (8). The control panel is located above the gas analyzer, and the thermo-

switch (9) is located between the gas analyzer and the casing; b) detailed schematics of the quartz-

glass reactor (Courtesy of AG Tüysüz, Max-Planck-Institut für Kohlenforschung). 
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6.3.2 Photocatalytic tests and discussion  
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Figure 6-24.  Results of catalytic tests of (a) as-synthesized (AS) and (b) heat-treated (HT) Ba1–xSrxTiO3 powders. 

Commercial BaTiO3 (BTO-SA) is shown for comparison. 

The photocatalytic performance of the as-synthesized and calcined samples was tested and compared 
with a commercially available BaTiO3 powder synthesized by a sol-gel method (Sigma-Aldrich, SSA 
value 11,1 m2/g, the equivalent BET particle size ~100 nm, TEM image in Figure. Appendix 1, further 
referred to as BTO-SA). H2 evolution was measured using methanol as a sacrificial agent as described 
above.  

Hydrogen evolution of the pristine samples starts immediately after illuminating them with UV light 
(Figure 6-24a). Surprisingly, all three materials show similar activity per mass and – more surprisingly 
– even the surface contamination with carbonaceous species as identified from FT-IR and STA meas-
urements does not seem to affect the photocatalysis results. In comparison to the commercial BTO-SA 
powder, the activities are similar or slightly higher and may be related to the lower particle sizes of the 
as-synthesized powders. However, the variations in hydrogen evolution are marginal and most probably 
are within the uncertainties of the measurement setup and do not allow for a conclusive comparison 
between the factors that might influence the measured catalytic activity. It is also difficult to draw con-
clusions regarding the effect of the hexagonal phase of BaTiO3 on catalytic activity, but seemingly its 
presence has no negative impact on the performance. 

The results of hydrogen evolution of the heat-treated samples are given in Figure 6-24b. The direct 
comparison of both, pristine and annealed materials does not show any significant change in activity. It 
can be discussed whether surface contamination and reduced specific surface suggested by higher par-
ticle sizes and agglomeration/sintering might compensate each other. The results suggest that the pho-
tocatalytic activity of Ba1–xSrxTiO3 nanoparticles in the size regime investigated here is rather limited by 
surface contamination for the as-synthesized samples and the increase of the particle size in the case of 
the heat-treated powders. It is an unexpected result that calcined powders practically do not lose their 
catalytic activity after heating. The present results are in contrast with the measurements conducted by 
Alammar et al., who showed that heat-treating SrTiO3 at 700°C resulted in a more than twofold decrease 
in the catalytic activity compared to the as-synthesized powders [19].  
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Despite the observed similarity in the results, the SFS-produced Ba1–xSrxTiO3 powders were shown to 
be catalytically active in the water splitting reaction. Heat-treatment of the as-synthesized provides a 
cleaning effect for the surface and leads to a substantial particle size increase but does not necessarily 
result in reduced catalytic activity. 

6.4 Synthesis of BaTi1–xZrxO3 nanoparticles 

Zr-substitued BaTiO3 (further referred to as BTZ) is of potential interest for energy storage applications, 
particularly in capacitors, as was discussed in Chapter 3.2.3. A trend that is constantly exploited at pre-
sent is the active miniaturization of the energy storage components by using ceramics with nanoscale 
dimensionality, which would allow for higher volumetric efficiencies and therefore better energy storage 
characteristics than capacitors based on micrometer and sub-micrometer particles [15, 137, 199]. The 
goal of the current chapter is to investigate the synthesis of BTZ nanoparticles using the SFS technique 
towards capacitive energy storage applications. The present study offers a new angle of view on the 
synthesis of nanocrystalline BTZ ceramics using a spray combustion method, which has not been re-
ported on previously in the literature.  

For the synthesis of BTZ powders all process parameters were adapted from the previous studies, the 
metal precursor concentration remained unchanged and was set at 0.2 M. A suitable Zr precursor was 
picked – zirconium propoxide (ZIP, Zr(OCH2CH2CH3)4, Alfa-Aesar, boiling point 207°C) because it is 
similar in handling to TTIP. The compositional range of BaTi1–xZrxO3 powders was selected in such a 
manner to be able to track any potential phase changes associated with changes in the ferroelectric char-
acteristics, which occur over the 0–20 mol% Zr concentration range, as discussed in chapter 2.4. Process 
parameters are presented in Table 6-9 and the composition of the synthesized materials is shown in Table 
6-10. 

Table 6-9. Process parameters during the synthesis BaTi1–xZrxO3 powders. 

Precursor 
solution flow  

/ (ml/min) 

CH4, pilot 
flame / slm 

O2, pilot 
flame / slm 

O2 dispersion 
gas / slm 

Compressed air 
sheath / slm 

Pressure  
/ mbar 

3 2 1 6 300 950 

 

Table 6-10. List of the synthesized BaTi1–xZrxO3 compositions. 

Sample Intended composition 

BTO BaTiO3 

BTZ-05 BaTi0.95Zr0.05O3 

BTZ-10 BaTi0.90Zr0.10O3 

BTZ-15 BaTi0.85Zr0.15O3 

BTZ-20 BaTi0.80Zr0.20O3 

 

The as-synthesized powders were collected from the filters and characterized in a similar fashion as 
described in the preceding chapters. Detailed description of the dielectric setup and the test results are 
given in Chapter 6.5.  
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6.4.1 Characterization of as-synthesized BaTi1–xZrxO3 powders.  
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Figure 6-25.  XRD patterns of (a) as-synthesized BTZ powders and details (b) of the 2θ = 36–48° region; tick 

marks indicate the peak positions of the cubic (red) and hexagonal (blue) phases of BaTiO3 [152]. 

The phase composition of as-synthesized BTZ powders was studied using XRD, and the respective 
patterns are presented in Figure 6-25. For the pure BaTiO3 sample the observed reflections indicate the 
existence of the cubic phase with a minor amount of the hexagonal phase (shown as blue tick marks in 
Figure 6-25). The latter is said to form above 1200°C and is usually observed due to thermal quenching 
[56, 177, 179]. Thermal quenching in our case is provided by the cooling cone (Figure 4-2), resulting in 
a steep temperature gradient on exiting the reactor zone. It cannot be inferred from the graph if the 
tetragonal phase of BaTiO3 is also present in the sample, which is usually noticeable by the characteristic 
peak splitting of the (002) and (200) signals at 45° [89].  

On introducing 5 mol% of Zr no contributions of the hexagonal phase could be detected. Consulting the 
phase diagram for BTZ powders for various Zr concentrations provided in [89, 200], at room tempera-
ture one should expect an orthorhombic phase at x = 0.05 and a rhombohedral phase at x = 0.1–0.15, 
respectively [89]. At x = 0.2 the phase composition is said to be dominated by a cubic crystal system, 
though in some cases a rhombohedral phase alongside cubic was suggested [95, 201, 202]. The differ-
ences between the orthorhombic and rhombohedral phases in XRD are minimal, which results in mar-
ginally different diffraction patterns, and therefore ambiguous phase analysis based on XRD data, since 
the phases cannot be resolved well. However, on closer inspection intensity variations of some signals 
relative to each other can be observed (e.g., at ~39 and 45°), which indicate a phase transition from one 
crystal structure to another [89, 201-203]. Common for all substituted samples with Zr is a shift towards 
smaller 2θ angles, which is caused by the expansion of the unit cell owing to the fact that Zr atoms have 
a larger ionic radius (0.72 Å) than Ti atoms (0.605 Å) [89, 142]. It should be pointed out than no peaks 
related to BaCO3 (typically at 2 ~ 25–26° [25, 90]) were found in the as-synthesized samples. 
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Figure 6-26.  TEM images of as-synthesized BaTi1–xZrxO3 powders: BTO (a), BTZ-05 (b), BTZ-10 (c), BTZ-15 

(d), and BTZ-20 (e) [152]. 

Particle size and morphology of the as-synthesized powders were examined by TEM. From the images 
in Figure 6-26 it is evident that the pristine powders predominantly consist of small mostly spherical 
and fairly agglomerated particles with sizes on average around 10 nm, though larger particles are also 
common to the samples, as can be clearly seen in Figure 6-26a for the BTO sample. The small particle 
sizes confirmed by TEM are favorable for further powder compaction and sintering in order to produce 
dense materials. 

Additional FTIR and TGA measurements were performed to study the surface and stability of the as-
synthesized powders, as flame-prepared powders tend to have adsorbed organics on the surface [51, 59]. 
The FTIR spectra of the as-synthesized powders (Figure 6-27) show that the powders are contaminated 
with various organic groups with the most prominent of them being carboxylate and carbonyl groups 
[28]. Carboxylate species form a chemical bond with metals and therefore give rise to two characteristic 
νs(COO-) symmetric and νas(COO-) asymmetric stretching vibrations at 1414 and 1537 cm–1 in the 
bridging bidentate configuration, as described in Refs. [28, 59, 182-184] and observed in the present 
study. Adsorbed hydroxyl groups were spotted over the 3000–3600 cm–1 range, which is expected, since 
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water is one of the major reaction products of methane combustion. Overall, the FTIR measurements 
repeat the previous observations made for BaTiO3 and Ba1–xSrxTiO3 (Figure 6-10 and Figure 6-16). 
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Figure 6-27.  ATR-FTIR spectra of as-synthesized BTO, BTZ-05, BTZ-10, BTZ-15, and BTZ-20 powders. 

The TGA data in Figure 6-28 show that all samples on average sustain a weight loss of 12–14% on 
heating to 1000°C, the largest portion of which was attributed to the removal of CO2 and H2O of the 
residual organics accompanied by the formation of an intermediate oxycarbonate Ba2Ti2O3CO3 phase 
over 400–600°C, which is consistent with the observations in literature [29, 170, 186] and previous 
observations made in this work (e.g., Figure 6-18 and Figure 6-4). Above 800°C no significant weight 
loss or thermal events were noticed. 
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Figure 6-28.  TGA (a) and DSC (b) data of as-synthesized BTO, BTZ-05, BTZ-10, BTZ-15, and BTZ-20 samples 

in air heat-treated at 20°C/min to 1000°C. 

6.4.2 Powder compaction and sintering 

After initial powder characterization, the as-synthesized powders were subjected to compaction and cal-
cination. Prior to compacting, the powders were pre-heated at 800°C for 1 h according to TGA to reduce 
the amount of organic contaminations discovered in FTIR in the samples (Figure 6-27). After that, the 
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pre-heated powders were mixed with a binder agent (PVA solution, 4%). To increase viscosity of the 
prepared slurry, it was left in a furnace at 100°C for 30 min. Then the dried slurries were put into a 
stainless steel die with a diameter of 13 mm and pressed at an applied force of 90 kN for 30 minutes. 
The as-prepared pellets (~0.6–0.7 mm thick) were then collected and sintered at 1100°C for three hours 
in oxygen in a Carbolite E3216 furnace. The selected sintering temperature and time regime were chosen 
to avoid significant particle size growth as is the case when higher temperatures (typically 1200–
1500°C) and prolonged calcination times are used [202, 204]. After calcination, the density of the sin-
tered pellets was measured using a pycnometer, as described in [141]. The prepared pellets were exam-
ined by XRD and Raman to check the phase composition after calcination. In addition, uncompacted 
as-synthesized powders were separately heated at 1100°C for 3 h to allow for TEM and FTIR measure-
ments to study particle surface and size growth. Prior to dielectric tests, the pellets were sputtered with 
gold and additionally examined in SEM to study the surface morphology.   

6.4.3 Characterization of sintered BaTi1–xZrxO3 pellets. 
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Figure 6-29.  XRD patterns of (a) sintered BTZ pellets and details (b) of the 2θ = 36–48° range; dashed line in the 

right graph shows an additional contribution to the left of the main peaks in BTZ-15 and BTZ-20 

[152]. 

XRD patterns of the sintered pellets are presented Figure 6-29. The pure BaTiO3 sample shows no con-
tributions that can be attributed to the hexagonal phase, whereas other samples demonstrate no transfor-
mations compared to the as-synthesized powders. The BTO sample also shows the characteristic peak 
splitting at 45°, which marks the development of the tetragonal phase upon calcination [10, 134]. Com-
mon to all samples is the increased crystallinity witnessed by sharper peaks and much flatter background. 

For x = 0.05, 0.1, 0.15, and 0.2 the situation is analogous to that of the as-synthesized powders with the 
distortion of the parent cubic phase present being virtually indistinct. However, on closer inspection of 
the reflections at ~38° and 45° (Figure 6-29b) a slight perceptive difference in the reflection intensities 
can be observed. In BTZ-05 the intensity of the former is slightly higher than that of the latter with no 
visible peak slitting at 45°, which marks the development of the orthorhombic phase in this sample [94, 
201]. The situation changes for x= 0 .1, 0.15, and 0.2, where now the reflection at 38° has a lower 
intensity than the one at 45°. This barely perceptible change marks a phase transition from the ortho-
rhombic to the rhombohedral phase [94]. However, Deluca et al. observed that at x = 0.15 the rhombo-
hedral phase coexists with a small amount of cubic phase [202]. For both x = 0.15 and 0.2 the recorded 
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reflections appear broader (marked with a dashed line in Figure 6-29b) with some asymmetry compared 
to the samples with lower Zr concentrations, which might indicate the coexistence of the cubic and 
rhombohedral phases as discussed by Buscaglia et al. [95]. In addition, on closer inspection a peak at 
24° is visible, which signifies the presence of a small amount of BaCO3 in the pellets. 
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Figure 6-30.  Raman spectra of BTZ pellets sintered at 1100°C. Dashed lines indicate band positions of the most 

prominent features [152]. 

Raman analysis was employed to complement the picture rendered by XRD with the recorded spectra 
presented in Figure 6-30. Raman analysis on BTZ powders is often used to unveil small changes in 
structure that XRD cannot resolve [91, 94, 95, 142, 201, 202]. 

The pure BTO sample shows prominent features corresponding to the tetragonal phase (bands are at 308 
and 718 cm–1. The band at 520 cm–1 corresponds to Ti–O vibrations of the TiO6 octahedra [95, 141]. A 
band at 180 cm–1 common to all displayed spectra is the anti-resonance feature observed for low-sym-
metry ferroelectric phases of BaTiO3 [94, 95, 201]. With the introduction of Zr, the spectra reveal some 
significant changes, with the most prominent being the appearance of the feature at 125 cm–1, which was 
attributed to the replacement of Ti atoms by Zr and is said to appear when two chemically different BO6 
octahedra types are present [95, 201]. Concurrently, the peak at 117 cm–1 related to Zr–O motion in BTZ 
ceramics emerges and its intensity increases with increasing Zr concentration [95]. Both features (117 
and 125 cm–1) at x = 0.05 suggest the orthorhombic phase in this sample. The distinctive tetragonal 
bands of pure BaTiO3 at 308 and 718 cm–1 decrease in intensity while a broad band at ~790 cm–1 arises 
with increasing Zr concentration, thus directly indicating incorporation of Zr into the BaTiO3 lattice 
[95]. The intensity of the broad band at 270 cm–1 in the pure BTO sample weakens upon increasing Zr 
content, also indicating a phase transition towards the orthorhombic phase at x = 0.05 [94, 95, 202]. As 
mentioned earlier, according to literature [95] the dominant phase in BTZ-10 should be orthorhombic. 
Indeed, the Raman spectra of BTZ-05 and BTZ-10 are virtually identical. At x = 0.15 and 0.2 the feature 
at 308 cm–1 disappears completely, while that at 790 cm–1 becomes more prominent, which could be 
attributed to higher Zr incorporation into the BaTiO3 lattice [95]. Furthermore, for BTZ-15 and BTZ-20 
the mentioned features at 117 and 125 cm–1 become even more pronounced, therefore indicating the 
likely dominance of the rhombohedral crystal structure. In addition, a band at 1059 cm–1 is noticed for 
all samples regardless of the Zr concentration, which is indicative of carbonates and in agreement with 
XRD (Figure 6-29) and FTIR data (Figure 6-27) [177].  
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Rietveld refinement with the fundamental instrument approach was performed to extract crystallite sizes 
from the XRD data of the pellets, and the calculated sizes are plotted against Zr concentration (Figure 
6-32). It should be mentioned that the refinement procedure is complicated for the current set of samples, 
as the problem is twofold: i) for some Zr concentrations no reliable structural information is available 
from the ICSD database; ii) the existence of multiple phases according to XRD (e.g., BTZ-15 and BTZ-
20) can sometimes produce unstable or inconsistent results. Thus, for some compositions, data for more 
than one phase is presented (Figure 6-32), where an additional phase was introduced for a better XRD 
pattern description. The cubic phase of BaTiO3 was fitted using ICSD 99736 entry, for the tetragonal 
phase ICSD 99737 was used, while the hexagonal phase was represented by ICSD 164386. The ortho-
rhombic phase of BTZ was described by ICSD 291454, while no reliable structural information for the 
rhombohedral phase of BTZ was found. A structure similar to BTZ BaSn0.1Ti0.9O3 (ICSD 244195) was 
taken as a starting point for the refinement in this case. Graphical outputs of Rietveld refinement are 
presented in Figure 6-31 with the results summarized in Table 6-11. Moreover, the theoretical density 
was estimated from the refinement results based on the phases introduced. The obtained values were 
then used to calculate relative density values for each sample. These results are also summarized in 
Table 6-11. 

 

Figure 6-31.  Result from Rietveld refinements for (a) BTO, (b) BTZ-05, (c, d) BTZ-10, (e) BTZ-15, and (f) BTZ-

20 pellets. 

To complement the picture from XRD, TEM analysis of the uncompressed powders separately heat-
treated at 1100°C was carried out to visually demonstrate the particle size change after heating for all 
Zr concentrations. The corresponding TEM images are plotted together with the corresponding XRD 
values in Figure 6-32.  
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Figure 6-32.  Comparison of particle (shown as TEM insets) and crystallite sizes versus Zr concentration obtained 

from TEM and XRD data for the BaTi1–xZrxO3 powders heat-treated at 1100°C and sintered pellets, 

respectively. Line between data points serve as guide-to-eye. The following abbreviations were used: 

T: tetragonal, C: cubic, O: orthorhombic, R: rhombohedral [152]. 

It can be seen from Figure 6-32 that according to the Rietveld-refined XRD data, smaller crystallite sizes 
are observed after calcination with increasing the Zr concentration. This fact is additionally supported 
by TEM (shown as insets in Figure 6-32) of the heat-treated powders, which demonstrate a noticeable 
particle size decrease for increasing Zr concentration. A similar case showing decreasing particle sizes 
with increasing Zr concentration was described by Philippot et al. for the hydrothermal synthesis of 
BTZ nanoparticles [31, 205]. The authors showed that increasing Zr content favors nucleation and thus 
impedes the overall crystal growth. Ihlefeld et al. [206] observed a similar trend in BTZ thin films de-
posited on copper – the observed grain sizes decreased with increasing Zr concentration. The authors 
attributed the effect to the increased nucleation rate of BTZ crystals, which therefore limits the final 
grain size. These observations correlate well with the present findings from both TEM and XRD. The 
calculated relative density values are on average ~70%, which is not high but expected considering a 
very moderate sintering regime of 1100°C for three hours, which is significantly lower than typical 
temperature values in conventional sintering such as 1200–1500°C [134, 199, 207]. Arguably, increasing 
temperatures while maintaining the same time schedule will lead to better densification and therefore 
higher relative densities. Morphology of sintered pellets was investigated using a Philips XL-20 scan-
ning electron microscope (SEM), and the respective images are presented in Figure 6-33. 
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Figure 6-33. SEM images of sintered BTZ pellets. The scale bar in all images is 1 μm [152]. 

The images clearly indicate the presence of agglomerates and sintered particles of various sizes with 
small pores penetrating the entirety of the samples. The average grain size ranges from just a few tens 
of nanometers to 2 μm. 

Table 6-11.  Crystallite sizes, phase ratios, calculated relative density values, and goodness of fit (Rwp) values 

from the Rietveld fits of the calcined BTZ pellets. T, C, O, R stand for tetragonal, cubic, orthorhom-

bic, and rhombohedral crystal systems, respectively.  

Sample 
Zr concen-

tration x 

Phases  
refined 

Phase ratio dcrystallite / nm 
Relative 

density / % Rwp / % 

BTO 0 T / C 68 / 32 319 / 206 76 7.78 

BTZ-05 0.05 O -  125 72 7.49 

BTZ-10 0.1 
R - 91 72 10.37 

O - 105 73 8.37 

BTZ-15 0.15 R / R 51 / 49 88 / 43 69 7.37 

BTZ-20 0.2 R / C 77 / 23 67 / 25 77 7.99 
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6.5 Dielectric measurements of BaTi1–xZrxO3 pellets 

The temperature dependences of the dielectric constant were measured by an impedance analyzer (So-
lartron 1260) equipped with a dielectric interface 1296 over the 1 Hz–1 MHz frequency range and with 
an applied voltage of 100 mV. Gold electrodes were deposited on both sides of the sintered pellets. The 
temperature was controlled using a LakeShore 340 temperature controller. The impedance analyzer gen-
erates an AC signal with various frequencies that interacts with the sample to obtain complex impedance 
spectra, from which permittivity values can be derived [208]. The measurements setup is shown in Fi-
gure 6-34 and the results of dielectric measurements for BTO, BTZ-5, and BTZ-10 are presented in 
Figure 6-35, and for BTZ-15 and BTZ-20 in Figure 6-36.  

 

Figure 6-34. Overview of the setup for dielectric measurements on pellets with temperature control (Courtesy of 

AG Lupascu, Universität Duisburg-Essen). 

For the pure BTO sample (Figure 6-35a) a typical behavior for BaTiO3 is observed with a very distinct 
maximum at 395 K, which marks a phase transition from the ferroelectric tetragonal to the paraelectric 
cubic phase. A step-like anomaly seen around 300 K denotes the phase transition from the tetragonal to 
the orthorhombic structure. Both observed transition temperatures correlate well with the extensive lit-
erature on dielectric studies of BaTiO3 [10, 131-134, 192]. The observed permittivity values are quite 
high for the sample (emax ≈ 2000) considering the nanoscale nature of the material as suggested by XRD 
and TEM. Loss tangent (tan δ) values (Figure 6-35b) are low in general but increase slightly with de-
creasing frequency, which is a sign of interfacial space charge polarization in the material (Maxwell-
Wagner relaxation), whereby charge carriers are blocked at inner dielectric boundary layers, therefore 
leading to charge separation and an additional contribution to the overall polarization. This phenomenon 
emerges in materials with compositional inhomogeneities (defects, porosities, oxygen vacancies) and in 
fine-grained ceramics [133, 202]. 
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Figure 6-35.  Temperature dependence of the dielectric permittivity (ε´) and losses (tan δ) of the sintered  
BaTi1–xZrxO3 pellets: (a, b) x = 0; (c, d) x = 0.05; (e, f) x = 0.1. Adapted from [152]. 

 



78 

280 320 360 400 440

400

800

1200

280 320 360 400 440

0,1

0,2

0,3

0,4

0,5

240 280 320 360
0,0

0,2

0,4

0,6

240 280 320 360

100

200

300

e¢

Temperature / K

 100 kHz

 10 kHz

 1 kHz

 100 Hz

 10 Hz

x = 0.15

a) b)

d)c)

T
a

n
 (

d)

Temperature / K

x = 0.15  100 kHz

 10 kHz

 1 kHz

 100 Hz

 10 Hz

T
a

n
 (

d)

Temperature / K

x = 0.2  100 kHz

 10 kHz

 1 kHz

 100 Hz

 10 Hz

 100 kHz

 10 kHz

 1 kHz

 100 Hz

 10 Hz

e¢

Temperature / K

x = 0.2

 

Figure 6-36.  Temperature dependence of the dielectric permittivity (ε´) and losses (tan δ) of the sintered  
BaTi1–xZrxO3 pellets: (a, b) x = 0.15; (c, d) x = 0.2. Adapted from [152]. 

On introducing and gradually increasing the Zr concentration, the dielectric maxima become less pro-
nounced and broader, which is indicative of a diffuse phase transition and is in agreement with Ref. 
[202]. The maxima shift towards lower temperatures and the maximum permittivity values can be seen 
at 390, 370, 340 and 310 K for x = 0.05, 0.1, 0.15, and 0.2, respectively (Figure 6-35c, e and Figure 
6-36a, c). These data agree very well with the measurements by Miao et al. [94]. The common picture 
for all analyzed BTZ samples is that the observed permittivity values decline in general when compared 
to the pristine BaTiO3 sample. The most important contribution to this is most probably caused by the 
decreasing grain sizes as shown by XRD and TEM, which is consistent with typical behavior of ferroe-
lectrics on decreasing grain sizes [10, 133, 209, 210]. However, Ihlefeld et al. [206] showed that in thin 
BTZ films with the amount of Zr varying between 5 and 25 mol% the measured permittivity values were 
independent of the Zr concentration. The observed decline was attributed solely to grain size effects 
with the BTZ ceramics demonstrating smaller grain sizes and therefore lower permittivity values. How-
ever, it should be kept in mind that introduction of Zr disturbs the long-range ferroelectric order, which 
negatively affects the dielectric performance and can certainly be another contribution to the decreasing 
permittivity values in the current study. Moreover, in our Zr-containing samples the maxima become 
less pronounced and are accompanied by a strong frequency dispersion. Permittivity and loss tangent 
(tan δ) values increase dramatically with decreasing frequency (Figure 6-35 and Figure 6-36), which 
again indicates strong charge polarization effects. This might indeed be the case, since the samples 
demonstrated poor relative density values (~70%) and have crystallite size values on the order of 100 nm 
for the Zr concentrations x ≥ 0.05. Besides, a possibility of defects such as oxygen vacancies should be 
also taken into account, as it might also contribute to the observed relaxation phenomena [133, 202, 
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204]. Arguably, repetitive annealing of the pellets at higher temperatures and longer times might lead to 
the disappearance of the strong frequency dispersion, as shown by Ciomaga et al. [204].  

Interestingly, the BTZ-20 sample shows two distinct permittivity maxima (Figure 6-36c, d) at 310 and 
260 K, which indicates the presence of two different phases of BTZ in this sample, as was also suggested 
by the XRD measurement (Figure 6-29). The position of the dielectric maximum suggests the presence 
of a BTZ phase with a higher Zr concentration towards x = 0.25–0.3 [94]. Relaxor behavior was not 
observed in any of the samples, as is expected considering the range of the investigated Zr concentra-
tions, which is typically at x > 0.25 [92]. An overview graph of temperature dependences of the dielectric 
permittivity for all BTZ compositions at a fixed frequency of 100 kHz is shown in Figure 6-37 for a 
better representation of the performance of each individual sample across all Zr concentrations.  
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Figure 6-37.  Dielectric permittivity (ε´) versus temperature for all synthesized BTZ compositions at 100 kHz (ob-

serve the log scale) [152]. 

Overall, a successful synthesis of BaTi1–xZrxO3 powders via SFS with x = 0–0.2 was shown. The as-
synthesized powders are characterized by small particle sizes as shown by TEM images. In the pure 
BaTiO3 sample an additional hexagonal secondary phase was observed, which disappears on introducing 
Zr. For pellets sintered at 1100°C the crystallite size was found to decrease with increasing Zr concen-
tration. At x = 0, the phase composition is a mixture of the tetragonal/cubic phases and at x = 0.05, only 
the orthorhombic phase is present. Compositions with higher Zr concentrations show coexistence of 
orthorhombic and rhombohedral phases. According to the dielectric measurements, the Curie tempera-
ture shifts towards lower temperatures with increasing Zr concentration. Moreover, a constant decrease 
in the dielectric permittivity values was observed, which was attributed to the decreasing crystallite/par-
ticle size. A strong frequency dispersion at lower frequencies observed for the Zr-containing samples 
was attributed to the Maxwell-Wagner relaxation that typically emerges in fine nanograined ceramics 
with structural inhomogeneities such as increased porosity. This is an adverse factor for promising en-
ergy storage densities. Debatably, higher sintering temperatures and longer annealing times should help 
to amend the issue. Overall, the present study proves that SFS can be used to produce fine nanopowders 
for dielectric applications.   
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7 Conclusions 

In this thesis, the applicability of spray-flame synthesis (SFS) towards the production of BaTiO3 nano-

powders and their derivatives was investigated, which has not been done before in the existing literature. 
BaTiO3-based perovskites such as BaxSr1–xTiO3 (BST) for catalytic and BaTi1–xZrxO3 (BTZ) for dielec-
tric applications represent a series of technologically important materials, which are being increasingly 
explored in the course of the energy conversion and storage topic, where nanomaterials with outstanding 
performance characteristics are favored. New synthesis approaches for producing high-quality na-
noscale powders additionally urged the need for a comprehensive research on the flame synthesis of 
such important materials as BaTiO3 perovskites and related structures. Therefore, one of the main goals 
of the present work was to study the influence of solvents, precursors, and synthesis parameters for the 
SFS on the phase composition and morphology of BaTiO3 nanopowders using a spray-flame reactor 
setup.  

In preliminary experiments, a fixed solution composition (propionic acid/iso-propanol) was chosen 
while varying the precursor concentration (0.2–1 M) at constant process parameters. Additionally, an 
experiment with the addition to the mixture solution of a high-enthalpy solvent (xylene) was conducted 
to investigate whether this had any effect on the properties of the produced materials. As a result, in all 
experiments nanoscale powders were produced as investigated and confirmed by XRD, TEM, and BET 
measurements. An increase in the precursor concentration resulted in larger particle sizes, and the addi-
tion of xylene at a fixed precursor concentration also led to a measurable particle size increase. However, 
a few challenges were identified such as the emergence of the secondary hexagonal phase of BaTiO3 
and the abundant surface coverage with carbonaceous species, specifically barium acetate, as was shown 
by FTIR measurements.  

Based on these results, a follow-up study regarding the extended solvent composition range including 
ethanol, acetic acid, and 2-ethylhexanoic acid was conducted to decrease the amount of the hexagonal 
phase and carbon contaminations. The conducted solvent study showed that the introduction of ethanol 
and acetic acid did not result in any significant changes and essentially reproduced the experiments with 
the initially proposed solvent composition (propionic acid / isopropanol). In contrast, the addition of 
2-ethylhexanoic acid lead to much more amorphous powders that showed a dramatic weight-loss on 
heating in STA experiments, which suggested a higher amount of carbonaceous species in these samples, 
acetates in particular. This fact requires additional investigations of the solvents. A post synthesis heat-
treatment step at 800°C for three hours was applied to improve phase composition of the powders and 
their crystallinity and to possibly decrease and remove surface contamination with incompletely oxi-
dized carbonaceous compounds. The heat-treated powders showed improvements in all the above-men-
tioned points while still staying in the nanometer range, as was shown by TEM.  

One of the additional goals of the present work was to explore possibilities of a substitutional doping of 
BaTiO3 during the SFS process. The Ba-site was substituted by Sr2+ and the Ti-site was substituted by 
Zr4+ atoms. This compositional modification should also provide a solution towards reducing the amount 
of the hexagonal phase in the as-synthesized powders. The powders were afterwards examined regarding 
their performance in hydrogen production in water splitting reaction (BST) and capacitive energy stor-
age (BTZ). In the case of BST powders, with a Sr concentration of 20% a much less amount of the 
hexagonal phase was detected. By further increasing Sr concentration a complete absence of the hexag-
onal phase, and stabilization of the cubic phase towards pure SrTiO3 was observed. The crystallinity of 
the powders increased concurrently with increasing Sr concentration. As-synthesized BST powders were 
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found to exhibit particle sizes around 10 nm (TEM) with some larger particles in the sub-micrometer 
range, which suggest a bimodal particle size distribution in these samples. After subsequent heat-treat-
ment, an expected particle size increase was observed accompanied by powder agglomeration and sin-
tering as was illustrated by TEM measurements. The catalytic performance of the as-synthesized and 
annealed at 800°C powders was then examined, and the results showed that both powder types show 
very similar catalytic activity. Most probably, the smaller particle size with a higher amount of carbona-
ceous moieties in the case of the as-synthesized powders is counterbalanced with the cleaner surface 
and larger particle sizes observed for the heat-treated powders.  

Substitution of the Ti-site of BaTiO3 with Zr was successfully performed and was shown to result in the 
powders composition without the hexagonal phase of BaTiO3. With increasing Zr concentration a num-
ber of different phases was observed in the as-synthesized powders depending on the amount of Zr 
introduced. The as-synthesized powders are characterized by small particle sizes as was shown by TEM. 
In order to test the dielectric performance of the powders, pellets were pressed from the as-synthesized 
powders and then sintered at 1100°C for 3 h to avoid significant particle growth. Subsequent XRD and 
TEM measurements showed that the observed crystallite/particle size decreases with increasing Zr con-
centration, which is in accordance with the available literature on the synthesis of BTZ powders. Die-
lectric measurements on the sintered pellets showed a constant decrease in the dielectric permittivity 
values, which was largely attributed to the decreased crystallite/particle size. Additionally, the dielectric 
performance of the pellets revealed a strong frequency dispersion at lower frequencies observed only 
for the Zr-containing samples. This was attributed to the Maxwell-Wagner relaxation that typically 
emerges in fine nanograined ceramics with structural inhomogeneities such as increased porosity, which 
results in lower expected energy storage densities. Nevertheless, the dielectric performance for lower Zr 
concentrations (x < 0.1) was found to be promising and in line with the observation in the literature 
regarding the BTZ nanoceramics. Prolonged sintering times and higher temperatures should result in 
much denser ceramics with a better dielectric performance.  

Overall, the SFS method was successfully demonstrated to be applicable to the synthesis of BaTiO3 
nanopowders and its derivatives. Further studies are needed to potentially optimize the choice of pre-
cursors, solvents, and synthesis parameters. 
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Appendix 

 

Figure. Appendix 1. TEM image of commercial BaTiO3 powder (BTO-SA). 
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