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LIST OF ABBREVIATIONS

BMO - Bismuth manganite (BiMnO3)

BTO — Barium titanate (BaTiO3)

DSC — Differential scanning calorimetry

DTG — Differential thermogravimetry

FT-IR — Fourier transform infrared spectroscopy
SEM - Scanning electron microscopy

STO — Strontium titanate (SrTiO3)

TG — Thermogravimetry

XRD — X-ray diffraction



INTRODUCTION

Calcium titanium oxide (CaTiO3) was the first discovered compound with the structure, which
IS now known as perovskite [1]. The formula of these materials is ABXs3, where A and B are cations
with A size larger than that B and X is the anion. Perovskites generally can be classified in to two
types: chalcogenides (where X is oxygen) and halide perovskites (where X is halide) [2]. Due to high
variation of different elements in A and B sites, both perovskite classes can offer great amount of
various properties, including magnetism, ferroelectricity, piezoelectricity, pyroelectricity, dielectricity,
superconductivity, catalytic etc [3-6]. As a result of great variety of properties, these materials can be
applied in different devices such as solid oxide fuel cells, multifunctional memory devices, gas sensors
and much more [7-11].

BiMnO3 perovskite, which exhibits coexistence of ferromagnetic and ferroelectric properties, is
regarded as one of the most prominent multiferroic materials [12]. However, it cannot be synthesized
under ambient conditions and usually it is prepared by high-pressure and high-temperature synthesis
[13]. On the other hand, solid solutions containing a substantial amount of BiMnO3 could lead to easier
synthesis conditions and demonstration of BiMnOs-like properties [14].

In the present work, few functional materials were chosen for the preparation of solid solutions
with BiMnQOg3. For this purpose, oxide materials, which can be easily synthesized using different
synthetic approaches, were selected. For example, considering-LaMnOs— both Bi** and La** are
similar in ionic size and valence and it was observed that, the substitution of Bi** by La** ions can lead
to smaller distortions and lower synthesis temperatures during the preparation of Bi-rich BixLa; xMnO3
solid solutions [15]. Furthermore, BaTiO3; and SrTiOz; materials can be easily prepared by different
techniques and partial substitution of one or both cations can cause changes in physical properties
[16,17].

The main aim of this work was to prepare different BiMnO3-containing perovskite-type solid
solutions by simple and cost-effective techniques including aqueous sol-gel and sol-gel combustion
methods investigating the effect of chemical composition on the characteristics of the end products.
The additional aim was to determine maximal percentage of BiMnOs in solid solutions depending on
the host material. The following tasks were set up in order to achieve these objectives:

e Synthesis and characterization of LaMnO3-BiMnOj3 solid solutions.

e Synthesis and characterization of BaTiO3-BiMnOj3 solid solutions.

e Synthesis and characterization of SrTiO3;-BiMnOj solid solutions.

e Investigation of the maximal amount of BiMnOs; in LaMnO3-BiMnOj3, BaTiO3-BiMnQOg,

SrTiO3-BiMnOj3 solid solutions.



1. LITERATURE REVIEW

1.1 Perovskites
Perovskites are the large family of compounds that have crystal structure related to the mineral

perovskite CaTiOs3. General formula for perovskites is ABX3 where, A and B are two cations and X is
an anion that bonds to both [18]. There are few possible anions, such as halides, sulfides or nitrides, but
the most common one is oxygen [19]. Also, numerous oxide compounds belong to perovskite-based
homologous series, like A;B,03n4+1 Dion-Jacobson, An+1BnOsn+1 Ruddlesden-Popper and others [20].
The next chapter is going to focus on ABO3 perovskite structure, which is investigated in this thesis.
1.1.1 Crystal structure

Around 90 % of the metallic elements of the periodic table are known to be stable in perovskite
type ABOg structure [21]. This typical structure consists of large-sized 12-coordinated cations at the A
site and small-sized 6-coordinated cations at the B site. There have been a lot of differently charged
combinations of cations in the A and B- sites, like 1+5, 2+4 or 3+3 [22].

The ideal perovskite structure is a cubic lattice, which can be seen in Figure 1.

Figure 1. The ideal cubic perovskite structure [30].

This structure can be realized in CaRbF3 or SrTiO3 compounds [18]. According to Figure 1, the A site
is occupied by Sr”* cation and B site is occupied by Ti** cation. Sr** and O% ions form a cubic closed-
packed lattice and in the octahedral holes created by oxygen anions Ti*" ions can be found. The ideal
perovskite structure has a three-dimensional net of corner sharing octahedra (TiOg in SrTiO3z case).
Only few compounds have this ideal structure, and most of the oxides have distorted structures with
lower symmetries, like hexagonal or orthorhombic YMnO3, rhombohedral BiFeOg, tetragonal BiAlIO3
etc [23-25]. Furthermore, in some compounds a large extent of oxygen or cation deficiency can be
observed [26]. The perovskite structure has various distortions, which strongly affect physical

properties of the compounds.
Cell parameter a of ideal perovskite is geometrically related to ionic radii (ra, rgand rp) and can

be expressed by equation (1):
a =201y +10) = 2(r5 + 15) 1)
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The deviation from the ideal structure can be characterized with so-called tolerance factor t
[27]; it is described by equation (2):
(ratro)
- V2(rp+10) 2)
This parameter can vary from 0.80 to 1.1 [22]. In the ideal perovskite structure the t is equal to
1. If the A ion is smaller than the ideal value, then t parameter becomes smaller. Oxides with t values
lower than 0.8 can crystallize in the polymorph of perovskite structure, called ilmenite [28]. When t
parameter is in the range from 0.89 to 1.00 the oxides has the cubic structure [29]. If the t value higher
than 1 the structure becomes hexagonal and if lower than 0.89 — structure is rhombohedral or
orthorhombic. Figure 2 demonstrates the crystal groups for A**B**O; and A**B*03; combinations,
related to deviation from the ideal structure. The ratio of ionic radii of the A and B cations and the
nature of A and B atoms are the main factors in the stability and space group of perovskites.
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Figure 2. The effect of ionic size of A and B cations on the observed perovskite structure symmetries;
(a) A>*B*0; (b) A*B*'0, [18].

1.1.2 Physical properties

Due to high variety of different structures and chemical compositions, perovskite materials
display large variation of physical properties. Some of well-known properties of perovskites are
piezoelectricity in PbTi;«ZrkO3 and ferroelectricity in BaTiOs-based compounds [31,32].
Superconductivity, ferromagnetism, ionic and electronic conductivity were also observed in the
perovskites [33].
1.1.2.1 Dielectric, piezoelectric, ferroelectric and magnetic materials

Dielectric or electrical insulating material can be described as a material in which electric
charges do not flow throughout all material, when it is placed in the electric field. These kind of
materials do not have free electrons, which can drift through the material [34]. Instead, process called
electric polarization can be observed. Positive charges are displaced minutely in the direction of
applied electric field and negative charges — in the opposite direction to the electric field. This charge
separation causes the reduction of electric field within dielectric [5]. Placing dielectric material into



space between two oppositely charged electrodes can significantly increase capacitance of a capacitor
[35].

Dielectric constant is used to characterize the amount of electric potential energy, in the form of
induced polarization that is stored in a given volume of material when electric field is applied [36].
High permittivity of dielectric material allows greater amount of charge stored at a given volume.
Materials as glass, porcelain and some polymers (polyethylene, silicone, epoxy and etc.) are commonly
used as dielectrics [37]. Perovskites are also investigated as suitable materials for electrical insulation.
Single phase oxides like SrTiO3, SrZrO; or BaTiO3 and also various solid solutions, for example
AFeysBo 503 (Where A=Ba, Sr, Ca; B=Nb, Ta, Sb), are some of examples dielectric materials [38-40].

Other important property of perovskites is piezoelectricity. Piezoelectricity can be described as
property of solid materials, when electric charge can be accumulated in response to applied mechanical
stress. There are also known inverse piezoelectric effect, when material can deform up on electric field
[41]. Crystals with sufficiently low symmetry produce electric polarization under the influence of
external mechanical force. Out of 32 space groups 21 are non-centrossymetric and only one of them is
not considered as piezoelectric [42]. PbTi;«Zr«O3z ceramics are known for high piezoelectricity and still
are the most commonly used piezoelectric material [32]. Due to environmental concern of lead-based
materials, other solid solutions, like (K, Na)NbOj3 or (1-x)BigsNagsTiO3-xBaTiO3z were developed for
this purpose [4]. Unfortunately, none of them show properties similar to lead-based ceramics.

Ferroelectricity is another interesting feature of perovskites. It can be described as separation of
negative and positive electric charges in some dielectrics or non-conducting crystals, that can be
reversed by application of electric field [43]. Ferroelectrics can exhibit electric dipole moment in the
absence of external electric field. A ferroelectric crystal can be divided in domains, which have
different directions of polarization [44]. There are a lot of similarities between ferroelectrics and
ferromagnets and one of them is hysteresis loops, which can be observed for both type of materials
[45]. Most ferroelectric materials can undergo a structural phase transition from a high-temperature
paraelectric phase into a low-temperature ferroelectric phase [46]. The temperature at which this
process occurs is called Curie temperature. BaTiOj3 is the most investigated ferroelectric material. It has
Curie temperature 120 °C and therefore BaTiOs is ferroelectric at room temperature. It has tetragonal
structure at room temperature and above 120 °C the structure becomes non-ferroelectric cubic [47].
Other materials, which have shown this kind of properties are SrTiO3, KTaO3, KNbOj3, solid solutions
of Sr1.xBayTiO3 etc [48].

Magnetism is defined as a physical property of some materials, which have ability to attract or
repel other materials. Magnetic behavior can be classified into five major groups: paramagnetism,
diamagnetism, ferromagnetism, antiferromagnetism and ferrimagnetism [49]. All of these five groups
react differently when external magnetic field is applied. For instance, diamagnetic materials are
repelled by the presence of magnetic field, paramagnetics have unpaired electrons, which tend to align
themselves in the same direction of the applied field [50]. Moreover, ferromagnet also has unpaired
electrons, which likewise tend to align themselves in the same direction of the external magnetic field.
But in these materials there are tendency for magnetic moments to orient parallel to each other to
maintain a lowered-energy state [51]. Antiferromangetic solids exhibit different behavior in an applied
magnetic field depending upon the temperature. At very low temperatures, the solid exhibits no
response to the external field, because the antiparallel ordering of atomic magnets is rigidly maintained.
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At higher temperatures, some atoms break free of the orderly arrangement and align with the external
field. Ferrimagnetic materials are attracted by magnetic field compared to ferromagnetic substances,
due to unequal number of domains, which are aligned in parallel and anti-parallel directions [52]. The
transition from ferromagnetic or ferrimagnetic state to paramagnetic state can also be observed for
these kinds of materials at temperature known as Curie temperature. Neel point is used to describe
transition from antiferromagnetic to paramagnetic state [53].

One interesting group of perovskites, which attracts more attention and shows high variation of
unusual states, is RMnO3 (where R - rare earth element). Colossal magnetoresistance was discovered in
a hole-doped LaMnOg, and discovery of multiferroicity in YMnO3; and DyMnOj3; have caused an
increased interest in manganite perovskites [54,55]. The mismatch of R-O and Mn-O bond lengths,
where lattice adjusts to the mismatch by tilting of the MnOg octahedra, is one of the reason of
distortions from ideal cubic structure. Another one — Jahn-Teller (JT) distortion of the MnOg octahedra
[56]. The Jahn-Teller theorem basically states that any non-linear molecule with a spatially
degenerated electronic ground state must experience a geometric distortion that removes the
degeneration, as the distortion decreases the species' overall energy [57]. Below T,r the JT distortion
becomes static and long-range. It was observed that JT distortion increases with decreasing of rg from
R=La (where T;r ~750 K) to R=Dy (where T;r ~1500 K) [58, 59].

It was expected that magnetic order evolves smoothly with rg. But it is not the case, which can
be observed in Figure 3a). For R=La, the-in plane orbital order induces an A-type antiferromagnetic
order with Ty= 140 K, which can be observed in figure 3b). Ty decreases with decreasing of rg for
R=La-Gd, as expected from increased distortion [60,61]. However, the A-type antiferromagnetic
structure is no longer the stable ground-state structure for R=Tb and Dy, where sinusoidal
incommensurate structure transforms to transverse spiral structure on cooling [51,62]. This spiral
structure breaks the inversion symmetry, leading to magnetoelectric effects and ferroelectricity in
R=Tb and Dy [55,63].

Lu YbTm Er HoDy To Gd Eu Sm Nd Pr La
150 p————t+—rt—tr——t————t————

L S |
LA | g N
a) g Ao RMnO; : iJ ! )
\w/“ L Eeype : ' ' ' I Y |
100 '\Q{//*il Paramagnetic 1 Ffr’o | ..G-type
~ all 1 57 11 i—t
o ] 140
S AR a—a & $—%
A V‘(.T FiL 41t
0705 L1 KE 2 bt CE-type
re (A) A-type

Figure 3. Magnetic phase diagram for RMnQOg as a function of the ionic radius of R (rr) a) [60].
Schematic representations of different types of magnetic ordering b) [64].
1.1.2.2 Multiferroic materials
Multiferroics can be described as materials in which at least two of ferroic orders, including
ferroelectricity, ferromagnetism and ferroelasticity, exist simultaneously [65]. In materials, which show
ferromagnetism and ferroelectricity at the same time, polarization can be handled by application of

magnetic field and magnetization — by application of electric field. Such materials are known as
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magnetoelectric materials [66]. Nowadays the term multiferroic is used to label materials in which
ferroelectricity are accompanied by ferromagnetic, ferrimagnetic or antiferromagnetic orders in single
or multiphase materials [67]. All multiferroic ceramics can be classified into two categories: single
phase and composite materials.

Single phase multiferroics are subdivided into type-l and type-Il. First type includes lone-pair
ferroelectrics, improper geometric ferroelectrics (general formula RMnOg3, where R=Ho, Er, Tm, Yb,
Lu and Sc), proper geometric ferroelectrics (general formula BaMF,4, where M=Mn, Fe, Co, Ni, Mg
and Zn) and boracites (general formula M3B;0:3X; M=Cr, Mn, Fe, Co, Cu and X=Cl, Br, I).
Ferroelectricity and magnetism exist separately in this type of multiferroics [68]. In second type of
multiferroics ferroelectricity is induced by magnetic ordering or charge ordering. This type consists of
ferroelectricity due to charge order materials (like LuFe;O4, RFe;O4, where R=Dy, Y and Lu) and
ferroelectricity due to magnetic ordering (like TbMnO3;, TbMn,Os) [56]. Composite multiferroics
materials can be prepared by combining ferroelectric and ferromagnetic materials. Some examples of
multiferroic composites include NiFe,O4-Nag sBigsTiO3 or BiFeO3-xNaNbO3 [69,70].

1.1.3 Applications

Due to high variety of different properties, including ferroelectricity, piezoelectricity,
dielectricity and others, inorganic perovskite-type oxides have wide ranges of applications, such as
information storage devices, gas sensors, fuel cells, catalysis and photovoltaics. Exploiting the
multiferroic properties of perovskite for novel multifunctional devices controlled by magnetic and
electric fields is very important topic [33]. Magnetoelectric coupling allows to control
antiferromangetic vector orientation by an electric field or ferroelectric polarization by a magnetic field
[71,72].

Materials, which are used as gas sensors must have qualities, such as convenient electronic
structure, good resemblance with target gases, hydrothermal stability, manufacturability and resistance
to poison [73]. Properties, like ideal band gap of 3-4 eV, thermal stability and difference in size
between A and B cations, which allows various dopants addition, make perovskite a good material for
gas sensors [33]. Cobaltates, ferrites and titanates were utilized for gas sensing application for detection
of NO,, CO, methanol, ethanol and hydrocarbons [7,8]. One of the materials, which showed the best
CO gas sensing properties, was LaCoOs, prepared by high-energy ball milling. It demonstrated the
highest amount of grain boundaries and crystallites with the smallest size of 11 nm compared with
other synthesis techniques [7].

Solid oxide fuel cells, where conducting oxide electrolyte is used, can generate heat, electricity
and are considered as environmental-friendly and efficient energy conversion devices. There are
several types of fuels cells, including alkaline and polymer membrane, which depend on operating
temperature, electrolyte type, fuel type and mobile ions [74]. In comparison with other fuel cell, solid
oxide fuel cell exhibited distinct properties like low sensitivity to fuel impurities, excellent fuel
flexibility, low pollution emissions, cheap materials and high energy conversion efficiency [75].
Perovskites demonstrated properties, like good electronic and ionic conductivity, structural, chemical
and thermal stabilities, high catalytic activity towards oxygen reduction, which makes them ideal
candidate for electode material in solid oxide fuel cells [75,76]. Few examples include
Bay 5Sro5C00.gFep.203.5 and SmgsSro5C003.5, which can be used either as cathode or anode [10,77].



Other important field of application are spin-based electronics, known as spintronics. They offer
enhancement over conventional charge-based memory devices which suffers from leakage current,
high power usage, device complexity and performance saturation [78]. Giant magnetoresistance and
tunneling magnetoresistance are two effects, which are used for magnetic storage and sensing. Giant
magnetoresistance is observed in thin films, where ferromagnetic and non-magnetic metallic layers
exist. Tunneling magnetoresistance device consists of two ferromagnetic electrodes and a very thin
non-magnetic insulator layer. One class of materials which was utilized for spintronics purposes are
magnetic oxide materials. Metallic and ferromagnetic solid solutions of La; xSryMnQO3 (where x=0.3-
0.4) with combination of SrTiO3 as tunnel barrier were utilized as tunneling magnetoresistance device
[11]. Another class includes multiferroic BiFeO3; material [79].

1.2 Single-phase perovskites

Doping the perovskite structure at A or B site can lead to increase in various physical
properties, for example electrical conductivity in (La;—xMy)CrOs (M = Mg, Ca, Ba for x = 0.3 and M =
Sr for x = 0.25) perovskite systems [80]. Before doping, bulk perovskite material requires some
consideration regarding its structure and properties. That is why, next chapter is going to focus on bulk
perovskite materials, which were used to prepare solid solutions.

1.2.1 LaMnO;

Stoichiometric LaMnO3; at room temperature has orthorhombic crystal structure. The oxygen
content in this perovskite depends on few factors, which include synthesis temperature, heating
duration and atmosphere [81,82]. The cationic vacancies are used to explain the excess of oxygen. The
LaMnOs.s material structure is orthorhombic when 0 < 8 < 0.06, and transforms to rhombohedral when
0.10 <6 <0.18. For the intermediate range from 0.06 to 0.10, for the sample with 6=0.07 reflections of
both phases were observed in XRD patterns [82].

These materials exhibit ambiguous physical properties related to complex interplay between
magnetic, orbital, charge and structure of freedom. This includes a various phases with different
structural, magnetic, transport properties and also colossal-magnetoresistance effects [83]. Also
LaMnOs is antiferromagnetic insulator with high chemical stability at high temperatures [84]. This
compound possesses rich phase diagram depending on the doping concentration, pressure and
temperature, being either ferromagnetic metal, charge-ordered insulator or as mention before
antiferromagnetic insulator [85].

1.2.2 BiMnO;

At ambient pressure there are 3 structural modifications of BiMnOs, which are temperature-
dependent. At room temperature this compound crystal structure is monoclinic with C2/c space group.
First phase transition to another monoclinic structure without detectable change in the symmetry occurs
at 474 K, and second transition to orthorhombic phase with Pnma space group at 768 K [86]. First
phase transition is accompanied by thermal effect, abrupt changes of lattice parameters and a small
jump of resistivity. Moreover, it was observed that not only the structure is temperature dependent but
also pressure induces changes in the structure [87]. Furthermore, in similarity to LaMnOs3, excess of
oxygen was also observed in BiMnO3 [88].

This material is regarded as one of the most prominent multiferroic. BiMnO3; has well
entrenched ferromagnetism with Curie temperature being about 100 K and saturation magnetization of
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3.92 pg per formula unit, which is close to expected 4 g for fully saturated ferromagnetic state [89].
Ferroelectric loops was also observed in thin film samples of BiMnO3; [90]. Existence of two
sublattices is considered the reason for multiferroic behavior. Firstly, Mn sublattice is responsible for
magnetism and activity of Bi(1s?) lone pairs is believed to be the origin of the structural distortions and
inversion center breaking, resulting in ferroelectricity [91]. Preparation of this material at ambient
conditions is still complex, and usually it is synthesized using high pressure and temperature.

1.2.3 SrTiO3

As established previously at room temperature SrTiOj3 has ideal cubic structure, with tolerance
factor being 1. At 105 K it undergoes cubic-tetragonal phase transition with slightly rotated oxygens
around z axis, known as antifferodistortive phase [92]. This phase transition is driven by two order
parameters. One of them is rotation angle of TiOg octahedra that can reach 2.1 ° at 4.2 K [93]. Another
one measures the tetragonality of the structure, and is characterized as the a/c ratio [94].

This material demonstrates a semiconducting behavior, good thermal stability, high dielectric
constant and also has piezoelectric and paraelectric characteristics, where even without a permanent
electric dipole, polarization can be induced by application of an electric field [95]. As a semiconducting
material has indirect band gap, which varies from 3.2 to even 3.77 eV [96]. Unlike other ABO; type
perovskites it has unusual dielectric properties. At higher temperature dielectric response follows
Curie-Weiss law, which suggests ferroelectric phase transition at about 35-40 K. But the dielectric
constant constantly increases when the temperature rises down and attains maximum value at 4 K [97].
1.2.4 BaTiO3

At room temperature BaTiO3 has tetragonal crystal structure with PAmm space group. When

— ~131°C
cooled at ambient pressure it has few first-order phase transitions: cubic (Pm3m) —— tetragonal

~0°C ~=90°C
(P4mm) —orthorhombic (Amm2) ——rhombohedral (R3m) [98]. The appearance of spontaneous
polarization in this structure is related to a shift of Ti** and O% ions relatively to Ba>* at the origin. This
spontaneous polarization is followed by changes of the unit cell, which are demonstrated in Figure 4.
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Figure 4. Crystal structure of BaTiO3 polymorphs [99].
The phase transition from cubic to tetragonal phase at Curie temperature is also known as
paraelectric-ferroelectric transition [99]. BaTiO3 shows several properties, including optical properties,
ferroelectricity, piezoelectricity, pyroelectricity and dielectricity [100]. Also, unique characteristic,
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known as positive temperature coefficient of resistivity was observed in this kind of material, doped
with La**, Y**, Sb* and Nb°* ions. At room temperature single-phase BaTiOjs is insulator, but
intercalation of these cations cause anomalous increase in resistivity near Curie transition [101].
Furthermore, it was observed that dielectric properties depend on microstructure, especially on grain
size. The relative permittivity increases with the decrease in grain size [102].

1.3 Synthesis methods

Numerous synthesis techniques were applied for preparation of ABOj3 type perovskites. Some
examples include: precipitation, solid state reaction, combustion, sol-gel, plasma-spray drying, freeze-
drying, microwave assisted synthesis and much more [33]. Different methods offer unique advantages,
like lower calcination temperature for combustion synthesis or morphology control for hydrothermal
route. Next chapter going to pay attention to hydrothermal, conventional solid-state method and
techniques applied in this work: sol-gel and sol-gel combustion.

1.3.1 Sol-gel method

Sol-gel method is one of the well-known synthetic approaches to prepare novel metal oxide
nanostructures [103]. This process involves four main steps, which are hydrolysis,
condensation/polymerization of monomers, particles growth and gel formation [104]. Temperature, pH,
reactants concentration and other parameters may influence these four steps. Generally, metal acetates,
nitrates and alkoxides are used as the metal precursors for this method. Due to high reaction affinity of
alkoxides toward water, they are considered as one of the main precursors for the metal oxide
preparation [105]. In aqueous sol-gel technique water is used as a solvent and it provides oxygen,
which are necessary for the formation of metal oxide.

Main advantages of this process includes low processing temperature, the use of compounds
which do not produce impurities in final products and also ability to control textural and surface
properties of materials [104]. Among the drawbacks of this synthesis method one can count large
volume shrinkage and cracking during drying, also some alkoxide precursors, which are used in this
kind of method are costly.

Different kind of gelation and complexing agents are employed in sol-gel method, including
citric acid, EDTA, tartaric acid, ethylene glycol, malic acid etc [106,107]. It was shown, that aqueous
sol-gel synthesis route is capable of preparing different composition perovskite materials, including
GdAIQO3, LaCoOs, LaMo00O3, LaySryV,03, LaySryMo,03 or LaMoyV1xO3:5 [106,107]. This method can
be applied for preparation of pure monophasic perovskites, with lower calcination temperatures
compared with other methods.

1.3.2 Sol-gel auto-combustion method

Sol-gel auto-combustion method involves exothermic and thermally-induced anionic redox
reaction of xerogel, which is obtained from agqueous solution containing desired metal salts [108]. The
valences of the reacting elements are usually used for calculation of proportions between complexant
and salts in order to supply the relation of oxidizer/reductant equal to 1 [109]. Nitrate salts are
considered as the main precursors for this kind of reaction, because of the high solubility in water and
also NOj" ions serve as oxidant source for synthesis [110].

There are number of complexing agents and fuels employed in this method, like glycine, urea,
citric acid, hydrazine, acrylic acid etc [111]. There are cases, where no solution is required for sol-gel
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auto-combustion synthesis. Metal nitrates and complexant are directly and intensively mixed together
while heating. The precursors possess hygroscopicity, which allows them to absorb moisture and
become slurry. This combustion method are known as flash-combustion method [112].

Several advantages of sol-gel auto-combustion method involves high product purity and
cristallinity, fine particle size and narrow particle size distribution, stoichiometry control, low
processing time, there are no multiple steps involved, for example drying, good chemical homogeneity
and dopants can be easily introduced in to the structure [113].

This method was successfully utilized for the synthesis of high-quality single and mixed-metal
oxide materials with magnetic and electrical properties [114,115]. Different bi- and tri-metallic
manganites with magnetic properties were also prepared by sol-gel combustion using glycine—nitrate
method [116].

1.3.3 Solid-state reaction

Solid-state can be understand as a process between or within solid reactants to yield a solid
product. The reaction occurs in few steps such as nucleation, matter transfer across phase boundaries
and diffusion in the reaction product [117]. The high reaction temperature is thermodynamically
required for this type of reaction to occur. Furthermore, there are three factors, which influence the rate
of reaction between solids: the contact area between reactants, product phase nucleation rate and rate of
ions diffusion through the product phase [118].

There are few advantages of solid-state reactions over other method. For example, elimination
of solvent means the product cost is lower, also higher reaction yield, environmentally friendly process,
with no additional waste to eliminate after the reaction. Although there are a lot of benefits of these
type reactions, there are also many drawbacks. The limited possibility of in-situ monitoring of the
reaction progress is one of the disadvantages. Furthermore, undesirable phase formation, difficulty of
achieving homogeneous distribution of dopants and volatization of reacting mixture at higher
temperatures are main drawbacks of this reaction [119].

The metal oxides, carbonates and nitrates are mainly used as precursors for perovskite
synthesis. The preparation route consists of mixing precursors by milling in appropriate media of
acetone or isopropanol and then calcining at high temperature to allow interdiffusion of the cations
[120]. Usually, there are several calcination and milling steps in this type of synthesis. SrTiOs,
SmCo03, BiMnOj3 and BiScO;3 are only few examples of perovskite material, which was prepared by
this technique [121-123].

1.3.4 Hydrothermal synthesis

The term hydrothermal refers to any heterogeneous reaction in the presence of aqueous solvents
or mineralizers (like NaCl, NaOH) under high pressure and temperature conditions to dissolve or
recrystallize materials that are relatively insoluble under ordinary conditions [124]. Most of
hydrothermal reaction occur when the pressure is greater than 1 atm and temperature higher than
100 °C, but some reaction can happen using milder conditions [125]. Suitable apparatus, called
autoclaves, are being used in these types of conditions. It is composed of few key parts, for example
liner, shell, which are made of materials according to experimental temperature and pressure conditions
and the corrosion resistance in that pressure temperature range in a given solvent.

Reaction medium is another important factor in this synthesis. Water as environmentally-
friendly, cheap and safe material is used most frequently as reaction medium. Viscosity and dielectric
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constant of water are decreasing with increase of the temperature. Under normal conditions, electrolyte
will be totally dissociated in water. However, the dissociated ions will tend to recombine together with
rising temperature and for most of the substances this transition will occur at 200-500 °C [126].
Furthermore, due to decrease of viscosity the mobility of molecules and ions in water under
hydrothermal condition is much higher than under normal conditions.

The hydrothermal technique is ideal for the processing of very fine powders having high purity,
controlled stoichiometry, narrow particle size distribution, controlled morphology, uniformity, less
defects, high crystallinity, excellent reproducibility, controlling of microstructure etc. Main drawbacks
are complicated design and cost of some autoclaves, cumbersome operations like assembling and
dissembling, impossible to observe the actual process [127].

Hydrothermal method is capable for preparing perovskite materials with different kind of
morphology and composition. It was observed that, mineralizer KOH concentration in BiFeO3;
synthesis can result in different particle formation, beginning with walnut-shaped microspheres at
lowest concentration and leading to honeycomb shaped particles [128]. Furthermore, tetragonal CaTiO3
microrods, cube-shaped Li-doped PbTiO3 or LagsBagsMnO3; and BaTiO3 or SrTiO3 nanotubes can be
prepared [129-131].
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2. EXPERIMENTAL
2.1 Reagents

For the synthesis of compounds which were investigated in this work lanthanum(lIl) nitrate
hexahydrate (La(NOj3)3-6H,O, Alfa Aesar, 99.9%), manganese(ll) nitrate tetrahydrate
(Mn(NO3),-4H,0, Alfa Aesar, 99.9%), bismuth(l11) nitrate pentahydrate (Bi(NO3)3-5H,0, Roth, 98%),
citric acid monohydrate (C¢HgO7-H,O, Chempur, 99.9%), barium acetate (Ba(CH3COO),, Chempur,
>99%), titanium(1V) isopropoxide (C12H2504Ti, Sigma-Aldrich, >97%), nitric acid (HNO3;, Reachem
s.r.o. 65%,), ethylene glycol (C,HgO,, Sigma-Aldrich, >99.5%) and strontium nitrate (Sr(NOs3),,
Sigma-Aldrich , 99.9 %) were used as starting materials.

2.2 Synthesis

For the preparation of BixLa;—x<MnO;.s samples by sol-gel combustion synthesis route the
appropriate amounts of metal nitrates and citric acid monohydrate (the ratio between metal nitrates and
citric acid monohydrate was 1:0.83 [132]) were mixed in a beaker at 80 °C until crystalline water was
released and clear solution was formed. Citric acid monohydrate was used as a complexing agent and
fuel for the self-burning reaction. The obtained mixture was stirred for 1 h, afterwards the sol was
transformed into transparent gel by slow evaporation of water at 100 °C. In this stage of sol-gel
processing, the temperature of the hot plate was increased to 250 °C and spontaneous ignition process
took place. Finally, the ashes were collected and annealed in a furnace for 6 h at 1000 °C in air
atmosphere with a heating rate of 5 °C/min. The reaction scheme is represented in Figure 5.

For the synthesis of BTO-BMO solid solutions required amount of citric acid monohydrate was
dissolved in 20 ml of distilled water following by addition of titanium isopropoxide. The beaker was
heated on a hot plate at 90 °C and the mixture was stirred until a clear and transparent solution was
obtained. During the next stage, Mn(NO3),-4H,0 and Ba(CH3COQ), were added to the above solution
and dissolved rapidly. Prior to addition of Bi(NO3)3-5H,0, pH value of the reaction mixture was
adjusted to approximately 1 by adding nitric acid in order to prevent formation of precipitates. After
dissolution of all precursors clear and transparent solution was obtained and appropriate amount of
ethylene glycol was added (total metal ions to citric acid to ethylene glycol molar ratio was 1: 3: 10).
The obtained multielement precursor solution was homogenized under constant stirring at 90 °C for 1.5
h in a beaker covered with a watch glass. After this time the resulted solution was concentrated by
evaporation of solvent at 150 °C until it turned into a viscous gel. The resulted gel was dried in the
oven at 180 °C for 12 h, carefully ground in a mortar and annealed at 1000 °C for 5 h in air atmosphere
with a heating rate of 5 °C/min.

In the case of STO-BMO solid solutions, reaction was performed in similar path like for BTO-
BMO, except Sr(NO3), was used instead of Ba(CH3COOQ),. The reaction scheme for both solid solution
systems is demonstrated in Figure 6.
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Bi, La, Mn nitrates + Citric acid monohydrate

Mixed at 80 °C until water release

\ 4

Clear solution

Mixture stirred for 1 h

Sol
Evaporation of water at 100 °C
v
Gel
The temperature increased to 250 °C
Ashes
Annealed in a furnace for 6 h at 1000 °C
\ 4
BixLa]_-XM n03

Figure 5. Principal scheme of the synthesis of BixLa;—xMnQOs.;solid solutions by sol-gel combustion
method.
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Ti isopropoxide + Citric acid monohydrate

Mixed at 90 °C

Clear solution

Addition of Mn, Ba (or Sr) compounds

\ 4

Mn, Ba (or Sr) + Ti solution

l +HNO; (pH=1) + Bi nitrate + ethylenge glycol +
mixing at 90 °C for 1.5 h

|

The temperature increased to 150 °C

Annealed in a furnace for 5 h at 1000 °C

i

y

(1-x)BTO-xBMO or (1-x)STO-xBMO

Figure 6. Principal scheme of the synthesis of (1-x)BTO-xBMO and (1-x)STO-xBMO solid
solutions by sol-gel method.

2.3 Characterization
Thermal decomposition of precursor gels was investigated by thermogravimetric and differential
scanning calorimetric (TG-DSC) analysis using PerkinElmer STA 6000 Simultaneous Thermal
Analyzer. About 5-10 mg of dried sample was heated from 30 °C to 900 °C at 10 °C/min heating rate
in a dry flowing air (20 mL/min). X-ray diffraction (XRD) analysis of obtained products were
performed with Rigaku Miniflex II diffractometer using a primary beam Cu Ko radiation (A = 1.541838
A). The 20 angle of the diffractometer was set in the range from 10° to 80° with a step of 0.02°and
measuring time of 0.4 s per step. The obtained diffraction data were refined by the Rietveld method
using the Fullprof suite. Bruker-Alpha FT-IR spectrometer was used for FT-IR analysis of compounds.
All spectra were recorded at ambient temperature in the range of 4000400 cm—1. Raman spectra were
recorded using inVia Raman (Renishaw, United Kingdom) spectrometer equipped with
thermoelectrically cooled (=70 °C) CCD camera and microscope. Raman spectra were excited with 532
nm beam from the CW diode pumped solid state (DPSS) laser (Renishaw, UK). The laser power at the
sample was restricted to 0.6 mW. The 20x/0.40 NA objective was used during all the measurements.
The overall integration time was 100 s. Position of the Raman bands on the wavenumber axis was
17



calibrated by the polystyrene film standard spectrum. Parameters of the bands were determined by
fitting the experimental spectra with Gaussian-Lorentzian shape components using GRAMS/AL 8.0
(Thermo Scientific, USA) software. The morphology of the samples was examined using a scanning
electron microscope (SEM) Hitachi SU-70. The vibrating sample magnetometer was applied for the
magnetization measurements. The compounds were encapsulated into a plastic straw and placed into
the magnetometer. The lock-in amplifier SR510 was used for measurement of the signal from the sense
coils generated by vibrating sample. The gauss/teslameter FH-54 was used to measure the magnetic
field strength between the poles of the laboratory magnet, which was supplied by the power source SM
330-AR-22.
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3. RESULTS AND DISCUSSION
3.1 BixLa;xMnOs4;ssolid solutions

The BixLa;—xMnOs.5 compounds (x = 0.0-0.65) were synthesized by heating the appropriate
La—Bi—Mn—O precursor gel. The thermal decomposition behavior of Bi(0.6)-La(0.4)-Mn-0O dried gel
was investigated using TG/DTG/DSC measurements in order to determine the decomposition steps and
possible final annealing temperature (Figure 7). The first mass loss (about 15%) in the TG curve was
observed in the temperature range of 30-160 °C and could be attributed to the removal of residual
water. The small endotherm in the DSC curve peaked at about 110 °C also indicates this process. It can
be seen that thermal decomposition of Bi (0.6)-La(0.4)-Mn-O gel occurs in one main step, which can
be associated with combustion reaction. Sharp exothermic peak can be observed at 164 °C in the DSC
curve confirming that combustion reaction occurs during thermal degradation of the gel. With further
increasing of temperature the mass is nearly constant. After the reaction the total weight of the sample
decreased at about 92%.
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Figure 7. TG/DTG/DSC curves of Bi(0.6)-La(0.4)-Mn-O dried gel.

Figure 8 represents the XRD patterns of sol-gel-derived BixLa;—xMnOs.s compounds. It is
evident that all synthesized compounds are monophasic and no even traces of impurity phases are
present at higher Bi®* concentrations, as was reported previously [133-135]. The Rietveld refinement
of the XRD data confirmed the formation of trigonal perovskite structure with hexagonal setting R3c,
which was previously reported [136,137]. The same space group and crystallographic structure were
observed for the samples with x = 0.1-0.3. As the amount of Bi** increased, the shift of all diffraction
peaks to lower 26 values region was observed. Moreover, the intensity of less intense diffraction lines
(204), (300), (217), (218), (321), and (330) monotonically decreases, until these peaks completely
vanish at x = 0.4. From this point the perovskite structure can be indexed by cubic cell with Pm3m
space group. The diffraction peaks (200), (201), and (301) start to split when Bi** concentration is
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reached 0.65. This should indicate another structural change, but the sample can still be fitted according
to the cubic cell. Taking into account that BiMnO3 is monoclinic, it is expected that symmetry should
be further divergent from cubic with further increasing Bi** amount from 0.65 to 1.0.
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Figure 8. XRD patterns of BixLa;- \MnO3,5 powders obtained at 1000 °C.

All refined lattice parameters and Mn—O bond lengths for the synthesized samples are
presented in Table 1. It is clearly seen that Mn—O bond length, cell parameters and cell volume are
slightly different for the samples with different substitutional level of bismuth. These changes probably
are caused by slightly different ionic radius of Bi®* (1.17 A) and La®*" (1.16 A) in eightfold coordination
[138]. The parameter a decreases as x increases until x = 0.2. The similar trend was also observed in
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ref. [133]. The value of parameter a abruptly increases when x reaches 0.3. The observed increase in
parameter c in trigonal structure is nearly linear. In the cubic cell the increase of parameter a also can
be seen. By comparing the determined cell volumes of cubic and trigonal cells we can conclude that
volume in trigonal cell is about six times larger than in cubic cell. In addition, the cell volume increases
almost linearly with increasing amount of Bi®* in both types of cells.

Table 1. Lattice parameters and Mn-O bond lengths of BixLa;—<MnO;.s samples.

a (A) b (A) c (A) V (A% Mn-O (A)
0 | 5.5158(8) | 55158 (8) | 13.3234 (2) | 351.05 (5) 1.9524
0.1 | 5.5124 (4) | 5.5124 (4) | 13.3584 (2) | 351.53 (9) 1.9600
0.2 | 55120 (6) | 5.5120 (6) | 13.3760 (8) | 351.95 (5) 1.9607
0.3 | 55164 (8) | 5.5164 (8) | 13.408(8) | 353.38 (3) 1.9566
0.4 | 3.8960 (9) | 3.8960 (9) | 3.8960(9) | 59.14 (1) 1.9480
0.5 | 3.8998 (6) | 3.8998 (6) | 3.8998 (6) | 59.31(2) 1.9499
0.6 | 3.9010(7) | 3.9010 (7) | 3.9010(7) | 59.36 (8) 1.9505
0.65 | 3.9070 (8) | 3.9070 (8) | 3.9070(8) | 59.64 (3) 1.9535

Figure 9 represents FT-IR analysis data of fabricated BixLa;—xMnQOs.5 samples. In perovskite-
like ABO;structure, cations La®* and Bi** occupy A sites and Mn** ions B sites. Six oxygen O*™ anions
and one manganese cation are forming MnOg octahedron. There are six possible vibration modes for
this octahedron (three of them are stretching and three of them are vibrating modes) [139]. Only two
modes (one bending and one stretching) are infrared active, with frequencies about 600 and 350 cm ™,
respectively [139]. The FT-IR spectra presented in Figure 9 clearly show the absorption bands at 560
575 c¢cm * attributable to the Mn—-O stretching vibration in MnOg. However, no correlation between the
changes in Mn—O bond length and vibration frequencies in FT-IR spectra was observed.

The morphology of the synthesized BixLa;—xMnOs.s powders was examined using SEM. The
SEM micrographs of the representative BiyxLa; xMnO;,s samples with x = 0, 0.3, 0.6, and 0.65 are
shown in Figure 10. The LaMnOs.;s solids are composed of the polyhedral particles varying in size in
the range of ~100-200 nm (Figure 10a). These particles form “dimers” or even “oligomers” showing
negligible association and interaction between the grains. It is clearly seen that partial substitution of
lanthanum ions by bismuth changes morphology of the powders. Two trends associated with an
introduction of bismuth into crystal lattice were observed—first, increase in bismuth content promotes
gradual growth of the grains. The second trend is that the particles in the bismuth containing
compounds have lost the strict shape and show high tendency for agglomeration. The size of individual
grains in BiggsLag 3sMn0;.5 increased up to 5-10 um (Figure 10d).
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The magnetization studies were also carried out for the BixLa;—\MnOs.s samples. The
corresponding hysteresis curves are represented in Figure 11. For the LaMnO;.; sample the Curie
transition from ferromagnetic to paramagnetic phase occurs at 140-180 K interval [135,140]. The M-H
loops for the sol—gel-derived BixLa;—xMnOs,5 samples obtained at room temperature are linear, which
correspond with previous reported data and indicate the paramagnetic state for all samples. Also, no
saturation of magnetization was observed at applied magnetic field. From Figure 11, we can clearly see
that magnetization for trigonal structure is about 2-3 times higher than magnetization in cubic
structure. It seems that structural transition causes the change in magnetic properties of
BixLa; xMnO;.5 as well. The magnetization is clearly different determined for the Big 3Lay7MnOs.sand
Bio4LaosMnOs.s samples. For trigonal cell magnetization decreases with increasing amount of Bi**
negligibly, with only exception for x=0.1, which is a little higher than for observed for the sample with
x=0.2 sample. There is no clear dependence between magnetization and bismuth content in highly
doped BixLa;—xMnOs.s samples (x from 0.4 to 0.65) with cubic crystal structure as well. The
magnetization values vary insignificantly. Different amount of bismuth in the crystal lattice, grain size
or morphology of the powders do not show any obvious trends.
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Figure 11. Magnetization versus magnetic field curves for BixLa; \MnOs.; samples.

3.2 BaTiO3-BiMnO; solid solutions

Thermogravimetric analysis was performed in order to investigate thermal decomposition
behavior of Ba-Ti-O and Ba-Bi-Ti-Mn-O precursor gels. TG/DTG/DSC curves of the gel
corresponding to final BTO product are depicted in Figure 12. It is seen that degradation of precursor
gel can be divided into four steps. Initially non-significant weight loss occurred at temperatures below
100 °C, this process is attributed to the removal of adsorbed water. Next, drastic weight loss centered at

260 °C took place, this step is associated with decomposition of nitrates and organic components and
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accompanied by a weak exothermic peak in DSC curve. After this, the second clearly visible weight
loss accompanied by a strong exothermic signal occurred at around 450 °C. During this step residual
organic parts of the gel were decomposed. And the last weight loss can be clearly seen from DTG
curve at 750 °C, it could be ascribed to the decomposition of barium carbonate [141,142]. At the above
temperatures residual mass was determined to be constant. Total weight loss calculated from TG curve

was 82%.
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Figure 12. TG/DTG/DSC curves of Ba—Ti—O precursor gel.

Thermal decomposition of the gel containing the highest amount of BMO was studied for
comparison (see Figure 13). The degradation took place in a very similar way. Again, initial weight
loss at low temperatures was associated with removal of water. The observed temperature of the second
decomposition step was slightly lower in comparison to BTO precursor gel and was centered at around
240 °C. The last and the most rapid exothermic decomposition step was detected at 380 °C, which is
around 70 °C lower than in the first case. Residual mass remained clearly constant at above 400 °C and
no weight change at higher temperatures was observed, which suggests that the last step for Ba—Ti-O
gel was probably related to decomposition of BaCOj3 species. Total weight loss was comparable with
that of BTO precursor gel and was found to be 85 %. Although minimal annealing temperatures
determined from TG analysis were relatively low, it was experimentally confirmed that 1000 °C
annealing temperature is required for the formation of single-phase final products.
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Figure 13. TG/DTG/DSC curves of 0.4(Ba—Ti—0)-0.6(Bi—-Mn-0) gel.

The XRD patterns of BTO-BMO solid solutions annealed at 1000 °C are illustrated in Figure
14. Evidently, after the thermal treatment the precursor gel of pristine BTO crystallized into perovskite
structure compound. No secondary crystal phases such as TiO, or BaCO3 were detected. The shape of
the diffraction peak located at around 45° is usually used to distinguish the presence of cubic or
tetragonal BTO structures [143]. In our case there was no obvious splitting of cubic (200) peak into
tetragonal (200) and (002), however it is still difficult to assign the crystal structure of synthesized
BTO powders to either cubic or tetragonal symmetry. Despite of relatively high annealing temperature
the obtained reflection peaks are quite broad. Introduction of BMO component into BTO crystal lattice
does not cause any visible changes in the XRD patterns. No extra peaks or peak splitting were
observed, indicating an absence of structural changes and phase transitions. Moreover, regardless of the
chemical composition of the solid solutions, there was no change in the peak positions in the XRD
patterns. Possible explanation of such behavior is that A cation was substituted by a smaller ion and at
the same time B cation was substituted by a larger ion [138]. Both substitutions are supposed to result
in opposite effects, which probably compensate each other. It was determined that singlephase solid
solutions can be synthesized up to BMO content of 60 mol%. With higher percentage of BMO some
neighboring crystal phases appeared. Similar limiting amount of BMO fraction was previously
observerd for BiyLa;—xMnO;.; solid solutions.
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Figure 14. XRD patterns of (1-x)BTO-xBMO solid solutions.

Raman spectroscopy is able to provide detailed information on a short range structure or local
symmetry. Figure 15 compares Raman spectra of (1-xX)BTO-xBMO solid solutions at different x
values. In the case of pristine BTO (x = 0), the strong band at 520 cm™* belongs A; and E symmetries
of transverse optical (TO) phonon mode [A1, E (TO)]. The second intense and broad band is located
near 260 cm *; this feature is associated with A; (TO) phonon [144—146]. The sharp low intensity band
near 305 cm ! is associated with B1 and E symmetries of longitudinal optical (LO) and TO phonon
modes [B1, E (TO + LO)] and high frequency band near 716 cm™* is related with Ay, E (LO) phonons.
These bands are characteristic for BaTiO3 ferroelectric phase with tetragonal symmetry [144-146].
Despite the fact that Raman activity is not expected in cubic BTO, the presence of Raman modes in
paraelectric polycrystalline BTO with cubic structure was also reported. It was suggested that Raman
activity can arise due to several reasons such as displacement of Ti ions resulting in imperfect cubic
symmetry, grain boundaries and intergrain stresses [144]. It should be noted that observed bands
corresponds to several phonons because frequencies of the modes are very close [144]. Observed bands
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in our Raman spectrum of studied compound with x = 0 are characteristic for BaTiO3 [144-149].
Introduction of BMO (x = 0.1) into BTO compound results in considerable spectral changes. The new
well-defined band appears near 655 cm ™. Based on lattice dynamics calculation this band was assigned
to the symmetric stretching B,y mode of MnOs octahedra [150]. No spectral signatures for secondary
phase Bi,O3 compound often visible in BMO was detected [151]; the characteristic Bi,O3 Raman band
is located at 610-620 cm ' [152]. The broad feature near 1234 cm* most likely is related with
overtone of B,y mode. Two prominent bands of BTO lattice located at 520 and 260 cm™* downshift to
514 and 242 cm!, respectively. This indicates distortion of BTO structure induced by BMO.
Interestingly, the characteristic spectral marker bands for BaTiO3 ferroelectric phase at 305 and 716
cm* are still visible in the spectrum of mixed compound indicating preservation of the dominant
tetragonal symmetry after introduction of BMO at x = 0.1 level. These bands disappear at higher
content of BMO (x > 0.3).
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Figure 15. Raman spectra of BTO (a), 0.9BTO-0.1BMO (b), 0.8BT0O-0.2BMO (c), 0.7BTO-0.3BMO
(d), 0.6BTO-0.4BMO (e), 0.5BTO-0.5BMO (f), 0.4BTO-0.6BMO (g) solid solutions,

SEM was employed to study the influence of chemical composition of the synthesized
compounds on their morphological features. SEM images of BTO and representative BTO-BMO solid
solutions are shown in Figure 16. It is seen that powders of pristine BTO are composed of mostly
uniform nanosized particles, however some larger aggregates are also seen. Size of these particles was
found to be nearly 50-100 nm. Partial substitution of BTO by BMO evidently promotes significant
growth of the grains. The samples composed of 20 mol% of BMO reveal visibly larger grains, which
vary from approximately 150 to 400 nm in size. Further increase in percentage of BMO component to
40 mol% resulted in further growth of the grains to the range of 0.2—1 um. Finally, the largest grains
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were observed for 0.4BTO-0.6BMO solid solution, which were ranged from around 3 to 9 um and
showed approximately 100 fold growth in comparison to pristine BTO. It is known that
multicomponent oxide systems can aggregate some impurities in a grain boundary region, which
affects the local structure, chemistry and thus governs overall properties of the materials [153]. As seen
in Figure 16 no significant amounts of impurities were detected in the grain boundary region, which
confirms the formation of solid solution.

Figure 16. SEM images of BaTiOj3 (a), 0.8BaTiO3-0.2BiMnO3 (b), 0.6BaTiO3-0.4BiMnO; (c) and
0.4BaTi03-0.6BiMnO3 (d) solid solutions.

Dependence of the magnetization on applied magnetic field strength and chemical composition
of solid solutions was further studied. Magnetization curves of all synthesized compounds are depicted
in Figure 17. It is evident that magnetization of the samples indicates paramagnetic state of materials.
For paramagnets magnetization is proportional to magnetic field M = yH, where volume magnetic
susceptibility y according to Curie-Weis law [154] is:

2
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Inclination of curves is defined by effective magnetic moment of atom e, number of
paramagnetic atoms per volume n, Curie (magnetic ordering) temperature T¢c which depends on
composition and structure of the samples. It is seen that for all BMO-containing samples magnetization
is proportional to magnetic field strength. Moreover, clear dependence of magnetization values on
chemical composition of powders was observed. Magnetization gradually increases as percentage of
BMO component in prepared solid solutions increases. It is also known that magnetization of materials
can exhibit size-dependent behavior [155,156], however for our materials the change in chemical
composition goes hand in hand with an increase of the grain size, therefore it would be baseless to state
unequivocally that magnetization of BTO-BMO solid solutions is exclusively composition-dependent.

0.15 +—
—a—BTO m (emu/g)
—e— 0.9BTO-0.1BMO
—A—(0.8BTO-0.2BMO 0.10 +
—v—0.7BT0-0.3BMO
—— 0.6BT0-0.4BMO
—4— 0.5BTO-0.5SBMO 0.05 4
—p—0.4BTO-0.6BMO

-0.15 L
Figure 17. Magnetization curves of BTO-BMO solid solutions.

3.3 SrTiOs-BiMnO; solid solutions

Thermogravimetric analysis was performed for Sr-Ti-O and Sr-Bi-Ti-Mn precursor gels in
order to investigate thermal decomposition behavior. TG/DTG/DSC curves of the gel corresponding to
final STO composition are depicted in Figure 18. It can be seen that the Sr-Ti-O gel degradation occurs
in 3 main steps. First step can be associated with absorbed water loss and only small amount of initial
weight is lost. This process happens at around 100 °C. Next, the second weight loss centered around
300 °C took place, which can be attributed to decomposition of nitrates and organic components. Last
weight loss accompanied by a strong exothermic signal happens at 450-500 °C range, which associated
with decomposition of residual organic parts of the gel. At above 500 °C residual mass remains
constant. Total weight loss calculated from TG curve was 82 %.
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Figure 18. TG/DTG/DSC curves of Sr-Ti-O precursor gel.
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For comparison the thermal decomposition of the gel with the highest BMO concentration was
studied (Figure 19.) It can be observed that degradation occurs in very similar 3 step way. First and
non-significant weight loss occurs at low temperatures and is associated with removal of water. It can
be seen that the second step is centered around 260 °C, which is slightly lower than in STO gel case.
The last decomposition step followed by strong exothermic signal appears at nearly 450 °C and it also
can be related to disintegration of residual organic parts. Above 460 °C residual mass remains constant.

80 % weight loss was calculated from TG curve.
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Figure 19. TG/DTG/DSC curves of Sr-Ti-O precursor gel.
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For all obtained STO-BMO solid solutions the XRD analysis was done and results are
demonstrated in Figure 20. From Figure 20 we can clearly see that in all cases perovskite structure are
formed and it matches the SrTiO3 PDF card (PDF# 96-151-2125).
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Figure 20. XRD patterns of (1-x)SrTiO3-xBiMnOg solid solutions (when x varies from 0 to 0.5). *
represents the impurity phase of Mn3O,.

This perovskite structure was cubic with Pm3m space group. It was observed that most of the samples
are phase pure, without any impurity phases, except for solid solutions with higher BiMnOj;
concentration (40-50 %). Mn3O, (PDF# 96-151-4241) was determined as the secondary phase for
0.6STO-0.4BMO and 0.5STO-0.5BMO compounds. After carrying Rietvield refinement the amount of
Mn3O4 phase was calculated. For 0.5STO-0.5BMO solid solution the amount of neighboring phase was
about 5 % and for 0.6STO-0.4BMO — around 6 %. Introduction of BMO component into STO crystal
lattice does not cause any visible changes in the XRD patterns for solid solutions containing 10-30 %
BMO. No extra peaks or peak splitting were observed for these samples. Moreover, there was no
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change in the peak positions in the XRD patterns. Only for 0.6STO-0.4BMO and 0.5STO-0.5BMO
solid solutions peak positions are slightly shifted to lower 20 angle.

The morphology of the synthesized (1-x)SrTiO3-xBiMnO3 powders was examined using SEM.
SEM images of STO and representative STO-BMO solid solutions are shown in Figure 21. It can be
seen that SrTiOj3 solids are composed mostly of uniform nanosized particles of 40-100 nm size. Partial
substitution of STO by BMO unequivocally promotes significant growth of the grains. Sample with 20
mol% BMO displays visibly larger grains. Grains with approximately 1.1-2 pum size can be seen.
Smaller particles with 0.25-0.6 um can also be viewed in this sample. Further increase in percentage of
BMO component to 40 mol% resulted in further growth of the grains to the range of 1.2—3 um. Finally,
the largest grains were observed for 0.5STO-0.5BMO sample, which ranged from 1.4-5 pm. It is
known that multicomponent oxide systems can aggregate some impurities in a grain boundary region,

but nothing was detected in the grain boundary region for these samples.
- :

Figure 21. SEM images of SrTiO3 (a), 0.8SrTiO3-0.2BiMnO3 (b), 0.6SrTiO3-0.4BiMnO3 (c) and
0.5SrTi03-0.5BiMnOs3 (d) solid solutions.
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CONCLUSIONS

1. For the first time BixLa;—\MnOs.;s solid solutions (in the range of x = 0.0-0.65) have been
prepared by simple, rapid, and environmentally friendly sol-gel combustion method which does not
require an addition of external solvent. The results of XRD analysis showed that synthesized
BixLa;xMnOs.s powders with x = 0.0-0.3 showed trigonal crystal structure with space group R3c.
With increasing amount of BiMnOj3, the transformation of crystal cell to cubic Pm3m space group took
place. Moreover, grain size increased significantly with an increase of BiMnO3; amount in solid
solutions.

2. The magnetization measurements demonstrated that all BixLa;xMnO;.s samples were
paramagnetic and no saturation of magnetization at applied magnetic fields was observed. The
structural changes from trigonal to cubic cell resulted in decrease of magnetization. Maximal
percentage of BiMnO3; component was determined to be 0.65 mol%.

3. The bulk (1-x)BaTiO3-xBiMnO3 solid solutions have been synthesized for the first time
employing an aqueous sol-gel method. It was demonstrated that single-phase compounds can be
obtained in the compositional range from 0 to 60 mol% of BiMnOs. The perovskite crystal structure
was determined for all synthesized compounds regardless of chemical composition. Substitution of
BaTiO3 by BiMnOs lead to the drastic growth of the grains.

4. Magnetization measurements showed that all BiMnOs-containing samples could be
characterized by paramagnetic behavior. Clear correlation between magnetization values and
composition of the materials was observed, magnetization values increased with increase of BiMnO3;
content in the solid solutions.

5. Aqueous sol-gel method was applied for the preparation of (1-x)SrTiO3;-xBiMnO3 solid
solutions. XRD data for (1-x)SrTiO3-xBiMnO3 samples revealed that at higher BiMnO3 concentration
(x = 40-50%) the Mn30,4 impurities have formed. Other solid solutions had cubic crystal structure with

Pm3m space group. Substitution of SrTiO; by BiMnOs resulted in significant growth of the grains
similarly as in the case of (1-x)BaTiO3-xBiMnOs.
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SANTRAUKA

VILNIAUS UNIVERSITETAS
CHEMIJOS IR GEOMOKSLU FAKULTETAS

DOVYDAS KAROBLIS
BiMnO3 turinciy kietyjy tirpaly sintezé ir tyrimas

Siame darbe buvo susintetinti jvairiis perovskito struktiirg turintys BiMnOs Kietieji tirpalai.
Zoliy—geliy degimo metodas buvo pirma kartg pritaikytas BixLa;.xMnO;.5 kietyjy tirpaly sintezei. XRD
analizés duomenys parod¢, jog didziausias galimas BiMnO3; komponento kiekis LaMnOs3 sistemoje yra
65 mol%. Kintant BixLa; «MnOs.; kietyjy tirpaly sudéciai, buvo pastebéti pasikeitimai ir perovskito
strukttiroje, kuri pakito i§ trigoninés (kai x=0,1-0,3) i kubine (x=0,4-0,65). Nustatyta, jog visi gauti
junginiai kambario temperatiiroje yra paramagnetiniai, o jmangneté&jimo dydis priklauso nuo strukttiros
bei cheminés sudéties. Zoliy-geliy metodas buvo taip pat panaudotas (1-x)BaTiO3-xBiMnQOg ir (1-
X)SrTiO3-XBiMnOs kietyjy tirpaly sintezei. XRD analizé parodé, jog visy junginiy kristaliné struktiira
yra kubiné. Didinant BiMnOj kiekj abejose junginiy serijose, perovskito struktiira nepakito.
Didziausias BiMnOj kiekis (1-x)BaTiO3z-xBiMnOs serijoje yra 60 %, 0 (1-X)SrTiO3-xBiMnO3; — 50 %.
Taciau (1-x)SrTiOs-xBiMnOg3 serijos junginiuose, kur x=0,4-0,5, susidaro pasaliné MnzO, fazé.
(1-x)BaTiO3-xBiMnOg serijos junginiy magnetiniai matavimai atskleidé, jog kambario temperatiiroje
visi jie yra paramagnetiniai. SEM analizés rezultatai parod¢, jog jvedant j BaTiO3 bei SrTiOj3 struktiiras
didesnj BiMnOs kieki, suintensyvéjo atitinkamy medziagy grudeliy augimas.
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SUMMARY

VILNIUS UNIVERSITY
FACULTY OF CHEMISTRY AND GEOSCIENCES

DOVYDAS KAROBLIS
Synthesis and characterization of
BiMnOj containing solid solutions

Perovskite-type compounds containing BiMnO3; were synthesized in this work. For the first
time sol-gel combustion method was succesfully employed for the preparation of BixLa; xMnOs.;s solid
solutions. XRD analysis demonstrated that the maximal amount of BiMnOj3 in LaMnOg structure was
65 mol%. The phase transition was observed from trigonal (when x=0.1-0.3) to cubic (when x=0.4-
0.65). All BixLa;xMnOs.s samples demonstrated paramagnetic behavior at room temperature and
magnetization depends on chemical structure and composition. Sol-gel method was applied for
preparation of (1-x)BaTiO3-xBiMnO3 and (1-X)SrTiO3-xBiMnOg solid solutions. Cubic structure was
observed for all samples. Increase in BiMnO3; amount did not cause any visible changes in perovskite
structure. Maximal amount of BiMnO3 in (1-x)BaTiO3-xBiMnOj3 solid solutions was 60 % and for
(1-x)SrTiO3-xBiMnO3 — 50 %. Secondary Mn3O, phase was observed for (1-x)SrTiO3-xBiMnOg3
(where x=0.4-0.5). Magnetic measurements of (1-x)BaTiO3;-xBiMnO; system demonstrated that at
room temperature all samples are paramagnetic. SEM analys showed, that increase in BiMnO3; amount
resulted in significant growth of the grains.
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