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ABSTRACT

Multicomponent oxide materials have become an inseparable part of our
everyday life. Over the last few decades, many researchers have investigated
multicomponent oxide materials to better understand their properties and
apply them to create a more ecological, affordable, and safer world.
M'AIMo0,0s, LisLays—«TiOs, and Bi,Os — V205 are the perfect example of
these materials.

M'AIMo0,0s alkali metal aluminum molybdates (where M = Li, Na, K, Rb,
and Cs) have not been investigated as widely as the other two compounds, but
they did attract promising attention due to their ferro elastic phase transitions
and ability to be hosts for rare-earth ions and transition metals. These
compounds may be used for tunable lasers and optical instruments where high
accuracy is required. In contrast, lithium lanthanum titanates (LizxLaz3—xTi03)
of an ABO; perovskite structure with cation deficiency at the A-sites exhibit
very high ionic conductivity and have a wide range of known possible
applications. Starting with everyday items, such as cell phones and electric car
batteries, followed by big industries like oil drilling and food production, and
ending with a couple of unexpected applications — ocean exploration and
nuclear equipment. Bismuth vanadate compounds have been greatly
associated with green technology - water splitting in particular - due to their
relatively low-cost synthesis, excellent durability in various environments,
and non-toxicity. Interestingly, bismuth vanadate materials can also be used
in medicine due to their strong antibacterial and anti-viral properties. These
applications are only possible if we understand and control the synthesis and
properties of these ceramics.

The multicomponent oxides with the general formulas of M'AIMo0,0s,
LisxLay;3-<Ti03, and Bi,Os — V,0s have been prepared by the aqueous tartaric
acid-assisted sol-gel preparation technique. While many studies usually
explore EDTA or citric acid use in sol-gel synthesis, in this study, a less
common reagent has been chosen. Tartaric acid has been selected as the
chelating agent that interacts with the ligand during both dissolution in water,
and sol-gel formation. Tartaric acid has a lot of useful properties, such as
decomposition at low temperatures, leaving behind minimal carbon-
containing residues, and helping to maintain the pH of the solution. And, most
importantly, tartaric acid is produced from natural resources such as grapes or
bananas, and it’s low-cost and not harmful to humans or the environment.

To understand the thermal decomposition of the prepared materials,
thermogravimetric and differential scanning calorimetry (TGA-DSC) analysis
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was completed using STA 6000 Perkin-Elmer instrument. X-ray diffraction
(XRD) patterns were recorded in the air at room temperature by employing a
powder X-ray diffractometer Rigaku MiniFlex II. The Rietveld refinement of
the obtained patterns was completed to evaluate the crystalline phase
composition. The scanning electron microscopes (SEM) Hitachi SU-70 and
Hitachi TM3000 were used to study the surface morphology and
microstructure of the obtained ceramic samples, and energy-dispersive X-ray
spectroscopy (EDS) was applied to determine the elemental composition of
Bi,0; - V205 ceramics. Perkin-Elmer Frontier FT-IR spectrometer was used
to estimate the characteristic vibrations of the functional groups.

The thermal analysis of multicomponent oxide tartrate gel precursors
proved a few significant points: 1. The formation of the obtained ceramics is
highly dependent on the molar ratio of the initial reactants in the reaction
mixture; 2. The final oxidation of metal tartrate residues highly depends on
the atmosphere environment; 3. The decomposition of tartaric acid is seen up
to 300 °C of temperature and occurred independently in either the oxidative,
or inert environment; 4. The deficiency of the tartaric acid during the sol-gel
process strongly affects the homogeneity of the final gel precursor. The XRD
patterns and FT-IR transmittance spectra both seconded the previously made
statement that the final composition of the crystalline phases highly depends
on the molar composition of the initial reagents. It also showed that the
number of impurities can be decreased by increasing the heat-treatment
temperature. SEM micrographs corresponded to the XRD data and showed
some irregular shape formations, which are most likely the result of the
decomposition of unreacted tartaric acid. All three multicomponent oxide
tartrate gels did not exhibit well-seen cracks or hollows. The electrical
conductivity evaluation confirmed that the ionic conductivity is majorly
affected by the crystalline structure of the materials.

The data obtained correspond with each other well and give a better
understanding of the synthesized materials and their potential use. It also
shows that reaction conditions, such as temperature, the molar ratio of initial
materials, and the amount of chelating agent can highly influence the final
product, its structure, and, therefore, its characteristics.
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INTRODUCTION

It would be hard to find an industry that would not, at some point, benefit
from multicomponent crystalline oxides. Cell phones [1, 2], laptops [3],
electric and hybrid cars [4], pressure sensors, optical lasers [5], food
fermentation [6], pH indicators [7], gas sensors [8], water-splitting [9], ocean
exploration [10], medicine [11], or even nuclear equipment [10] — these are
only a few possible applications of lithium aluminium molybdate oxides,
lithium lanthanum titanium oxides, and bismuth vanadium oxides. These
materials play a major role in many different scientific fields and industries
due to their unique structure and superior properties, making our everyday
lives safer, more affordable, and more sustainable.

Currently widely used lithium primary batteries, containing flammable
solvents and contributing to environmental waste, could potentially be
replaced by 5-10 times longer lasting [12] and safer batteries [13], improved
by lithium lanthanum titanium oxides (LLTO). LLTO of a perovskite structure
have a very high ionic conductivity and low activation energy [14], which
makes them well-fitting for longer lasting, safer energy storing device
production. Their chemical stability and the ability to withstand harsh pH [7]
conditions allow LLTO materials to be used in the oil drilling industry to
detect hydrogen sulphide gas and could prevent fatalities that had happened
in the recent past [15].

With the world population reaching 8 billion [16], finding ways to produce
clean, renewable energy has become an unavoidable task. Wind and solar
energy production are efficient ways to produce renewable energy, however,
they are still harmful to the environment — wind turbines are known to cause
fatalities to wildlife [17], while solar energy production comes with solvent,
oil, and hazardous waste [18]. Monoclinic scheelite BiVO, could be used as a
photoanode to solve these issues by producing renewable energy via water-
splitting [9]. Due to its small energy gap [19], good conductivity [1], and great
chemical stability [20], bismuth vanadium oxide could play a key role in
producing clean, renewable energy that does not negatively impact the
environment.

Alkali metal aluminium molybdates, while not yet widely explored, show
a lot of potential in optical applications due to their optical and ferroelastic
properties [21, 22]. Doped with rare-earth ions, they have the potential to be
used in tunable laser applications [23], when high accuracy and repeatability
is required.
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These multicomponent oxides present opportunities to highly improve our
lives, however, this is only possible if we understand their structure,
properties, and the syntheses behind them.

The main aim of this Ph. D. thesis includes the application of an aqueous
sol-gel preparation technique for the preparation of the homogeneous metal
tartrate gel precursors and the characterization of the different single-phase
multicomponent oxides. Given the limited publications on this synthesis used
for LiAlMo0,Os, LipssLaossTiO3 and 5Bi2O3-V20s preparation, the
corresponding tasks were formulated as follows:

1. The use of the aqueous tartaric acid-assisted sol-gel synthesis method
for the preparation of three different multicomponent systems:
LiAlMOzOg, Li0_35LaoA55TiO3 and 5Bi203'V205.

2. The design of the possible decomposition mechanism for tartaric acid
and detailed investigation of the thermal decomposition of the
corresponding metal tartrate gel precursors using thermogravimetric
and differential scanning calorimetric analysis.

3. The observation of the formation of the final multicomponent metal
oxides crystalline phases by applying the X-Ray diffraction method.

4. The determination of the surface morphology of the obtained
ceramics heated-treated at different temperatures by scanning electron
microscopy.

5. The demonstration and validation of the physical properties for the
corresponding crystalline composition of the obtained ceramics by
impedance spectroscopy.
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Statements to be defended:

1.

For the first time the aqueous tartaric acid-assisted sol-gel synthesis
technique was successfully proposed for the preparation of
LiAlMo0,0s, LigssLagssTiOs;, and 5Bi»03-V20s multicomponent
oxides.

TGA-DSC analysis is a powerful and suitable tool for both the
investigation of decomposition mechanisms of Li-Al-Mo-O, Li—La—
Ti—O and Bi—V-O tartrate gel precursors and the estimation of the
crystallization processes of the final LiAIMo0,Og, Lig3sLa ssTiO3, and
5Bi,03-V,0s ceramic materials.

The nature of the complexing agent is the critical stage in the sol-gel
process, which strongly influences the morphological, structural, and
electrical properties of obtained compounds.

The heat-treatment has significant influence on both the thermal
decomposition of synthesized gel precursors and crystallization of the
final ceramics.

The combination of thermal analysis and different characterization
techniques is a useful tool that enables the demonstration of interesting
relations between chemical and physical properties of obtained
ceramics.
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1. LITERATURE OVERVIEW

This chapter of the thesis briefly reviews the structural regularities of the
corresponding multicomponent oxides, the possibilities of the syntheses
techniques, and the characteristics of the obtained properties.

1.1. M'AIMo0,0s, LisLaz3-xTiO3 and Bi,O3 — V205 ceramics and their
crystalline structures

For decades, ceramic materials have been given a lot of interest in many
different industries and have become essential in our everyday life. From cell
phone batteries to life-saving gas sensors, ceramic materials have shown a lot
of potential to replace the currently used more expensive and harmful
alternatives, due to their powerful conducting abilities, great stability in high
temperatures and air, substantial hydrophobic properties, and unique
crystalline structures. M'AIM0,0s, LisLays xTiOs, and Bi,Os — V205 are
great examples of such ceramics, and they share certain similarities in their
behavior. The crystal structure of these ceramics plays a key role in their
properties and potential application.

M'AIMo0,0s double molybdates (M = Li, Na, K, Rb, and Ce) have
monoclinic, triclinic, and hexagonal lattice crystal structures [24-26].
LiAlMo,0s compounds have the triclinic crystal structure with the space
group P-1, with the LiOs trigonal bipyramid and MoOjs tetrahedra, connected
by the shared oxigen atoms with the AlOg¢ octahedra [27]. NaAlMo0,Os
crystallizes into a monoclinic crystal lattice that has a C12/c1(15) space group
designation. KAIMo0,0s, RbAIM0,0s, CsAlMo0,05 crystallize into hexagonal
lattice crystal structures [28-30].

Lithium lanthanum titanate (LisxLa»3~TiO3; LLTO) of an ABOs;
perovskite structure with cation deficiency at the A-sites is a very powerful
conductor with a high bulk ionic conductivity (~107 Secm™! at room
temperature) [31]. The ionic conductivity highly depends on the size of the A-
site ion cation, lithium and vacancy concentration, and the nature of the B —
O bond. In this case, lanthanum is chosen as the A-site, but if it were replaced
by some other rare earth metal that has a smaller ionic radius than La, then the
ion conductivity of the structure would be much lower. The type of the
perovskite structure also influences the ionic conductivity. For example, the
tetragonal structure shows lower conductivity than the same bulk composition
cubic structure [32]. Perovskite structure contributes to their ferroelectric
properties, which is also why LLTO compounds are considered another good
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substitution for solid-state batteries, which are safer than currently used
standard lithium-ion batteries [33].

Bi,03 — V205 has a fluorite-type superstructure and has four structure types
(a-phase, 6-phase, B-phase, and y-phase). 5-phase of Bi»Oj; is considered to be
one of the best conductors because of its oxygen vacancies. In comparison, a-
phase has very little ionic conductivity [34]. The layered structure of Bi,O3 —
V,0s provides migration pathways for the charge oxygen ions or vacancies
within the material [35]. The modulation of electrical conductivity and ion
transport is allowed by increasing the concentration of V,Os due to the phase
transition of BiVOs4 from monoclinic scheelite type to that of tetragonal
scheelite type [36].

Despite having rather different crystal structures, M'LaMo0.Os,
LisxLaz3—Ti0;, and Bi2Os — V,0s ceramics share some similarities. The
presence of corner-sharing octahedra in these three types of ceramics provides
structural stability and efficient ion transport. In addition, they all exhibit an
ability to modulate their electrical properties by controlling composition,
doping, and oxidation/reduction states. LisLay3<TiO3 and BixO3; — V205
ceramics have pathways for the migration of charge carriers due to their
layered structure, which improves electrical conductivity. By understanding
and controlling the crystal structure of these ceramics, we can influence their
properties and improve their applications in many industries.

1.1.1. Crystal structures of M'AIM0,0s and LizAlMo0301> compounds

The general formula for lithium, sodium, potassium, rubidium, and cesium
aluminum molybdates is MAIMo,Os (M = Li, Na, K, Rb, and Ce),
nonetheless, the arrangement of individual atoms in the crystal structure is
distinguishable. Potassium and cesium aluminum molybdates crystallize into
a trigonal structure, NaAlMo,Os — monoclinic, RbAIM0,0Os — hexagonal,
while LiAIMo0,0Ogs is characterized by an irregular triclinic elementary cage in
the crystal structure. The trilateral oxide LizAlMo3Oi» crystallizes into a
crystalline compound with an orthorhombic elementary lattice system. A brief
overview of the crystal structures of these compounds will be given, which
were used to identify the resulting crystalline compounds by X-ray
diffractograms.

Lithium aluminum molybdate (LiAlMo0,0Os) crystallizes into a triclinic
structure that has a P—1(2) space group designation. The space group notation
P-1(2) represents the lattice system, crystallographic system, and atomic
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distribution. In this case, Fig. 1 shows the unit cell of the triclinic crystal lattice
of LiAlMo,0Os [37].

/T_,b 020
<

0-12}
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Fig. 1 Triclinic crystal structure for LiAIM0,Og composition [37]

The parameters of the triclinic lattice are determined by the general
notation: a b #¢; a.# B # v # 90°, where a, b, and ¢ are the lattice parameters
and a, y and P are the angles between them. For LiAIMo0,0Os a=7.103) A, b=
7.25(5) A, ¢ =6.67(5) A, a=111.0(5) °, B =105.0(5) °, y = 90.0(5) ° [37].

The most intense crystal planes corresponding to this lattice presented in
the triclinic unit cell of LiAlMo,0Os are also shown in Fig. 1, corresponding to
the amount of certain crystallographic planes estimated by the intensity of
their peaks. The more intense the peak is, the more corresponding planes are
in the crystal lattice.

Lithium aluminium molybdate corresponds to the composition of the
Li3AlMo3O2 compound, which crystallizes into an orthorhombic crystal
structure with the Pnma(62) space group designation. This multicomponent
oxide is an example of the well known lyonsite structure type, the general
formula of which can be written as AisB1204s. Because this structure can
accomodate cationic mixing as well as cationic vacancies, a wide range of
chemical compositions can adopt this structure type. In this case, Fig. 2 shows
the unit cell of the orthorhombic crystal lattice for the LisAIMo3O; crystalline
compound [38]. The parameters of the orthorhombic lattice are determined by
the general notation: a #b # c; o =B =y =90° where a, b, and c are the lattice
parameters and a, y, and P are the angles between them. For example,
Li3AlMo;01> the parameters are a = 5.0372 A, b=10.3200 A, c = 17.2720 A
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[39]. The orthorhombic crystal structure of lithium aluminum molybdate
(LisAlMo030y2) is significantly more regular compared to LiAIMo,Os,
therefore, when measuring the diffraction, the number of characteristic peaks

recorded is also lower.

a
J_. b {122}

Fig. 2 Orthorhombic crystal structure for LisAIM030;, composition [38]

Sodium aluminum molybdate (NaAIMo0,0Os) crystallizes into a monoclinic
crystal lattice that has a C12/c1(15) space group designation. The unit cell of
the monoclinic crystal lattice of NaAlMo,Os is presented in Fig. 3 [40].

J_. o 113 112}

310}

o

Fig. 3 Monoclinic crystal structure for NaAIM0,Og composition
17



The parameters of the monoclinic lattice are determined by the general
notation: a #b #c; a =B =y =90° where a, b, and c are the lattice parameters
and o, v, and P are the angles between them. For NaAl(Mo00Os),, the unit-cell
parameters a=9.59 A, b=537 A, ¢ =13.14 A, and B = 90.1 ° were reported
by Klevtsov et al. in 1975 [41].

The crystal structure of NaAIMo,Os is formed by infinite sheets composed
of AlOs octahedra, corner-linked to slightly distorted MoOj tetrahedra (Figs.
4 and 5).

Fig. 4 The layered crystal structure of NaAIMo0,Os in views (a) along [010]
and (b) along [001]. AlOs octahedra are corner-connected to MoO4
tetrahedra to form sheets separated by eight-coordinated Na atoms (dark-
blue spheres). The pseudo-orthorhombic unit cell is outlined [40]

Al
o1

o3

Fig. 5 View of the seven atoms in the asymmetric unit of NaAIMo,O8,
shown with ellipsoids at the 70% probability level [40]
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These sheets are stacked parallel to (001) and are separated from each other
by eight-coordinated interlayer Na atoms (Fig. 4). Average Na—O, Al-O and
Mo—O bond lengths are 2.648, 1.890, and 1.762 A, respectively [40].

Potassium aluminum molybdate (KAIMo0,Os) crystallizes in a
trigonal/rhombohedral crystal lattice, which has the P-3m1(164) space group
designation. Fig. 6 shows the unit cell of the rhombohedral crystal lattice of
KAIMo0,0g [42].
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Fig. 6 Trigonal/thombohedral crystal structure for KAIMo0,Og composition

The parameters of the thombohedral lattice are determined by the general
notation: a=b =c; a = =7 # 90°, where a, b, and c are the lattice parameters
and o, v, and P are the angles between them. For example, the parameters of
KAIMo,Os are a=5.545(3) A, c=7.070(5) A, a.= B =90°, y = 120° [42].

Like potassium aluminum molybdate, the crystal structure of RbAIMo0,0Os
and CsAlMo,0s phases is described by the P-3M1(Ds4’) space group with one
formula per unit cell. The trigonal unit cell dimensions are: a=5.542 A and
c=7.490 A for RbAIM0,Os and a=5.551 A and ¢=8.037 A for CsAlMo,0s
[43]. These structures consists of [AIMo0,Os |. layers perpendicular to the
trigonal c-axis with the either rubidium or caesium cations between the layers.
Each layer is built up from MoQO, tetrahedra and AlOg octahedra; each
octahedron shares its six corners with six MoOj tetrahedra. Fig. 7 shows the
unit cell of the rhombohedral crystal lattice of CsAlMo0,Os, which is uniform
to KAIMo0,0s compound [44].
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Fig. 7 View of CsAl(MoOs),, approximately down the c axis [44]

In consonance with this data, it can be stated that KAIMo0,0Os, RbAIM0,0s,
CsAIMo,0s crystallize into hexagonal elementary lattice crystal structures,
while lithium aluminum molybdates and sodium aluminum molybdates are
more identified by more deviating structures: triclinic and monoclinic.

1.1.2. Overview of lithium lanthanum titanate crystalline phases

In recent years, the study of the alkaline earth titanates and many other
compounds with a similar perovskite structure has aroused much interest [45].
The field of the lithium ion-conducting materials has been widely studied
because of their potential applications for solid electrolytes in high energy
batteries and other electrochemical devices [46].
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1.1.2.1. LigsLag s67T10; crystal structure

LigsLaos67T10;31s a perovskite-type oxide with the space group determined
to be [4/mcm. At ambient temperature, Lio3Laoss7TiO3 has the tetragonal
perovskite superstructure and \2a, x \2a, x \2a, lattice, the parameters of
which are: a=15.48027 A, ¢ =7.75591 A, Z = 4. The corresponding unite cell
is presented in Fig. 8. At approximately 600 °C, the unit cells change into a, x
ap X 2 cells, and the superlattice reflections disappear [47].

Fig. 9 Unit cell of the P4/mmm structure of Lig3Laos67Ti03 at 650 °C [47]
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The differences between these lattices are reflected by comparing Figs. 8
and 9. Thus, at 650 °C degrees, a tetragonal pseudo-cubic P4/mmm structure
was determined, with the unit cell parameters of a = 3.89644 A, ¢ = 3.89748
A, and Z = 1. This indicates that the crystal structure properties of
Lio.sLaos67T103 highly depend on the thermal conditions [47].

1.1.2.2. LizLaxTisOse crystal structure

LizoLa4TisOs6 is a highly complex perovskite structure (Fig. 10), which
has a strong tetragonal sub-cell, which parameters are a=13.244 A, ¢ = 7.463
A, and it has the space group of P4/mbm [48].

!' ‘_‘_‘!4! i

az

Fig. 10 Perspective view down [001] of LizLax4TisOs¢ with Ti and Li
polyhedra indicated [48]

The sub-cell has two alternating columns: a perovskite-like structure with

lithium and titanium in alternating octahedral sites, and another structure —
half of which is occupied in pairs by lithium, and the other half of tetrahedral
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sites collapse and contains either a single octahedral site occupied by titanium,
or a single tetrahedral site occupied by lithium [48].

1.1.2.3. Lig.16Lao.s2Ti0; crystal structure

Lio1sLaoeTiO; is a perovskite-type of structure, which has an
orthorhombic unit with a space group of Cmmm. This structure is similar to
the other perovskite compounds but has the presence of lanthanum and lithium
ions in the crystal lattice. The structure has a TiOg octahedra that is tilted along
the b-axis, lanthanum along the c-axis, and lithium in two positions of the A-
site. The crystal structure of Lio 16L.ao6TiO3 is shown in Fig. 11 [49].

TiO{_‘ octahedron

Fig. 11 Crystal structure of Lig.16Lao.6Ti03 from the perspective of the TiOs
octahedral framework [49]

The superstructure has the parameters of a = 2a, x b = 2a, X ¢ = 2a,.
compound has a layered perovskite-type structure consisting of the La-rich
(001) Lal-01 layer, the (004) Ti—O layer, and the La-deficient (002) La2—02
layer, Ti—O layer, and (3) the La-deficient (002) La2—O2 layer. The La-rich

23



Lal-O1 and La-deficient La2—O2 layers are alternatively arranged along the
c axis, while the TiO¢ octahedron has anti-phase tilting along the b axis [50].

Figure 12 also shows the crystal structure of LiisLaosTiO3 at room
temperature depicted using the refined crystal parameters. The Li cation is
located at the Wycoff 2¢ site of the Cmmm structure: !/, 0.0, V5. Since the Li
cations are not located at the 4j A-site proposed in the literature but at the 2¢
site, the chemical formula of the title compound is not (Lag.e2,Lio.16(Vaa-
site)0.22) A-site 103 but (Lao.e2,(Vaacsite)0.38) a-site(Lio.16,(Va2c)0.09)2c T1i03. Here Vaa.
site denotes the vacancy at the A-site. (Lag.e2,Lio.16(Vaasie)o.22)a-siie means that
the La atom, Li atom, and Vaai. exist at the A-site of the pseudo ABO;
perovskite-type structure and their occupancies are 0.62, 0.16, and 0.22,
respectively [50].

La1-O1 layer
(001) plane

Ti-O layer

La2-02 layer
(002) plane

Ti-O layer

La1-O1 layer

(001) plane

Fig. 12 Crystal structure of the layered perovskite-type lanthanum titanate

Lig.16La0 2 Ti0; depicted using crystal parameters obtained by the Rietveld
analysis of the neutron-diffraction data measured at room temperature. The
pink, green, and blue spheres and red ellipsoids denote Li, La, Ti, and
oxygen ions, respectively. The blue square is a TiOg octahedron [50]

The large atomic displacement parameter of the Li cation indicates the
positional disorder and suggests its diffusion. The Li cations are located on
the (002) La2-02 layer (Fig. 12), suggesting that the Li cations two-
dimensionally diffuse on the La deficient layer [50].
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1.1.2.4. Li;sLaTip30; crystal structure

The system La,03—Li,O-TiO; has received considerable interest because
it contains the perovskite solid solution of stoichiometry Lij»-3Lai,+TiOs
which has an extremely high lithium ion conductivity, optimised at ~ 1073
ohm™' cm™ at 25 °C for x ~ 0.08. An additional phase, that is also believed to
be perovskite related, of stoichiometry Li;sLaTi,sO3; has been reported.
LiisLaTiz303 has monoclinic perovskite structure, where lanthanum occupies
9-coordinate A sites, and the B sites contain either titanium alone, or a
disordered mixture of lithium and titanium (ratio 2:1). The crystal structure
projection of the ab plane is shown in Fig. 13 [51].

TiLi(2) .

Fig. 13 Crystal structure projection for composition of Lij;sLaTiz30s3 [51]

The parameters of the structure are determined by these values: a=5.5639
A, b=55688 A, c=7.8490 A, B = 89.834°. The space group is P21/c [51].

At temperatures between 1175 °C and 1185 °C, the 1:2 ordered structure
was examined to transform directly into a disordered perovskite and have
orthorhombic cell with a space group of Pbnm. The ordered form of
LiisLaTiz303 was recovered by annealing at 1100-1150 °C. The ordered
structure also seems to depend on the excess of lithium — additionally adding
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10% of Li when preparing Lii;3LaTi»30s3 has shown to cause the disorder of
the perovskite product [52].

1.1.2.5. Lig.1sLa.61TiO;3 crystal structure

Lio.1sLag61TiO3 has an orthorhombic double perovskite structure (2ay, 2a,,
2a,) with a space group of Cmmm. At low temperature, lanthanum and
vacancy rich planes alternate along [001] direction, while the TiOs octahedra
are tilted around the b-axis. At higher temperature, approximately 773 K, the
octahedral tilting decreases, and the more orderly structure forms [53]. The
corresponding structural changes are illustrated in Fig. 14. The octahedral
distortion and the octahedral tilting along the b-axis is clearly observed in the
low temperature phase. Differences on La coordination in z/c = 0 (fully
occupied) and 0.5 (partially occupied) planes are illustrated.

Cmmm

P4/mmm

@La ®Ti 0O

Fig. 14 Crystal structure of Lig.13Lao.61 TiO3 perovskite along the [010] (left)
and [100] directions (right) at 5 K (top) and 773K (bottom) as deduced from
Cmmm and P4/mmm model. [53]
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At higher temperatures, orthorhombic-tetragonal transformation begins,
tetragonal phase (a, a,, 2a,; where a, stands for the cell parameter of the ideal
cubic perovskite) begins to be seen, and its spatial group is P4/mmm [53].

1.1.2.6. Lig2Lao6TiOs crystal structure

LipoLaoeTiOs has the tetragonal tungsten bronze type of structure. At
1000°C, the diagonal cell parameters are a ~ \2a,, b ~ \2a,, ¢ = 2a,. The
schematic representation of Lag sLio2TiOs structure is shown in Fig. 15 [54].

Fig. 15 Schematic representation of the structure of Lig20La0.60TiO3
quenched from 1000 °C [54]

The symmetry conforms to the Pmmm space group. All the crystals consist
of domains of this cell, and in each domain, the long c-axis is oriented along
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one of the three main crystallographic directions. Only at approximately 1200
°C transaction into a cubic perovskite cell is observed [54].

1.1.3. Crystalline varieties of Bi.O3; — V,0s system

Bi>0; — V205 mixed oxide has attracted a lot of attention over the years due
to its qualities, such as high density, great electrical conductivity, ferroelastic
properties, and thermal stability. These properties highly depend on the crystal
form. This system has been identified by many phases, such as BiVO4 [55],
Bi,7V3016 [56], Bi203—V20s5 [57], BigV3016 [58], BisV2011 [59], Biz5V 120525
[60], Biz3V2044,5, BiszOn, and Bi46V8089 [56, 61]

1.1.3.1. BiVOs4crystal structure

BiVO, has three main crystal forms: zircon structure with a tetragonal
system, monoclinic scheelite structure, and tetragonal (s-t) system. The
transaction between tetragonal zircon structure and monoclinic scheelite
structures is irreversible, while tetragonal scheelite structure transformation
from monoclinic scheelite structure can be reversed and occurs at 528 K [55].

Figure 16 shows the bismuth vanadate unit cell of a tetragonal crystal
lattice with a 1:1 ratio of bismuth to vanadium.

a

=

112

Fig. 16 Monoclinic crystal structure for bismuth vanadate composition [62]
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When BiVO; tetragonal zircon structure is heat treated above 670-770 K
or crushed into powder at room temperature [55], BiVO4 has a monoclinic,
distorted scheelite crystal structure with the spatial group designation of C2/2.
The parameters of the lattice are determined by the general notation: a # b #
c; a# P £y #90° where a, b, and ¢ are the lattice parameters, and a, v, and 3
are the angles between them. For BiVO,, a = 5.1956 A, b = 5.0935 A, ¢ =
11.7045 A, and a. =y = 90°, and B = 90° [62, 63].

BiVO, tetragonal structure is similar to the BiVO4 monoclinic, distorted
scheelite crystal structure, and is defined by these parameters: a = 5.147 A, b
=5.147A,c=11.722 A, 0 a. =y =90°, and P = 90° [55].

1.1.3.2. Bi20O3—V,0s crystal structure

Ternary oxide Bi,03—V,0s has a fluorite-type superstructure with a pseudo
monoclinic cell (Fig. 17). The parameters are determined by the general
notation: a #b #c; B #v; vy = a = 90° where a, b, and c are the lattice
parameters, and a, v, and B are the angles between them.

Fig. 17 The unit cell vectors of 6Bi,03—V,0s [57]

For Bi»0:-V»0s, a = 20.023 A, b = 11.668 A, ¢ = 20.472 A, and B =
107.13° a=v =90°. The unit cell vectors are presented in Fig. 17, where the
solid lines show the monoclinic unit cells, while the dotted lines show the
triclinic unit cells [57].
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1.1.3.3. Bi4V,0y crystal structure

Bi4V,01, displays three polymorphs, depending on the temperature. The
a-polymorph is stable from room temperature up to 430 °C,  between 430
and 570 °C, and y, which is the most conductive polymorph, above 570 °C up
to the melting point around 870 °C [59, 64-66]. The unit cell of a tetragonal
bismuth vanadate with a 2:1 ratio of bismuth to vanadium and the spatial
designation of 14/mmm is shown in Fig. 18.

{002}

The parameters of the y tetragonal polymorph are determined by the

Fig. 18 Tetragonal crystal structure for BisV,0,; [64]

general notation: a=Db #c; a = #v # 90, where a, b, and ¢ are the lattice
parameters, and a, v, and 3 are the angles between them. For Bi4V,01;, a =
3.9917 A, b=3.9917 A, c =15.4309 A, and o.= 90°, y = 90°, and B = 90° [64].

1.1.3.4. Biz5V1.20s5 crystal structure

The previously mentioned a- BisV2011 decomposes to a mixture of BiVO4
and Bi35V120s525. The parameters of the BizsVi20s2s superstructure with
triclinic symmetry are determined by the general notation: a£b#c; a =B #y
#90, where a, b, and c are the lattice parameters, and a, y, and [ are the angles
between them. For Bi35V1,0s2s5, a=16.4521 A, b=16.8861 A, c=7.0914 A,
and o =91.3° y=96.0° and B = 95.2° [60].

30



1.1.3.5. BisV306 crystal structure

BisV30i6 has the orthorhombic crystal structure and Pnma space group.
The parameters of the lattice are determined by the general notation: a # b #
¢, a#£P £y #90, where a, b, and c are the lattice parameters. For BigV301s, a
=54721 A, b=17.2542 A, c = 14.9174 A [58, 67]. The crystal structure of
BisV30i61is presented in Fig. 19.

» Ty
3 5y ) o N 'Q{!’.Qv. i i

Fig. 19 BisV30;6 orthorhombic crystal structure

These parameters can be compared to the previously mentioned o-
Bi4V;01; in a low-temperature form. While a- BisV20;; cell results in a three-
fold commensurate modulation along the a-axis of the orthorhombic cell,
BisV306 three-fold modulation appears along the  axis.

1.1.3.6. BisV3Oso crystal structure

BissVsOso, with a bismuth to vanadium ratio of 5.75:1, has a monoclinic
crystalline lattice whose space group is — P21/c. In BissV3Oso, four positions
(029-032) are partially filled by oxygen that can participate to the pathway
of the oxygen ionic conductivity.
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The parameters are determined by the general notation: a #b #c¢; o=y # 3,
where a, b, and c are the lattice parameters, and o, v, and B are the angles
between them. For BissVgOso, a =20.0100 A, b= 11.6445 A, c =20.4136 A,
and a =90° y=90° and B = 107.2700° [61].

The unit cell of the monoclinic crystalline lattice is shown in Fig. 20 [61].

00-6)
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Fig. 20 Monoclinic crystal structure for BissVsOsgo [61]

It is also interesting to note that the proposed structures in this range of
compositions correspond to superstructures based on a fluorite pseudo-fcc
subcell.

1.2. Sol-gel and other types of syntheses of multicomponent oxides

Nowadays, sol-gel chemistry is associated with many different industries
that are not only used in our everyday life but also have the potential to
significantly improve it. Starting with more durable cell phone batteries [68],
and ending with bone regeneration [69], this method has been widely studied
due to its versatility, ability to control the structure and the composition of
materials, low cost, and great scalability.

The first documented sol-gel synthesis goes back to 1845 when French
chemist Jacques-Joseph Ebelmen prepared silica gels from SiCls and alcohol
[70]. He achieved hydrated silica synthesis by performing a slow hydrolysis
of an ester of the silicic acid [71] and therefore, setting the grounds for what
is now known as the sol-gel method. However, it wouldn’t be until 1953 that
this method would be incorporated into the industry and, a couple of years
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later, into large-scale production. This discovery was claimed to be rather
accidental than planned [72], so it was only 19 years later that the term “sol-
gel” gel was actually introduced when British scientist Thomas Graham
coined this term to describe his work with “silica soils” [73]. Graham
improved Ebelmen’s theory by showing that the water in the silica gel could
be replaced with organic solvents [70]. Rear-view mirrors, anti-reflection
coatings, and sun-shielding windows were the first products to be
manufactured via sol-gel synthesis. Despite its initial success, it took another
decade to establish that this method could be used to synthesize any type of
multicomponent oxide by using the alkoxides of different elements via a sol-
gel process [74]. Since then, various products have been produced this way
and used daily, making our lives more convenient and comfortable, and in
some cases, even saving our lives. Over the years, the sol-gel technique had
been studied by many great minds, including Geffecken and Berger (dip-
coating method) [75], Pajong (aerogels and xerogels) [76], Roy
(homogeneous powders) [77], Teichner (hypercritical dried alcogels) [78],
and many others. This work focuses mainly on the aqueous sol-gel synthesis
technique of three types of remarkable materials for MAIMo,Os,
LisxLay3-Ti03, and Bi,03—V,0s compositions. Other types of preparation
techniques, published in literature, are also reviewed in this section.

1.2.1. Alkali metal aluminium molybdates

Preparing a homogeneous aquatic solution is the most challenging stage of
this synthesis. This is due to the fact that while molybdenum oxide is soluble
in basic solutions, aluminum ions hydrolyze in these conditions, forming a
solid hydroxide. To overcome this, tartaric acid is used when such individual
components need to be dissolved. Tartaric acid acts like a complex-creating
agent that traps all ions in the solution, disallowing the formation of solid
compounds, regardless of the pH change.

Due to its simplicity and low-costs, aqueous sol-gel method is an excellent
choice to synthesize multicomponent materials, which is especially important
nowadays considering not only the increased costs of the materials, but also
the growing requirements to use environmentally friendly starting
compounds. By performing the sol-gel synthesis, it is possible to obtain
porous compounds whose network structure corresponds to the shape of the
initial dried gels. Under critical drying conditions (e.g., pressure) the gels are
released from the solutions without any fissures or cracks, which would often
occur when using other methods. Such aerogels are characterized by a
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particularly dense structure, which is also preserved in the final ceramic
materials, increasing their strength and durability. With planned application
of sol—gel technology, it is possible to successfully increase the range of
manufactured products, simultaneously increasing the competitive and
operational capabilities of this method in terms of scientific and practical
application [86-91].

In this section, other types of different synthesis methods for various alkali
metal molybdates are also reviewed. Table 1 shows the preparation techniques
and their conditions suggested in the literature.

Table 1 Synhesis method for the preparation of MAIMo,0s ceramic

Final compound Synthesis Used materials Heating Ref.
method conditions
Cr’":KAIMo,Os | Top-seeded | KoCOs, ALOs, Incongruent [23]
solution MoO3, Cry03 melting (over
growth 715 °C)
NaAlMo,0g Top-seeded | NaxCOs, Al,Os, Incongruent [25]
solution MoO:s melting (over
growth 715 °C)
KAIMo,0s Top-seeded K>CO3, AlLO3, Incongruent [25]
solution MoO3 melting (over
growth 715 °C)
RbAIMo,0s Top-seeded | Rb,COs, AlLOs, Incongruent [43]
solution MoO:s melting (over
growth 715 °C)
CsAlMo0,0s Top-seeded | Cs2CO3), ALO3, Incongruent [43]
solution MoOs3 melting (over
growth 715 °C)
KAIMo,0s Top-seeded K>COs, AlLO;3, Incongruent [79]
solution MoOs3 melting (over
growth 715 °C)
CsAlMo0,0s Top-seeded | Cs:Mo301 and Incongruent [30]
solution AlLO3 melt melting (over
growth 715 °C)
NaAlMo,0g Top-seeded | NaxCOs, Al,Os, Incongruent [80]
solution MoO3 melting (over
growth 715 °C)
CsAIMo0,0g Top-seeded Cs;Mo0,07 and Incongruent [29]
solution AlLO3 melting (over
growth 715 °C)
KAIMo,0s Top-seeded K:Mo3019 and Incongruent [81]
solution AlLO; melting (over
growth (Cr(NO3)s 715 °C)
NaAlMo,0s Pechini Na;MoOys, 480-650 °C [82]
Al(NO3)3-9H,0,
((NH4)sM070,4°
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Final compound Synthesis Used materials Heating Ref.
method conditions
4H,0, citric
acid, ethylene
glycol
KAIMo,0s Pechini KoMoOs, 480-650 °C [82]
AI(NO3)3-9H-0,
((NH4)sM07024°
4H,0, citric
acid, ethylene
glycol
RbAIMo,0s Pechini RboMoOy, 480-650 °C [82]
AI(NO3)39H,0,
((NH4)sM07024:
4H,0, citric
acid, ethylene

glycol
NaAIMo,0s Solid-state | Na,COs, ALLOs, | 500, 600, 700 [83]
and MoOs °C
NaAIMo,0s Sol-gel Na,CO3, Al,O3, | 500, 600, 700 [83]
MoOs °C
NaAIMo,0s Precipitation | Na,COs, ALOs, | 500, 600, 700 [83]
MoOs °C

NaAIMo,OsCr?* | Precipitation | Al(NO3);-9H,0, 600-720 °C [84]
CI‘(NO3)3’9H20,

NazMOO4'2H20
NaAlMo,0g Top-seeded | NaxCOs, Al,Os, Incongruent [21]
solution MoO3 melting (over
growth 715 °C)
KAIMo,0s Top-seeded K2CO3, AlLO3, Incongruent [21]
solution MoO:s melting (over
growth 715 °C)

The most widely investigated synthesis method in the literature is the top-
seeded solution growth (TSSG) technique in which monocrystals and
polycrystals are obtained. The simplified version of this synthesis is shown in
Fig. 21 [85].
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Fig. 21 TSSG schematic representation [85]

The crystallization process is performed by adding fine crystals of the final
crystallizable compound to a supersaturated solution of the individual salts.
This method resembles the well-known Czochralski and Nacken Kyropoulos
single crystal growth techniques. Using the TSSG method, crystals can be
obtained in two ways: either by using the vertical temperature gradient to
transport the components of the initial compounds, or by slow cooling of the
supersaturated solution. In the first option, M*LaMo,Os (where x is an alkali
metal) compounds alloyed with impurity elements are obtained, while the
slow cooling produces pure crystalline phases [21, 23, 25, 29, 30, 43, 79, 80].

However, the oldest method recorded is the solid-state synthesis, where
separate precursors are mechanically mixed and — by adjusting their heating
temperature — a chemical reaction between them is carried out. In other words,
the diffusion of individual ions is carried out in the reaction medium due to
temperature [83].

Another widely used method is precipitation synthesis. It is often favored
due to its simple conditions and inexpensive equipment. With this method, it
is possible to precipitate much smaller particles compared to the solid-state
method. In the precipitation technique, an appropriate solvent is chosen to
dissolve the individual components of the final compounds — usually fitting
metallic salts — then the reaction mixture is stirred and can be heated if
required. After a couple of hours, the precipitate is filtered and washed with
ethanol, acetone, or water, which allows the discarding of the unreacted
products [83, 84].

Pechini method is another technique that has been commonly researched,
in which the metal cations are complexed by using citric acid and ethylene
glycol, polymerizing the initial salts to form a dispersed system called a gel.
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This way it is possible to perform the synthesis at relatively low temperatures.
During the pyrolysis of the obtained gels, the formed ions do not accumulate
in one place, but instead react with each other, avoiding unfavorable
sublimation of molybdenum (VI) oxide [82].

1.2.2. LLTO ceramic

The preparation process of LLTO is inexpensive [92], as well as
considerably environmentally friendly, which is exactly why lithium
lanthanum titanates have received a lot of attention over these few years when
it came to research and improvement of energy-storing devices [3, 68].

However, synthesizing LLTO ceramics while using different methods can
have significant effects on the final LLTO product structure and
electrochemical properties. For this reason, a deeper examination of reported
LLTO synthesis methods was performed, investigating methods, such as sol-
gel synthesis, solid-state reactions, ball-milling methods, hydrothermal
methods, tape-casting syntheses, and molten salt methods.

Sol-gel technique to prepare lithium lanthanum titanates was examined by
Carazeanu et al.. LiNOs, La(NO3)3-6H,0, and titanium butoxide Ti(OC4Ho)4
with ethaline glycol were used as primary materials, citric acid was used as a
ligan; then the samples were heated. The synthesized Lag ssLi0.33T103 was then
examined by performing XRD, Thermogravimetry and Differential Thermal
Analysis (DTA-TG), SEM, and High-resolution transmission electron
microscopy (HRTEM). From the Differential thermal analysis (DTA) curve,
an endothermic peak could be observed at approximately 99°C degrees, which
was suggested to be due to the water adsorption in the pores. The exothermic
peaks at the temperature range of approximately 300 to 600°C degrees
exhibited the combustion of the acid metal-citric complex. The citric acid, in
addition to ethylene glycol, accelerated the synthesis of the LLTO oxide. The
XRD results showed patterns of amorphous solids at the temperatures of
750°C and lower, which suggests that full crystallization did not occur. At
800°C degrees both amorphous, and LLTO crystal phases were observed,
while at 900°C degrees only single phase LagesLio33TiO3 was detected, with a
complete crystallization after being heat treated at 1000°C degrees for 2 hours
[97].

Another article discussed obtaining the LLTO ceramics in two different
ways in one study, using both sol—gel synthesis, and solid-state reaction. In
sol—gel synthesis, tetra-propyl orthotitanate (Ti(OCsH7)4), lithium nitrate
(LiNO3), and lanthanum nitrate (La(NOs);6H20) were used as starting
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materials. Some impurities could still be observed, mostly La;Ti,O7, which
could modify the surface of the grain boundary, and was most likely the reason
of poor pH sensing property that was not observed in solid state synthesis [95].

The authors managed to modify the synthesis conditions and replicate the
experiment in their new study. The new improved synthesis focused on
avoiding the use of alkoxides — which are highly unstable in air atmosphere —
and choosing a Pechini-type polymerizable precursors instead. X-ray
diffraction study showed a pure crystalline phase of LLTO. The sol-gel
method was strongly favored in this study to due significantly reduced time
and temperature needed to synthesize the LLTO ceramics [96].

Other types of syntheses techniques have been investigated as well to
prepare Li-La-Ti-O gel precursors.

In 2021, Huang et al. chose a rather unusual method and synthesized
LipssLagssTiOs (LLTO) by performing the molten salt method and
investigating the synthesis effect on its properties and structure. The optimized
conditions of the experiment were calcinating at 1100 °C and sintering at 1300
°C under LiCI-KCI. In the experiment, it was also proven that higher reaction
temperatures have a significant effect on the morphology of LLTO powder,
changing the structure from a multi-rod-like and sheet-like structure into a
multi-sheet-like structure [93].

The same approach as discussed above was modified and used to prepare
LaOCI microplates in the tape-casting study. Such a method is widely used
for producing ceramic electrolyte films on a wider production scale due to its
one-step tape casting method, performed at significantly low temperatures. In
2020, Huang et al. examined LLTO preparation via the tape-casting method
[94].

La,Os, KCI, and LiCl were chosen as starting materials to prepare the
microplate. The microplate, along with Li,COs and TiO, were then mixed and
grounded. After adding the solvent and dispersant, the mixture was ground,
and finally, the defoaming agent was added. Sheet forming was performed
using a scalpel, and the formed films were stacked and heat-pressed, until
being sintered at 900 to 1350 °C for 6 hours. The experiment showed that
Lio.33La0.55Ti03 could be successfully synthesized at low temperatures, such as
900 °C, with a total ionic conductivity of 4.3 x 107¢ S cm™! increasing with the
increase in temperature. Ionic conductivity of 6.13 x 10 S cm™! was obtained
at 1350 °C with a low activation energy of 0.28 eV [94], proving LLTO
materials highly favorable in secondary energy storage applications.
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In other works, spin-coating techniques were used to prepare chemically
stable, thin, and smooth LLTO films, which is a crucial property when it
comes to lithium battery application. Abhilash et al. prepared the LLTO thin
film nano-electrolytes by spin coating and using sol—gel precursor solution.
The LiosLaosTiOs sol-gel solution has been synthesized by using lithium
nitrate (LiNOs), lanthanum nitrate hexahydrate (La(NOs)3¢H,0), tetra butyl
titanate (Ci16H3604T1) and acetyl acetone (CsHgO,). The synthesized ceramics
were investigated by performing structural analysis, Fourier transform
infrared (FTIR) spectroscopy, morphological analysis, and doing conductivity
studies.

The interesting aspect of this study was that the LLTO films could not be
calcinated at a higher temperature than 550 °C because of the thermal
instability of the glass substrates above 600 °C. Therefore, in order to achieve
the crystalline phase, the LLTO films were heated in oxidative environment
for a longer time (5h, 20h, 40h). The films showed a complete crystalline
phase after heating at 550 °C for 40 h. FT-IR spectrum of the LLTO films also
showed great results after heating at 550 °C for 40 h. After heating the samples
at 550 °C for 5 and 20 hours, some impurities were recorded, however, at 40
hours of heating the peak that was related due to the acetone related impurities
decreased its broadening, which again indicates the removal of precursor
impurities during calcination. Morphological analysis also confirmed the
previous results. After having calcined the sample at 550 °C degrees for 5
hours, the Scanning Electron Microscopy (SEM) analysis showed dense,
cracked structures and mesoporous structures. After being heated for 20 hours,
the sample showed a transformation to more structured particles, and the pores
that were observed in the previous sample became narrower. LLTO films that
were calcined at 550 °C for 40 hours, showed a complete crystalline structure
[97].

An alternative LLTO synthesis method had been examined by Bhat et al.
In their study, two types of LLTO syntheses were performed — a conventional
method and the microwave method. The first samples were prepared by
mixing La,Os, TiO; and Li,CO3 while continuously heating the materials for
4 hours at 800 °C, and then increasing the temperature to 1150 °C and heating
for another 36 hours, while grinding the materials every 12 hours. The
microwave synthesis samples were prepared in two ways. In the first one, the
same mixture was used as in the conventional way with the addition of
amorphous carbon. Then the entire mixture was pelletized and placed into an
industrial microwave, turning it on at the highest settings.
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In the second way, the initial mixture was pelletized, then embedded in
amorphous carbon powder, and same procedure with the microwave was
performed. While in both of those ways pure crystalline phase was achieved,
the first way required an addition heating at 700 °C for 3 hours to remove the
excess carbon in the composition. The samples were then analyzed. X-ray
diffraction (XRD) patterns of both the conventionally prepared LLTO, and by
the microwave synthesis corresponded to the values reported in the literature
and between themselves. The conductivity of both conventionally prepared
LLTO, and by the microwave synthesis was approximately similar, being 8.63
x 10* and 8.95 x 10 S cm’!, respectively, which is also relatively similar to
documented values in the literature [92]. In addition to being clean and simple
to follow, this microwave method is also very rapid as the synthesis takes
minutes to perform.

Romero et al. performed a study where LLTO ceramics were prepared
lanthanum oxide (La,O3) and lithium carbonate (Li.CO3) as starting materials,
which were dissolved in acetic acid and deionized water, while stirring at
approximately 70 °C until homogenous solution formed [98].

Out of these methods described to synthesize LLTO products, many of
them require high temperatures, various calcination steps or expensive
materials, and long annealing time, therefore, sol-gel methods are highly
recommended. While generally sol—gel synthesis provides final materials with
smaller particle size, resulting in more dense structures, it can also produce
more impurities, as well as lower ionic conductivity. In order to improve these
qualities, more detailed experiments on sol—gel synthesis are needed.

1.2.3. Bi»O3 — V,0s system

Different synthesis techniques of Bi»O3 — V»>Os systems have a great impact
on the resulting materials, and therefore, their desired properties and potential
application. The choice of synthesis can affect the crystal structure, particle
shape and size, surface features, and the purity of the final compound. For
example, sol-gel synthesis and precipitation methods allow adjusting the
precursor concentration, giving control over the composition of the material.
Sol-gel method also allows to control the particle size and shape, while
methods, such as the Ultrasonic spray pyrolysis (USP), mostly produce fine
particle size. In addition, USP method results in materials with a better
photocatalytic activity in comparison to the same material obtained by solid-
state reactions. The structure of the final compound, obtained by the one-step
hydrothermal method highly depended on the pH conditions, while the solid-
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state method depended on the high-temperature calcination. The appropriate
synthesis technique should be chosen based on the pertinent characteristics of
the final compound.

Pookmanee et al. used the sol-gel method to prepare BiVO4 powder. The
product was synthesized by using Bi(NO;);H>O and ammonium vanadate
(NH4VO3) as starting materials. Two solutions were prepared: solution A -
0.03 M Bi(NO3);3-5H>0 dissolved in 4 M HNOs and solution B — 0.03 M
NH4VO; dissolved in 4 M NH4OH. Each solution was stirred for 30 minutes.
Solution A was then added drop-wise into the solution B, continuously stirring
on a magnetic plate until both solutions were mixed with a 1:1 molar ratio,
and yellow solution was obtained. C;HsOH was then added to the solution and
heated at 70 °C while stirring for 1 hour, resulting in a yellow sol solution.
The addition of 1 mol CH3COOH caused the sol turn into a yellow gel, which
was then dried in the oven at 100 °C for 24 hours and calcined in a furnace. A
pure monoclinic single-phase structure was obtained, with no peaks of any
other impurities present. The increase of the calcining temperature exhibited
the growth of the crystal size [103].

Mairesse et al. performed a solid-state Bi4V,0,; synthesis. Bi,O3 and V,0s
were meticulously ground in an agate mortar and heated in Au foil boats for
12 hours at temperatures of 600 °C, 700 °C, and 800 °C. Then the compound
was cooled from the last firing temperature to 300 °C at the rate of 5 °C per
hour, and then further cooled to room temperature at the rate of 10 °C per hour.
Such gradual cooling of the material was performed in the air and its slow
cooling speed was especially important to the synthesis, as the oxygen
stoichiometry in this material is highly influenced by the reaction conditions.
This way, it was possible to ensure the compound was fully oxidized. The
synthesis resulted in a monoclinic a- Bi4V,01 and a small amount of BiVOs
impurity [66].

The importance of slow cooling was supported in another study as well,
where Bi,O3 and V,0s had been dried at 300 °C and mixed into a paste with
acetone in an agate mortar, dried, and then heated in Au foil boats. The
material was heated at 500 °C for three hours, then the temperature was raised
to 650 °C and left overnight, then reground. After regrinding, the temperature
was then raised back to 650 °C for one hour and then raised to 800 — 820 °C
overnight, then reground and heated overnight at the same temperature. The
study determined that single-phase BisV,0;; was only obtained by rapid
cooling, and just as in the previous study, resulted in 0-BisV>01; and some
BiVO, impurities [99].
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In another study, Watanabe et al. prepared BiszsV120s2 by using 99.9%
pure BiO3; and V»0s, Proportions of Bi1xV«O1.5x (Where x equals 0.2 — 0.35)
were hand-mixed in an agate mortar and transferred into a covered platinum
crucible and heated for 20 hours at 800-850 °C, then cooled down to room
temperature by an air stream. Intermediate grindings were performed, and the
material was heated at the same temperature after every grinding. Then it was
placed into a gold crucible, heated at 550 °C for over 300 hours, and cooled
down by an air stream again. The process was repeated several times. The
chemical analysis showed the composition of two representative samples as
follows: 74.56+0.03 mol% Bi,O; and 25.44+0.01 mol% V,0s for
Bizs5V120s25 and 66.69+0.01 mol% Bi»Os and 33.31+0.02 mol% V,0s for
Bi4V,011. Pure a-form was observed at the more bismuth-rich composition,
31.50 mol% V,0s [60].

Beg et al. study prepared the Bi»O3—V»0s by using Bi,O3 and V»0s as
starting materials with various molar compositions (0.9:0.1, 0.8:02, 0.7:0.3,
0.6: 0.4, 0.5:0.5, 0.4:0.6) and mixed in an agate mortar, then sintered in the air
in a Muffle Furnace for 25 hours at the temperature of 700 °C. Using hydraulic
press and applying the pressure of 5 tons, pellets have been prepared. Then
the electrical conductivity of Bi,Os—V;0s and Bi,Os were examined at
different temperatures. The results suggest that an increase in temperature and
V205 concentration increases the electrical conductivity. At 230-260 °C a
sudden rise in conductivity was observed at all compositions, which is
explained to occur due to the phase transition of BiVO4 from a monoclinic
scheelite type to that of tetragonal scheelite type structure. This hypothesis is
supported by the Differential Scanning Calorimetry (DSC) and XRD results
[36].

Similar BiO3—V»0s has been described in the study performed by Exner
et al., where the starting materials were Bi,O3; and V,0s and a two-stage
grinding process was done. Both starting materials have been ground
separately for 4 hours in a planetary ball mill using cyclohexane as a milling
fluid, dried and then stoichiometric amounts of the metal oxides were added
to the planetary ball mill for an additional hour. Authors pointed out that the
duration of milling was chosen in order to achieve a homogeneous mixture
while avoiding a mechanochemical synthesis. Then aerosol deposition method
was used to apply the ceramic film [100].

One-step hydrothermal method was used in the study performed by Li et
al.. 2 mmol bismuth nitrate pentahydrate (Bi(NO3)3;-5H,0O) was dissolved in a
100 mL beaker using 60 mL ultrapure water and 2 mL nitric acid (HNO3). The
solution was stirred at room temperature on a magnetic shaker for 30 minutes
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until the material dissolved completely. 1 mmol of ammonium metavanadate
(NH4VOs3) was gradually added to the solution. In order to adjust the pH to
10, 11, and 12, nitric acid or ammonium hydroxide was added and the mixture
was stirred for another 30 minutes. Then the suspension was transferred to a
100 mL Teflon-lined stainless autoclave and incubated at 180 °C in the oven
for 12 hours. The autoclave gradually cooled down to room temperature, and
the compounds were dried in the oven for 3 hours at 60 °C. The study showed
that the formation of the BiVO4/BisV,0;; was highly dependent on the pH
conditions during the synthesis. When the solution was adjusted to pH 11,
monoclinic BiVO4and orthorhombic BisV,01; were obtained [101].

Kumar et al. synthesized BisV,0; by mixing bismuth nitrate pentahydrate
(Bi(NO3)3-5H20 and vanadium oxide (V:0s) in an agate mortar for 6 hours,
using the minimum amount of required ethanol until a homogenous mixture
was obtained. Then the mixture was held in a vacuum oven at 100 °C overnight
in order to remove the excess water. The obtained yellow powder was mixed
with glycine (NH,CH>COOH) and moved into a glass bowl, which was then
ignited at 300 °C. The formed paste then underwent the process of melting and
dehydration, resulting in the release of significant quantities of gases, such as
carbon and nitrogen oxides. The mixture then foamed and expanded, forming
a shape that eventually ruptured with a flame and emitted a glowing light,
resulting in a brown-yellow foam. In order to enhance the crystalline structure
and eliminate organic impurities, the obtained material was then annealed at
400 °C for 2 hours in an air environment. The analysis results indicated that
the Bi4V,0,; sample was monoclinic and consisted of layered Aurivillius-type
particles [102].

In 2001, Tokunaga et al. published BiVO, synthesis by precipitation
method. BiVOs was synthesized by dissolving Bi(NO3);:5SH20 and
NazVO47H>0 in concentrated in nitric acid. Nitric acid solutions of 0.12
mol/L Bi(NOs); and 0.12 mol/L NasVOs4 were prepared by adding water to the
solutions, and then the solutions were mixed. Different amounts Na,COs (3 g,
5¢,6g 7¢g 8¢, 10g)or NaHCO3(3 g, 5 g, 7 g, 8 g) were added, and the
solution was stirred for 4.5 - 4.6 hours. BiVOs precipitation was washed with
water and filtered, then dried at approximately 47 °C degrees for 12 hours.
The obtained BiVO4had a monoclinic scheelite structure. To further examine
the formation process, X-ray diffraction patterns of BiVOs, obtained at 4.5 -
46 hours of preparation time, were measured. The analysis showed that pure
pattern of BiVOs (scheelite structure with tetragonal systems) was obtained
after 4.5 hours, while BiVOs scheelite structure with monoclinic systems
pattern was observed along with the BiVOy scheelite structure with tetragonal
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systems pattern after 9 and 24 hours. The BiVO, scheelite structure with
monoclinic systems pattern was only observed after 46 hours. Interestingly,
the crystal form of BiVOs, obtained by using 7 g of Na,COs, showed the
highest and significantly higher photocatalytic activity [55].

Dunkle et al. published the BiVOs synthesis using the USP method. BiVO4
was synthesized by dissolving Bi(NOs);-5SH20 and ammonium vanadate
(NH4VOs3) with the molar ratio of 1:1 in ~3 M solution of nitric acid.
Precursors were added in order to obtain the final concentration of 0.2 M, and
the solution was stirred to obtain a homogenous mixture. A piezoceramic
transducer operating at 1.65 MHz was used to convert a precursor solution
into a micrometer-sized mist. The mist was then carried by an air flow (~1
standard liter/min) into a furnace at a temperature of 700 °C. The products
were collected in water-filled bubblers at the furnace outlet. The water-filled
bubblers were centrifuged to isolate the USP products, the pellets were washed
with purified water a minimum of three times, and then were rewashed with
absolute ethanol. The obtained powder was then dried under a vacuum for
approximately 12 hours at room temperature. The BiVO, sample analysis
showed a rather unique particle morphology — hollow shells or fractions of
hollow shells were observed, as well as considerably higher surface area than
compared to BiVO, prepared by solid state methods. USP method also
resulted in better photocatalytic activity of BiVO4 in comparison to BiVO,
obtained by solid-state reactions [104, 105].

1.3. Properties and application of multicomponent oxide materials

As discussed in the previous chapter, the choice of the synthesis has a
significant effect on the final compound’s properties. After understanding
how the synthesis technique affects the structure, composition, morphology
and characteristics, researchers can use this information and apply these
ceramics to many distinct industries. High ionic activity and substantial
chemical, temperature, and pressure stability allow these multicomponent
oxide materials to be used in the production of energy storing devices and gas
or pressure sensors in harsh environments. Their non-toxicity allows their use
in food industry and environmentally-friendly energy production. The
antiviral and antimicrobial activities make bismuth vanadates very efficient in
pharmaceutical waste degradation and biomedical devices production.
Because of the narrow bandgap, bismuth vanadium oxides and alkali metal
aluminium molydates exhibit great ferroelastic properties, and could be
applied in tunable lasers and optical devices.
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1.3.1. Application of alkali metal aluminium molybdate

Alkali metal aluminium molybdates M'AIMo0,0s double molybdates (M =
Li, Na, K, Rb and Ce) have received most of the attention due to their
ferroelastic phase transitions and optical properties [106]. Alkali metal
aluminium molydates exhibit high and continuous transparency in the wide
range of the near-IR region [80], and therefore, are considered great laser host
materials. Doped with transition metals or rare-earth ions, they can be used as
a potential tunable laser material.

NaAlIMo,0s, doped with Cr** ions, exhibits emission specific to the Cr**
ions in octahedral oxygen coordination. One study suggests that by doping
monoclinic NaAlMo,Os with Cr** ions, three one-electron bands are
incorporated into the band gap of the NaAlMo0,Og [107]. Interestingly, the
concentration of Cr**, temperature, and excitation energy does not affect the
positions of the R-lines, however, the temperature does have a significant
affect on the NaAlMo,Os:Cr spectra under excitation by laser radiation.
Similarly, KAIMo0,Osg, RbAIMo0,0s, and CsAlMo0,Og have also been explored
as hosts to Cr** ions [23, 30, 108].

At room temperature, NaAlMo0,Os and KAIMo,0s crystals exhibit a spin-
allowed broad band emission “T>-*A,, but when the temperature is lowered, a
strong spin forbidden emission is observed. RbAIMo0:0s, and CsAlMo,0s
absorption spectra exhibit *A>-*T, and *A,-*T; electron transition. The
excitation spectra show *A,-*T; emission. Based on the energy levels scheme,
aluminium double molybdates lowest energy state was °E, so emission from
this level was observed and showed a highly efficient relaxation between *E
and *T» levels in all alkali metal aluminium molybdate systems, doped with
Cr** ions [30]. Based on this data, RbAIMo0,Os, and CsAIMo0,Os are also
considered to be good candidates for tunable laser material.

1.3.2. Application of LLTO ceramic

Lithium lanthanum titanate (LisxLaz3xTi03; LLTO) of a perovskite
structure with cation deficiency at the A-sites is considered to be a very
powerful conductor with a high bulk ionic conductivity (~107 S cm™) at room
temperature [109], low activation energy, great stability in air [110],
substantial hydrophobic and electrochemical properties [14].

Due to their high ionic conductivity [32], lithium lanthanum titanates are
debated to be a good substitution for solid-state batteries, which are considered
to be safer than currently used standard lithium-ion batteries. This is especially
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important, granted the current technology has been associated with many fire
incidents or even explosions, and it is still widely used in everyday life, in
mobile phones, portable computers, or even electric and hybrid cars [111,
112]. LLTO materials could be a significantly safer alternative. Solid-state
LLTO electrolytes would also be a more ecologically friendly and safer choice
in comparison to solid polymer electrolytes because, unlike the latter ones,
LLTO electrolytes do not include inflammable solvents [113]. In addition,
LLTO compounds have been proven to have higher ionic conductivity
compared to solid polymer electrolytes [114].

The most recent studies target Lig3Laos7TiO3 application for lithium-air
batteries [115]. Lithium-air batteries have a much higher energy density and
power density than lithium-ion batteries. That is because in lithium-air
batteries, the oxygen is supplied continuously from the air and is used as the
active material of the cathode, giving an energy density of 10 equal to that of
a lithium-ion battery. For the same reason, they are also considerably lighter
in weight, which is usually a more desirable quality in everyday electronics,
such as mobile phones or laptops [116]. Interestingly, even better results were
obtained after reducing the LigsLaos7TiOs pellet thickness by approximately
75% of its original size — the ionic conductivity increased by around 21%,
from 1.31-107° to 1.58-107°. The reason that a thinner pellet receives a higher
conductivity is owing to a reduced number of grain boundaries through the
lithium ions transport [115], and that is the key point that the authors plan to
take into account when developing a further study.

A similar study has even been sponsored by the U.S. military, where
Lip3La0.57TiO3 had been prepared using two different methods — solid state
(LLTO-SS) and sol-gel (LLTO-SG), to better understand the mechanical
properties of Lio33Laos7TiO3 and to predict its behavior, in hopes that it would
be used in aqueous Li-air batteries or other battery applications requiring a
long operating life. Significant differences had been observed in the
morphology between the LLTO-SG and LLTO-SS materials. LigsLag s7Ti0s3,
prepared by the solid-state method, had significantly smaller and shorter pores
than the same material that had been prepared by the sol-gel method. The grain
size of the LLTO-SS was also smaller than that of the LLTO-SG.
Interestingly, while one could expect the LLTO-SS to show higher fracture
toughness due to its lower porosity, the complete opposite had been observed.
The authors conclude that this is because the higher porosity in the LLTO-SG,
especially the long pores along the grain boundaries, alters the fracture path
enough to cause a part of the crack to propagate along the grain boundaries
and lead to crack deflection and higher fracture toughness [117]. And that is
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something else that needs to be addressed in order to successfully use LLTO
ceramics in lithium-air batteries.

LLTO materials have also been discussed to be used at high temperature
and high-pressure environments, such as ocean depths or even in nuclear
equipment as an all-solid-state reference electrode due to their chemical
stability and great electrical properties [10]. A reference electrode plays a vital
role in the three-electrode configuration used for cyclic voltammetry;
therefore, the chosen reference electrode must be chemically stable, and its
electrical potential mustn’t be influenced by any activity of the analyte. LLTO
ceramics with a very high grain boundary conductivity of 8.8:10* S cm™ had
been prepared and used to manufacture an all-soli-state reference electrode. It
was then tested in cyclic voltammetric experiments and showed promising
results, similar to commercially used liquid reference electrodes [10].

LLTO compounds have been investigated as potential pH indicators that
could be used as a cheaper alternative in the food industry, for example,
controlling milk fermentation and yogurt manufacturing. In their work,
Bohnke et al. created two separate ion-selective sensors to demonstrate that
LLTO-based indicators can detect different ranges of pH in different solutions
(the first sensor with a liquid internal reference) and that it can be used to
control the pH levels during the milk fermentation as well as in different food
media (the second sensor with a solid internal reference). The second ion-
selective sensor showed similarities to the currently used in the industry, more
expensive glass membrane electrodes [118]. While more experiments are
needed to better understand the technological limitations caused by material
porosity and grain boundaries, it suggests that in the near future, LLTO
compounds could be used as a cheaper and more stable alternative for pH
indication in the food industry [6].

Another study suggests using LLTO-based pH indicators in the oil drilling
industry to detect hydrogen sulfide gas. Since the gas is flammable, harmful
to health, and under a few minutes of exposure at higher concentrations could
even lead to death [15], it is important to find a convenient quality way of
detecting the gas in time, which is what was proposed to be done by detecting
and measuring sulfide ions in the drilling mud, using LLTO based pH sensors.
The study proved that the sensors, based on LLTO compounds, show great
ionic conductivity and good stability, and could be used in very harsh pH
conditions from 1 to 14, which is perfect for oil drilling [7].
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1.3.3. Application of bismuth vanadates

Bismuth oxide systems have been widely discussed as a potential
electrolyte material due to their high-level oxygen ion conductivity. In their
work, S. Beg et al., measured the electrical conductivity of both pure Bi,Os,
and the Bi,03;—V,0s samples at various temperatures up to 600 °C. It was
observed that using a higher temperature and increasing V»Os concentration,
higher ion conductivity is recorded. An increase of conductivity was also
observed at 230-260 °C and was theorized to be due to the phase transaction
from a monoclinic scheelite type to tetragonal [36].

Bi,03 — V,0s application in pressure sensors has been discussed and
investigated for over thirty years. While other types — silicon and foil strain —
gauges have their own advantages [119, 120], such as low cost and short
response time, thin film strain gauges, coated with Bi,O3; — V,0s, are preferred
when a high level of accuracy is needed. Bi»O3 — V,0s can directly bond with
the supporting material through thermal evaporation without the organic
epoxy layer, which could change in its size at different temperatures. Using
Bi>03; — V105 thin-film sensors eliminates this issue [121].

Solar water splitting is another interesting field where the potential of
bismuth vanadate is explored. As increasing energy use is becoming a
significant issue all over the world, finding a way to produce cheap,
environmentally friendly, and renewable energy is now more important than
ever. While solar energy has been widely advertised and used, it has some
disadvantages that still need to be addressed: solar energy conversion, storage,
distribution, the seasonal variability [122]. Quite often, not all these issues can
be addressed to ensure stable, low-cost, and truly environmentally friendly
energy production. Splitting water into usable hydrogen could solve these
problems, as the only waste that would need to be utilized after the energy
conversion would be water [123]. BiVO, materials have been studied as
possible photoelectrodes for this because of their low-cost synthesis, good
charge transport properties, excellent durability in aqueous electrolytes [9,
20], fairly acceptable photoelectrochemical and chemical corrosion stability
[123]. And, most importantly, BiVO4 has a narrow bandgap of approximately
2.4 eV with the absorption of visible light up to 520 nanometers, and a high-
positive position of valance band that produce holes with strong oxidizing
ability [124]. The monoclinic crystal form of BiVO, has been reported to have
the highest photoactivity of 2.3 — 2.4 eV (by experiments) and 2.16 eV (by
calculations) [123] and this form has the most potential to be used in water-
splitting.
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BiVO, coatings can be applied to biomedical devices to provide
antibacterial properties, prevent the growth of bacteria, and reduce the risk of
infection. A study, published in 2019, used Hyphaene thebaica dried fruit
aqueous extracts to synthesize BiVO4 nanorods, and managed to produce
single phase of a space group 12/a with lattice parameters of (a) = 5.1 A (b) =
11.7 A, and (c) = 5.09 A. Those nanorods were then exposed to many different
types of bacteria and fungi. The different concentrations (1TCIDS5O0,
10TCID50, and 100TCID50) of poliovirus have been incubated with BiVO,
nanorods, and the results confirmed the antiviral activity. Exactly 24 hours
after the incubation, the cells were still viable, however, 5 days into the
incubation process, the Hep2C cells were destroyed at all three concentrations.
This suggests that the BiVO, nanorods managed to suppress the spread of the
polio virus within the Hep2C cells. The study proposed that the antimicrobial
properties also depend on the surface morphology, size, shape and the coating
of the nanorods [11]. Other studies explored and proved BiVO, antimicrobial
activities against Staphylococcus aureus, Klebsiella pneumonia, Micrococcus
luteus, Salmonella typhimurium, Salmonella paratyphi-B, Candida albicans,
Candida krusei and others, as well as excellent antiviral activities against
human rhabdomyosarcoma cells (RD) and L20B cells [125].

In addition to medical applications, these properties of BiVOy also allow
the material to be used for degradation of various pollutants in the water, such
as organic dyes or pharmaceutical waste. Other materials, such as nickel
ferrite, can be added to improve their photocatalytic properties, and in the case
of'the latter, BiVO./NiFe>O4 composites can photodegrade the methylene blue
under visible light. After only 90 minutes of exposure under visible light, the
BiVO4/NiFe,04 composites degraded the methylene blue with approximately
99% success rate [126]. Due to its narrow band-gap, BiVOs; makes an
excellent material to solve the pharmaceutical and organic dye waste issue.
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2. EXPERIMENTAL

This section reveals the characteristic peculiarities of the aqueous tartaric
acid-assisted sol-gel preparation technique. Moreover, the description of used
materials, reagents and equipment is also included.

2.1. Materials and reagents

The materials and reagents for corresponding syntheses were purchased
from the suppliers, listed with each material description. The name of the
compound, its formula, purity, and supplier are given next: aluminium (III)
nitrate nonahydrate, AI(NO3)3-9H,0O, 99 %, Alfa Aesar; bismuth (III) oxide,
Bi,03, 99.99%, Alfa Aesar; lanthanum (III) oxide, La>O3, 99.9 %, Alfa Aesar;
lithium nitrate, LiNOs, 99 %, Alfa Aesar; molybdenum (VI) oxide, MoOs3,
99.95%, Alfa Aesar; titanium powder, Ti, 99.4 %, Alfa Aesar; vanadium (V)
oxide, V205, 99.8%, Alfa Aesar.

The chelating agent for the complexation of metal ions and reagents for the
control of pH in the aqueous solution are presented as follows: L—(+)—tartaric
acid, C4HeOs, 99.5%, Roth; ammonia aqueous solution NH3-H,O, 25 %,
Penta; hydrochloric acid, HCL, 35 — 38 % Chempur; nitric acid, HNOs, 66%
Reachem.

2.2. Synthesis methodology

The syntheses of different metal tartrate gel precursors for LiAIMo0,Os,
LiossLagssTiO3 and 5Bi,0s - V205 ceramics were prepared by an aqueous sol-
gel synthesis method by using tartaric acid as a chelating agent that interacts
as a ligand at the molecular level with the reaction mixture during the both
dissolution in water and sol—gel formation.

2.2.1. Preparation of Li—Al-Mo—O tartrate gel precursor

The general synthesis scheme of Li—Al-Mo—O tartrate gel precursor for
LiAlMo,0Os ceramic is illustrated and presented in Fig. 22. In the first stage of
this preparation technique, the powder of molybdenum (VI) oxide was
dissolved in a small amount of concentrated ammonia aqueous solution.
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Fig. 22 Synthesis scheme of Li—Al-Mo—O tartrate precursor for LiAIMo0,0s
ceramic

As shown in equation 1, the molybdenum (VI) oxide dissolves in hot
concentrated ammonia solution forming NH," and MoO4* ions.

Mo0Q:;s (s) + 2 NH3-H20 (aq) — 2 NHs" (aq) + MoO4* (aq) + 2 HbO (1) (1)

Excess ammonia is removed from the reaction mixture during further
heating of the reaction mixture until 90 % of the water is evaporated. The
addition of tartaric acid (TA) to the reaction mixture creates a coordination
compound for [(M0O4)y(CsHsO6)qH] P29~ composition [127, 128]. The
chemical reaction that occurred after this procedure can be written as shown
in Eq. 2.

p (NH4)2MoOs4 (aq) + q C4HeOs (aq) —
— [(M0O4)p(CsHaOg)gH P24 (aq) + 2p NH4" (aq) 2

Such a protective environment against pH changes is easily created by the
tartaric acid, which coordinates the corresponding molybdate complexes and
prevents the occurring hydrolysis reaction that results in the formation of
precipitates. Next to that followed the addition of lithium (I) nitrate and
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aluminium (III) nitrate nonahydrate into the reaction mixture, the obtained
clear solution was additionally stirred in an open beaker at 85 °C — 90 °C for
several hours. Finally, a clear pale yellowish sol of corresponding metal ions
was obtained and subsequently concentrated by slowly vaporizing the reaction
mixture at 90 °C. After drying in an oven at 120 °C, fine-grained light yellow
gel powders were obtained.

2.2.2. Preparation of Li—La—Ti—O tartrate gel precursor

Li-La-Ti-O tartrate gel precursors for LisLa3-«TiOs3 (x=0.10, 0.12, 0.14,
and 0.16) have been prepared. The general synthesis scheme of Li—La—Ti—O
tartrate gel precursor for LigssLagssTiO3 ceramic is illustrated and presented
in Fig. 23, respectively.

In the first stage of this preparation technique, the titanium powders were
dissolved in a concentrated aqueous solution of hydrochloric acid. As shown
in equation 3, the titanium is attacked by hot HCI, forming Ti(Ill) and H;
[129].

2Ti(s) + 6 HCI (aq) — 2 Ti** (aq) + 6 CI" (aq) +3 Ha (g) 3)

This chemical process is confirmed by the formation of the purple aqua ion
[Ti(OH,)s]** in the reaction mixture. Knowing that this coordination particle
is a strong reductant (Equation 4), the aqueous solutions of Ti(IIl) must be
protected from aerial oxidation.

[TiO]* (aq) + 2H* (aq) +& < Ti* (aq) + HoO () (E°=+0.1V) (4)

Such a protective environment against oxidation is easily created by the
tartaric acid, which coordinates the corresponding titanium complexes and
prevents from the hydrolysis and the formation of precipitates in the form of
TiO; - 2 H,0. Nevertheless, the oxidation of Ti*" ions has occurred straight
after adding lithium nitrate into the reaction mixture. As a result, a large
number of nitrogen dioxide gases were released and the purple color of the
solution disappeared. The following formation of a clear colorless aqueous
solution is characterized by equation 5.

Ti*" (aq) + 2H" (aq) + NOs (aq) — Ti*" (aq) + NO2(g) + H:0 (1) (5)
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The absence of precipitates in the reaction mixture confirmed the
importance of tartaric acid as a ligand during the stabilization of Ti(IV) ion in
the aqueous solution and preventing its hydrolysis according to equation 6.

[Ti(OH)e]** (aq) + 4 H.0 (1) — TiO,- 4 H0 (s) + 4 H:O" (aq)  (6)

The exact amount of tartaric acid, which replaces aqua ligands and
coordinates the Ti*" ion, could be successfully identified from the thermal
decomposition of a Li—La-Ti—O tartrate gel precursor. The addition of
lanthanum (III) oxide creates the final composition of Li—La—Ti—O tartrate gel
precursor for LigssLaossTiOs ceramic. A clear colorless aqueous solution of
the corresponding metal ions was obtained and subsequently concentrated by
slowly vaporizing the reaction mixture at 90 °C. After drying in an oven at
120 °C, fine-grained light yellow gel powders were obtained.

2.2.3. Preparation of Bi—V—-O tartrate gel precursor

In the first stage of the synthesis of Bi—V-O tartrate gel precursors for
5Bi203:V20s ceramic, bismuth (III) oxide and vanadium (V) oxide were
dissolved in concentrated nitric acid (HNO3, 66% Reachem). It is well known
that in very acidic solutions, bismuth (III) exists in the form of the nonaaqua
ion [Bi(H20)s]**, which is similar to the aqua complexes of the lanthanide ions
[130]. Partial hydrolysis of bismuth (III) salts leads to the formation of
bismuth oxo clusters [131], which solubility in water significantly decreases,
respectively. Thus, under the continuous stirring and heating at about 80 °C —
85 °C of temperature, it is possible to dissolve Bi»O; in concentrated nitric
acid as is shown in Fig. 24, according to equation equation 7, respectively.

Bi,Os (s) + 6 HNOs (aq) + 15 HO (I) —
— 2 [Bi(H20)9]*" (aq) + 6 NOs (aq) (7)
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Fig. 24 Synthesis scheme for the Bi—V-O tartrate gel precursors

Meanwhile, vanadium (V) oxide is a red powder that sparingly dissolves
in water but in a strongly acidic solution forms complexes of [VO,]" [129]. In
a contact with concentrated nitric acid, the dissolution of vanadium oxide
corresponds the equation 8 as follows.

V205 (s) + 2HNOsz (aq) — 2[VO2]" (aq) + 2NO; (aq) + H2.O (1)  (8)
This process of the conversion into the [VO,]" ion is quite fast and the
dissolution of V,0s in the acidic aqueous solution at the temperature of 80 °C

— 85 °C requires only several minutes. The formation of the light yellow
solution indicates that pervanadyl cation is surrounded by the nitrate ions.
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The coordination capacity of nitrate ions in aqueous solution is lower than
corresponding aqua ligands, thus, after the dissolution of metal oxides the
composition of either (Bi(H.0)o]**, or [VO2]" complexes is expected. Under
the evaporation procedure and by the increasing the heating temperature of
the reaction mixture, these ions tend to react with each other by forming the
less soluble polynuclear complexes. This is the reason why the tartaric acid
with molar ratios of Bi/TA = 0.25 (synthesis 1) and Bi/TA = 0.125 (synthesis
2) was added during the continuous stirring to the reaction mixture at the same
temperature. Such addition of the ligand is required for the escalation of
solubility via coordination of starting compounds in the reaction mixture;
especially, during the pH changes and evaporation before the sol-gel
formation.

After the addition of tartaric acid, the colour of the reaction mixture
changed from light yellow into pale green. The continuous stirring and heating
at 80 °C — 85 °C of temperature have gradually changed the appearance of the
aqueous solution from green to bright blue colour. Such transformation of the
reaction mixture corresponds to the coordination of metal cations by tartrates.
The decrease of a wavelength of absorbed light, indicated by the colour
change of the solution, confirms the increased coordination degree of metal
ions with the residue of tartaric acid.

Thereafter, a clear solution was concentrated by vaporizing the reaction
mixture at 90 °C. In the following stage, the blue solution gradually changed
into a dark green transparent sol after nearly 95% of the water had been
evaporated under continuous stirring. Finally, after drying in an oven at 120
°C, fine-grained red brownish (synthesis 1) and bright yellow (synthesis 2) gel
powders were obtained.

2.2.4. Heat treatment of the different metal tartrate gel precursors

In order to synthesize the crystalline final compounds, the obtained
different metal gel precursors were additionally heat-treated at high
temperatures. For example, to show the crystal growth tendency, the well-
milled Li-Al-Mo—-O tartrate gel precursor was heat-treated at the
temperatures of 400 °C, 450 °C, 500 °C, 550 °C, 600 °C, 650 °C, and 700 °C.

The heat treatment of the well-milled Li-La—Ti—O tartrate gel precursor
was performed both to show the crystal growth tendency of obtained powder,
and to enhance the compactness of the final ceramic. In this case, the
corresponding sample was heat-treated at the temperatures of 800 °C, 900 °C,
1000 °C and 1100 °C in the air atmosphere. Finally, the obtained ceramic

56



powders were pelletized and additionally heat-treated at 1250 °C of
temperature. The corresponding process of the heat treatment procedure and
densification progress is shown in the scheme (Fig. 25) below.

Li-La-Ti-O tartrate gel precursor

Drying at 120 °C for 2 hours

Heat-treatment at 800 °C, 900 °C, 1000 °C,
and 1100 °C for 5 hours in the air atmosphere

Pressing into a pellet and additional
densification under the thermal treatment at
1250 °C for 5 hours in the air atmosphere

Fig. 25 Heat treatment scheme of Li—La—Ti—O tartrate precursor for
LigssLaossTiO3 ceramic

Finally, the Bi—V-O tartrate gel precursors for 5Bi,O3; - V,0s ceramics
were heat-treated for 5 h at 800 °C. The obtained yellowish ceramic powders
were pelletized and additionally heat-treated at 870 °C for 5 h in the air.

2.3. Devices and equipments for sample characterization

TG/DSC measurement of the Li—Al-Mo-O tartrate gel precursor was
performed with TG-DSC, STA 6000 Perkin-Elmer instrument using a sample
weight of about 5 mg and a heating rate of 20 ° min™! under the continuous air
flow (20 ¢cm® min™') at ambient pressure from room temperature to 950 °C.

XRD patterns were recorded in air at room temperature by employing a
powder X-ray diffractometer Rigaku MiniFlex II using Cu Ko radiation. XRD
patterns were recorded at the standard rate of 1.5 20 min™'. The sample was
spread on the glass holder to obtain the maximum intensity of the
characteristic peaks in the XRD diffractograms. In order to evaluate the
crystalline phase composition, the Rietveld refinement of the obtained XRD
patterns was performed using X'Pert HighScore Plus software.
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The scanning electron microscopes (SEM) Hitachi SU-70 and Hitachi
TM3000 were used to study the surface morphology and the microstructure of
the obtained ceramic samples. In addition, energy-dispersive X-ray
spectroscopy (EDS) was applied for determining the elemental composition
of B1,0O3 - V,0s ceramics.

The characteristic vibrations of the functional groups in all heat-treated
samples were estimated using a Perkin-Elmer Frontier FTIR spectrometer.
Fourier transform infrared (FTIR) spectra were obtained in the range of 4000—
500 cm™! with a 8 cm™! resolution. The background was synthetic air.

The measurements of electrical properties were performed using two
different impedance spectroscopy techniques by a newly developed
impedance spectrometer [132-134]. Heat-treated ceramics were processed
obtaining cylindrical samples of around 1.5 mm height and up to 3 mm
diameter with Pt paste electrodes.
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3. RESULTS AND DISCUSSION

This section contains the analysis results of the synthesized ceramics,
which clearly shows the possibilities of the aqueous tartaric acid-assisted sol-
gel preparation technique.

3.1. Thermal analysis of metal tartrates precursors

In this work, thermal analysis as a powerful tool was properly used for the
combustion and pyrolysis processes of the as-prepared gel precursor, which
play an important role during the formation of the final ceramic.

3.1.1. Thermal decomposition of the Li—~Al-Mo—O precursor

The thermal treatment process of the Li—Al-Mo—-O gel for LiAlMo0,Os
ceramic was performed in the synthetic air atmosphere and the corresponding
TG-DTG-DSC curves are shown in Fig. 26, respectively.
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Fig. 26 Combined TG-DTG-DSC curves of the Li—~Al-Mo—O tartrate gel

precursor for LiAIM0,Os ceramic by the heat-treating in the synthetic air
atmosphere

59



In this case, the decomposition of the Li—~Al-Mo—O tartrate gel precursor
can be roughly divided into five main stages. The first mass change is directly
related to an excess of tartaric acid, which has been added to the reaction
mixture to avoid precipitation during the gelation process. This decomposition
stage is well-seen from the TGA curve in the range of temperatures from 30
°C to 320 °C. Although the synthesized gel was dried at the temperature of
120 °C, the water molecules, which formed during the dimerization of tartaric
acid (Equation 9), evaporated up to 125 °C. Such removal of moisture from
the gel powder could be confirmed by the broad endothermic band in the DSC
curve.

HO COOH HO COOH

|
l + 2H20 9)
%

& &
HOY COOH HOY OOH

Further increase in temperature leads to the evaporation of acetic acid that
forms after the decomposition of the tartaric acid dimer. This process starts at
about 130 °C and ends at 175 °C. It is also confirmed by the well-expressed
endothermic peak in the DSC curve and by the sharp band in the TGA curve.
The exchange of hydrogen by hydroxyl group, known as Beckmann
transformation, and the decomposition of an as-formed tartaric acid dimer are
presented in equation 10, respectively.
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By further increasing the heating temperature, the formed tartaric acid
dimer decomposes in a different manner. This process starts at 200 °C and
ends above 300 °C. The release of carbon dioxide is confirmed by the broad
exothermic band in the DSC curve. Meanwhile, the formation mechanism of
pyruvic acid is shown in equation 11.
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The total mass change in the temperature range of 30 °C — 320 °C consists
of about 50 %, which is in good agreement with the amount of tartaric acid
that was added to the reaction mixture at the beginning of the reaction. The
further increase of the temperature from about 320 °C to 500 °C is directly
related to the thermal decomposition of the metal tartrates. This is partially
confirmed by the small and broad exothermic bands in the DSC curve. It is
also important to note that from the temperature of 450 °C, an endothermic
process is distinguished in the DSC curve, which is associated with the
beginning of the crystallization of multicomponent oxides. In the range of
temperature from 540 °C to 679 °C, the occurring mass change (9.2 %) is
directly related to the combustion processes of inorganic carbon, which
formed during the partial decomposition of metal tartrates at lower
temperatures. The mass increase of the residue of the gel precursor in the range
of temperature from 679 °C to 700 °C is attributed to the formation of lithium
peroxide, which absorbs the oxygen gas from lithium oxide as an impurity
phase [135]. By further increasing the heating temperature above 730 °C, the
mass of the sample becomes stable. However, from 850 °C, the mass change
of the gel residue is observed, which is attributed to the decomposition of
aluminium molybdate and the evaporation of molybdenum oxide.

Summarizing the results of the thermal analysis, it is obvious that the
formation of the obtained LiAlMo,Os ceramic is highly dependent on the
molar ratio of the initial reactants in the reaction mixture. The relatively low
crystallization temperature of Al.Mo3O1; creates conditions for the formation
of impurity compounds, the existence of which is evidenced by the increase
in the mass of the residue of Li—Al-Mo-O tartrate gel precursor at the
temperature of about 679 °C. Moreover, the decrease in the mass of the sample
powder above 850 °C confirms the formation of aluminium molybdate in the
crystalline mixture as an impurity phase.
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3.1.2. Pyrolysis and combustion of the Li—La—Ti—O tartrate gel

In this work the proposed synthesis technique is mainly based on the
interaction of metal ions in aqueous media with tartaric acid, which acts as a
ligand during the gelation process by avoidance of the formation of
precipitates, the detailed investigation of the synthesized Li—La—Ti—O tartrate
gel precursor plays an important role in the frame of both its thermal
decomposition mechanism, and the chemical and physical properties of the
final multicomponent oxide. The thermogravimetric and differential scanning
calorimetric analysis that allows both the evaluation of the decomposition
process of lithium lanthanum titanium tartrate gel and the crystallization path
of the final multicomponent oxide is particularly convenient for the
implementation of such a task. Therefore, in this case, the TG-DTG-DSC
curves of the as-prepared Li—La—Ti—O tartrate gel precursor measured at
different conditions are presented in Fig. 27, respectively.

The nature of the data shows two important things, the decomposition
mechanism of organometallic compounds and the formation behavior of the
final ceramic phases during the heat treatment. Moreover, the heat-treating of
the samples in different atmospheres revealed interesting trends of the gel
behaviour, especially at the temperatures above 300 °C. From this point of
view, the thermal decomposition of the resulting gels can roughly be divided
into three main stages. On the other hand, depending on the heating
atmosphere, the number of thermal exposure stages may vary slightly because
of the combustion of organic compounds, which is promoted rather in an air-
enriched environment, whereas the inert conditions initiate internal
rearrangements in the gel precursor, and the evaporation of the volatile
components occurs at slightly elevated temperature. Nevertheless, in the first
range of temperature from 30 °C to 300 °C, the salts of the corresponding metal
tartrates are relatively stable, however, the decomposition of the unreacted
tartaric acid [128, 136, 137] occurred identical independently either the
oxidative or inert environment. This is evidenced by the numerical values of
these physicochemical transformations, which are given in Tables 2 and 3,
respectively.

62



Mass change/%
Heat flow/mW

Derivate mass/% min"} ’ Exo
0

(b)100
90 ™S L5

80 \X\ < 0 |
) \ // DTG I B »
6 \M\ -
A
\

N
/ \

e
S

50 \v/\ A \\/“\ DSC s
o | L NS /= e
T T [ s

zz ~—L s
L-16

(a)100 \
o =60 1,00

~
:Z \X\ / '\ /\\DT - - L-0.15
" N /] N
60 \ \ / TG / s
“ / Lo |-0.45

\
& \/\‘V\ / \ //DSC 15 Loo.60
\’\\r/\f EreNcReRREE ) .

30 \\ N L-0.75
\— L 45

100 200 300 400 500 600 700 800 900

20

L-0.90
Temperature/°C

Fig. 27 Combined TG-DTG-DSC curves of the Li—La—Ti—O tartrate gel
precursor for Lag ssLio3sTi03 ceramic by the heat-treating in the synthetic air
(a) and nitrogen (b) atmospheres

63



Table 2 Thermoanalytical data of the Li—La—Ti—O tartrate gel precursor by heat-treatment in the air atmosphere

Stage Range of Mass Heat

No. temperature/°C Change/% Onset/°C Residual/% Flow/mJ Onset/°C Peak/°C End/°C Enthalpy/J-g!
30.74 — 253.71 42.391 - 57.020 1712.697 — - — — 296.543
30.74 —106.93 7.359 51.14 92.052 403.358 39.71 72.94 103.25 endo 69.839
72.94 - 132.91 5.331 77.05 89.792 —144.059 84.83 106.93 127.19 exo —24.943
106.93 — 162.23 5.462 141.97 86.590 34.454 114.48 132.91 148.58 endo 5.966
132.91 —170.24 3.959 148.59 85.833 —208.450 127.89 162.23 168.85 €X0 —36.092
162.23 — 181.93 1.765 171.59 84.825 123.797 164.27 170.24 176.97 endo 21.435
170.24 — 211.28 6.077 191.88 79.756 =272.707 171.13 181.93 211.50 exo —47.218
181.93 — 237.66 15.997 210.57 68.828 230.659 187.21 211.28 232.43 endo 39.937
211.28 —253.71 22.736 213.97 57.020 —175.975 217.19 237.66 248.32 €X0 -30.570

=1l 237.66 —320.79 28.603 - 40.225 988.838 - - - - 171.261
237.66 —320.79 28.603 286.66 40.225 238.476 240.43 253.83 277.55 endo 41.291

1I 253.71 —415.92 24.863 - 32.157 3879.072 — - — — 671.638
253.71 —415.92 24.863 280.72 32.157 —1324.748 258.46 320.79 373.14 exo —229.372
320.79 — 467.88 11.280 334.27 28.945 4870.171 341.25 415.92 467.42 endo 843.241

11 415.92 - 57741 11.355 - 20.802 16021.790 — - — — 2774.077
415.92 - 57741 11.355 496.29 20.802 —13143.089 475.131 509.30 531.48 €X0 —2275.648
535.31 —623.13 1.072 535.43 20.379 887.230 545.81 57741 616.56 endo 153.619

v 577.41 —747.90 1.353 — 19.449 2308.334 - — - - 399.674
577.41 —747.90 1.353 623.23 19.449 —973.121 605.08 623.13 672.41 exo —168.490

\" 747.90 — 786.39 0.146 - 19.303 1710.118 — - — — 296.097
623.13 — 786.39 0.977 623.62 19.303 1783.195 659.69 747.90 759.98 endo 308.750
747.90 — 864.33 0.668 781.28 18.965 —1637.041 750.74 786.39 819.15 €X0 —283.444

VI 786.39 — 946.49 0.540 — 18.763 3834.418 - — - - 663.907
786.39 — 946.49 0.540 927.80 18.763 3015.897 803.95 864.33 935.15 endo 522.185
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Table 3 Thermoanalytical data of the Li—La—Ti—O tartrate gel precursor by heat-treatment in the nitrogen atmosphere

Stage Range of Mass Heat
No. temperature/°C | Change/% | Onset/°C | Residual/% | Flow/mJ | Onset/°C | Peak/°’C | End/°C Enthalpy/J-g!
30.74 —237.40 30.231 - 69.136 1359.528 - - — - 257.170
32.10-106.30 7.011 68.30 92.356 409.631 41.09 72.84 104.45 | endo 77.479
72.84 -136.40 5.242 89.74 90.067 —139.868 82.51 106.30 129.33 €x0 —26.455
106.30 — 162.23 5.033 132.49 87.322 10.492 117.69 136.40 148.64 | endo 1.985
I 136.40 — 169.99 3.399 139.42 86.667 —140.450 137.88 162.23 168.41 €xo0 —26.565
162.23 —181.10 1.622 175.48 85.701 113.902 164.16 169.99 177.01 endo 21.544
169.99 —211.42 6.327 200.37 80.340 —208.112 171.30 181.10 194.68 €x0 -39.363
181.10 —237.40 16.565 211.73 69.136 223.847 187.21 211.42 | 232.85 | endo 42.339
211.42 —254.84 23.572 225.35 56.768 —226.715 216.74 237.40 | 249.51 €xo0 —42.882
I—1I | 237.40 -305.80 25.849 - 43.287 639.564 - - — - 120.969
237.40 —305.80 25.849 237.10 43.287 206.059 240.43 254.84 | 285.85 | endo 38.975
II 305.80 — 502.86 13.207 - 30.080 2267.512 - - — - 428.885
254.84 —410.68 23.421 258.10 33.348 —640.294 261.06 305.80 | 392.05 €x0 —121.107
305.80 — 502.86 13.207 307.55 30.080 784.451 338.18 410.68 | 469.05 | endo 148.374
I 502.86 — 893.33 9.063 - 21.017 10073.951 - - - - 1905.419
410.68 — 682.55 8.002 583.76 25.345 —2325.827 418.70 526.61 626.40 €xo0 —439.914
502.86 — 843.49 8.268 749.29 21.811 8152.467 578.63 682.55 815.44 | endo 1541.984
682.55 —893.33 4.329 766.62 21.017 —279.310 801.87 843.49 827.88 €x0 —52.830
v 893.33 —945.48 0.246 - 20.771 775.105 - - — 146.606
843.49 —923.50 1.093 860.47 20.718 958.521 853.81 893.33 920.26 | endo 181.298
893.33 —945.48 0.246 940.72 20.771 —295.844 907.40 923.50 890.11 €x0 —55.957
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With further increase of the temperature, the influence of the heating
atmosphere reveals different trends on the decomposition of corresponding
metal tartrates. From the obtained results, it is clear that the similarity of the
thermal decomposition process of Li-La—Ti—O tartrate gel precursor ends at
the temperature of about 254 °C. The nature of the exothermic process from
253.71 °C in the air and 254.84 °C in the nitrogen atmosphere indicates the
start of the dominance of the environmental conditions to the further
decomposition of the initial gel precursor. This broad exothermic band of the
thermal decomposition process in the DSC curve competes with the
subsequent endothermic effect, which starts at the temperature of 305.80 °C
(in N2) and 320.79 °C (in the air), respectively. Next to that, this endothermic
process overlaps with the exothermic change starting in the range of
temperature at about 410.68 °C to 415.92 °C depending on the heating
atmosphere, which is attributed to the intramolecular rearrangement of metal
tartrate residues and the onset of crystallization of Li-Ti—-O, La-Ti—O and Li—
La—Ti—O multicomponent oxides.

From Fig. 27, there is clear that the heat treatment of the Li—La-Ti—O
tartrate gel precursor in the air atmosphere from 415.92 °C to 577.41 °C causes
a pronounced combustion process of its residual organic part, which is 5.65
times brighter than the analogous broad exothermic effect indicated by the
DSC curve in the nitrogen environment. Such a strong dominance of the
atmosphere during the thermal treating clearly shows that the final oxidation
of metal tartrate residues, which starts at the temperature of 450 °C, and the
mechanism of its change behaviour strongly depend on the oxidizing capacity
of the environment.

Meanwhile, the crystallization of the corresponding metal titanates occurs
at about 500 °C (Fig. 27 (b)), however, the same endothermic effect in the
DSC curve for the Li-La—Ti—O precursor, which was heat-treated in the air
atmosphere, starts at a slightly later stage at the temperature of 550 °C due to
the parallel intensive combustion of gel residues (Fig. 27 (a)). Besides,
according to the results based on XRD analysis and the estimation of the
trends in the nature of the DSC curves, the crystallization of lithium and
lanthanum titanate tends to start at 550 °C. It is most likely that the pronounced
onset of the last endothermic effect in the DSC curves (Fig. 27), in the range
of temperature from 800 °C to 850 °C, is attributed to the crystallization
process of lithium and lanthanum titanate residues as illustrated in the
equation 12,

x Li-Ti-O (s) + yLa-Ti-O (s) — xLi-yLa—(x +y)Ti-O (s) (12)
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Thus, summarizing the obtained results of the thermal decomposition of
Li—La— Ti—O tartrate gel precursor in different heating atmospheres, it is clear
that the thermal analysis is a powerful and essential tool, which enables the
substantiation and explanation of the formation peculiarities of the final
crystalline oxide materials. In addition, the combination of thermal analysis
and X-ray diffraction enables the possibility of explaining the causes and
nature of the formation of crystalline phases during the thermal decomposition
processes of the initial Li-La—Ti—O tartrate gel precursor.

3.1.3. Thermal degradation of the Bi—V—O tartrate gel precursor

The chemical stability of volatile compounds in the Bi—V-O tartrate gel
precursors, prepared in the sol-gel process using a different amount of tartaric
acid, is seen from the TG-DTG-DSC curves in Fig. 28, respectively.

Despite the similar tendencies of the thermal behaviour of the analysed Bi—
V-0 gel precursors in the DSC curve, the overall mass change completely
differs. The sample prepared using synthesis route 1 corresponds to the best
match of the mass residue of 64.6 % at the temperature of 800 °C comparing
with the theoretical case (62.1 %). The final decomposition of another Bi—V—
O gel precursor (synthesis 2) consists of 68.9 % of the remaining mass and
completely mismatches the theoretical mass change, which creates at least
29.0 % of the ceramic residue. Such difference is explained by the formation
of stabile metal carbonates and by the corresponding carbon-based
compounds trapped in the Bi—V—-0 network during the evaporation and heat-
treatment procedures. These ceramic systems remain stable even above the
temperature of 800 °C.

As is known from the earlier investigations, the thermal decomposition of
the tartaric acid occurs up to 300 °C. However, despite that fact that the
amount of the tartaric acid according to the synthesis way differs twice, the
mass change in both cases was observed almost the same. This result indicates
that the increased amount of tartaric acid in synthesis 2 strongly affects the
Bi-V-O system during the gelation process. The change in colour of
corresponding gel precursors proves this conclusion, besides, the strong
endothermic character (AH=45.581 J g'!) of the DSC curve (Fig. 28 (a)) and
mass change of about 5% confirms the increased hydration of the
corresponding gel precursor.

Further thermal treatment in the range of temperature from 100 °C to 200
°C also determines the higher mass change of about 10% for the gel precursor
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obtained in the synthesis 1. Meanwhile, in the case of the synthesis 2, the mass
change decreases only by 2%. The highest mass change of the Bi—V-O tartrate
gel precursor (synthesis 2) is observed in the range of temperature from 220
°C to 300 °C when the weight decreases of about 25%. Such different
behaviour of both TG curves in the range of temperature from 30 °C to 300 °C
indicates the uneven influence of the Bi—V—-0 system coordinated by tartrates
to the stability of tartaric acid, which remained unreacted in the reaction
mixture. The further increase of temperature from the 300 °C to 470 °C shows
the typical decomposition of metal tartrates for the synthesis 1 with the mass
decrease of about 5.428%. In the case of the synthesis 2, the mass change was
observed only about 1.5%. Such a relatively small amount of tartrates in the
Bi—V-O tartrate gel precursor is not typical for this synthesis technique, and
it could be explained only by the formation of stable metal-carbon-oxygen
based compounds, which do not decompose even at elevated temperatures.

Finally, the last mass change in the range of temperature from 470 °C to
540 °C corresponds to the decomposition of tartrates residue. Meanwhile, the
mass changes of about 4.049% (synthesis 1) and 2.198% (synthesis 2) agree
with the mass loss values of the metal tartrates in the range of temperature
from 300 °C to 470 °C. In conclusion, it is clear that the amount of tartaric acid
plays an important role during the formation of Bi-V-O tartrate gel
precursors. The deficiency of the tartaric acid during the sol-gel process
creates the precipitation that strongly affects the homogeneity of the final gel
precursor. Meanwhile, the excess of the ligand produces a significant amount
of the Bi—V-O ceramic integrated with the carbon-based impurities, which
maintain their stability even at the temperature above than 815 °C.
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Fig. 28 The combined TG-DTG-DSC curves of the Bi—V—O tartrate gel
precursors for 5Bi>03-V,0s ceramic prepared by the synthesis 1 (a), and
synthesis 2 (b), respectively

3.2. X-Ray diffraction patterns of the crystalline ceramics

X-ray diffraction analysis (XRD) is a non-destructive method of studying
crystalline structures, which can be used to describe the crystalline structure
of a material, identify chemical compounds and their varieties, and defects,
and calculate crystallite sizes. Moreover, in this work, the XRD method is
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successfully combined with the thermal analysis of the synthesized gels. The
composition of the crystalline phases in the sample allows us to confirm the
fact of crystallization processes developing during heat treatment because of
the results of the thermal analysis, this transformation corresponds to both the
absence of the sample mass change and the endothermic behaviour in the DSC
curve.

3.2.1. Growth trends of crystallites for LiAIMo0,Og ceramic

In this work, XRD of Li—Al-Mo—O tartrate gel precursor for ceramic of
initial composition of LiAIMo0,Os heat-treated at different temperatures was
also performed. The corresponding X-ray diffraction patterns are presented in
Fig. 29, respectively. Red colour represents LiAIMo0,0s, blue — AlLM03O12
crystalline phases.

The phase composition and estimation of the crystallite sizes for obtained
ceramics were determined by the Rietveld refinement. The homogeneity of
the as-synthesized gel precursor was proven by the lower diffractogram of Fig.
29, in which no characteristic peaks attributable to crystalline compounds
were observed. As shown in the results of the thermal analysis, after the
decomposition processes of the excess tartaric acid, the beginning of the
crystallization of crystalline compounds is distinguished. Knowing that the
formation of aluminium molybdate starts above the temperature of 400 °C, the
heat treatment of the sample at 450 °C leads to the formation of at least two
different crystalline phases. Nevertheless, the composition of the remaining
crystalline phases of the Li—Al-Mo—O gel precursor heat-treated at higher
temperatures shows the dominance of the triclinic LiAIMo0,Og compound
which amount tends to increase by increasing the heat-treatment temperature.
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Fig. 29 Standard COD and ICSD cards for LiAIM0,0Os (red) and Al,Mo03012
(blue) crystalline phases and powder XRD patterns for Li—~Al-Mo—O tartrate
gel precursor sample dried at 110 °C and heat-treated at different
temperatures
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Meanwhile, the crystallite growth trends of the LaAIMo0,Os ceramic are
shown in Fig. 30.
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Fig. 30 Growth trends of the crystallites for LiAIM0,Og ceramic

In this case, the size of crystallites increases exponentially from 36.75 nm
for the sample heat-treated at 500 °C to 126.11 nm at 700 °C. It should also be
noted that the existence of the impurity Al:Mo030; crystalline phase coincides
with the conclusions obtained by analyzing the results of the thermal analysis
when the observed decrease in the mass of the sample above the temperature
0f 900 °C was associated with the decomposition of aluminium molybdate and
the removal of MoO; from the reaction mixture.

Summarizing the results obtained from XRD diffractograms, it can be
concluded that the composition of the final crystalline phases in the reaction
mixture significantly depends on the molar composition of the initial reagents.
Thus, the increase in the heat-treatment temperature reduces the number of
impurity phases in the reaction mixture, however, the synthesis of single-
phase LiAIMo,Os compound at lower temperature remains complicated.
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3.2.2. X-Ray diffraction studies on the crystalline LLTO phases

In this work, XRD of Li—La-Ti—O tartrate gel precursor for ceramic of
initial composition of Lig3sLaossTiOs heat-treated at different temperatures
was also performed; the corresponding X-ray diffraction patterns presented in
Figs. 31, 32 and 33, respectively.

From the XRD patterns it is clearly seen that with the increase of the heat
treatment temperature to 1000 °C, the complete eclimination of the
characteristic peaks attributable to the impurity crystalline phases occurred. It
was estimated that the size of crystallites for the tetragonal crystalline phase
of Lig3Lao s67Ti03 ceramic increased from 61.48 nm to 97.71 nm. In this heat
treatment stage, the residues of lithium and lanthanum titanates react with
lanthanum carbide. The corresponding characteristic peaks of the desired
composition were successfully identified by the Rietveld refinement analysis.
The obtained results are shown in Table 4.

The lack of titanium content in the mixture of crystalline compounds could
be compensated by titanium oxide. The small amount of TiO, could be
identified in XRD pattern of the sample, which was heat-treated at the
temperature of 800 °C. In this case, the characteristic reflections attributable
to the crystalline titanium oxide overlap with the already identified peaks
attributable to lithium and lanthanum titanates. It is important to note that after
the thermal treatment of the sample above the temperature of 1000 °C, the
gradual transformation of the single-phase Lio3Lao 5677103 tricomponent oxide
into the crystalline phase of Lig3sLao ssTiO; was observed.

In such cases, the resulting ceramics are mainly composed of the
orthorhombic phase of Lig 3sLao ssTi03, which the mass fraction in the mixture
consists of 91.3%.
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Fig. 31 Standard COD cards for La;Ti,O7 (red), Lio3Laos67TiO3 (green),
Li,TiOs (dark blue), LaC; (light blue), TiO: (pink) crystalline phases and
powder XRD patterns for Li—La—Ti—O tartrate gel precursor sample dried at
120 °C and heat-treated at 800 °C
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Fig. 32 Standard COD and ICSD cards for Lig3Lag 56 TiO;3 (red), LisOCOs3
(blue) crystalline phases and powder XRD patterns for Li—La—Ti—O tartrate
gel precursor sample heat-treated at 900 °C and 1000 °C of temperature
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Fig. 33 Standard COD and ICSD cards for Lig3Laos67TiO3 (green),
LigssLaossTiO; (red) crystalline phases and powder XRD patterns for Li—
La-Ti—O tartrate gel precursor sample heat-treated at 1100 °C and 1250 °C
of temperature
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Table 4 The phase composition, crystallite size, lattice parameters and agreement indices for Lig3sLagssTiO3 ceramic heated at
different temperature

Heat-treating Crystal phase Crystal system Mass Crystal- Unit cell Weighted Goodness
temperature / formula fraction lite R profile of fit
°C 1% size/nm
a/pm b/pm c/pm
alpha/° beta/® gamma/®
800 La,Ti207 orthorhombic 33.6 23.55 2569.584 781.796 554.057 14.467 2.590
90.000 90.000 90.000
Lio.sLao.s67TiO3 tetragonal 335 23.17 548.869 548.869 771.678
90.000 90.000 90.000
Li>TiOs monoclinic 22.7 2.79 797.277 3790.453 2627.721
90.000 175.812 90.000
LaCz tetragonal 7.5 26.78 392.601 392.601 658.031
90.000 90.000 90.000
TiO2 monoclinic 2.7 2791.27 459.412 481.954 471.805
90.000 99.006 90.000
900 Lio.sLao.s67TiO3 tetragonal 86.3 61.16 547.065 547.065 777.080 12.231 2.193
90.000 90.000 90.000
Li4OCO3 monoclinic 13.7 2791.27 665.926 196.745 126.568
90.000 101.303 90.000
1000 Lio.3Lao.s67TiO3 tetragonal 100.0 94.34 547.239 547.239 775.860 12.074 2.042
90.000 90.000 90.000
1100 Lio.3sLao.ssTiO3 orthorhombic 91.3 79.58 774.351 774.209 773.723 13.833 2.729
90.000 90.000 90.000
Lio.3Lao.s67TiO3 tetragonal 8.7 82.03 549.422 549.422 775.065
90.000 90.000 90.000
1250 Lio.3sLao.55TiO3 orthorhombic 100.0 110.64 774.610 773.459 773.991 14.018 2.096
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It should be also mentioned that the molar ratio of lithium and lanthanum
(n(Li)/n(La)=0.648) in the determined mixture is really close to the molar
composition of Lig3sLaossTiO3; ceramic. The excess of lithium ions (x=0.67)
is removed from the mixture of oxides during the recrystallization of the final
crystalline compound at the temperature of 1250 °C. From this result, it is clear
that the ratio of chemical elements in the Lig3sLao ssTiO3 ceramic is controlled
by the amount of lanthanum in it.

Finally, after additional heat treatment of the obtained ceramic at the
temperature of 1250 °C for 5 hours in the air atmosphere, a single-phase oxide
of LiossLaossTiOs composition [138] was obtained, in which, the estimated
size of the crystallites corresponds to 110.64 nm. Summarizing the results
obtained from the XRD analysis, it is obvious that the formation of the final
lithium lanthanum titanate ceramic starts at a relatively high temperature,
above 500 °C. In this case, the initial crystallization of lithium titanate
intermediate allows to reduce the volatility of lithium ions, especially in the
range of temperature from 500 °C to 1000 °C. Meanwhile, the additional
thermal treatment of the tablet, pressed from the powders heat-treated at the
temperature of 1000 °C, at 1250 °C does not cause a significant mass change,
suggesting that a possible excess of lithium ions is removed from the
synthesized oxide system after repeated long-term heating, when the
formation of the final multicomponent oxide with the composition of
LiossLaossTiOs was identified.

The right choice of the initial stoichiometry for the final Lig3sLagssTiOs3
ceramic was partly confirmed by XRD results of LisLaz3<TiOs; (x=0.10,
0.12, 0.14 and 0.16) samples heat-treated at 1000 °C. The corresponding XRD
patterns and the percentage distribution of crystalline phases are shown in Fig.
34. The red colour in the circle represents LigssLagssTiOs, while
LigsLaos67T103 is represented by the green colour.
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Fig. 34 XRD results of Li—La—Ti—O tartrate gel precursor samples for the
ceramic of initial composition of LizLay3xTiO3 (x=0.10, 0.12, 0.14 and
0.16) heat-treated at 1000 °C
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As seen from the Rietveld refinement results, the domination of the
tetragonal crystal phase for Lig3Laos67Ti03 ceramic was identified, however,
the tendency of the increase of the amount of orthorhombic crystal phase for
LigssLaossTiO3; compound was also observed. This suggests that the initial
molar ratio of lithium and lanthanum is an important factor that determines
the formation of the crystalline composition of corresponding lithium
lanthanum titanate at elevated temperatures. The lack of the crystalline side
phases in the final ceramic mixture also creates additional advantages for the
use of this synthesis technique in the preparation of lithium lanthanum
titanates.

3.2.3. Structural analysis of the LLTO crystalline phases

As it was known from the XRD patterns, the initial molar ratio of Li/La
atoms plays an important role in the formation of the final crystalline phase.
The general information about the crystal structure of corresponding
compounds could be successfully obtained from the values of the tolerance
factor (t). This parameter shows the concept for the arrangement of
interpenetrating dodecahedra and octahedra in a ABOs perovskite structure
introduced by Goldschmidt [139], which is given by,

R, + R,

t =
(2}1 : Ry = Ry

(13)

where Ra, Ry, and R, are the ionic radii of cation A, B, and oxygen,
respectively. For a complex perovskite system, R, and Ry, are the ionic radii of
composed ions normalized by the atomic ratio [140]. The corresponding data
of t values are presented in Table 5.
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Table 5 The values of tolerance factor (t) for different initial compositions in
the LisxLassTiO3 system

Initial composition x value in the Tolerance factor
LisxLa23xTiO3 system
Liop3Laos67Ti03 0.0997 0.846
LiosLags57TiO3 0.100 0.848
LioA35LaoA55TiO3 0.117 0.851
Lip36La055Ti03 0.120 0.854
Lips2Lag53Ti03 0.140 0.861
Lio‘4gLa0,51TiO3 0.160 0.867

In general, the perovskite structure is stable in the region 0.880 <t < 1.090
and the symmetry is higher as the t value is close to 1. The t value also provides
an indication about how far the atoms can move from the ideal packing
positions and be still “tolerated” in the perovskite structure. It reflects the
structural modification such as distortion, rotation, tilt of the octahedral [141,
142].

Similar conclusions were made from the stretching, angular, and torsional
distortions of octahedra in the ABOs perovskite structure for LigsLaose7Ti03
and Lig3sLaossTiO3 ceramics. { and X are general deviations of the metal ion
complex from an ideal octahedral structure, whilst ® represents a distortion
from a perfect octahedral (O;) to a trigonal prismatic (D3;) geometry [143].
The mathematical expressions of {, , and ® parameters are given by the
following equations:

]
C i; |”Ir' - ”I.ruef:ru| (14)

-

]
A '._..-6 Z(gj' (15)
i=1 )
12
b _Zﬂ.;il; — 90 (16)

24
e Zm - 60| (17

The value of A for the stretching distortion parameter has the same
meaning as { but does not depend on the units of measurement of the chemical
bond length. The structural data for {, A, ¥ and ® parameters are shown in
Tables 6 — 9, respectively.
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Table 6 The distortion parameters for the octahedron in tetragonal and
orthorhombic crystal structures for LigsLagss7TiO3; and LigssLaossTiOs
ceramic

Initial Crystal Distortion parameters
composition structure
4 85.167 pm
Tetragonal for stretching A 1.345-10*
LipsLaos67Ti03 distortion
Lig3sLagssTiO3 | composition angular x 36.084°
distortion
torsional (C) 29.636°
distortion
4 76.682 pm
Orthorhombic stretching A 4.935-1075
for distortion
Lio3sLao.ssTiO3 angular > 18.237°
composition distortion
torsional (C) 22.390°
distortion

Table 7 Data for the calculations of stretching distortion

Initial Crystal structure The bond lengths of |di — dmean| /
composition Ti— O in the pm
octahedral TiOs unit
(di) / pm
1945.4 1.917
1945.4 1.917
Tetragonal for 1945.4 1.917
LiosLao.567T10;3 1945.4 1.917
composition 1978.4 34.917
1900.9 42.583
Lio3sLaossTiO3 1951.29 5.605
1934.65 11.037
Orthorhombic for 1934.65 11.037
Lio3sLao.ssTiO3 1957.29 11.603
composition 1929.42 16.267
1966.82 21.134
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Table 8 Data for the calculations of angular distortion

Initial Crystal structure | The valence angle of <O |pi—90]|/°
composition —Ti—- O in the
octahedral TiOs unit
9n/°
85.654 4.346
85.654 4.346
85.654 4.346
85.654 4.346
89.671 0.329
Tetragonal for 89.671 0.329
LiosLaose7TiOs 89.671 0.329
composition 89.671 0.329
94.346 4.346
94.346 4.346
94.346 4.346
) . 94.346 4.346
Lio;sLaossTiOs 85.429 4571
88.280 1.720
88.280 1.720
89.390 0.610
89.390 0.610
Orthorhombic for 90.609 0.609
LiossLaossTiOs 90.508 0.508
composition 90.508 0.508
91.069 1.069
91.708 1.708
91.708 1.708
92.897 2.900
Table 9 Data for the calculations of torsional distortion
Initial Crystal structure The valence angle of <O |0i —60]/°
composition — O - O in the octahedral
TiOs unit (0;) / °
58.185 1.815
58.185 1.815
58.185 1.815
58.185 1.815
59.055 0.945
59.055 0.945
59.055 0.945
59.055 0.945
59.056 0.944
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Initial Crystal structure | The valence angle of <O |6i — 60| /°
composition — O - O in the octahedral
TiOs unit (6) / °
59.056 0.944
59.056 0.944
Tetragonal for 59.056 0.944
Lio.3Lao.s67TiO3 60.908 0.908
composition 60.908 0.908
60.908 0.908
60.908 0.908
60.908 0.908
60.908 0.908
60.908 0.908
60.908 0.908
61.889 1.889
61.889 1.889
61.889 1.889
61.889 1.889
58.256 1.744
58.256 1.744
58.367 1.633
Lio.3sLao.ssTiO3 58.367 1.633
58.781 1.219
58.781 1.219
59.203 0.797
59.203 0.797
59.858 0.142
59.858 0.142
59.937 0.063
59.937 0.063
Orthorhombic for 60.103 0.103
Lio.3sLaossTiOs 60.103 0.103
composition 60.145 0.146
60.145 0.146
60.938 0.938
60.938 0.938
61.074 1.074
61.074 1.074
61.530 1.530
61.530 1.530
61.807 1.807
61.807 1.807
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The representations of crystal lattices with octahedral distortions for Lays-
«L13xTiO3 ceramics presented in Figs. 35 [144] and 36 [138].

274.33 pm 274.33 pm

274.33 pm T 727433 pm

Fig. 35 The tetragonal crystal structure for Lio3Lao s67Ti03 phase with
internal octahedral TiOg units [144]

Fig. 36 The orthorhombic crystal structure for Lip3sLao.ssTiO3 phase with the
octahedral surrounding of TiOg units [138]
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The values of distortion parameters determined for Lig3sLagssTiOs, were
higher for the tetragonal crystal phase compared with the orthorhombic
structure. The values of tolerance factor (t) for different initial compositions
in the Lay;s «Li3xTiO3 system were determined to be in the range of 0.846 —
0.867, which approximately corresponds to the theoretical values of the stable
perovskite structure.

3.2.4. The crystalization of the Bi»3 V4044 compound from the mixture of
5Bi,03 * V205

In order to confirm the crystalline composition in the heat-treated Bi—V-O
gel precursors for 5B,03-V,0s ceramic the XRD was performed. The XRD
data of both Bi—V-O tartrate gel precursors (Fig. 37 (a) and (b)) heat-treated
at the temperature of 870 °C correspond to the characteristic reflections, which
are attributed to the orthorhombic crystal structure of the Bix;V4Oa4 system
[145].

The Rietveld refinement analysis of the corresponding samples confirmed
the domination of the orthorhombic Biz3V4Ou44 (ICSD No.: 418368) crystalline
compound. The trace phases of monoclinic BisVsOgo (ICSD No.: 415113)
and triclinic BisVsOso (ICSD No.: 87271) systems were also identified.
According to this result, the initial composition of 5B,0s-V,0s well matches
the obtained crystalline phases.

The domination of the orthorhombic phase was observed for the gel
precursors prepared during Synthesis 1 and heat-treated at the temperature of
800 °C (Fig. 37 (c)). Such a result is closely related to the homogeneity of as-
prepared Bi—V-O tartrate gel precursor, which was confirmed by the
amorphous character of the XRD pattern as shown in Fig. 37 (d).
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Fig. 37 Standard ICSD card for Bi»3V4044 and XRD patterns of the Bi-V-O
gel precursors heat-treated at different temperatures
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3.3. Investigation of surface microstructure by scanning electron microscopy

The surface morphology of the metal tartrate gel precursors for the
corresponding ceramic materials synthesized by the aqueous sol-gel method
and heat-treated at different temperatures was studied using scanning electron
microscopy (SEM). This analysis method is suitable for studying the
morphology of the surface of the material because of its significantly higher
resolution and image depth compared to an optical microscope.

3.3.1. Temperature effect on the surface morphology of Li—Al-Mo—O
tartrate gel precursor

In order to show the tendency of particle growth of obtained ceramics by
increasing the heat-treatment temperature, the surface morphology was
investigated. Corresponding SEM micrographs of the Li—-Al-Mo—O tartrate
gel precursor heat-treated at 400 °C, 500 °C, 600 °C, and 700 °C are shown in
Fig. 38. In the SEM picture of part (a) for Fig. 38, the surface of the sample is
homogeneous, consisting of irregularly shaped formations formed during the
decomposition of unreacted tartaric acid. This result is in a good agreement
with the XRD data when the formation of the final ceramic at the temperature
of 400 °C is not clearly expressed. As seen from Fig. 38 micrograph (b), the
increase of the heat-treatment temperature of the sample up to 500 °C shows
the changes in the surface morphology associated with the start of the growth
of spherical particles with a size smaller than 200 nm. An almost identical
view is observed for the gel precursor heat-treated at the temperature of 600
°C, in which a well-seen agglomeration of smaller particles into large
aggregates is distinguished. Finally, the heat-treatment of the sample at 700
°C forms the particles of regular shape with well-defined edges, ranging in
size from 4 pym to 10 pm.

88



Fig. 38 SEM micrographs of Li—Al-Mo-O tartrate gel precursor for
LiAlMo,0s ceramic heat-treated at the temperatures of 400 °C (a), 500 °C
(b), 600 °C and 700 °C (d) in the air atmosphere

Thus, SEM analysis indicate that the growth of the particles of the final
ceramic takes place in two stages. In the first step, the formation of
agglomerates of crystallites whose diameter does not exceed 100 nm is
distinguished. Meanwhile, above the temperature of 600 °C, the formed
particles start to combine into formations of 4 um - 10 um in size with a regular
structure, clear planes, and well-expressed edges. Based on the results of the
XRD, it can be concluded that the regularly shaped particles are mainly
composed of crystallites, which average size corresponds to the value of
126.11 nm.

3.3.2. Formation of dense structure in LLTO ceramic

The primary absence of correlation between SEM results and XRD data
suggests that the obtained particles on the tablet surface are composed of
closely packed crystallites. Despite the even shape of the particles and clearly
defined edges, the wide size distribution suggests that the parameters of the

89



crystallites are less than the corresponding particles on the tablet surface, and
it fits well with the XRD results. From Fig. 39, it can be summarized that the
surface morphology of the synthesized Lig3sLao ssT10s crystalline compound,
which was heat-treated at the temperature of 1250 °C for 5 hours in the air
atmosphere, consists of regular shape particles, which size varies from 1 pm
to 10 um.

Fig. 39 SEM micrographs of Li-La-Ti—O tartrate gel precursor for
LigssLao ssTiO3 ceramic heat-treated at the temperature of 1250 °C in the air
atmosphere

It should be mentioned that inside the tablet, at the fracture site, the dense
packing of the synthesized crystallites in the monolithic surface without well-
seen cracks and cavities was identified.

Knowing the fact that the close-packed crystallites and the dense structure
of the single-crystalline multicomponent oxide significantly enhance the
conductivity properties of the obtained sample, the size of the separate
particles could influence the decreased conductivity of grain boundary values,
especially at low temperatures, when the mobility of lithium ions is relatively
low.
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3.3.3. SEM micrographs and EDS analysis for 5Bi»O3-V,0s ceramic

The surface morphological features, which play an important role in the
electrical properties of synthesized ceramic, were also investigated by
scanning electron microscopy (SEM). The corresponding SEM micrographs
of the Bi—V—O tartrate gel precursors heat-treated at 870 °C of temperature are
presented in Fig. 40, respectively.

—_— 500 pm 200 pm

Fig. 40 SEM micrographs of Bi—V-O tartrate gel precursors for
5Bi,03- V105 ceramic, which was obtained applying synthesis 1 (a, b) and
synthesis 2 (c, d), respectively

As is shown in Fig. 40 (a), the surface is dense with no cracks and cavities.
At higher magnification of the SEM picture (Fig. 40 (b)), the particles are seen
to be connected with the partially melted substance, which increases the
hardness and mechanical strength of the ceramic. A slightly different view of
SEM pictures of the 5Bi,03-V20s ceramic (synthesis 2) presented in Fig. 40
(c and d), where the surface mainly consists of the massive monoliths with
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both the sharp edges and small cavities, which diameter varies from 500 nm
to 3 um.

In addition to the morphological peculiarities of both samples, it should be
also noted that the mechanical treatment, which was applied to insert it into
the probe for impedance analysis, was cardinally different. The mechanical
treatment of 5Bi,O3V,0s ceramic, prepared using synthesis 1, was easily
handled, which resulted in the desired form and dimensions with a smooth
surface of the sample. However, the abrasion of the other sample was much
more complicated because of formation of cracks and easy crumbling.

The reason for such differences in mechanical abrasion was partly proven
by analysing the elemental composition of the synthesized ceramics. Table 10
shows the amounts of the elements, which were estimated employing Energy-
dispersive X-ray spectroscopy (EDS).

Table 10 The content of bismuth, vanadium and oxygen in the ceramic that
was heat-treated at different temperatures

Sample Heat-treatment Bismuth Vanadium Oxygen
temperature/°C | content in content in content in
mol mol mol
120 27.410 2 174.170
3Bi205'V20; 800 17.799 2 44416
(synthesis 1)
870 10.996 2 30.970
120 16.992 2 97.700
>B1203V20s 800 14.844 2 47394
(synthesis 2)
870 17.717 2 56.577

The obtained results revealed that a smaller amount of tartaric acid during
the sol-gel process (synthesis 1) determines the molar ratio of bismuth
(10.996) and vanadium (2.000) close to both the initial amount of elements
(5Bi203:V;0s), and the crystalline compound for Bix;V4Oss composition,
which was assigned from XRD data. The increased amount of oxygen atoms
in the sample could be explained by both the organic-based impurities
especially at low temperatures and the nonstoichiometry in either the crystal
oxides or amorphous phases for the sample heat-treated at the temperature of
870 °C.

The molar ratio of bismuth and vanadium for synthesis 2 remained similar
regardless of heat-treatment temperature. Besides, such result is in a good
agreement with the conclusion made from the thermal analysis about the
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influence of the increased amount of tartaric acid on the composition of
ceramic.

3.4.FT-IR analysis of LiLaMo0,0Os ceramic

Infrared spectroscopy (IR) for the Li—Al-Mo—O tartrate gel precursor heat-
treated at different temperatures was performed (Fig. 41) as an important
investigation technique, which enables the fixation of the vibrational
frequency of bonds for the crystalline ceramic with the initial composition of
LiAIMo0,0:s.
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Fig. 41 FT-IR transmittance spectra of the Li—~Al-Mo—O tartrate gel
precursors for LiAIM0,Og ceramic heat-treated at 400 °C, 500 °C, 600 °C,
and 700 °C of temperature

Generally, the infrared bands for inorganic materials are broader, fewer in
number, and appear at lower wavenumbers than those observed for organic
materials [146]. Nevertheless, in the FT-IR spectrum of the sample heat-
treated at 400 °C, a broad band with weakly expressed peaks in the range from
1600 cm™ to 1050 cm™ is attributable to the characteristic vibrations for
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chemical bonds of corresponding tartrates. In this case, the peak at 1589 cm™!
corresponds to the asymmetric stretching of the —COO functional group.
Meanwhile, the peak position at 1380 cm™' describes either ~OH in-plane
bending or —COO symmetric stretching. In summary, the -COO asymmetric
and symmetric stretching vibrations combined with —OH in-plane bending
vibrations are observed at ~1589 cm™ and ~1380 cm™, respectively [147].
The peaks that correspond to the values of 1256 cm™, 1121 ¢cm™, and 1074
cm™! are attributed to C-H in-plane stretching [148], C-OH and CH-OH
stretching [149]. The relatively low intensity of the characteristic peaks
attributable to the organic compounds can be explained by the complete
decomposition of tartaric acid and the evaporation of the as-formed volatile
components, and the existence of partially decomposed metal tartrates.

When increasing the heat-treatment temperature, the peaks of the organic
compounds in the range from 1600 cm™ to 1050 cm™ tend to disappear.
Meanwhile, the newly formed characteristic peaks, identified in the
wavenumber range from 1000 cm™ to 500 cm™, correspond to the vibrations
of the metal-oxygen bond. In this case, the peaks attributable to ~957 cm™' and
~935 cm™' wavenumber correspond to characteristic vibrations of the
symmetric MoOj tetrahedron. Meanwhile, a triply degenerate mode (v3) of F»
symmetry for v.s(MoO4) and v(Mo,0,) bridge vibrations correspond to the
peaks at ~916 cm™!, ~846 cm™!, ~765 cm™!' and ~693 cm™!, respectively [150-
152].

The intensity, width, and shape of the peaks in the range from 1000 cm™
to 500 cm™!' depend on several factors such as the degree of crystallinity,
surface area and crystal structure of the ceramic precursor. By increasing the
heat-treating temperature, the crystallinity of the crystalline compounds also
increases. Meanwhile, the opposite effect is observed when the crystallites and
particles tend to grow and the surface area has a tendency to decrease [137].
This is the main reason that determines the decrease in the intensity of the
characteristic peaks of the gel precursor heat-treated at 700 °C.

3.5. Electrical conductivity properties of LLTO ceramic

The ionic conductivity of the lithium ions in the Li-La-Ti—O system
depends significally on the crystalline structure of the three-component oxide
compound. The mechanism of bulk conductivity for the tetragonal
LisxLaj 33-xT1206 system (P4/mmm) was proposed by Ruiz et al. [153], which
fits a parabolic function of x with a maximum value for Li*, content equal to
0.25, as suggested by Inaguma et al. [154], who described the LizOq/3)-2x)
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Laqs3)xTiOs stoichiometry for these oxides. Inaguma et al. also proposed the
ionic mechanism for the Li-rich LislLay;xTi0;3, furnace-cooled
LigssLagssTiO3 system. It is expected that the tilt of TiOs octahedra and the
La ordering attribute to faster lithium-ion conduction in La-poor layer than in
La-rich layer, and control percolative diffusion pathway, from two-
dimensionally to quasi-three-dimensionally [138]. With the increase of the
heat treatment temperature, the volatility of lithium ions also changes. This
affects both the ratio of Li/La ions and the composition of crystal phases in
the oxide mixture. Under these circumstances, the dominance of the
crystalline phase of lithium lanthanum titanate also tends to change.
Depending on the number of elements in such multisystem, the continuous
recrystallization occurs at relatively high temperatures, and as a result, the size
of the crystallites does not increase significantly and sometimes even tends to
decrease, and usually does not exceed of 110 nm. This is the main reason why
in such a multicomponent oxide system the increased intergranular resistance
is relatively high and it possesses the reduction of the total ionic conductivity,
especially at low temperature.

To confirm these statements and by using the information provided in the
previous sections, the obtained ionic conductivity values of Lig3s5Laos5TiO3
ceramic were also evaluated in this work. The corresponding results of the
impedance spectroscopy are placed in Figs. 42, 43, 44 and 45, respectively.
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Fig. 42 Arrhenius plots of the ionic conductivity for Lig3sLao.ssTiO3 ceramic
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Fig. 45 Complex impedance plot of the total conductivity for lithium
lanthanum titanate at 27 °C

For comparison with other works, the ionic conductivity values for the
Laz;s«Li3xTiOs system are placed in Table 11 [154-158].

Table 11 The ionic conductivity at 27 °C for lanthanum lithium titanates

Starting Ionic conductivity of bulk part at Ref.
composition 27°C/S'm™
Lio3sLao ssTiO; 0.10 [154]
LigssLagssT10;3 0.080 [155]
LipsLaosTiOs 0.141 [156]
Lio31Lag41TiO; (thin 0.00525 [157]
film)
Lig3sLaossTiO; 0.053 [158]
(nanofiber)

Meanwhile, the grain boundary resistance is relatively high, which results
in a significant decrease in the total ionic conductivity of the resulting Li—La—
Ti—O system. This result confirms the assumption that the formation of
crystallites, which sizes remain in the nanometric scale, leads to the relatively
low total conductivity at 27 °C. The grain boundary conductivity increases
linearly by increasing the temperature, however, the dependence of bulk
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conductivity versus temperature is exponential. This is due to the different
conductivity of lithium ions within the crystallites and in the grain boundary.
It seems that the large area of the intergranular space distorts the temperature
dependence of the grain boundary conductivity values and creates favorable
conditions for its dominance. This effect is largely determined by the size of
the crystallites in the Li—La—Ti—O system. From such results, it is likely that
the larger crystallites would increase the total conductivity of Li-La-Ti—O
system even without changing the element ratio during the synthesis
procedure. In addition, the decrease of the conductivity of grain boundary at
elevated temperature is directly related to both partial phase transition from
orthorhombic to tetragonal phase, and the distortion of chemical bonds in the
corresponding crystal structure.

3.6. Electrical conductivity properties of sBi,03-V,0s system

Thermal decomposition of the Bi—V—O tartrate gel precursors and detailed
characterization of the 5Bi,03- V05 materials revealed that the amount of the
tartaric acid plays a crucial role to both the final composition of obtained
ceramic, and the features of the surface morphology. Taking into account that
only for 5Bi>03-V,0s (synthesis 1) sample it was possible to form a pellet with
stable dimensions, the measurements of the conductivity were undertaken
only for this sample. The corresponding temperature dependence of the
conductivity was evidenced from Arrhenius plots o v/s f(10%T). The
representation of the first cooling (350 °C — 110 °C) and the second heating
(110 °C — 350 °C) stages overlaps, and only the second heating data are
represented for clarity in Fig. 46.
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Fig. 46 Arrhenius plot of temperature dependencies of standard deviation for
5Bi1,03- V205 ceramic (synthesis 1)

The 5Bi203-V,0s ceramic displays an Arrhenius type of electrical
conduction behaviour, i.e. a linear dependence versus temperature in the
whole investigated range for both the bulk, and the grain boundary. From the
value of slope recalculated activation energy (E.) is equal to 0.93 eV for all
sorts of conductivities.

It is also interesting to note that obtained values of the total conductivity
(Ctotar) at the temperature of 330 °C are similar comparing with systems for
Pb19BissVsOs4, Sr10Bi3VsOsas, CaioBizsVsOssa, Cd1oBizsVsOss, and BigV,011.5
ceramics even at 800 °C [145, 159, 160]. Thus, the chosen synthesis technique
probably determines the uniqueness of the obtained ceramics from both
structural and compositional points.
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CONCLUSIONS

The aqueous sol-gel synthesis method is suitable for obtaining single-
phase crystalline phases of composition for LiAIMo0,Os,
LiossLaossTiOs, and 5Bi,05-V20s with a small fraction of additional
phases.

The obtained homogeneous Li—Al-Mo-O, Li-La-Ti-O, and Bi-V—
O tartrate gels are composed of a mixture of tartaric acid and metal
tartrates.

The decomposition process of tartaric acid takes place in the
temperature range of 30 °C — 320 °C, the mechanism of which is
described in detail and confirmed by the specific characteristics of the
mass change and thermal transformations of TGA and DSC.

The formation of crystalline phases is most influenced by the heating
temperature in the case of Li-Al-Mo-O, and the molar ratio of
individual elements in the final gel precursor in the case of Li-La-Ti-
0.

The morphology of the surface of the obtained ceramics and the
formation of pores or cracks are most influenced by the temperature
and the method of preparing the ceramics for heating.
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SANTRAUKA

IVADAS

Tikriausiai sunku biity rasti tokig pramong, kuri vienu ar kitu biidu neturéty
naudos i§ daugiakomponenciy kristaliniy oksidy. Mobilieji telefonai,
nesiojamieji kompiuteriai, elektriniai ir hibridiniai automobiliai, slégio
jutikliai, optiniai lazeriai, maisto fermentacija, pH indikatoriai, dujy jutikliai,
vandens skaidymas, vandenyny tyrinéjimai, medicina ar net branduoliné
jranga — tai tik keletas galimy licio aliuminio molibdaty, li¢io lantano titanaty
ir bismuto vanadaty panaudijimo sri¢iy. Sios medZiagos vaidina svarby
vaidmen] daugelyje skirtingy mokslo sri¢iy ir pramonés Saky dél savo
unikalios struktliros ir vertinamy savybiy, galin¢iy padaryti miisy kasdienj
gyvenimg saugesniu, prieinamesniu ir tvaresniu.

Siuo metu plagiai naudojamos li¢io baterijos, kuriose yra degiy tirpikliy, ir
kurios prisideda prie aplinkos atlieky, galéty buti pakeistos 5-10 karty
patvaresnémis ir saugesnémis baterijomis, patobulintomis li¢io lantano titano
oksidais (LLTO). Perovskito struktiiros LLTO turi labai auksta joninj laidumag
ir maza aktyvacijos energija, todé¢l puikiai tinka saugesnei energijos kaupimo
prietaisy gamybai. Jy cheminis stabilumas ir geb¢jimas atlaikyti atSiaurias pH
salygas leidzia LLTO medziagas naudoti ir naftos grezimo pramonéje,
nustatyti vandenilio sulfido dujas ir taip uzkirsti kelig mirtiniems atvejams,
kurie jvyko visai netolimoje praeityje.

Pasaulio gyventojy skaiCius jau siekia astuonis milijardus, todél rasti biidy,
kaip gaminti Svarig, atsinaujinancia energija, tapo neiSvengiama uzduotis.
Véjo ir saulés energijos gamyba yra veiksmingi atsinaujinancios energijos
gamybos bidai, taCiau jie vis dar kenkia aplinkai — zZinoma, kad dél vé&jo
turbiny mirs§ta pauksciai laukingje gamtoje, o saulés energija gaminama
naudojant tirpiklius, naftg ir pavojingas atliekas, kurie prisideda prie aplinkos
tarSos. Monoklininis Selitas BiVO4 galéty biiti naudojamas kaip fotoanodas
Sioms problemoms sprgsti - gaminant atsinaujinancig energija vandens
skaidymo budu. D¢l gero laidumo ir didelio cheminio stabilumo bismuto
vanadzio oksidas gali atlikti pagrindinj vaidmenj gaminant Svaria,
atsinaujinancig energijg, kuri nedaro neigiamo poveikio aplinkai.

Sarminiy metaly aliuminio molibdatai, nors dar néra plagiai istirti, dél savo
optiniy ir feroelastiniy savybiy turi daug potencialo optiniy jrenginiy
gamyboje. Jie yra legiruoti retyjy zemiy jonais, todél juos galima naudoti
derinamuosiuose lazeriuose, kai reikia itin didelio tikslumo ir pakartojamumo.
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Sie daugiakomponenéiai oksidai suteikia galimybe efektyviai pagerinti
milsy gyvenima, taciau visa tai jmanoma tik supratus jy struktiira, savybes ir
paruoSimo sintezg.

Pagrindinis §io daktaro disertacijos tikslas — vandeniniy zoliy-geliy
paruo$imo technikos taikymas homogeniniy metaly tartraty gelio pirmtaky
gamybai ir skirtingy vienfaziy daugiakomponentiy oksidy tyrimas. Remiantis
Siuo tikslu, iSsikeltos pagrindinés tyrimo uzduotys:

1.

Trijy skirtingy daugiakomponenciy sistemy (LiAlMo0,Os,
LiossLagssTiO3 ir 5Bi203-V20s) paruosimas naudojant vandeninj
zoliy-geliy metoda ir vyno riigst;.

Vyno riigsties skilimo mechanizmo projektavimas ir iSsamus
atitinkamy metaliniy tartraty gelio pirmtaky terminio skilimo
tyrimas termogravimetrinés ir diferencinés skenavimo
kalorimetrijos analizémis.

Galutiniy daugiakomponenc¢iy metaly oksidy kristaliniy faziy
susidarymo tyrimas taikant rentgeno spinduliy difrakcijos metoda.
Gautos keramikos, kaitinamos skirtingomis temperatiiromis,
pavir§iaus morfologijos nustatymas skenuojancia elektronine
mikroskopija.

Gautos keramikos atitinkamos kristalinés sudéties fiziniy savybiy
demonstravimas ir  patvirtinimas naudojant impedanso
spektroskopija.

Darbo rezultatai, leidZia ginti Siuos disertacijos ginamuosius teiginius:

Pirmg kartg sékmingai pasiiilyta ir pritaikyta vandeninés vyno
rugsties zoliy-geliy sintezés technika LiAIMo0,0s, Lig3sLaossTiO3
ir 5Bi,0;3- V105 daugiakomponenciy oksidy gamybai.

TGA-DSC yra naudingas ir tinkamas jrankis tiek Li—-Al-Mo—O,
Li-La-Ti-O ir Bi-V-O tartraty geliy pirmtaky skilimo
mechanizmy tyrimams, tiek galutiniy LiAIMo0,0s, Li3sLagssTiOs3
ir 5Bi,03- V05 keraminiy medziagy kristalizacijos jvertinimui.
Ligando pobiidis yra kritiskai svarbus zoliy-geliy procesams, nes
jis stipriai jtakoja gauty junginiy morfologines, struktiirines ir
elektrines savybes.

Terminis apdorojimas turi reikSmingos jtakos tiek sintezuoty gelio
pirmtaky skilimui, tiek galutinés keramikos kristalizacijai.
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5. Terminés analizés ir skirtingy charakterizavimo metody derinimas
yra naudinga priemoné, leidZianti parodyti gautos keramikos
cheminiy ir fizikiniy savybiy rySius.

EKSPERIMENTO METODIKA

Siame skyriuje aprasomi biidingi vandeniniy zoliy-geliy metodo technikos
ypatumai. Taip pat pridedamas naudoty medziagy, reagenty ir jrangos
apraSymas.

MEDZIAGOS IR REAGENTAI

Medziagos ir reagentai atitinkamoms sintezéms buvo perkami i$ tiekéjy,
i8vardyty kiekvienos medziagos apraSyme. Toliau pateikiamas junginio
pavadinimas, formulé, grynumas ir tiekéjas: aliuminio (III) nitratas
nonahidratas, AI(NO3)3-9H,0, 99 %, Alfa Aesar; bismuto (III) oksidas, Bi,Os,
99,99%, Alfa Aesar; lantano (III) oksidas, La;0s, 99,9 %, Alfa Aesar; li¢io
nitratas, LiNOs, 99 %, Alfa Aesar; molibdeno (VI) oksidas, MoOs3, 99,95%,
Alfa Aesar; titano milteliai, Ti, 99,4 %, Alfa Aesar; vanadzio (V) oksidas,
V205, 99,8%, Alfa Aesar.

Kompleksus su metalais sudarantis agentas ir reagentai pH reguliuoti
vandeniniame tirpale pateikiami taip: L—(+)—vyno riigstis, C4HsOs, 99,5%,
Roth; amoniako vandeninis tirpalas NH3-H,O, 25 %, Penta; druskos riigstis,
HCI, 35 — 38 % Chempur; azoto riigstis, HNOs, 66 % Reachem.

SINTEZES METODIKA

Ivairiy metalo tartrato gelio pirmtaky LiAl(MoOs),, Lig3sLagssTiOs ir
5Bi,0; - V20s keramikai sintezés buvo gautos vandeniniu zoliy-geliy sintezés
biidu, naudojant vyno rtgst] kaip kompleksus su metalais sudarantj reagenta,
kuris sgveikauja kaip molekulinio lygio ligandas su reakcijos misiniu tiek
tirpstant vandenyje, tiek formuojantis zoliui-geliui.

Li-Al-Mo—O TARTRATO GELIO PIRMTAKO PARUOSIMAS

Bendra Li-Al-Mo-O tartrato gelio pirmtako LiAlMo0.0Og keramikai
sintezés schema pavaizduota ir pateikta 22 pav. Pirmajame $io paruoSimo
technikos etape nedideliame kiekyje buvo istirpinti molibdeno (VI) oksido
milteliai nedideliame kiekyje koncentruoto amoniako vandeninio tirpalo.
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Kaip parodyta 1 lygtyje, molibdeno (VI) oksidas iStirpsta karStame
koncentruotame amoniako tirpale, sudarydamas NH4" ir MoO4>~ jonus.

MoO:s (k) + 2 NH3-H,0 (aq) — 2 NH4" (aq) + MoO4* (aq) +2 HO (s) (1)

Amoniako perteklius i§ reakcijos miSinio paSalinamas toliau kaitinant
reakcijos misinj, kol iSgaruoja 90 % vandens. | reakcijos misinj jdéjus vyno
ragsties (TA), susidaro koordinacinis junginys [(M0O4)y(CsH4O4)qH,] P24,
Paprastai chemin¢ reakcija, jvykusi po Sios procediiros, gali biiti parasyta taip,
kaip parodyta antroje lygtyje.

p (NH4)2MoOs4 (aq) + q C4HeOs (aq) —
— [(M0O4)p(CsHaOg)gH 24" (aq) + 2p NH4" (aq) )

Tokig apsauging aplinkg nuo pH pokyc¢iy nesunkiai sukuria vyno ragstis,
kuri koordinuoja atitinkamus molibdato kompleksus ir neleidzia jvykti
hidrolizés reakcijai dél kurios susidaryty nuosédos. Be to, | reakcijos miSinj
ipylus li¢io (I) nitrato ir aliuminio (III) nitrato nonahidrato, gautas skaidrus
tirpalas papildomai keletg valandy maiSomas atviroje stiklinéje 85 °C — 90 °C
temperatiroje. Gaunamas skaidrus blyskiai gelsvas atitinkamy metaly jony
zolis, kuris véliau yra sukoncentruotas létai garinant reakcijos misinj 90 °C
temperattiroje. 18dziovinus orkaitéje 120 °C temperatiroje gauti smulkis
Sviesiai geltoni gelio milteliai.

Li-La-Ti-O TARTRATO GELIO PIRMTAKO PARUOSIMAS

Bendra Li-La-Ti-O tartrato gelio pirmtako LigssLaossTiO; keramikai
sintezés schema atitinkamai pavaizduota ir pateikta 23 pav.

Pirmajame $io paruo$imo technikos etape titano milteliai buvo istirpinti
koncentruotame vandeniniame druskos riigsties tirpale. Kaip parodyta 3
lygtyje, titang veikia karstas HCI, sudarydamas Ti(III) ir H, dujas.

2 Ti(k) + 6 HCl(aq) — 2 Ti*" (aq) + 6 Cl" (aq) + 3 Hx (d) 3)
Si cheminj procesa patvirtina reakcijos misinyje susidares purpurinis
[Ti(OH,)s]** jonas. Zinant, kad $i koordinaciné dalelé yra stiprus reduktorius

(4 lygtis), vandeniniai Ti(III) tirpalai turi biiti apsaugoti nuo oksidacijos ore.

[TiO]* (aq) + 2 H* (aq) + e < Ti*" (aq) + HO (s) (E°=+0.1V) (4)
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Tokig apsaugine aplinka nuo oksidacijos nesunkiai sukuria vyno riigstis,
kuri koordinuoja atitinkamus titano kompleksus ir neleidzia jvykti hidrolizei
bei susidaryti nuosédoms TiO,2H,O pavidalu. Nepaisant to, Ti*" jony
oksidacija jvyko iskart po li¢io nitrato pridéjimo j reakcijos miSinj. D¢l to
issiskyré daug azoto dioksido dujy ir dingo purpuriné tirpalo spalva. Sis
skaidraus bespalvio vandeninio tirpalo susidarymas apibtidinamas 5 lygtimi.

Ti** (aq) + 2H" (aq) + NO; (aq) — Ti* (aq) + NO» (d) + H.0 (s) (5)

Nuosédy nebuvimas reakcijos miSinyje patvirtino vyno rugsties, kaip
ligando, svarbg stabilizuojant Ti(IV) jong vandeniniame tirpale ir uzkertant
kelig jo hidrolizei, kurig apraso 6 lygtis.

[Ti(OH2)e]* (aq) + 4 H,O (s) — TiO, - 4 H,0 (k) + 4 H;0" (aq)  (6)

Tiksly vyno riigsties, koordinuojancios Ti*" jona, kiekj galima sékmingai
nustatyti termiskai skaidant Li-La-Ti-O tartrato gelio pirmtaka. Be to, pridéjus
lantano (III) oksido, susidaré galutinés sudéties Li-La-Ti-O tartrato gelio
pirmtakas, skirtas LagssLio3sTiOs. Gautas skaidrus bespalvis atitinkamy
metaly jony vandeninis tirpalas, kuris véliau sukoncentruotas létai garinant
reakcijos misinj 90 °C temperatiiroje. ISdZiovinus dZiovinimo krosnyje 120 °C
temperatiiroje gauti smulkiis Sviesiai geltoni gelio milteliai.

Bi-V-O TARTRATO GELIO PIRMTAKO PARUOSIMAS

Pirmajame Bi-V-O tartrato gelio pirmtaky 5Bi0;'V,0s keramikos
sintezés etape bismuto (III) oksidas ir vanadzio (V) oksidas buvo istirpinti
koncentruotoje azoto riigStyje (HNOs, 66 % Reachem). Labai rtigStiniuose
tirpaluose bismutas (III) egzistuoja [Bi(H.0)]** pavidalu, kuris yra panasus j
vandeninius lantanido jony kompleksus. Dél dalinés bismuto (III) drusky
hidrolizés susidaro bismuto okso klasteriai, kuriy tirpumas vandenyje
atitinkamai Zymiai sumaz¢ja. Taigi, nuolat maiSant ir kaitinant apie 80 °C —
85 °C temperatiiroje, galima iStirpinti Bi»O3; koncentruotoje azoto riigstyje,
kaip apraSyta 7 lygtyje.

Bi,0s (k) + 6 HNO; (ag) + 15 H,0 (s) —
— 2 [Bi(H20)9]*" (aq) + 6 NOs (aq) (7
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Tuo tarpu vanadzio (V) oksidas yra raudoni milteliai, kurie mazai tirpsta
vandenyje, bet stipriai ragStiniame tirpale sudaro [VO:]" kompleksus.
Veikiant koncentruota azoto riigs§timi, vanadzio oksido iStirpimas atitinka 8

lygti.
V705 (k) + 2 HNOs (aq) — 2 [VO2]"(aq) + 2NO; (aq) + H2O(s) (8)

Sis virsmo j [VO,]" jona procesas yra gana greitas, o V,Os istirpinti
rugstiniame vandeniniame tirpale 80 °C — 85 °C temperattiroje uztrunka vos
keleta minu¢iy. Sviesiai geltono tirpalo susidarymas rodo, kad pervanadilo
katijonas yra apsuptas nitraty jony.

Nitraty jony koordinavimo geba vandeniniame tirpale yra mazesné nei
atitinkamy vandens ligandy, todél istirpus metaly oksidams numatoma arba
(Bi(H,0)0]**, arba [VO,]* kompleksy sudétis. Didéjant reakcijos miSinio
kaitinimo temperattirai, Sie jonai link¢ reaguoti vienas su kitu sudarydami
maziau tirpius daugiabranduolius kompleksus, todél vyno riigstis, kurios
molinis santykis Bi/TA = 0.25 (1 sintez¢) ir Bi/TA = 0.125 (2 sintez¢), buvo
pridéta ] reakcijos miSinj nuolat maiSant toje pacioje temperatiiroje. Toks
ligando pridéjimas reikalingas tirpumui padidinti koordinuojant pradinius
junginius reakcijos miSinyje, ypac, kai vyksta pH pakitimai ir garavimas pries
zolio-gelio susidaryma.

Pridéjus vyno rugsties reakcijos miSinio spalva pasikeité i§ Sviesiai
geltonos | Sviesiai Zalig. Nuolatinis maiSymas ir kaitinimas 80 °C — 85 °C
temperatiiroje vandeninio tirpalo i§vaizda pamazu pakeité i§ Zalios ] rySkiai
mélyng spalva. Toks reakcijos miSinio virsmas atitinka metalo katijony
koordinavimag tartratais. Sugertos $viesos bangos ilgio sumazéjimas, kurj rodo
tirpalo spalvos pasikeitimas, patvirtina padidéjusi metalo jony koordinavimo
laipsnj su vyno riigsties liekana.

Po to skaidrus tirpalas koncentruojamas iSgarinant reakcijos misinj 90 °C
temperattiroje. Mélynas tirpalas palaipsniui pasikeité j tamsiai zalig skaidry
zolj po to, kai beveik 95% vandens iSgaravo nuolat maiSant. Galiausiali,
i8dziovinus dziovinimo krosnyje 120 °C temperatiiroje, gauti smulkis
raudonai rusvi (1 sintezeé) ir ryskiai geltoni (2 sinteze) gelio milteliai.

IVAIRIU METALU TARTRATU GELIY PIRMTAKU TERMINIS
APDOROJIMAS

Norint susintetinti galutinius kristalinius junginius, gauti skirtingi metalo
gelio pirmtakai buvo papildomai termiskai apdoroti aukstoje temperatiiroje.
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PavyzdZiui, norint parodyti kristaly augimo tendencijg, gerai sumaltas Li—Al—
Mo-O tartrato gelio pirmtakas buvo termiskai apdorotas 400 °C, 450 °C, 500
°C, 550 °C, 600 °C, 650 °C ir 700 °C.

Gerai sumalto Li-La-Ti—O tartrato gelio pirmtako terminis apdorojimas
buvo atliktas siekiant parodyti gauty milteliy kristaly augimo tendencijg ir
padidinti galutinio keramikos kompaktiskuma. Siuo atveju atitinkamas
meéginys buvo termiskai apdorotas 800 °C, 900 °C, 1000 °C ir 1100 °C oro
atmosferoje. Galiausiai gauti keramikos milteliai buvo papildomai termiskai
apdoroti 1250 °C temperatiiroje.

Bi—V-O tartrato gelio pirmtakai 5Bi,O3 - V,0s keramikai buvo termiskai
apdoroti 5 valandas 800 °C temperatiiroje. Gauti gelsvi keramikos milteliai
buvo granuliuoti ir papildomai termiskai apdoroti 870 °C temperattroje 5
valandas ore.

PRIETAISAI IR JRANGA MEGINIAMS ANALIZUOTI

Li—-Al-Mo-O tartrato gelio pirmtako TG/DSC matavimas buvo atliktas
naudojant TG—DSC, STA 6000 Perkin-Elmer prietaisg, naudojant mazdaug 5
mg méginio svorj ir kaitinant 20 °min’! grei¢iu nuolatiniame oro sraute (20
cm’/min) esant aplinkos slégiui nuo kambario temperatiiros iki 950 °C.

Rentgeno spinduliy difrakcijos (XRD) modeliai buvo uzfiksuoti oro
atmosferoje kambario temperatiiroje, naudojant miltelinj rentgeno
difraktometrg Rigaku MiniFlex II, naudojant Cu Ka spinduliuot¢. XRD
modeliai buvo registruojami standartiniu 1.5 20 min' grei¢iu. Méginys buvo
paskleistas ant stiklo laikiklio tam, kad biity pasiektas didziausias XRD
difraktogramy biidingy smailiy intensyvumas. Siekiant jvertinti kristalinés
fazés sudétj, gauty XRD modeliy Rietveld jvertinimas atliktas naudojant
X'Pert HighScore Plus programing jranga.

Gauty keramikos méginiy pavirSiaus morfologijai ir mikrostruktiirai tirti
buvo naudojami skenuojantys elektroniniai mikroskopai (SEM) Hitachi SU-
70 ir Hitachi TM3000. Bi,O; - V,0s keramikos elementinei sudéciai nustatyti
buvo pritaikyta energijos dispersiné rentgeno spektroskopija (EDS).

Bidingos funkciniy grupiy vibracijos visuose termiskai apdorotuose
méginiuose buvo jvertintos naudojant Perkin-Elmer Frontier FTIR
spektrometry.

Elektriniy savybiy matavimai buvo atlikti naudojant dvi skirtingas varzos
spektroskopijos technologijas naujai sukurtu impedanso spektrometru.
Termiskai paveikta keramika buvo apdorota naudojant Pt pastos elektrodus,
gauti mazdaug 1.5 mm aukscio ir iki 3 mm skersmens cilindriniai pavyzdziai.
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REZULTATU APTARIMAS

Siame skyriuje pateikiami susintetintos keramikos analizés rezultatai,
kurie aiskiai parodo vandeninio zoliy-geliy metodo galimybes.

TERMINIS Li-Al-Mo-O PIRMTAKO SKILIMAS

Terminé analizé buvo panaudota tirti paruosto gelio pirmtako degimo ir
pirolizés procesus, kurie atlieka svarby vaidmenj formuojant galuting
keramika. Li—-Al-Mo—O gelio LiAIMo0,0s keramikai terminio apdorojimo
procesas buvo atliktas oro atmosferoje.

Li-Al-Mo-O tartrato gelio pirmtako skilimg galima apytiksliai suskirstyti
penkis pagrindinius etapus. Pirmasis masés pokytis yra tiesiogiai susijes su
vyno riigsties pertekliumi. Vyno rtigstis buvo pridéta i reakcijos miSinj tam,
kad biity i¥vengta nuosédy iskritimo geliacijos metu. Si skilimo stadija gerai
matoma i§ TGA kreivés temperatiiry diapazone nuo 30 °C iki 320 °C. Nors
susintetintas gelis buvo dZziovinamas 120 °C temperatiiroje, vandens
molekulés, susidariusios vyno riigsties dimery susidarymo metu (9 lygtis),
iSgaravo iki 125 °C. Tokj drégmés paSalinimg i§ gelio milteliy galima
patvirtinti placia endotermine juosta DSC kreiv¢je.

2H,0 ©9)

Toliau didéjant temperatiirai, iSgaruoja acto riigstis, kuri susidaro irstant
vyno riigsties dimerui. Sis procesas prasideda apie 130 °C ir baigiasi 175 °C
temperatiiroje. Tai taip pat patvirtina gerai iSreikSta endoterminé smailé DSC
kreiveje arba astri juosta TGA kreivéje. Vandenilio keitimas hidroksilo grupe,
zinomas kaip Beckmann transformacija, ir susidariusio vyno riigsties dimero
skilimas atitinkamai pateikti 10 lygtyje.
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Toliau didinant kaitinimo temperatiirg, susidargs vyno riigsties dimeras
suyra kitaip. Sis procesas prasideda 200 °C temperatiiroje ir baigiasi
aukstesnéje nei 300 °C temperatiiroje. Anglies dioksido i$siskyrimg patvirtina
plati egzoterminé juosta DSC kreivéje. Tuo tarpu piruvo riigsties susidarymo
mechanizmas parodytas 11 lygtyje.
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30 °C — 320 °C temperatiiry intervale bendras masés pokytis sudaro apie
50%, o tai gerai sutampa su vyno rigsties kiekiu, kuris buvo pridétas i
reakcijos miSinj reakcijos pradzioje. Tolesnis temperatiiros kilimas nuo
mazdaug 320 °C iki 500 °C yra tiesiogiai susij¢s su terminiu metalo tartraty
skilimu. Tai i§ dalies patvirtina mazos ir placios egzoterminés juostos DSC
kreivéje. Taip pat svarbu pazyméti, kad nuo 450 °C temperatiiros DSC
kreivéje  iSskiriamas endoterminis procesas, kuris siecjamas su
daugiakomponenciy oksidy kristalizacijos pradzia. Temperatiiry intervale nuo
540 °C iki 679 °C vykstantis masés pokytis (9.2 %) yra tiesiogiai susij¢s su
neorganinés anglies, susidariusios dalinio metalo tartraty irimo Zemesng¢je
temperatiiroje, degimo procesais. Gelio pirmtako likuc¢io masés padidéjimas
temperatiiros intervale nuo 679 °C iki 700 °C yra siejamas su li¢io peroksido
susidarymu, kuris sugeria deguonies dujas i$ li¢io oksido kaip priemaiSos fazg.
Toliau didinant kaitinimo temperatiira vir§ 730 °C, méginio masé tampa
stabili. Taciau nuo 850 °C stebimas gelio likucio masés pokytis, kuris
priskiriamas aliuminio molibdato irimui bei molibdeno oksido i§garavimui.

Apibendrinant terminés analizés rezultatus, akivaizdu, kad gautos
LiAlMo0,0Os keramikos susidarymas labai priklauso nuo pradiniy reagenty
molinio santykio reakcijos miSinyje. Santykinai Zema Al:Mo3Oi2
kristalizacijos temperatiira sudaro salygas susidaryti priemaiSiniams
junginiams, kuriy egzistavimg liudija Li—~Al-Mo—-O tartrato gelio pirmtako
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liku¢io masés padidéjimas apie 679 °C temperatiiroje. Be to, méginio milteliy
masés sumazéjimas virS 850 °C patvirtina aliuminio molibdato, kaip
priemaiSos fazés, susidaryma kristaliniame misinyje.

Li-La-Ti-O TARTRATO GELIO PIROLIZE IR DEGINIMAS

Siame darbe siiiloma sintezés technika yra pagrjsta metaly jony saveika su
vyno riig§timi vandeningje terpéje. Vyno rugstis veikia kaip ligandas
geliacijos procese siekiant iSvengti nuosédy susidarymo. Susintetinto Li—La—
Ti—O tartrato gelio pirmtakas turi didele jtaka tiek jo terminio skilimo
mechanizmui, tiek galutinio daugiakomponenéio oksido cheminéms ir
fizinéms savybéms. Termogravimetriné ir diferenciné skenuojanti
kalorimetriné analizé leidzia jvertinti tiek licio lantano titano tartrato gelio
skilimo procesa, tiek galutinio daugiakomponentinio oksido kristalizacijos
kelig. Todé¢l Siuo atveju skirtingomis salygomis iSmatuotos Li—La-Ti—O
tartrato gelio pirmtako TG-DTG-DSC kreivés.

Gauti duomenys parodé¢ du svarbius dalykus: organometaliniy junginiy
skilimo mechanizmg ir galutiniy keraminiy faziy formavimosi ypatumus
terminio apdorojimo metu. Be to, méginiy terminis apdorojimas skirtingose
atmosferose atskleid¢ jdomias gelio elgesio tendencijas, ypac esant aukstesnei
nei 300 °C temperatirai. Gauty geliy terminj skilimg galima apytiksliai
suskirstyti i tris pagrindinius etapus.

Kita vertus, priklausomai nuo kaitinimo atmosferos, Siluminio poveikio
etapy skaicius gali Siek tiek skirtis dél organiniy junginiy degimo, kuris yra
labiau skatinamas oru prisodrintoje aplinkoje, o inertinés salygos inicijuoja
vidinius gelio pirmtako persitvarkymus ir lakiyjy komponenty iSgaravimg Siek
tiek auksStesnéje temperatiiroje. Nepaisant to, pirmajame temperatiiry intervale
nuo 30 °C iki 300 °C atitinkamy metaly tartraty druskos yra gana stabilios,
tatiau nesureagavusios vyno rugSties skilimas vyko identiskai,
nepriklausomai nuo oksidacinés arba inertinés aplinkos.

Toliau kylant temperatiirai, kaitinimo atmosferos jtaka atskleidzia
skirtingas atitinkamy metalo tartraty skilimo tendencijas. IS gauty rezultaty
matyti, kad Li-La-Ti—O tartrato gelio pirmtako terminio skilimo proceso
panaSumas baigiasi esant apie 254 °C temperatiirai. Egzoterminio proceso
pobidis nuo 253.71 °C oro atmosferoje ir 254.84 °C azoto atmosferoje rodo
aplinkos salygy dominavimo pradzig iki tolesnio pradinio gelio pirmtako
irimo. Si plati egzoterminé terminio skilimo proceso juosta DSC kreivéje
konkuruoja su vélesniu endoterminiu efektu, kuris prasideda atitinkamai
305.80 °C (N, atmosfera) ir 320.79 °C (oro atmosfera) temperatiiroje. Be to,
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Sis endoterminis procesas persidengia su egzoterminiu pokyciu, prasidedanciu
temperattiros diapazone nuo mazdaug 410.68 °C iki 415.92 °C, priklausomai
nuo kaitinimo atmosferos. Sis pokytis yra susijes su metalo tartrato likuciy
intramolekuliniu  persitvarkymu Li-Ti-O, La-Ti-O ir Li-La-Ti-O
daugiakomponenciy oksidy kristalizacijos pradzia.

Li—La-Ti—O tartrato gelio pirmtako terminis apdorojimas oro atmosferoje
nuo 415.92 °C iki 577.41 °C sukelia rysky jo likutinés organinés dalies, kuri
yra 5.65 Kkartus Sviesesné, degimo procesa, nei analogiSkas platus
egzoterminis efektas, kurj rodo DSC kreivé azoto aplinkoje. Toks stiprus
atmosferos dominavimas terminio apdorojimo metu aiskiai rodo, kad galutiné
metalo tartrato likuciy oksidacija, kuri prasideda 450 °C temperatiiroje, ir jos
kitimo mechanizmas labai priklauso nuo aplinkos oksidacinés galios.

Tuo tarpu atitinkamy metaly titanaty kristalizacija vyksta mazdaug 500 °C
temperatiiroje, taciau toks pat endoterminis efektas DSC kreivéje Li—La—Ti—
O pirmtakui, kuris buvo termiSkai apdorotas oro atmosferoje, prasideda kiek
vélesnéje stadijoje, 550 °C temperatiiroje dél intensyvaus gelio likuciy
degimo. Be to, remiantis XRD rezultatais ir DSC kreiviy tendencijy
jvertinimu, li¢io lantano titanato kristalizacija paprastai prasideda 550 °C
temperatiiroje. Labiausiai tikétina, kad ryskus paskutinio endoterminio efekto
atsiradimas DSC kreivése, temperattiros diapazone nuo 800 °C iki 850 °C, yra
priskiriamas li¢io lantano titanato liku¢iy kristalizacijos procesui, kaip

parodyta 12 lygtyje.
x Li-Ti-O (k) + y La-Ti-O (k) — x Li~yLa—(x + y)Ti-O (k) (12)

Apibendrinant gautus Li—La-Ti—O tartrato gelio pirmtako terminio
skilimo skirtingose kaitinimo atmosferose rezultatus, akivaizdu, kad terminé
analizé¢ yra labai naudingas ir reikalingas jrankis, leidziantis pagristi ir
paaiskinti galutiniy kristaliniy oksidy medziagy susidarymo ypatumus.
Siluminés analizés ir rentgeno spinduliy difrakcijos kombinacija suteikia
galimybe paaiskinti kristaliniy faziy susidarymo priezastis ir pobud;.
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Bi-V-O TARTRATO GELIO PIRMTAKO TERMINIS SKILIMAS

Lakiyjy junginiy cheminis stabilumas Bi—V-O tartrato gelio pirmtakuose,
paruoStuose zoliy-geliy biidu naudojant skirtinga vyno rugsties kieki,
nustatomas i§ TG—-DTG-DSC kreiviy.

Nepaisant to, kad Bi—V—O gelio pirmtaky Siluminio elgesio tendencijos
DSC kreivéje yra panasios, bendras masés pokytis visiskai skiriasi. Méginys,
paruostas taikant 1 sintezés biidg, geriausiai atitinka 64.6 % masés likutj 800
°C temperatiiroje, ji lyginant su teoriniu atveju (62.1 %). Kito Bi—V-0 gelio
pirmtako (2 sintezés) galutinis skilimas sudaro 68.9 % likusios masés ir
visi$kai neatitinka teorinio masés poky¢io, dél kurio susidaro ne maziau kaip
29.0 % keramikos likuciy. Toks skirtumas paaiskinamas stabiliy metaly
karbonaty arba atitinkamy anglies pagrindu pagaminty junginiy, jstrigusiy Bi—
V-O tinkle, susidarymu garinimo ir terminio apdorojimo metu. Sios
keraminés sistemos islieka stabilios net aukstesnéje nei 800 °C temperatiiroje.

Kaip zinoma i§ ankstesniy tyrimy, vyno riigSties terminis skilimas vyksta
iki 300 °C temperatiiros. Nepaisant to, kad vyno riigsties kiekis pagal sintezés
biidg skiriasi du kartus, masés pokytis abiem atvejais buvo beveik vienodas.
Sis rezultatas rodo, kad padidéjes vyno rgsties kiekis 2 sintezéje stipriai
veikia Bi—V-O sistemg geliacijos proceso metu. Atitinkamy gelio pirmtaky
spalvos pokytis patvirtina $ig i§vada, o stiprus DSC kreivés endoterminis
pobidis (AH=45.581 J g') ir masés pokytis, kuris yra apie 5%, patvirtina
padidéjusj atitinkamo gelio pirmtako hidratacija.

Tolesnis terminis apdorojimas temperatiiry intervale nuo 100 °C iki 200 °C
lemia ir didesnj, apie 10%, masés pokytj gelio pirmtakui, gautame 1 sintezéje.
Tuo tarpu 2 sintezés atveju masés pokytis sumazéja tik 2%. Didziausias Bi—
V-0 tartrato gelio pirmtako (2 sintezés) masés pokytis stebimas temperatiiros
intervale nuo 220 °C iki 300 °C, kai masé sumaz¢ja apie 25%. Toks skirtingas
abiejy TG kreiviy elgesys temperatiiros intervale nuo 30 °C iki 300 °C rodo
nevienodg tartraty koordinuojamos Bi—V—-O sistemos jtakg vyno riigsties, kuri
liko nesureagavusi reakcijos miSinyje, stabilumui. Tolesnis temperatiiros
kilimas nuo 300 °C iki 470 °C rodo tipiska 1 sintezés metaly tartraty skilima,
kuomet masé sumaz¢jo apie 5.428%. 2 sintezés atveju masés pokytis buvo tik
apie 1.5%. Toks santykinai mazas tartraty kiekis Bi—V—O tartrato gelio
pirmtakuose $iai sintezés metodikai yra nebtidingas ir tai galima paaiskinti tik
stabiliy metalo-anglies-deguonies junginiy susidarymu, kurie nesuyra net
aukstesnése temperatiirose.

Paskutinis masés pokytis temperattiros intervale nuo 470 °C iki 540 °C
atitinka tartraty likuciy skilimg. Apie 4.049 % (1 sintezé) ir 2.198 % (2 sintez¢)
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masés pokyciai sutampa su metalo tartraty masés praradimo reikSmémis
temperatiros intervale nuo 300 °C iki 470 °C. Visa tai parodo, kad vyno
rugsties kiekis yra svarbus Bi-V-O tartrato gelio pirmtaky formavimosi metu.

Tuo remiantis, galima teigti, jog vyno rugsties trikumas zoliy-geliy
proceso metu sukuria nuosédas, kurios stipriai veikia galutinio gelio pirmtako
homogeniskuma. Tuo tarpu dél ligando pertekliaus susidaro nemazas kiekis
Bi-V-O keramikos, integruotos su anglies pagrindo priemaiSomis, kurios
i8laiko savo stabilumg net aukstesnéje nei 815 °C temperatiiroje.

RENTGENO SPINDULIU DIFRAKCIJOS MODELIAI

Rentgeno spinduliy difrakciné analizé (XRD) — neardomasis kristaliniy
struktiry tyrimo metodas, kuriuo galima apibtidinti medziagos kristaling
struktiirg, nustatyti cheminius junginius ir jy rasis bei defektus, apskaiciuoti
kristality dydzius. Siame darbe XRD metodas yra sékmingai derinamas su
sintetinty geliy termine analize. Kristaliniy faziy sudétis méginyje leidzia
patvirtinti kristalizacijos procesus, vykstancius terminio apdorojimo metu.

LiAIMo0,0s KERAMIKOS KRISTALITY AUGIMO TENDENCIJOS

Siame darbe atlikti Li-Al-Mo—O tartrato gelio pirmtako XRD tyrimai
LiAlMo0,Osg pradinés sudéties keramikai, termiSkai apdorotai skirtingomis
temperatiiromis.

Gautos keramikos faziy sudétis ir kristality dydziy jvertinimas buvo
nustatytas Rietveldo analize. Susintetinto gelio pirmtako homogeniskumas
buvo jrodytas difraktograma, kurioje nebuvo jokiy smailiy, budingy
kristaliniams junginiams. Kaip matyti i$ terminés analizés rezultaty, po vyno
rugsties pertekliaus skilimo procesy yra iSskiriama kristaliniy junginiy
kristalizacijos pradzia. Zinant, kad aliuminio molibdatas pradeda formuotis
aukstesnéje nei 400 °C temperatiiroje, termiskai apdorojant méginj 450 °C
temperatiiroje susidaro maziausiai dvi skirtingos kristalinés fazés. Nepaisant
to, likusiy Li—Al-Mo—O gelio pirmtako, termiskai apdoroto aukstesnéje
temperattiroje, kristaliniy faziy sudétis rodo triklininio LiAIMo0,Os junginio
dominavimg, kurio kiekis linkes didéti didinant terminio apdorojimo
temperatiirg.

Kristality dydis eksponentiskai didéja nuo 36.75 nm bandinyje, termiskai
apdorotame 500 °C temperatiiroje, iki 126.11 nm esant 700 °C temperatiirai.
PriemaiSos Al:Mo030O;, kristalinés fazés egzistavimas patvirtina iSvadas,
gautas analizuojant terminés analizés rezultatus — esant didesnei nei 900 °C
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temperatiirai, pastebétas bandinio masés sumazéjimas, kuris yra susijes su
aliuminio molibdato skilimu ir MoOs pasalinimu i§ reakcijos miSinio.

Apibendrinant XRD difraktogramy rezultatus, galima daryti i§vada, kad
galutiniy kristaliniy faziy sudétis reakcijos miSinyje labai priklauso nuo
pradiniy reagenty molinés sudéties. Terminio apdorojimo temperatiiros
padidéjimas sumazina priemaiSy faziy skaiCiy reakcijos miSinyje, tatiau
vienfazio LiAIMo0,Os junginio sintezé Zemesnéje temperatiiroje iSlieka
sudétinga.

KRISTALINIY LLTO FAZIY RENTGENO DIFRAKCIJOS TYRIMAI

Siame darbe taip pat buvo atlikti Li-La-Ti-O tartrato gelio pirmtako XRD
tyrimai Lig3sLagssTiOs pradinés sudéties keramikai, termiSkai apdorotai
skirtingomis temperatiiromis.

IS XRD modeliy aiskiai matyti, kad terminio apdorojimo temperatiirg
padidinus iki 1000 °C, visiSkai iSnyko biidingos smailés, priskirtinos
priemaisy kristalinéms fazéms. Apskaiciuota, kad Lip3Lao.s67T103 keramikos
tetragoninés kristalinés fazés kristality dydis padidéjo nuo 61.48 nm iki 97.71
nm. Siame terminio apdorojimo etape li¢io ir lantano titanaty liku¢iai reaguoja
su lantano karbidu. Atitinkamos kompozicijos smailés buvo sé¢kmingai
nustatytos Rietveldo analize.

Titano trukuma kristaliniy junginiy miSinyje galima kompensuoti titano
oksidu. Nedidelis TiO: kiekis identifikuotas méginio, kuris buvo termiskai
apdorotas 800 °C temperatiiroje, rentgenogramoje. Siuo atveju smailés,
priskiriamos kristaliniam titano oksidui, persikloja su jau nustatytomis
smailémis, priskiriamomis li¢io ir lantano titanatams. Svarbu pazyméti, kad
meginj termiskai apdorojus aukstesnéje nei 1000 °C temperatiiroje, buvo
stebimas laipsniskas vienfazio LiosLaoss7TiO3 trikomponencio oksido
virsmas j Lig_3sLaossTiOs kristaling fazg.

Tokiais atvejais gautg keramika daugiausia sudaro ortorombiné
Lig3sLagssTi0s fazé, kurios masés dalis misinyje sudaro 91.3%

Nustatytame miSinyje licio ir lantano molinis santykis (n(Li)/n(La)=0.648)
yra artimas Lig3sLag ssTi03; keramikos molinei sudéciai. Li¢io jony perteklius
(x=0.67) yra pasalinamas i§ oksidy miSinio perkristalizuojant galutinj
kristalinj junginj 1250 °C temperatiiroje. IS Sio rezultato aiSku, kad
LigssLagssTiO; keramikos cheminiy elementy santykj kontroliuoja joje
esantis lantano kiekis.

Papildomai termiskai apdorojant gauta keramikg 1250 °C temperatiiroje 5
valandas oro atmosferoje, buvo gautas vienfazis LigssLagssTiOs; sudéties
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oksidas, kuriame apskaiCiuotas kristality dydis atitinka 110.64 nm.
Apibendrinant XRD rezultatus, akivaizdu, kad galutiné li¢io lantano titanato
keramika pradeda formuotis esant gana aukstai, aukStesnei nei 500 °C
temperatiirai. Siuo atveju pradiné li¢io titanato tarpinio produkto kristalizacija
leidZia sumazinti li¢io jony lakuma, ypac temperatiiros intervale nuo 500 °C
iki 1000 °C. Tuo tarpu papildomas tabletés (presuotos i§ milteliy, termiskai
apdoroty 1 000 °C temperatiiroje) terminis apdorojimas 1250 °C temperatiiroje
didelio masés pokycio nesukelia, o tai leidzia manyti, kad galimas li¢io jony
perteklius yra paSalinamas i§ susintetintos oksidy sistemos po pakartotinio
ilgalaikio kaitinimo, kai buvo nustatytas galutinis daugiakomponentis oksidas,
turintis Lig3sLag ssT103 sudétj.

Teisingas galutinio Lio3sLaossTiO3 keramikos pradinés stechiometrijos
pasirinkimas buvo i§ dalies patvirtintas Lisx[La3-«xT103 (x=0.10, 0.12, 0.14 ir
0.16) méginiy, termiSkai apdoroty 1000 °C temperatiiroje XRD rezultatais.

Remiantis Rietveldo analizés rezultatais, buvo nustatytas Lig3Lag s67T103
keramikos tetragoninés kristalinés fazés dominavimas, taCiau pastebéta ir
ortorombinés kristalinés fazés kiekio didéjimo tendencija LiossLagssTiO;3
junginiui. Tai rodo, kad pradinis li¢io ir lantano molinis santykis yra svarbus
parametras, lemiantis atitinkamo li¢io lantano titanato kristalinés sudéties
susidaryma aukstesnéje temperatiiroje.

LLTO KRISTALINIU FAZIU STRUKTURINE ANALIZE

Kaip buvo nustatyta i§ XRD modeliy, pradinis Li/La atomy molinis
santykis yra svarbus parametras, jtakojantis galutinés kristalinés fazés
formavimasi. Bendrg informacijg apie atitinkamy junginiy kristaling strukttirg
galima sékmingai gauti i§ tolerancijos koeficiento (t) reikmiy. Sis parametras
parodo Goldschmidt pateikta tarpusavyje besiskverbianciy dodekaedry ir
oktaedry i§déstymo ABOs perovskito struktiiroje koncepcija, kurig pateikia 13

lygtis:
B + R
{ = lj‘ 0 (13)
(2} - [.R:u T ch

kur Ra, Ry ir R, yra atitinkamai katijono A, B ir deguonies joniniai
spinduliai. Sudétingoje perovskito sistemoje R, ir R, yra sudaryty jony
joniniai spinduliai, normalizuoti pagal atominj santyk] .

Perovskito struktiira yra stabili srityje 0.880 <t < 1.090, o simetrija yra tuo
didesné, kuo t verté yra arciau 1. ReikSmé t taip pat rodo, kiek toli atomai gali
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pasislinkti nuo idealiy pakavimo padéciy ir vis dar buti ,.toleruojami‘
perovskito struktiiroje. Tai atspindi struktiirinius pokycius, tokius kaip
oktaedro iSkraipymas, sukimasis, posvyris.

Panasios i§vados buvo padarytos i§ oktaedry tempimo, kampiniy ir sukimo
i8kraipymy ABOs perovskito struktiiroje Lio3Laose7TiOs ir LigssLagssTiO3
keramikai. { ir £ yra bendri metalo jony komplekso nuokrypiai nuo idealios
oktaedrinés struktiiros, o ® reiskia iSkraipyma nuo tobulos oktaedrinés (On)
iki trigonalinés prizminés (Dsh) geometrijos. {, X ir ® parametry matematinés
iSraiskos pateikiamos tokiomis lygtimis:

G
C =Zl|nlr' - ”I.fumu| (14)

]
A :.-".5 Z(g)' (15)
i=1 el

12

¥ Z|.;zhf — 90| (16)
i=1
24

e _;m- — 60| (17)

Tempimo iSkraipymo parametro A reikSmé turi tg pacia reikSme kaip C, bet
nepriklauso nuo cheminés jungties ilgio matavimo vienety. {, A, £ ir ©
parametry struktiriniai duomenys pateikti atitinkamai 6 — 9 lentelése 3.2.3
skyriuje.

Tetragoninés kristalinés fazés iSkraipymo parametry reikSmes yra didesnés
nei ortorombinés struktiiros. Sis rezultatas gerai koreliuoja su atitinkamy
kompozicijy tolerancijos koeficientu.

Bi»; V404 JUNGINIO KRISTALIZACIJA 1S 5Bi>05 - V205 MISINIO

Siekiant patvirtinti kristaling sudétj termiskai apdorotuose Bi—V-O gelio
pirmtakuose 5Bi>O;'V,0s keramikai buvo atlikta rentgeno difrakcija (XRD).
Abiejy Bi-V-O tartrato gelio pirmtaky, termiSkai apdoroty 870 °C
temperattiroje, XRD duomenys atitinka budingus atspindzius, kurie
priskiriami ortorombinei Bi»;V4Oas sistemy kristaly struktiirai.

Atitinkamy méginiy Rietveldo patikslinimo analizé patvirtino
ortorombinio Biz3V4O4s (ICSD Nr.: 418368) kristalinio junginio dominavima.
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Taip pat buvo nustatytos monoklininés BissVsOgo (ICSD Nr.: 415113) ir
triklininés BissVsOgo (ICSD Nr.: 87271) sistemy fazés pédsaky. Pagal $j
rezultatg akivaizdu, kad pradiné 5Bi,O3-V,Os sudétis gerai atitinka gautas
kristalines fazes.

Taip pat svarbu pazyméti, kad panaSios kristalizacijos tendencijos buvo
stebimos gelio pirmtakams, paruoStiems 1 sintezés metu ir termiskai
apdorotiems 800 °C temperatiiroje. Toks rezultatas yra glaudziai susijes su
paruosto Bi—V—-O tartrato gelio pirmtako homogeniskumu, kurj patvirtino
XRD modelio amorfinis pobudis.

PAVIRSIAUS MIKROSTRUKTUROS TYRIMAS SEM METODU

Metaly tartraty gelio pirmtaky pavirSiaus morfologija atitinkamoms
keraminéms medziagoms, susintetintoms vandeniniu zoliy-geliy metodu ir
termiskai apdorotoms skirtingomis temperatiiromis, buvo iStirta naudojant
skenuojanéia elektroning mikroskopija (SEM). Sis analizés metodas tinka
medziagos pavirSiaus morfologijai tirti dél Zymiai didesnés skiriamosios
gebos ir vaizdo raiSkumo lyginant su optiniu mikroskopu.

TEMPERATUROS POVEIKIS Li-Al-Mo-O TARTRATO GELIO
PIRMTAKO PAVIRSIAUS MORFOLOGIJAI

Siekiant parodyti gautos keramikos daleliy augimo tendencija didinant
terminio apdorojimo temperatiirg, buvo istirta jy pavirSiaus morfologija. Li—
Al-Mo—O tartrato gelio pirmtako, termiskai apdoroto 400 °C, 500 °C, 600 °C
ir 700 °C temperattiroje, SEM nuotraukos pateiktos 3.3.1 skyriuje. Méginio,
termiskai apdoroto 400 °C temperattiroje, bandinio pavirSius yra vienalytis,
susidedantis 1§ netaisyklingy formy dariniy, susidariusiy irstant
nesureagavusiai vyno rag§tiai. Sis rezultatas gerai sutampa su XRD
duomenimis, kai galutinés keramikos susidarymas 400 °C temperatiiroje
nebuvo aiskiai iSreik§tas. Meéginio terminio apdorojimo temperatiiros
padidéjimas iki 500 °C parodo pavirSiaus morfologijos pokycius, susijusius su
mazesniy nei 200 nm dydzio sferiniy daleliy augimo pradzia. Beveik
identiskas vaizdas stebimas ir 600 °C temperatiiroje — iSskiriamas gerai
matomas smulkesniy daleliy susibtirimas j didelius agregatus. Termiskai
apdorojant méginj 700 °C temperatiiroje, susidaro taisyklingos formos dalelés
su aiskiai apibréztais krastais, kuriy dydis svyruoja nuo 4 pm iki 10 pm.

SEM rezultatai rodo, kad galutinés keramikos daleliy augimas vyksta
dvejais etapais. Pirmajame etape iSskiriamas kristality, kuriy skersmuo
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nevirSija 100 nm, aglomeraty susidarymas. Tuo tarpu, esant aukstesnei nei 600
°C temperatiirai, susidariusios dalelés pradeda jungtis j 4 um - 10 pm dydzio
darinius, turin¢ius taisyklinga struktiirg, aiSkias plokStumas ir gerai iSreikstus
krastus. Remiantis XRD analizés rezultatais, galima daryti iSvada, kad
taisyklingos formos dalelés daugiausia susideda i§ kristality, kuriy vidutinis
dydis atitinka 126.11 nm verte.

TANKIOS STRUKTUROS FORMAVIMAS LLTO KERAMIKOJE

Pirminis koreliacijos tarp SEM rezultaty ir XRD duomeny nebuvimas
rodo, kad gautos dalelés ant tabletés pavirSiaus yra sudarytos i§ glaudZziai
supakuoty kristality. Nepaisant tolygios daleliy formos ir aiskiai apibrézty
krasty, platus dydziy pasiskirstymas rodo, kad kristality parametrai yra
mazesni nei atitinkamy daleliy tabletés pavirSiuje, o tai puikiai dera su XRD
rezultatais.

Susintetinto Lig3sLagssTiOs kristalinio junginio, kuris buvo termiskai
apdorotas 1250 °C temperatiiroje 5 valandas oro atmosferoje, pavirSiaus
morfologija susideda i§ taisyklingos formos daleliy, kurios dydis svyruoja nuo
1 um iki 10 um. Be to, reikia paminéti, kad tabletés viduje, ltzio vietoje, buvo
nustatytas tankus susintetinty kristality susikaupimas monolitiniame
pavirSiuje be gerai matomy jtrikimy ir ertmiy.

Zinant tai, kad glaudziai issidéste kristalitai ir tanki vienkristalinio
daugiakomponentinio oksido struktiira smarkiai pagerina gauto méginio
laidumo savybes, galima teikti, kad atskiry daleliy dydis gali turéti jtakos
griudeliy ribiniy verciy laidumo sumaz¢jimui, ypac esant Zemai temperatiirai,
kai li¢io jony mobilumas yra palyginti maZas.

SEM IR EDS ANALIZES 5Bi,03-V,0s KERAMIKAI

PavirSiaus morfologinés savybés, kurios turi didelg jtaka sintezuotos
keramikos elektrinéms savybéms, taip pat buvo tiriamos skenuojancia
elektronine mikroskopija (SEM). SEM nuotraukos Bi-V-O tartrato gelio
prekursoriui, kaitintame 870 °C temperatiiroje, yra pateiktos 3.3.3 skyriuje.

Pirmosios nuotraukos (Bi-V-O tartrato gelis, paruostas pirmosios sintezés
biidu) rezultatai rodo, jog méginio pavirsius yra tankus, be jtrukimy ir ertmiy.
Padidinus SEM vaizda, matosi, kad dalelés susijungia su i§ dalies iStirpusia
medziaga, o tai padidina keramikos kietumg ir mechaninj stipruma. Siek tiek
kitoks 5Bi,03-V20s keramikos (Bi-V-O tartrato gelis, paruostas antrosios
sintezés biidu) SEM nuotraukuose matomas vaizdas, kur pavir$iy daugiausia
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sudaro masyviis monolitai su aStriais kraStais ir maZomis ertmémis, kuriy
skersmuo skiriasi nuo 500 nm iki 3 pm.

Be abiejy méginiy morfologiniy ypatumy, pazymétina ir tai, kad
mechaninis apdorojimas, kuris buvo pritaikytas jterpiant jj i zonda varZos
analizei, kardinaliai skyrési. Mechaninis 5Bi>03-V,0s keramikos
apdorojimas, paruo$tas naudojant 1 sinteze, buvo lengvai valdomas, todél
buvo gauta norima forma ir matmenys su lygiu bandinio pavirSiumi. Taciau
kito pavyzdzio paruoSimas buvo daug sudétingesnis dél jtrikimy susidarymo
ir lengvo trupéjimo.

Gauti rezultatai atskleidé, kad maZesnis vyno rugsties kiekis zoliy-geliy
proceso metu pirmoje sintezéje lemia bismuto (10.996) ir vanadzio (2.000)
molinj santykj, artimg tiek pradiniam elementy kiekiui (5Bi,03-V20s), tiek
kristalinio junginio Bi»3V4044 kompozicijai, kuris buvo priskirtas pagal XRD
duomenis. Padidéjgs deguonies atomy kiekis méginyje gali biiti paaiskintas
tieck organinémis priemaiSomis, ypaC¢ esant Zemai temperatiirai, tiek
nestechiometrija kristaly oksiduose arba amorfinése fazése termiSkai
apdorotame méginyje 870 °C temperatiiroje.

Bismuto ir vanadzio molinis santykis antrojoje sintezéje iSliko panasus,
nepaisant terminio apdorojimo temperatiiros. Toks rezultatas puikiai sutampa
su terminés analizés iSvada apie padidéjusio vyno riigsties kiekio jtaka
keramikos sudéciai.

FT-IR TYRIMAI LiLaM0,0Os KERAMIKAI

Paprastai neorganiniy medziagy infraraudonyjy spinduliy juostos yra
platesnés, jy yra maziau ir jy bangy skaiCius yra mazesnis nei organiniy
medziagy. Nepaisant to, méginio, termiskai apdoroto 400 °C temperatiiroje,
FT-IR spektre matoma plati juosta su silpnai iSreikStomis smailémis nuo 1600
cm! iki 1050 c¢cm?! yra siejama su atitinkamy tartraty cheminiy rySiy
biidingomis vibracijomis. Siuo atveju smailé ties 1589 cm ! atitinka —COO
funkcinés grupés asimetrinj tempima. Tuo tarpu smailés padétis esant 1380
cm! apibudina arba —OH lenkimg plok§tumoje, arba —COO simetrinj
tempimg. Smailés, atitinkanc¢ios 1256 cm™, 1121 cm™! ir 1074 cm™! reik3mes,
priskiriamos C-H tempimui plok§tumoje, C—OH ir CH-OH tempimui.
Santykinai mazas smailiy, priskiriamy organiniams junginiams, intensyvumas
gali biiti paaiSkintas visiSku vyno ragsties skilimu ir susidariusiy lakiyjy
komponenty iSgaravimu bei i§ dalies suirusiy metaly tartraty egzistavimu.

Didinant terminio apdorojimo temperatiirg, organiniy junginiy smailés nuo
1600 cm™ iki 1050 cm™ linkusios i¥nykti. Tuo tarpu naujai suformuotos
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charakteringos smailés, nustatytos bangy skai¢iaus diapazone nuo 1000 cm™
iki 500 cm™', atitinka metalo ir deguonies jungties virpesius. Siuo atveju
smailés, priskiriamos ~957 cm™ ir ~935 cm! bangos skaiCiams, atitinka
biidingus simetrinio MoOj tetraedro virpesius. Tuo tarpu trigubai iSsigimes
(v3) F2 simetrijos rezimas vas (MoQs) ir v (M020,) tilto virpesiams atitinka
smailes ties ~916 cm™!, ~846 cm™!, ~765 cm™ ir ~693 cm ™.

Smailiy intensyvumas, plotis ir forma nuo 1000 cm™ iki 500 cm™!
priklauso nuo keramikos pirmtako kristaliSkumo laipsnio, pavir§iaus ploto ir
kristaly struktiiros. Didinant terminio apdorojimo temperatirg, didéja ir
kristaliniy junginiy kristaliSkumas. Tuo tarpu, kai kristalitai ir dalelés yra linke
augti, o pavirSiaus plotas turi tendencija maZzéti, pastebimas prieSingas
poveikis. Tai yra pagrindiné priezastis, lemianti 700 °C temperatiiroje
termiskai apdoroto gelio pirmtako biidingy smailiy intensyvumo mazéjima.

LLTO KERAMIKOS ELEKTRINIO LAIDUMO SAVYBES

Li¢io jony joninis laidumas Li-La-Ti—O sistemoje labai priklauso nuo
trikomponenc¢io oksido junginio kristalinés struktiiros. Tarinio laidumo
mechanizmg tetragoninei LissLa; 33.xT1,06 sistemai (P4/mmm) pasiiilé Ruiz ir
kt., kuris atitinka paraboling x funkcija su didZiausia Li*reik§me, kurios kiekis
lygus 0.25, kaip pasitlé Inaguma ir kt. Inaguma ir kt. taip pat pasitilé joninj
mechanizmg Li-turtingai LisLaz3xTi03, krosnyje auSinamai Lig3s Lag.ssTiOs
sistemai. Manoma, kad TiOs oktaedry pakreipimas ir La tvarka lemia greitesnj
li¢io jony laidumg La-skurdziame sluoksnyje nei La turtingame sluoksnyje ir
kontroliuoja perkoliatyvini difuzijos kelia nuo dvimacio iki beveik trijy
dimensijy. Didéjant terminio apdorojimo temperatiirai, keiciasi ir li¢io jony
lakumas. Sis poveikis turi jtakos tiek Li/La jony santykiui, tiek kristaly faziy
sudéciai oksido miSinyje. Tokiomis aplinkybémis li¢io lantano titanato
kristalinés fazés dominavimas taip pat linkes keistis. Priklausomai nuo
elementy skaiCiaus tokioje multisistemoje, nenutriikstama rekristalizacija
vyksta esant santykinai aukstai temperatiirai, todél kristality dydis reikSmingai
nedid¢ja, kartais net linkes mazéti, o dazniausiai nevirSija 110 nm. Tai yra
pagrindiné priezastis, kod¢l tokioje daugiakomponentéje oksidy sistemoje
padidéjes tarpgranulinis atsparumas yra santykinai didelis ir sumazina bendra
joninj laidumg, ypaC esant Zemai temperatlirai. Norint patvirtinti $iuos
teiginius ir naudojant ankstesniuose skyriuose pateikta informacija, Siame
darbe buvo jvertintos ir gautos LagssLig35TiO3; keramikos joninio laidumo
reikSmes.
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Tuo tarpu griudeliy ribos varza yra santykinai didelé, todél labai sumazéja
susidaran¢ios Li-La—Ti—O sistemos bendras joninis laidumas. Sis rezultatas
patvirtina prielaida, kad kristality, kuriy dydziai i§licka nanometrinéje skaléje,
susidarymas priveda prie santykinai zemo bendras laidumo 27 °C
temperatiiroje. Taip pat reikéty pazyméti, kad grideliy ribos laidumas didéja
tiesiSkai didéjant temperatiirai, taciau tarinio laidumo priklausomybé nuo
temperatiiros yra eksponentiné. Tai galima paaiSkinti skirtingu li¢io jony
laidumu kristalituose ir gradeliy ribose. Galima teigti, kad didelis
tarpkristalinés erdvés plotas iskreipia griideliy ribos laidumo reikSmiy
priklausomybe nuo temperatiiros ir sudaro palankias salygas jai dominuoti. Sj
poveikj daugiausia lemia kristality dydis Li—La-Ti—O sistemoje. I$ tokiy
rezultaty tikétina, kad didesni kristalitai padidinty bendra Li-La-Ti-O
sistemos laidumg net nekeifiant elementy santykio sintezés metu. Be to,
grideliy ribos laidumo sumazéjimas aukStesnéje temperatiiroje yra tiesiogiai
susijes su daliniu fazés peréjimu i§ ortorombings j tetragoning faze ir cheminiy
ry$iy iSkraipymu atitinkamoje kristalinéje struktiiroje.

5Bi,03-V205 SISTEMOS ELEKTRINIS LAIDUMAS

Terminis Bi—V-O tartrato gelio pirmtaky skaidymas ir detalus
5Bi,03- V205 medziagy charakterizavimas atskleidé, kad vyno riigsties kiekis
terminio apdorojimo metu turi didziule jtaka tiek galutinei gautos keramikos
sudéciai, tiek pavirSiaus morfologijos ypatybéms. Atsizvelgiant j tai, kad tik
5Bi,03: V205 junginiui (paruoStam pirmos sintezés btidu) pavyko suformuoti
stabiliy matmeny méginj, laidumo matavimai atlikti tik Siam bandiniui.
Atitinkama laidumo priklausomybé nuo temperatiiros buvo jrodyta i
Arrhenius diagramy o v/s f(10%T). Pirmojo vésinimo (350 °C — 110 °C) ir
antrojo Sildymo (110 °C — 350 °C) etapy vaizdavimas sutampa, todél 3.6
skyriuje pateiktas tik antrojo $ildymo vaizdavimas. 5Bi,O3 - V,0s keramika
rodo Arrhenius tipo elektrinio laidumo elgsena, t.y. linijing priklausomybe
nuo temperatliros visame tiriamame diapazone. Apskaifiuota aktyvavimo
energija (Ea) yra lygi 0.93 eV visy rusiy laidumui.

Verta paminéti, kad gautos bendrojo laidumo (i) reik§meés esant 330 °C
temperatiirai yra panaSios lyginant su sistemomis PbjoBizsVgOsa,
Sr1oBi36VgOg4, Ca1oBi36V8Og4, Cd10Bi36VsO201 ir BisVsOz01 esant 800 °C
temperatirai. Taigi, pasirinkta sintezés technika grei¢iausiai nulemia gautos
keramikos i$skirtinuma tiek struktiiriniu, tick kompoziciniu aspektu.
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ISVADOS

1. Vandeninis zoliy-geliy sintezés metodas yra tinkamas gauti LiAIMo0,0Os,
LiossLagssTiO3 vienfazes kristalines kompozicijos fazes ir 5Bi»Os3-V2Os
vienfaze kristalines kompozicijos faz¢ su nedidelémis priemaiSomis.

2. Gauti homogeniski Li-Al-Mo-0O, Li-La-Ti-O ir Bi—V-O tartrato geliai
yra sudaryti i§ vyno riigSties ir metalo tartraty misinio.

3. Vyno rugsties skilimo procesas vyksta 30 °C — 320 °C temperatliry
intervale, kurio mechanizmas yra detaliai aprasytas ir patvirtintas specifinémis
TGA ir DSC masés kitimo ir $iluminiy transformacijy charakteristikomis.

4. Kiristaliniy faziy susidarymui didziausig jtakg turi galutiné kaitinimo
temperatira (Li-Al-Mo-O atveju) ir atskiry elementy molinis santykis
galutiniame gelio pirmtake (Li-La-Ti-O) atveju.

5. Didziausia jtaka gautos keramikos pavirSiaus morfologijai ir pory ar

jtrukimy susidarymui turi galutiné temperatiira ir keramikos paruoS§imo
kaitinimui buidas.
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