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ABSTRACT

Nowadays, a lot of attention has been attracted to the investigation of the
new multicomponent oxide materials and their preparation methods. Due to
their unique structural, electronic and catalytic properties, such materials can
be used in various applications. Metal molybdates with scheelite-type
structure could be used in scintillators, as luminescent materials and
photocatalysts. Such materials, which are partially substituted by the rare earth
elements, possess a high emission efficiency and used in the production of
advanced lighting and display panels. Meanwhile, LAMOX-type materials
and gadolinium-doped ceria oxides due to their unique electric properties
show the great potential in solid oxide fuel cells as electrolytes. These
compounds could also be used in oxygen pumps, gas sensors and membranes
for oxygen separation.

It is well known that chemical and physical properties are strongly related
to structural and morphological properties of prepared oxides; hence it is
important to choose the right synthesis method and conditions. In this work,
the multicomponent oxides with general formula of CaixSrkMoOs4,
Mo.0sEUp.05Ca99aM0QO4 (M=Li, Na, K, Rb, CS), La,Mo0,0g and Ceo_ngo,lol_gs
were prepared using aqueous sol-gel synthesis route. The tartaric acid or the
oxalic acid was used as a chelating agent. The obtained precursor gels were
additionally calcined at different temperatures. In order to investigate thermal
decomposition of prepared samples, thermogravimetric and differential
scanning calorimetry (TGA-DSC) analysis was performed. Structural and
morphological properties were investigated using X-Ray diffraction (XRD)
and scanning electron microscopy (SEM) techniques. Different analysis
methods such as infrared (FTIR), Raman and photoluminescence
spectroscopies were performed to characterize structure and composition, and
to estimate the optical properties of europium oxide in Mo gsEUo.0sCag.sM0O4
ceramic as a dopant in samples according to the nature of alkali metals. The
electrical properties of La,Mo0.Ogs were investigated using two different
impedance spectroscopy techniques by a newly developed impedance
spectrometer.

The TGA-DSC results showed that the thermal decomposition of tartrate
gel precursors for scheelite-type ceramics is very similar despite any
additional ion substitutions. Additionally, it was found that the excess of
tartaric acid decomposes to CO, CO. and lower molecular mass acids.
Meanwhile, the thermal decomposition of La—Mo-O gel precursor slightly
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differs, in spite of synthesis conditions being very similar. Moreover, the
thermal decomposition of Ce-Gd-O oxalate precursor was investigated. It
was found that the oxalate precursor decomposition mechanism is much
simpler and occurs in three main steps.

The results obtained from XRD analysis showed that in all cases single-
phase oxides formed. This leads to a conclusion, that aqueous sol-gel synthesis
route is suitable for the preparation of multicomponent oxides. FTIR analysis
showed that absorption bands related to organic compounds functional groups
occur in lower temperatures before crystalline compound formation. These
results are in good agreement with TGA-DSC analysis data which showed
that the main organic part of the gel decomposes up to 300 °C of temperature.

It was found that surface morphology of Cai«SrxMoQ,4 samples consist of
agglomerated irregular sphere-like particles. The particle size distribution
indicates that samples with higher substitution of Sr?* ion have larger particles
than those with lower substitution amount. The lanthanum molybdate surface
morphology revealed that the ceramic consists of circular-shape crystals with
well-connected grains. Such a dense structure is very important for further
investigation of electrical properties that allow eliminating factors such as
porosity and low connectivity between the grains that usually affect physical
properties of the ceramic obtained. Interesting results were obtained in the
Ceo.9Gdo.101.95 Oxide surface analysis. It was found that in temperatures above
1000 °C the surface morphology completely changes from irregular plate-like
shape particles to agglomerated sphere-like particles.

The Raman spectroscopy analysis confirmed the initial composition of
Cai1-xSrxMo0, ceramic. The calculated and experimental composition showed
only a small deviation that could have been caused by measurement errors.
This leads to a conclusion that the aqueous sol-gel method is suitable for
multicomponent oxides preparation with an exact molar ratio. Moreover, a
photoluminescent spectroscopy analysis showed an interesting relation
between optical properties and crystallite size. Measured electrical properties
of the La,Mo0,0q ceramic showed that the activation energy is slightly higher
in the phase transition of monoclinic a-phase to cubic B-phase (1.09 eV) than
the opposite process measured at 1.01 eV.

Keywords: multicomponent oxides, scheelite-type, molybdates, LAMOX,
gadolinium-doped ceria, sol-gel process, tartaric acid, oxalic acid, thermal
properties, thermal decomposition mechanism, Rietveld refinement,

spectroscopy, optical properties, electrical properties.
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INTRODUCTION

Nowadays, many scientists are interested in multicomponent crystalline
oxides due to their various applications and unique physical and chemical
properties. Due to the useful applicability, different scheelite-type oxides with
a general formula of MMoO, could be used in various fields of applications
such as a host of lanthanide-activated lasers [1], luminescence materials [2],
microwave applications [3], catalysts [4] and scintillators [5]. The specific
characteristics of the ceramic materials could be modified incorporating other
ions to produce binary solid solutions with better properties than individual
compounds [6, 7]. However, the preparation of mixed double oxides remains
a great challenge due to the mixing stage aimed to obtain a homogenous final
compound.

Scheelite-type CaMoQO,4 materials due to their self-emitting nature of blue,
green and sometimes orange colors under UV-light excitation in 250 — 320
nm region, are promising phosphors for advanced lighting and display
applications when doped with rare earth elements (Eu®*, Th®") [8, 9]. Calcium
molybdate doped by Eu®* ion exhibits strong red luminescence [10]. It was
observed that doping CaMoQO4 with two or more ions: a rare-earth element and
a charge-compensating element, luminescent intensity is significantly
improved without increasing rare-earth ion amount [11]. It is widely known
that luminescent properties are strongly related to the final ceramic
morphology. It was found that a spherical particle reduces the light scattering
on surfaces and allows forming denser phosphor layers because of close-
packing of the spheres [12].

Due to the increasing ecological requirements for power sources, the
development of new efficient and environmentally friendly devices take
priority. During the past decade, solid oxide fuel cells have been extensively
investigated as a next generation of the green energy system which exhibits
high ionic conductivity, chemical and thermal stability and has high energy
efficiency, especially when combined with a gas turbine as well as low
pollution emission when compared to other fuel cells [13-15]. Electrolytes
such as LAMOX family materials and gadolinium-doped ceria are considered
as potential materials for intermediate temperature solid oxide fuel cells [16,
17] due to their enhanced oxide ion conductivity, high density of ceramics and
low electronic conductivity [18, 19]. However, the lower temperatures result
in the greater loss of power density due to the decrease in the ionic
conductivity. To solve this problem, an innumerable amount of work has been
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carried out by different research groups such as looking for the ideal doping
ratio and the appropriate ion to balance stability.

It was found that the preparation method strongly affects the structural and
morphological properties of the final ceramic. There are various published
methods to synthesize multicomponent oxides. Methods that require harsh
reaction conditions, additional milling or precipitate separation have poor
homogeneity, low crystallinity, impurities and additionally do not allow
obtaining dense ceramic. In order to eliminate these drawbacks, a lot of
attention has been drawn by the wet-chemical methods. The simplest, cheapest
and environmentally friendly method is the aqueous sol-gel synthesis. The
possibility to control reaction conditions such as temperature, concentration,
time, pH and others open the way to controlling the final ceramic structure,
crystallite size and morphology.

The aim of this PhD thesis was to synthesize different single-phase
multicomponent oxides by an aqueous sol-gel method and to investigate
detailed thermal decomposition mechanisms of prepared precursor gels. In
order to achieve this aim, the following tasks were formulated:

1. To synthesize single-phase multicomponent oxides with the general
formula of Ca1-xSrxMoQO4, Mo gsE U0 05Cap sM0O4 (M=Li, Na, K, Rb, Cs),
La;Mo020g and Ceo9Gdo.101.95 by an aqueous sol-gel synthesis method.

2. To investigate the thermal decomposition mechanism of prepared gel
precursors by the thermogravimetric and differential scanning
calorimetric analysis.

3. To investigate the crystal structure and surface morphology changes
from the temperature of the heat-treatment of prepared samples using
X-Ray diffraction analysis, scanning electron microscopy and infrared
spectroscopy.

4. To calculate the molar composition for Cai.xSr«MoQO4 system by Raman
spectroscopy.

5. To determine the relation between crystallite size growth and optical
properties for Mo osEUo.05Cag sM0Q, oxides.

6. To investigate the electrical properties for La,Mo0,Oq ceramic.

7. To determine the onset and end temperatures of the phase transition
from monoclinic a-phase to cubic B-phase and the opposite process for
La,Mo0,0q system by differential scanning calorimetry analysis.
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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 La;Mo0,0s,
Ca1xSrkMo0O4 and Mo.osEuo.0sCaosM004 (M=Li, Na, K, Rb, and Cs)
ceramic materials.

TGA-DSC analysis is a powerful and suitable tool for both the
investigation of decomposition mechanisms of La-Mo-O,
Ca-Sr—-Mo-O, and M-Eu-Ca-Mo-O (M=Li, Na, K, Rb, and Cs)
tartrate gel precursors and the estimation of the crystallization
processes of the final La:M0,0Og, CaixSrxMoO; and
Mo.osEuo.0sCa0.9M00O4 ceramic oxides.

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

The thermal decomposition mechanism of the as-prepared metal
tartrate gel precursors is directly related to the degradation of tartaric
acid and corresponding metal tartrates.

The heat-treatment atmosphere does not have any influence on either
the thermal decomposition of synthesized gel precursors or the
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

1.1. Scheelite-type molybdates

In the past decades, scheelite type AMO, ternary oxides attracted many
scientists’ attention due to their unique luminescent [20], catalytic [21],
electronic [22] and structural properties [23]. These materials could be used
in optical devices (CaMoO., PbMo00O.) [24-26], laser crystals (SrMoQs,,
PbWO,) [27-29], scintillators [30-33], catalysts [34-36], oxide-ion conductors
[37, 38], solid oxide fuel cells [39], and magnetic materials [40]. The
properties of such materials can be modified using binary solid solutions with
better characteristics than individual compounds. Yue Wu et al. reported that
binary perovskite-type materials might have better properties than individual
compounds [6, 41]. Moreover, S. L. Porto et al. demonstrated that CaWO,
doped by strontium has better photoluminescent properties than individual
CaWO, ceramic [7]. Furthermore, it was observed that by doping these
materials with rare earth metals or transitional oxides these systems can be
easily adapted to the synthesis of luminescent materials [42]. According to the
literature [43] it was indicated that Ca—Sr—Mo—O phosphors doped with Eu®*
in the excitation with ultraviolet (395 nm) and blue light (467 nm) exhibits
bright red emission (615 nm).

111 Crystal structure

Calcium and strontium molybdates crystallize into the so-called scheelite
structure [44]. This structure was first discovered by Carl Wilhelm Scheele in
1781. Alkaline earth metal molybdates AMoO. (A=Ca, Sr) have tetragonal
crystal lattice (a=b#c, o=p=y=90°) with a space group l4:/a [45, 46] and
symmetry point group Ss4 having two formula units per unit cell [47, 48]. In
such a structure, oxygen atoms are located by cubic closed-packed (CCP)
array where tetrahedral and octahedral holes are formed [49, 50]. Each Mo®*
atom is surrounded by four oxygen atoms forming a tetrahedral unit. Two
types of tetrahedral holes exist in such a lattice, an upwards-directed
tetrahedral top (T+) and a downwards-directed tetrahedral (T-). The number
of these different holes must be equal in CCP array. Calcium or strontium ions
are surrounded by eight oxygen atoms forming bisdisphenoid polyhedral
(AOg). Each polyhedral cluster shares four of its edges with four other AOg
polyhedrals resulting in zigzag chains along the c-axis [51]. Tetrahedrals are
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isolated against each other, but connected with AOg polyhedrals by sharing
their oxygen atom corners (Fig. 1) [52, 53].

Fig. 1 (a) AM00O4 (A=Ca, Sr) scheelite type structure; (b) octahedral units
[AOs]; (c) tetrahedral units [MoOQ.]. Blue spheres represent alkaline earth
metal atoms, grey — molybdenum atoms, and red — oxygen atoms [54]

According to the literature, calcium molybdate substitution with other
alkaline earth metals affects only the parameters of the crystal lattice rather
than its structure.

1.1.2 Synthesis methods

There are many synthesis methods to synthesize alkaline earth metal
molybdates, such as solid-state reaction [55-58], co-precipitation [59], molten
salt [60], sonochemical [61], microwave assisted synthesis [62], Czochraski
[63], combustion [64] and sol-gel method. Solid-state method is the most
widely used synthesis for the preparation of oxides from solid starting
materials. It is one of the simplest and cheapest solvent-free methods.
Ramarao with coworkers successfully synthesized mixed double
Cai1-xSrxMo0, oxides via conventional solid-state reaction method. Starting
materials CaCOs, SrCOs; and MoOs were mixed in an agate mortar with
distilled water. Usually, a few drops of organic [65] or inorganic solvents [66]
are added to reach higher homogeneity before sintering reaction mixture.
After mixing, the prepared mixture was calcined at 900 °C temperature for
3 h and additionally sintered in 1100 — 1300 °C temperature for 3 h. After
X-Ray diffraction (XRD) analysis it was determined that all prepared ceramics
had tetragonal scheelite structure and no impurities were found [67]. However,
there are some drawbacks to this method, such as intermediate mixing to bring
new surfaces in contact, poor homogeneity due to molybdenum oxide
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tendency to vaporize at high temperatures, and treatment temperature which
should be higher than the melting point of starting materials in order to start
ion diffusion [2].

Another very often used method is co-precipitation synthesis. This method
is simple and it is easy to control particle size and shape by changing various
parameters such as concentration, pH, temperature, reaction time and nature
of materials [68]. Also, it does not require harsh reaction conditions and is
friendly to the environment [69]. The starting materials, usually metal nitrates
or oxides, are dissolved in the water [23] or organic solvent [70]. Precursors
are mixed together and heated. Nucleation and growth process starts and a
large number of small particles forms. Post-nucleation process results in
aggregation which affects particle size and shape. Aqueous solutions
containing different concentrations of Sr2* and MoO.? ions were mixed under
continuous stirring. Depending of molar ratio of [M0oO,>]/[Sr?*], pure STM00Q4
powders with different morphology were synthesized. At the lower ratio the
rods and flower-like spheres formed, while increasing molar ratio resulted in
peanut-like and dumbbell morphologies formation [71]. In addition, this
method is suitable for mixed alkaline earth metal molybdates. Starting
materials were dissolved in the deionized water and the reaction was carried
out at a constant pH=2 with nitric acid. Molybdate ion solution pH value to
10 - 11 was increased by addition of ammonia solution. Oxide precipitate was
formed after an aqueous solution was dropped to prepared precipitator. As a
result, pure calcium-strontium molybdates were formed [59]. As all methods,
this technique has some drawbacks: impurities could be precipitated together
contaminating the final product, precipitate separation from solvent and
agglomeration.

One of the most popular, simplest and environmentally friendly synthesis
for oxides is sol-gel method. By changing synthesis parameters like
temperature, nature of starting materials, concentration, pH, nature of
complexing agent, solvent, reaction time etc., it is possible to control the final
product’s particle size, morphology, purity, homogeneity and properties [72].
Sol-gel synthesis is based on the dissolution of metal salts, oxides or organic
metal compounds in water, aqueous solutions or organic solvents. Aqueous
sol-gel synthesis is a good candidate to avoid toxic waste as much as possible
because water is used as a main solvent. After dissolution in water, metal ions
start to react with water molecules combining hydroxides which usually
possess low solubility. The removal of this hydrolysis process consists of

replacing the hydroxy groups by other anions. Such competition effect of
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ligand reduces the level of hydrolysis with solvent molecules and enhances
the solubility of metal ions which are strongly coordinated by ligand
molecules. Many mono- and di-carboxylic acids such as glycolic acid [73],
oxalic acid [74], tartaric acid (TA) [75-77], ethylenediamine tetraacetic acid
(EDTA) [78] and polyacrylic acid [79] have been reported as good chelating
agents in the sol-gel synthesis. However, the most commonly used ligand in a
sol-gel method is a weak triprotic citric acid which is able to dissociate in three
steps depending on pH [80].

Pure single-phase BaosSrosMoO4 nanopowders were synthesized using
citric acid-assisted sol-gel synthesis route. Stoichiometric amount of metal
nitrates and ammonium molybdate were dissolved in citric acid and ethylene
glycol mixture. Prepared samples were heat-treated at 600 °C temperature.
X-Ray diffraction analysis showed that a pure solid solution formed [81].
Furthermore, mixed strontium-calcium molybdates were successfully
synthesized via a sol-gel method using citric acid as a chelating agent. Metal
nitrates and ammonium molybdate were dissolved in deionized water and
mixed with citric acid with a molar ratio of 1:1.5. After heat-treatment at
800 °C a tetragonal scheelite structure ceramics of general formula
Sr1.xCaxMoQ, formed [82]. However, it is not always easy to synthesize the
samples desired. In order to synthesize CaosSrosMoO4 powders, metal nitrates
and ammonium molybdate were dissolved in citric acid with nitric acid
(v/v=5 — 10 %) solution. Obtained gel was calcined at 500 °C temperature for
60 h. According to the XRD analysis results it was clear that the produced
powders consisted of the mixture of two solid solutions: CagsSro2M0QO4 and
Cag.2SrosMoQOq, [6]

This method is also suitable for mixed double oxides substituted by rare
earth elements. Agueous solutions of metal nitrates were added into europium
oxide and dilute nitric acid solution. After that, excess of citric acid and glycol
mixture with a pH value of 2 — 3 was added directly into the reaction mixture.
Obtained powders were calcined at 600 °C for 3 h in air. After XRD analysis
it was observed that prepared sample peaks in diffractogram match
CaosSrosMoO4:Eu®" phase with tetragonal structure. Moreover, scanning
electron microscopy (SEM) analysis showed that most of the synthesized
particles have homogeneous morphology [43].

In another study, starting materials CaO, SrCOs, Eu.Os, Li.CO3z were
dissolved in dilute HNO; solution. After that, ammonium molybdate and
ammonium tungstate were added directly into the beaker. Next, citric acid
with molar ratio 1:6 was added into the reaction solution. Mixture pH was
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increased to 8 by adding a dilute ammonia solution and a transparent sol was
formed. After drying, gel was calcined at 700 — 1100 °C temperatures for 2 h.
XRD results showed that single-phase solid solutions with a general formula
of Cao6Sros-15x05yM004Wos04:EuxLiy formed. In addition, SEM results
showed that upon increasing annealing temperature the particle size grew
rapidly, but the shape was not affected [83]. These results indicate that the
sol-gel synthesis is appropriate for more complex samples with exact molar
composition.

Other methods for the preparation of alkaline earth metal oxides have also
been reported [42, 84-86]. However, these reactions usually require harsh
reaction conditions, additional separation procedure, expensive or special
equipment or reagents and higher energy consumption. Synthesized ceramics
in most cases have poor homogeneity and impurities; it is hard to control the
molar composition of the final product when small amounts of dopant should
be incorporated.

1.1.3 Thermal properties

Thermal analysis is a powerful tool for the characterization of materials
and processes such as decomposition mechanism, phase transition (PT),
thermal stability, etc. It is well known that thermal processes strongly depend
on precursor preparation method. Due to that, in this section, different
synthesis techniques will be described for thermal analyses of CaMoQO, and
SrMoO; precursors.
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Fig. 2 TGA-DTA curves of the CaMoOs precursor prepared by microwave-
assisted citrate complex method in flowing air [3]
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Jeong Ho Ryu with coworkers reported thermogravimetric (TGA) and
differential thermal analysis (DTA) results of CaMoO, synthesized by
microwave-assisted citrate complex method using calcium nitrate and
ammonium molybdate as starting materials. According to the results (Fig. 2),
the biggest mass loss occurs from 300 °C up to 480 °C. This mass loss could
be related to decomposition and combustion of the organic materials. From
the DTA curve two different effects were observed: at 350 °C the curve
corresponds to the initial decomposition of the precursor and formation of the
nucleus; at 443 °C the intensive exothermic peak corresponds to the
crystallization of the final ceramic [3].

Very similar results were achieved by synthesizing calcium molybdate via
a polymerized complex method using calcium nitrate and ammonium
molybdate as metallic cations and citric acid as a complexing agent. Fig. 3
shows TGA-DTA curves in flowing air. The mass loss occurs when
increasing the temperature up to 500 °C. The single sharp intensive
exothermic peak at 475 °C is related to the decomposition of organic
compounds that starts at approximately 350 °C. The weight remains constant
after the decomposition and crystallization processes [26].
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Fig. 3 TGA-DTA curves of the CaMoO. precursor prepared by a
polymerized complex method in flowing air [26]

In 2001, Indian scientists reported combined TGA-DTA results of
CaMoO; synthesis using polymer precursor method. From analysis results
(Fig. 4) it is clear that the biggest mass loss occurs from 332 °C to 528 °C and
is attributed to organic compounds’ (sucrose, polyvinyl alcohol (PVA),
diethanolamine and EDTA) oxidation to various gases such as CO, CO,, water
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vapor and NO.. All these processes overlap and cause one big mass loss.
Moreover, the mass remains stable when increasing temperature over 700 °C
[36].
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Fig. 4 TGA-DTA curves of the CaMoO4 precursor prepared by polymer
precursor method [36]
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Fig. 5 TGA-DTA curves of the CaMoO. precursor prepared by HMTA-
assisted rheological phase reaction method [87]

Slightly different results were obtained synthesizing rod-like calcium
molybdate nanocrystals via hexamethylene tetraamine (HMTA)-assisted
rheological phase reaction method using ammonium molybdate and calcium
acetate as starting materials (Fig. 5). First mass loss occurs before 200 °C and
is related to absorbed water and ammonia removal. The first of the two
endothermic peaks in the region of 200 — 422 °C corresponds to the
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decomposition of acetic and ammonia salts; the second one — to the
reoxidation process of gases. Finally, the exothermic peak at 423 °C is
attributed to the crystallization of CaMoO.. After this stage, sample mass
remains constant [87].

Brazil scientists in 2018 described TGA and differential scanning
calorimetry (DSC) results of SrMoOs prepared by EDTA-citrate complex
method using strontium nitrate and ammonium molybdate as starting
materials (Fig. 6). The first stage of mass loss is related to absorbed water
removal from gel. Increasing temperature up to 300 °C the elimination of
residual ammonia from organic matrix occurs. Moreover, the exothermic peak
at 342 °C is related to the decomposition of metal chelates and organic
compounds which leads to 23.85 % of mass loss. The last intensive and broad
exothermic peak corresponds to SrMoQ crystallization and after this stage
from 650 °C the mass is stabilized. The overall mass loss of this synthesis
method is about 72 % [88].
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Fig. 6 TGA-DSC curves of the SrMoOQ, precursor prepared by EDTA-citrate
complex method in flowing air [88]

In the article published in 2019, the scientists present thermogravimetric
analysis of SrMoO, ceramic powders synthesized by solid-state reaction from
SrCO; and MoOs precursors. From Fig. 7 three stages could be distinguished.
In the first (up to 450 °C) and the third (650 — 900 °C) stages mass loss is
insignificant. In the stage two from 450 °C to 650 °C the mass loss is about
13 % and is related to reducing carbonate and formation of sub-oxides [89].
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Fig. 7 TGA curve of the SrMoQ, ceramic prepared by solid-state reaction
method [89]

In 2017, the scientists published TGA-DSC results (Fig. 8) of SrMoO4
synthesized by precipitation reaction. NaMoO4-2H,0, SrCl;-6H.O and
NasCsHs07-2H,0 were used as starting materials. From thermogravimetric
results it could be seen that these powders have excellent thermal stability.
Increasing the temperature up to 1200 °C the total mass loss is slightly less
than 5 % [90].
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Fig. 8 TGA-DSC curves of the STMoO, precursor prepared by precipitation
method in flowing air [90]

In summary, previously reviewed results exhibited that the lowest mass
loss is observed from precipitation and solid-state reaction techniques. These
methods do not use complexing agents that are incorporated in precursor
composition. Usually from DTA or DSC curves it is clear that there is just one
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peak that is related to carbonate combustion or crystallization process.
Methods such as sol-gel, citrate complex and polymer precursor methods that
use organic compounds such as citric acid, PVA, EDTA and others as
chelating agents have mass loss of about 60 %. Moreover, thermal
decomposition is generally followed by three or more processes: the first one
is absorbed water removal; the next one is related to organic compounds
decomposition and combustion; the last one is related to combustion of
formed carbonates and crystallization of the final ceramic.

After analyzing scientific literature, it is clear that there is no detailed
information of alkaline earth metal molybdates’ thermal decomposition.
Although there are some articles that include thermal analysis, the results are
not well described.

1.2. Solid oxide fuel cells

Fuel cells were discovered by William Grove in the early 1839. The basic
operating principle of these devices is to generate electricity and heat from
hydrogen and oxygen as long as fuel and oxidant are supplied [91]. The only
product after electrochemical reaction is water (when only hydrogen is used
as fuel), thus leading to a conclusion that these fuel cells are environmentally
friendly and clean [92, 93]. Comparing these devices with other conventional
and distributed generation systems it was observed that energy efficiency of
fuel cells is always higher and pollution emission is much lower [94, 95].

Solid oxide fuel cells (SOFCs) were discovered by Swiss scientists Emil
Baur and Hans Preis in the late 1930s. After almost a century of scientists’
work, an interest in developing new materials and designs increased
dramatically [96, 97]. SOFC is an energy conversion device that generates
electricity and heat by electrochemical reaction [98, 99]. It is one of the most
environmentally-friendly and efficient technologies to produce electric power
and heat [100, 101]. These fuel cells could be used in transportation and
military market sectors [102]. Furthermore, it is expected that combined heat
and power (CHP) systems such as SOFC/gas-turbine could achieve efficiency
approximately up to 70 %. In addition, SOFC could be applied in small CHP
generation systems in personal houses. Moreover, it is possible to design
portable power generators for electronic devices [103-105]. To apply SOFCs
to a wide variety of applications, the system cost would have to be reduced
and long-term stability would have to be improved [106]. The cost reduction
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could be achieved by researching new materials for electrolytes and
electrodes, synthesis methods, cell concepts, and a suitable stack design [107].

Fuels such as hydrogen, natural gas and other renewable energy sources
are fed into the anode where fuel oxidation happens (Eg. 1). Oxygen from the
air is oxidized in a reduction reaction (Eg. 2).

(Anode reaction) 0% + H, = H,0 + 28 (D)

(Cathode reaction) 0, +28 —>» 0* 2)

After hydrogen oxidation the electrons flow from the anode to the cathode
where a continuous supply of oxygen ions is maintained. Oxygen ions migrate
through electrolyte to the anode where O ions react with H* ions producing
electric power and water [108, 109]. Principal scheme of SOFC is shown in
Fig. 9.
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(Solid oxide)
Fig. 9 Principal scheme of solid oxide fuel cell (SOFC) [110]

Despite two major drawbacks such as high operating temperature and high
cost of materials [111], fuel cells provide many advantages: high efficiency
[112-114], high energy density [115], reliability, modularity [116], fuel
flexibility [107, 117], no need for noble metal catalyst [110] and very low
levels of SOx and NOx emissions [118]; these devices are also quiet and
vibration free [102].

SOFCs could operate at medium temperatures of 600 — 1000 °C [108].
Considering the requirements for SOFC components, the choice of materials
is limited [119]. Common requirements of all cell components are: chemical
and thermal stability in the fuel cell environment and compatibility between
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other cell parts; minimum thermal expansion mismatch between various cell
components; reasonable strength and toughness at cell working temperature;
low cost; low vapour pressure to avoid loss of the material [120].

Electrolyte has the most important role during the SOFC operation. As all
the other components, electrolyte also has some requirements that have to be
implemented in order for it to become a possible candidate in SOFC it must
have high oxide ion conductivity due to oxide ions migration via oxygen
vacancies; have high density ceramics to avoid crossover of gases; be insulator
of electrons [18, 19]. There is a wide variety of materials that can be used as
an electrolyte in SOFCs. The most widely used electrolyte is fluorite-type
yttria-stabilized zirconia (YSZ). It crystalizes in cubic crystal structure and
has good properties, such as good thermal and chemical stability, low thermal
conductivity and high oxygen-ion conductivity. Doping amount of yttria in
ZrO; crystal structure must be controlled because it could affect grain size,
strength and conductivity properties. According to the literature [121, 122],
the best amount of yttria is 8 mol% and such ceramic shows the highest ionic
conductivity 0.1 S cm™ at 1000 °C.

The next great candidate for a SOFC electrolyte is also the fluorite-type
ceria based ceramic. It was found that doping CeO, with rare earth elements
with lower valence cations such as Gd®*, Nd®*, Pr3*, Sm** and Y** dramatically
increases ionic conductivity due to increasing oxygen vacancies. The best
conductivity was achieved by incorporating gadolinium or samarium into
crystal lattice in the 10 — 20 % dopant range (0.1 S cm™ at 800 °C) [122, 123].
However, gadolinium-doped ceria (GDC) oxides showed mixed ionic and
electronic conductivity under a reducing atmosphere which depends on
temperature [124]. Another possible electrolyte for SOFC is a high-
temperature cubic B-La2M0,Oq phase that has high ionic conductivity of about
0.06 S cm at 800 °C. The main drawback of this material is the phase
transition at 580 °C. Below this temperature lanthanum molybdate crystallizes
to low-temperature monoclinic a-La;Mo0209 phase with poor conductivity.

According to research undertaken, there are many other possible
electrolytes such as perovskite-structured LaGaOs-based ceramics, 3-Bi2O3
and BisV,01;-based oxides, and pyrochlore family materials with the general
formula of A;B,O7 [125, 126]. However, some disadvantages such as low
chemical stability, high operating temperature, partial electronic conductivity
and poor ionic conductivity limit their practical applications [127].
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121 LaMo0q crystal structure, synthesis methods and thermal properties

In the past decades, the LAMOX family materials with parent compound
of La,M0,0q have attracted the scientists’ attention due to their high oxide-
ion conductivity in medium temperatures. It was found that ionic conductivity
of this material is strongly associated with the PT from a low-temperature
monoclinic a-phase to a high-temperature cubic f-phase at 580 °C. The
structure of the monoclinic phase (Fig. 10b) is unnatural compared with other
inorganic oxides. In the asymmetric unit cell there are 312 atoms. In this phase
Mo atoms exist in three different coordination types: there are 15 tetrahedral,
15 trigonal bipyramidal and 18 octahedral Mo atoms (Fig. 10c) [128]. La atom
is surrounded by nine oxygen atoms forming tetrakaidecahedron [129].

OLa OMo O ® MoO, ® MoO; ® MoO,

Fig. 10 (a) Cell structure of B-LazM0,0; (b) cell structure of a-LaMo0,0,
(c) polyhedrals in a-La;M0,0Og: tetrahedral groups shown in pink, trigonal
bipyramidal — blue, octahedral — green, yellow spheres represents La atoms
[128, 133]

Meanwhile, the cubic B-phase (space group P2;3) occurs in the
temperature above 580 °C and is isostructural to cubic B-SnWO, oxide. The
unit cell contains 32 atoms: 4 lanthanum, 4 molybdenum, and 24 oxygen
atoms (Fig. 10a). On average, Mo atom is surrounded by four oxygen atoms
and molybdenum polyhedra are separated from each other whereas the La
atom is surrounded by nine oxygen atoms and lanthanum polyhedra are
connected to each other via oxygen atom [130, 131]. Three different types of
oxygen atom sites exist in such a structure: O1 site is fully occupied, 78 % of
02 and O3 sites are partially occupied. B-LazM0.0g has high oxygen
vacancies concentration which means that there are enough paths for oxygen

ions diffusion, leading to high anionic conductivity [132].
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Nowadays it is a great challenge to stabilize high-temperature cubic
B-phase at low temperatures substituting Mo or La sites with other cations.
For example, the substitution of Mo by W significantly increases resistance
against the reducing environment [134]. Lanthanum substitution by alkaline
(Na, K, Rb) and alkaline earth (Ca, Sr, Ba) metals introduces extra oxygen
vacancies due to the charge compensation mechanism, which leads to a higher
anionic conductivity [135, 136]. Moreover, substitution of rare earth elements
(Gd, Y) could suppress cubic B-phase at room temperature and slightly
increase ionic conductivity when compared to undoped La,Mo020 compound
[137].

It is also well known that the preparation method has a significant effect
on chemical and physical characteristics of the final compound. There are
many ways to synthesize LAMOX family materials. The microstructure
makes a significant contribution to the transport properties. A negative effect
could be caused by low connectivity between grains and porosity, which leads
to a low ionic conductivity. Moreover, it was found that materials with smaller
grains are thermomechanicallly more stable than ceramics with larger grains.
Using different synthesis methods and conditions it is possible to obtain better
mechanical and transport properties of final ceramics [138]. One of the most
common methods is a solid-state route. However, this method does not allow
to obtain dense ceramic directly and requires additional milling steps and
sintering. Every additional synthesis step increases the possibility of higher
concentration of impurities, especially when the milling balls/jar are made of
zirconia [139, 140]. Wet chemical methods such as citrate [129], EDTA
complexation [141], a Pechini or modified Pechini [136, 142], sol-gel [143]
and precipitation [138] are widely used to produce LAMOX family materials.
These routes open up opportunities for controlling various synthesis
parameters affecting the properties and morphology of the final product. Also,
these methods reduce the possibility of contaminating the final product and
increasing homogeneity. Some synthesis methods and their basic aspects were
described in section 1.1.2.

To understand processes such as decomposition, PT and thermal stability,
some thermal analysis results using different synthesis methods, dopant
amount and nature will be discussed. In order to investigate the phase
transition of La;M0,0g oxide prepared via conventional solid-state route DSC
analysis was performed. It was observed that PT of La;M0,0g has a clear split
in exothermic peak during the cooling period. This peak division indicates that

B-phase firstly converts to metastable y-phase and then goes to monoclinic
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a-phase (Fig. 11a). Moreover, it was determined that y-phase only occurs for
samples heated in low temperatures. Figure 11b shows LAMOX family
samples substituted with either V3* or Sr?* or both. It was indicated that doping
lanthanum molybdate by strontium does not suppress PT. Meanwhile, the
substitution with vanadium lowered the temperature and enthalpy of phase
transition [144].
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Fig. 11 DSC curves of (a) La,M0,0Oq during a-heating and b-cooling; (b)
LAMOX family samples prepared by conventional solid-state route [144]
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Fig. 12 DSC (a) heating and (b) cooling curves of polycrystalline
LaxxBixM020y: x=(1) 0; (2) 0.02; (3) 0.04; (4) 0.05; (5) 0.06; (6) 0.08 and
(7) 0.3 prepared by solid-state route [145]

In addition, it was observed that PT suppression does not always depend
on dopant ion nature, but is strongly affected by its amount. From DSC
analysis results it was found that samples with low Bi content (x<0.05) have
a sharp and intensive endothermic PT peak. Furthermore, increasing Bi
amount in the ceramic shifts the PT temperature to lower temperatures and
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reduces enthalpy. The broad, weak endothermic peak in samples with x>0.06
could be explained as a phase transformation from metastable phase to cubic
B-phase (Fig. 12) [145].

As was mentioned earlier, thermal decomposition mechanism strongly
depends on the preparation method. Combined results of the
TGA-DTA-DSC analysis of La.Mo0.0O9 amorphous precursors prepared by
different methods are shown in Fig. 13. It was observed that the sample
prepared by the citrate method consists of two exothermic peaks in the DTA
curve and is related to pyrolysis of the organic matter (Fig. 13a). It was found
that precursor synthesized by the acetylacetonate method fully decomposes at
higher temperatures (550 °C) than using the citrate method (~310 °C)
(Fig. 13c). The thermogravimetric analysis results of samples prepared by
precipitation and freeze-dried methods are very similar. However, from DTA
results it is clear that the thermal decomposition is extremely different,
although they were both prepared using the same solution. Precipitation
method has many exothermic and endothermic peaks throughout the whole
temperature range (Fig. 13b).
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Fig. 13 TGA-DTA curves of La,M0o,Oq precursors prepared by (a) citrate;
(b) precipitation; (c) acetylacetonate; (d) freeze-dried method, (¢) DSC
curves of La,Mo02,09 powders sintered at 900 °C and prepared by different

synthesis techniques [138]

DSC results showed that a different preparation technique also has
significant influences for the La;Mo0,09 PT temperature. The lowest onset
temperature of PT was observed in a sample prepared by the acetylacetonate
method (Fig. 13e). Moreover, the PT enthalpy is lower than that obtained by
the other synthesis routes [138].
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Lanthanum molybdate sample, produced by sol-gel technique, thermal
decomposition mechanism is usually split into three main stages (Fig. 14). The
first stage is related to residual water, decomposition of organic complexing
agent, nitrate and carbon precursors. This stage mass loss is the highest and
consists of approximately 40 — 50 % of the total sample mass. The second
stage is observed in the temperature range of 580 — 650 °C which is related to
oxygenolysis of nitrates (mass loss of about 15 %). The last stage with strong
exothermic peak (~600 °C) in DSC curve is related to the final ceramic
crystallization process. Above 650 °C the mass remains constant and a stable
B-phase of LAMOX family materials is formed [146].
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Fig. 14 TGA-DSC curves of Lai sBao1M01.55Wo.150s.95 powder precursor

prepared by sol-gel synthesis method [146]

1.2.2 Gadolinium-doped ceria oxide crystal structure and thermal properties

Ceria-based oxides are promising materials for intermediate temperature
SOFCs due to their high oxygen-ion conductivity in operating temperature. It
was found that doped ceria oxides have higher ionic conductivity when
compared with YSZ in an intermediate-temperature range (500 — 700 °C).
Moreover, gadolinium-doped ceria showed the best results for SOFC
operation [147] among reported results with different nature of dopant. GDC
crystallizes to cubic fluorite-type structure with space group Fm-3m and
remains stable to the melting point (2400 °C) [123]. In such a structure, each
Ce* or Gd*" ion is coordinated with eight oxygen atoms arranged in a perfect
cube, while the oxygen atom is surrounded by four cerium/gadolinium atoms
forming a tetrahedral (Fig. 15).
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Fig. 15 Crystal structure of gadolinium-doped ceria oxide [148]

In addition, cerium-based oxides have relatively large unit cells and, as a
consequence, oxygen ions can pass through large channels during the
conduction. When cerium is substituted with a lower-valence cation such as
Gd®*, one oxygen vacancy is formed for every two trivalent ions (Eq. 3) [149].
Moreover, it was reported that solid solubility limit doping rare earth elements
in fluorite CeO; structure is 40 at%, but the highest ionic conductivity is
observed when the concentration is between 10 and 20 at% [150, 151].

Gd,y05 +2 CeOy— 2 Gd'c, +3 0% + Vg 3)

The final ceramic chemical, thermal and physical properties strongly
depend on the preparation method and conditions. The best results can be
achieved using a so-called wet chemical method overcoming many of the
limitations of the conventional solid-state reaction and other high-temperature
methods. Nonetheless, using harsh reaction condition methods for GDC
synthesis excellent results were achieved [152], however sometimes
expensive processing cost, low energy efficiency, long time-to-product and
high temperatures were required [123]. Solution-based methods usually use
metal nitrates, chlorides, acetates and oxalates as starting materials. Besides,
metal salts are useful, inexpensive, and very easy to handle in comparison to
the metal alkoxides. They can also be dissolved in inorganic solvents with
organic chelating agents forming metal complexes, which leads to the high
homogeneity. These techniques have good control of starting materials and
processing parameters, high purity of raw materials and low temperature of
the process.

In order to understand the influence of different molar composition,
synthesis method, and nature of complexing agent to decomposition
mechanism, some thermal analysis results will be discussed. GDC precursors
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were prepared by modified sol-gel combustion method with the same
synthesis parameters. TGA-DTA curves of the samples obtained are
presented in Fig. 16. From these results it is clear that decomposition occurs
in two steps. The first mass loss occurs below 180 °C (<10 %) and is related
to absorbed water removal. The biggest mass loss is observed slightly below
200 °C and could be mainly related to the presence of organic and nitrate
ligands decomposition into CO2, H,O and NO gases. When Gd incorporation
amount is 10 at%, we can see two exothermic peaks in the DTA curve, but
when Gd incorporation is increased to 20 at% only one peak is observed. It
was determined that when the calcination temperature is 600 °C, elimination
of organic residuals is completed [123].
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Fig. 16 TGA-DTA curves of (a) CeosGdo201.9 and (b) Ceo.9Gdo.101.95
precursor powders prepared by modified combustion sol-gel method [123]
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Fig. 17 TGA-DTG-DSC curves of Cey9Gdo.101.95 precursor gels prepared
by (a) sol-gel combustion and (b) sol-gel synthesis methods when TA was
used as a complexing agent [153]

In addition, thermal decomposition strongly depends on precursor
preparation method. Fig. 17 shows thermogravimetric, derivative
thermogravimetric (DTG) and differential scanning calorimetric
(TGA-DTG-DSC) curves of Ceo9Gdo101.95 precursor gels prepared by the
sol-gel combustion (SGC) (Fig. 17a) and the sol-gel (Fig. 17b) synthesis
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methods. The thermal decomposition of GDC gel prepared by SGC method
consists of three stages. The first stage is related to the absorbed water removal
from the room temperature to 120 °C. The second stage occurs at about
150 °C and results in the exothermic peak in DSC curve that indicates
decomposition of nitrates and an excess of tartaric acid. The last stage is
related to the decomposition of residual metal tartrates at ~320 °C. From
350 °C the mass remains stable indicating that all organic and inorganic
residuals are completely decomposed.

Slightly different results are obtained using sol-gel method (Fig. 17b).
From TGA curve it is clear that decomposition occurs in three stages. The first
is also related to residual water removal from gel (weight loss ~14 %). The
biggest weight loss (~30 %) occurs during the second stage that is associated
with decomposition of ammonium tartrate and ammonium acetate network.
The last stage results in a sharp and intensive exothermic peak in the DSC
curve that could be caused by the pyrolysis of coordination compounds and
residual organic parts of the gel. Using the sol-gel method the residual mass
remains constant in a higher temperature (400 °C) if compared with the SGC
method [153].
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Fig. 18 TGA-DSC curves of GDC powders prepared by glycothermal
method [154]

Another example of a thermal decomposition using a different synthesis
technique was described by Korean scientists in 2010. GDC powders were
obtained using the glycothermal process from metal nitrates in 1 M ammonia
solution (Fig. 18). From the TGA curve we can see five stages of mass loss.
The first two stages are related to the absorbed water and solvent removal.
Sharp exothermic peaks between 300 °C and 400 °C correspond to the
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crystallization of GDC nanopowders. The residual mass remains constant in
much higher temperature (~950 °C) if compared with the previously described
results.

Moreover, decomposition is also strongly related to the ligand nature.
Fig. 17 and 19 represents Ceo9Gdo.1O1.95 thermal analysis results synthesized
by sol-gel method using different chelating agents: ethylene glycol (Fig. 19a),
glycerol (Fig. 19b) and tartaric acid (Fig. 17b). In all samples the first stage is
associated with absorbed water and solvent evaporation. The second stage
remains very similar in that all organic compounds decompose in a similar
temperature. The main difference is related to the temperature of complete
decomposition when the sample weight remains constant. The lowest
temperature is obtained when TA is used as a ligand; in contrast, the highest
temperature is observed using ethylene glycol.
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Fig. 19 TGA-DTG-DSC curves of Cep9Gdo.101.95 precursor gels prepared
by sol-gel methods with different chelating agent: (a) ethylene glycol,
(b) glycerol [153]

According to the reviewed results, it is clear that the synthesis of the
CaMo00y4, SrMo0O., Cay xSrkMo04, LazM0,09 and CexGd1 xO2 x2 oxides was
widely performed. However, the thermal analysis as a powerful tool that
enhances the understanding of the origin of obtained properties for
synthesized ceramics is still negligible.
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2. EXPERIMENTAL

After discussing the published scientific literature, this chapter will
describe the reagents used in the research, summarize the synthesis process,
and briefly discuss the analytical instruments and apparatus used in the study
of synthesized materials.

2.1 Materials

In this work, the following materials were used: calcium (lII) nitrate
tetrahydrate (Ca(NOs).-4H,0, 99 %, Alfa Aesar); strontium (Il) nitrate
(Sr(NO3)2, 99.0 %, Alfa Aesar); molybdenum (VI) oxide (MoOs, 99.95 %,
Alfa Aesar); lanthanum (111) oxide (La20s, 99.99 %, Alfa Aesar); gadolinium
(1) acetate tetrahydrate (Gd(CH3;COO)s-4H,0, 99.9 %, Alfa Aesar); cerium
(IV) acetate hydrate (Ce(CH3;COQ)4-H20, 99.9 %, Alfa Aesar); lithium (1)
nitrate (LiNOs, 99 %, Alfa Aesar); sodium (I) nitrate (NaNOs, 99.5 %, Alfa
Aesar); potassium (1) nitrate (KNOsz, 99.5 %, Alfa Aesar); rubidium (I) nitrate
(RbNOs3, 99.9 %, Alfa Aesar); cesium (1) nitrate (CsNOs, 99.8 %, Alfa Aesar);
europium (1) oxide (Eu.Os, 99.99 %, Alfa Aesar); tartaric acid
(L-(+)-Tartaric acid (CsHsOs), >99.5 %, Sigma-Aldrich); oxalic acid
(C2H204-H20, 99.5 %, Sigma-Aldrich); nitric acid (HNOs, 66 %, Reachem);
ammonia solution (NHs3-H.O, 25 %, PENTA); acetic acid (CH3COOH,
99.8 %, PENTA).

2.2 Synthesis of CaM004, SrM00O, and mixed double
Cai1-xSrxMoO4 ceramics

Ca(NO3)2-4H,0 and Sr(NOs), were weighted according to the desired
stoichiometric ratio and dissolved in 40 ml of deionized water. Next to that,
in another beaker, MoOs was dissolved in the mixture of 30 ml of deionized
water and 1 ml of concentrated ammonia. Further, to reduce the possibility of
precipitates of polymolybdates, an excess of tartaric acid (M°/r4=0.25) was
added into the reaction mixture. Under the continuous stirring and heating at
70 °C of temperature, the mixture of calcium and/or strontium ions was added
to the solution of molybdate ions. The obtained clear solution was
concentrated by evaporation in an open beaker at the same temperature for
several hours. The as-formed gel precursor was additionally dried in a drying-
oven at 120 °C for 3 hours until the fine-grained light brown gel powders were
obtained. In the final stage, the gel precursor powders were ground in an agate
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mortar and additionally heat-treated at different temperatures of 350 °C,
400 °C, 500 °C, 600 °C, 700 °C for 5 hours in the air (heating rate 1 °C/min).

2.3 Synthesis of Mo .gsEU0.05Ca0.9sM004 (M=Li, Na, K, Rb, Cs)
ceramics

At first, the stoichiometric amount of MoOs was dissolved in 25 ml of
deionized water with the addition of 1 ml concentrated ammonia. Under the
continuous stirring at about 90 °C of temperature, an excess of TA
(Mo/74=0.25) was added directly into the reaction mixture. Then stoichiometric
amount of Ca(NOs).-4H,O was added. After that, the required amount of
alkali metal nitrate was weighed and poured into the reaction mixture. Then,
a stoichiometric amount of Eu.Os; and 6 ml of concentrated nitric acid were
added directly into the beaker. The obtained clear solution was concentrated
by evaporation in an open beaker at the same temperature. The synthesized
gel precursor was dried in a drying-oven at 120 °C of temperature for 2 hours
in an air atmosphere. After that, the gel precursor powders were additionally
heat-treated at different temperatures of 350 °C, 400 °C, 500 °C, 600 °C,
700 °C, 800 °C, 900 °C and 1000 °C for 5 h in the air (heating rate 1 °C/min).

2.4 Synthesis of LazMo0,09 ceramic

In the first synthesis stage, the powders of MoOs; were dissolved in a
mixture of 25 ml of deionized water and 0.5 ml of concentrated ammonia
under continuous stirring at the temperature of 80 °C. Then, the tartaric acid
(Mo/r5=0.25) was added into the reaction mixture under continuous stirring.
Next to that, the powders of La,O3 and 6 ml of concentrated nitric acid were
poured into the beaker. An obtained clear solution was concentrated by slow
evaporation in an open beaker under continuous stirring at the same
temperature for several hours. Finally, a yellow transparent sol was dried in
the drying-oven at 120 °C of temperature for 2 hours. The obtained dark blue
gel powders were heat-treated at 500 °C, 550 °C, 600 °C, 800 °C and 1000 °C
of temperature for 5 hours in the air (heating rate 1 °C/min). The powders
annealed at 1000 °C of temperature were pelletized and additionally heat-
treated at 1200 °C for 5 hours in air atmosphere (heating rate 5 °C/min).

2.5 Synthesis of Ceo.9Gdo.101.95 Ceramic

In the first stage, the powders of Gd(CH3;COO);-4H,O and
Ce(CH3C00)4-H,0O were weighted according to the desired stoichiometric
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ratios, dissolved in a mixture of acetic acid and distilled water at 50 °C of
temperature under continuous stirring. Next to that, the oxalic acid was
dissolved in 20 ml of deionized water and added to the reaction mixture under
continuous stirring of the same temperature. After that, the solution of the
reaction mixture was additionally mixed in a closed beaker for 2 hours. The
pH of the aqueous solution was increased to 9.0 by adding concentrated
ammonia solution. The obtained white precipitates were separated from the
solution by the filtration procedure and dried in an oven at 100 °C of
temperature for 24 hours in the air. After that, the double metal oxide was
obtained by heat-treating the precipitates at 900 °C, 950 °C, 1000 °C, 1100 °C
and 1200 °C of temperature for 5 hours in air atmosphere (heating rate
1 °C/min).

2.6 Sample characterization techniques

The thermogravimetric and differential scanning calorimetric
(TGA-DSC) analysis was performed by the simultaneous thermal analyzer
(STA) 6000 PerkinElmer using a sample mass of 10 mg in either air or
nitrogen atmosphere with a heating rate of 20 °C/min in the range of
temperature from 30 °C to 950 °C. X-Ray diffraction (XRD) analysis of the
synthesized powders and pellets was recorded in the air at room temperature
with Rigaku MiniFlex Il diffractometer using Cu K, radiation (A\=1.5418 A).
0/20 diffractograms were recorded at the rate of 1.5 °/min in a range from 5 to
80 °. The Rietveld refinement of the obtained XRD patterns was performed
using X’Pert HighScore Plus software. The refined parameters included
background, unit-cell and peak shape parameters. To study the surface
morphology and microstructure of the obtained powders and compressed
tablets, the scanning electron microscopes (SEM) Hitachi TM3000 and
Hitachi SU-70 were used. The characteristic vibrations of the functional
groups using the PerkinElmer FTIR Frontier infrared spectrometer (FTIR)
were estimated. The measurements of photoluminescence (PL) and
photoluminescence excitation spectra were recorded using the PerkinElmer
LS-55 fluorescence spectrometer. The Raman spectra were recorded with a
combined Raman and scanning near-field optical microscope (SNOM) WiTec
Alpha 300 R using a green excitation laser (A=532 nm). Finally, the
measurements of the electrical properties were performed using two different
impedance spectroscopy techniques by newly developed impedance
spectrometer [155, 156].
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3. RESULTS AND DISCUSSION

3.1 Characterization of CaMo0QO4, SrMo00O4 and Ca1.xSrxMoQOy,
ceramics

3.1.1 Thermal analysis of Ca—Mo-O, Sr-Mo-O and Ca-Sr—Mo-O tartrate gel
precursors and decomposition mechanism

In order to determine the thermal decomposition mechanism of prepared
Ca-Sr—-Mo-O tartrate gel precursors, the partial removal of tartaric acid
during the evaporation process was analyzed and described in Egs. 4 and 5.
The value of r slightly depends on the nature of the alkaline earth metal, when
the decomposition of tartaric acid generates the carbon monoxide, carbon
dioxide and two molecules of acetic acid (Eq. 5). The mass loss during the
evaporation process varies from 4 to 6 % in the individual oxides. It was also
found that mass loss is much higher (varies from 7 to 11 %) in the samples for
Ca1xSrxMoO; ceramics and could be explained by the common ion effect
when two different cations create weaker coordination power than in CaMoO4
or SrMoQ,4 compounds.

q C4HeOg (aq) —= (q — 1) C4HOg (s) + 1 CgHgO4 (5) + 2r H,0 (g) 4

r CgHgO o (s) = 2r CO (g) + 2r CO, (g) + 2r CH;COOH (g) (5)

The combined TGA-DTG-DSC curves of the Ca—Sr—Mo-O tartrate gel
precursor for CaosSrosMoO4 ceramic are presented in Fig. 20. The first mass
loss is related to the evaporation of absorbed water molecules and occurs in
the range of temperatures from 30 °C to 143 °C (Eg. 4). In all cases, the mass
loss between 2.4 and 3.8 % is observed. The second mass loss could be
attributed to the decomposition of the tartaric acid dimer, which starts at a
temperature of 144 °C. This decomposition is described by Egs. 5 and 6,
respectively. The first exothermic peak, which identified from the DSC curve
at about 185 °C of temperature is attributed to the release of carbon dioxide.
Straight after that, the second endothermic band in the DSC curve does occur.
This effect ends at a temperature of 220 °C and could be attributed to the
evaporation of pyruvic acid.

(r — k) CgHgO,o (5) = k CO, (g) + k C;HgOq (s) —» 2k CH,COCOOH (g) (6)

By increasing the temperature from 220 °C to 295 °C the broad exothermic
peak was identified, which could be attributed to the release of CO; gases.
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This process slightly overlaps with the evaporation of pyruvic acid, which
indicates the ability of tartaric acid act as complexing agent and as a self-
oxidizing fuel, as shown in Egs. 7 and 8.
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Fig. 20 Combined TGA-DTG-DSC curves of the Ca—Sr—Mo—O tartrate gel
precursor for CagsSrosMoQ, ceramic

(k —s) C7HgOg (s) + O3 (g) = 3s CO, (g) + 4s Hy0 (g) (7

(k —s) CsHgOg (s) +s CO, (g) —»2s CO (g) + 4s H,0 (g) ®)

Finally, the crystallization of the final ceramic compounds has started with
the broad endothermic band in the range of temperatures from 295 °C to
395 °C. By further increase of the temperature up to 520 °C the partial
decomposition of metal tartrates occurred as indicated in Eq. 9.

Cay (S, [M0O,4(C4HOg)4.g] (s) = Cay (S [M0O4(CyH3)44] (s) + )]
+(8-2q) CO; (g) + (8 —2q) H,0 (g)

The decomposition of the residue of the gel precursors in the range of
temperature from 520 °C to 820 °C is observed. These chemical processes that

occurred in this stage are shown in Egs. 10 and 11, respectively, which slightly
differs according to the heat-treatment atmosphere.

Cal_XSI'X[MOO4(C2H2)4_q] (S) + (10 — 25(1) 02 (g) — Cal_XSI'XMOO4 (S) + (10)
+(8-2q) CO, () + (4 -q) Hy0 (2)

Ca Sty [M0O4(CyH)4 4] (s) = Cay ,SrMoOy (s) + (4 — q) C;H; (g) an
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Identical conclusions were made from the results obtained from other
Ca-Sr—Mo-O tartrate gel precursors (see Article 1). A relatively small mass
change of the residue (from 29.3 to 32.1 %) confirms the previous statement.

3.1.2 Structural properties and morphology analysis of Ca«SrxMoQ, ceramics

The XRD patterns of CaMo0QO,4 and SrMoQ; tartrate gel precursors heat-
treated at different temperatures are shown in Fig. 21. The corresponding
patterns well match with standard XRD data of CaMoQO4 (ICSD 62219) and
SrMo0O4 (ICSD 173120), which are presented in the bottom panels. According
to obtained results, pure tetragonal calcium and strontium molybdates with
perovskite-type crystal structures have formed in the range of temperatures
from 350 °C to 700 °C. In all cases, no side phases were identified. In addition,
it is clear that dried gel precursors showed fully amorphous characters and no
characteristic peaks were found after drying at 120 °C of temperature for
several hours. The start of crystallization for final compounds at about 350 °C
of temperature is in a good agreement with the results obtained from the
TGA-DSC analysis.

a) J Ca-Mo-O tartrate gel heat-treated at 700 °C b) Sr-Mo-O tartrate gel heat-treated at 700 °C
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Fig. 21 XRD patterns of (a) Ca—Mo—O and (b) Sr—Mo-O precursors dried at
120 °C and heat-treated at 350, 400, 500, 600 and 700 °C temperatures for
5 hours in the air
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Similar results were obtained by heat-treating the Cai_xSrxMoQO4 ceramics
in a whole range of temperatures from 350 °C to 700 °C (see Article I,
Appendix B). From these results, it is clear that the crystallization process
starts at the same temperature as the decomposition of corresponding metal
tartrates. Depending on the final ceramic composition, the onset temperature
slightly varies. The XRD patterns of the mixed Cai xSrxMoO, oxides heat-
treated at 700 °C are shown in Article I, Fig. 7. As can be seen, in all cases
pure tetragonal crystal structure of mixed ceramics were obtained. It was also
observed that upon replacing Ca?* (1.14 A) with higher ionic radius Sr2*
(1.32 A) ion diffraction reflections shifted to a lower angle side due to the
increase in lattice parameters and its volume.

The Rietveld refinement of the XRD data (see Article I, Table 2) clearly
revealed that the dependence of lattice parameter values versus molar
composition, as presented in Fig. 22, depend linearly on the calcium molar
ratio in Ca;_xSr«MoQ4 ceramics. Moreover, it is clear that by the increase of
heat-treatment temperature, the size of crystallites tends also to increase.
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Fig. 22 Dependence of lattice parameters versus calcium molar ratio in
Ca1xSrxMoQ4 ceramics

In order to investigate the surface morphology of synthesized samples
scanning electron microscopy (SEM) was used. SEM micrographs of
Cao2SrosMoQO4 ceramics heat-treated at 400 °C, 500 °C, 600 °C and 700 °C
of temperatures are presented in Fig. 23. From the corresponding pictures, it
can be clearly seen that the surface of the samples heat-treated at 400 °C,
500 °C and 600 °C of temperatures is composed of agglomerated small

particles.
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Flg 23 SEM mlcrographs of Ca—Sr—Mo—O tartrate gel precursor for
Cao.2SrosMoO4 ceramic heat-treated at the temperatures of (a) 400 °C, (b)
500 °C, (c) 600 °C, and (d) 700 °C in the air for 5 hours at ambient pressure

F|g 24 SEM mlcrographs of Ca— Sr—Mo—O tartrate gel precursor for
(a) CagsSrosMo0sa, (b) CagsSro2Mo0O4 ceramics heat-treated at 700 °C
temperature in the air for 5 hours at ambient pressure

The Rietveld refinement analysis determined that the size of crystallites
have increased from 11 nm to 47 nm. Such tendencies of growth could be
related to the emission of carbon oxides, which slightly slows down the
crystallization process. By increasing the temperature to 700 °C the burning
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and decomposition effects lose their energy and the growth of both the
crystallites and particles start. According to the Rietveld analysis results the
size of the crystallites increases almost twice to 80 nm and the dimensions of
particles change from nano- to micro-sizes. Very similar results were obtained
for all synthesized samples. From the SEM results, it was found that by
increasing the strontium amount in the multicomponent oxide the size of
particles also increase (Fig. 23 (d) and Fig. 24). The graphical representation
of the particle size distribution is shown in Fig. 25.
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Fig. 25 Particle size distribution of CaggSro2M00Q,, CagsSrosMoO4 and
Cao.2SrosMoO4 ceramics heat-treated at 700 °C of temperature

It was estimated that the samples with higher substitution degree of Sr?*
ion have broader particle size distribution and larger size of particles. Such a
conclusion indicates a slightly different crystallization temperature for
Ca1xSrxMoQs, which affects the surface morphology of the synthesized
ceramics.

3.1.3 Vibrational spectroscopy analysis of Ca1.xSrMoQO. ceramics

In order to show the characteristic vibrations of the functional groups in
the gel precursors, the infrared spectroscopy (FTIR) was performed. FTIR
spectra of the Ca—Mo-0O, Ca—Sr—Mo-O and Sr—Mo-O tartrate gel precursors
for CaMoQs, CaosSrosMoO4 and SrMoO, ceramics are shown in Fig. 26. It is
well-known that the carboxylic acids usually exist as dimers due to the strong
intermolecular hydrogen-bonding. This is the case of a strong broad O-H
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stretching band that is characterized as chelates in the range from 3300 cm*
to 2500 cm™. Two sharp peaks at 2920 cm and 2850 cm™ could be attributed
to C—H stretching vibrations of carboxylic acid groups, which was identified
only for the Sr—-Mo-0 tartrate gel precursor. The C=0 stretching vibration
that could be attributed to the carboxylic acids dimers are observed at
1705 cm™ [157, 158]. Moreover, the —-COO asymmetric and symmetric
stretching combined with O-H in-plane bending vibrations are observed at
~1599 cm* and ~1380 cm?, respectively [159].
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Fig. 26 FTIR spectra of Ca—Mo-O, Ca—Sr—Mo-0 and Sr—-Mo-0 tartrate gel
precursors for CaM00Os, CaosSrosMoO4 and SrMoO, ceramics dried at
120 °C of temperature

The characteristic vibration of carboxylic acids C-O stretching combined
with O—H in-plane bending is also observed at 1405 cm™. The peak observed
at about 1300 cm is attributed to O—H deformational vibration. Meanwhile,
the medium intensity bands of C-H in-plane stretching vibrations at
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1256 cm® and 1215 cm™ are also observed [160]. In addition, two sharp and
intensive peaks are observed at 1121 cm™ and 1074 cm™ and relate to C-OH
and CH-OH stretching vibrations, respectively [161]. The band at 967 cm™ is
observed and could be attributed to the C—C symmetric stretching vibration.

The vibrational frequencies of tetrahedral MoO42-type compound for their
Mo-O vibrations are observed at 890 cm™ (v3) and 838 cm™ (v1) [162]. The
weak peak observed at 796 cm is attributed to O—H...H out-of-plane bending
vibration. The overlapped band in the range from 750 cm™ to 720 cm™ is
associated with crystal water vibrations. —COO scissoring, wagging, bending
and metal-oxygen characteristic vibrations similar to those observed in the
crystalline Powellite structure of CaMoQO, are observed in the range from
680 cm™ to 590 cm. Similar vibrations were observed in all cases of
Ca—Sr—Mo-O tartrate gel precursors.

The Ca-Sr—Mo-0 gel precursors heat-treated at 400 °C, 500 °C, 600 °C
and 700 °C of temperature for CagsSrosMoQO, ceramic is presented in Article
| Fig. 11. The FTIR spectra of the samples heat-treated at 400 °C can be
divided into two parts. The first one, in the range from 1750 cm? to
1000 cm is attributed to the organic part, which confirms organic residue of
metal tartrates. The increase of temperature these characteristic vibrations tend
to disappear, which proofs the complete decomposition of the organic part.
The intensity, width and shape of the metal-oxygen band, which appears at
1000 — 500 cm™ depends on several factors, such as degree of crystallinity,
surface area and crystal structure of the ceramic. By increasing the
temperature, the crystallinity of crystalline compounds also increases.
Meanwhile, the opposite effect is observed when the crystallites and particles
grow and the surface area to volume ratio decreases. From the results of this
analysis, it is clear that the highest peak area value is observed at the annealing
temperature of 500 °C in all cases (see Article I, Fig. 12, 13, 14). The further
increase of the temperature to 700 °C decreases the value of the peak area.
This effect is directly related to the surface morphology of the sample.
Moreover, it was also observed that SrMoO, and the samples with a lower
amount of calcium have a higher crystallinity and surface area at the
temperature of 400 °C than those with a higher amount of calcium. Such
behavior confirms the difference in the crystallization point of calcium and
strontium molybdates at higher temperatures. In conclusion, comparing this
case with the peak area changes of the strontium molybdate curve it is clear
that despite similar tendencies of crystallite growth the crystallization

mechanism of both systems slightly differ. The difference could be explained
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by means of the different radius of alkaline earth metals, which creates an
almost identical crystal structure of corresponding metal molybdates with
well-pronounced different distances in all directions inside the crystal lattice.

In order to expand the results obtained from the FTIR analysis and XRD
diffraction, and to determine the molar composition of prepared samples of
Cai1xSrxMo0O4 ceramics the Raman spectroscopy analysis was used. Raman
spectra of all prepared Ca—Sr—Mo-O tartrate gel precursors for Ca;_xSrxkMoQ,
ceramics heat-treated at 700 °C temperature are presented in Article | Fig. 15.
The corresponding modes that were identified from the Raman spectra of
SrMo0O;, oxide and which are common for all the rest of ceramic samples are
presented in Fig. 27. In addition, Table 1 shows the values of Raman active
modes for the CaMoO, and SrMoO. powders obtained in this work in
comparison with those reported in the literature [163-166].

Internal modes Vi(Ay)
Rotational modes
Translational modes M**/M**
Translational modes Mo/Mo

Raman Intensity
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-
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Raman shift/cm
Fig. 27 Indexes of the vibrational modes for the Raman spectrum of
Sr—Mo-0 tartrate gel precursor for SrMoQ, ceramic heat-treated at 700 °C
of temperature

It was found that Aq mode in Raman spectra shifts when calcium is
substituted with strontium ions in multicomponent oxides. This shift was
observed in the range of wavenumber from 250 cm™ to 180 cm™. The shift
into the lower wavenumber side occurs due to replacing lower ionic radius
Ca?* ion by higher ionic radius Sr?* ion. The volume of crystal lattice increases
causing the decrease of the covalent bonding between the MoO.? tetrahedra
and M?* ions [67].
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Table 1 Comparative results of active Raman modes for the CaMoO. and
SrMoO4 powders obtained in this work with those reported in the literature

Active Wave- Wave-
Raman number References number References
modes (cm™) of (cm™) of
CaMoOs | [163] | [164] | [165] | SrMoOa4 | [165] | [166]
vi (Ag) 877 878 878 879 887 887 886
v3 (Bg) 847 844 847 848 845 845 845
vs (Eq) 793 797 793 794 795 796 795
vs (Eg) 402 401 402 403 383 382 381
vs (Byg) 392 393 391 392 368 367 367
v2 (Ag, By) 323 333 323 323 327 327 327
Eq 267 263 267 269 234 234 234
Aq 204 205 205 205 180 182 180
M2+ M2+ By - 219 - 219 163 163 163
Eq 190 189 189 191 139 139 138
Mo/Mo Eq 143 145 145 145 112 112 112
By 112 110 111 112 96 96 95
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Fig. 28 Calculated and experimental dependencies of Ay mode vs. molar part
of calcium in the Cai«Sr«MoO,4 samples

These findings allow the calculation of molar composition. A
comprehensive study of molar composition calculation is presented in
Article I (Egs. 15, 16, 17 and 18). A graphical view of the experimental and
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calculated data is presented in Fig. 28. It is clear that deviation of the ideal
case is small (0.32 %) and could be mainly caused by unexpected
measurement errors.

3.2 Characterization of Mo.osEUg.05Ca0.eM004 (M=Li, Na, K, Rb,
and Cs) ceramics

3.2.1 Thermal analysis of M—Eu-Ca—-Mo-O tartrate gel precursors

The main aspects of thermal decomposition mechanism of
M-Eu-Ca-Mo-O tartrate gel precursors remain very similar to those
described in the section 3.1.1. Combined TGA-DTG-DSC curves in air
atmosphere of K-Eu-Ca—Mo-O tartrate gel precursor are presented in
Fig. 29.
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Fig. 29 Combined TGA-DTG-DSC curves of the K-Eu-Ca—Mo-O tartrate
gel precursor for Ko.osEug.0sCa0.sM0O4 ceramic in air atmosphere

The thermal decomposition can be divided into at least six stages. The first
stage, endothermic behavior, occurs in the range of temperature from 30 °C to
142 °C and is related to the removal of water molecules. The next stage is
related to an excess of tartaric acid decomposition to CO, CO, and lower
molecular mass acids [167]. However, the nature of alkali metal plays an
important role. Although the synthesis parameters of prepared gels were
identical, from Fig. 30 DTG curves we can see small differences. It is clear
that the exothermic process from 143 °C to 177 °C temperature also depends
on the nature of alkali metals. This leads to a conclusion that this step is not
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only related to the release of carbon dioxide, but also to the removal of volatile
components from the metal tartrate gel. The following steps of TA
decomposition remain the same. The mass loss of all prepared tartrate gel
precursors varies between 36 — 43 %.
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Fig. 30 DTG curves of the M—Eu-Ca—Mo-0O (M=Li, Na, K, Rb, Cs) tartrate
gel precursors for Mo osEUo 05CagsMoO4 ceramics in air atmosphere

The third stage occurs in the temperature range from 295 °C to 510 °C and
is related to the decomposition of metal tartrates. The biggest mass loss was
observed in Li—-Eu-Ca—Mo-0 (20.24 %) and the lowest in Cs—Eu-Ca—Mo-O
(18.83 %) sample. It is important to mention, that from the temperature of
300 °C the endothermic process of crystallization of the final ceramic occurs.
The next mass loss stage is attributed to the burning of carbon-based residue,
which was formed from the TA and metal tartrates at lower temperatures. A
broad endothermic band with the peak at 627 °C of temperature is related to
the evaporation of water molecules. Meanwhile, a strong exothermic peak at
676 °C corresponds to the removal of CO., molecules. In other words, two
different kinds of processes occur at the same time. It was also observed that
the mass loss slightly depends on alkali metal nature. It means that by the
increase of the molecular weight of corresponding alkali metal in the
M-Eu-Ca—Mo-O tartrate gel precursor the coordination ability of
organometallic complex decreases. As a result, the molecular mass increase
of the final ceramics leads to a larger mass change for the gel precursors. The
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final mass loss in the range of temperature from 785 °C to 950 °C did not
exceed 0.15 %. However, the endothermic behavior in the DSC curve was
observed due to a further growth of the crystalline phase.
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Fig. 31 Combined TGA-DTG-DSC curves of the K-Eu-Ca—Mo-O tartrate
gel precursor for Ko.osEuo0sCao9sM0O4 ceramic in inert nitrogen atmosphere

In order to investigate both the decomposition process and the mass change
peculiarities of volatile components, a thermal analysis of prepared samples
was recorded under inert nitrogen flow (Fig. 31). After having investigated
the results, it is clear that the decomposition of TA only slightly depends on
the heating atmosphere. From combined TGA-DTG-DSC curves it is clear
that the main principles of K-Eu—-Ca-Mo-O decomposition remain very
similar of temperatures up to 600 °C. The endothermic behavior of the last
mass change in the range of temperatures from 600 °C to 850 °C is attributed
to the decomposition of carbon-based residue from the gel. The main
difference between the results obtained under both air (Fig. 29) and inert
(Fig. 31) atmospheres is a different temperature of stable mass at 785 °C and
850 °C, respectively.

In conclusion, it has been found that thermal decomposition mechanism of
prepared M—Eu—Ca—Mo-O (M=Li, Na, K, Rb, and Cs) tartrate gel precursors
for Mo.osEUo05Cao9sM0O, ceramics remains very similar in all cases. The
detailed decomposition data of each sample are presented in Article 11, Tables
2-6.
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3.2.2 Structural properties and morphology analysis of MoesEUosCansM0oO4
ceramics

The XRD patterns of K-Eu-Ca—Mo-O tartrate gel precursor and powders
heat-treated at different temperatures in the range from 350 °C to 1000 °C for
5 hours are presented in Fig. 32. The dried K-Eu-Ca—Mo-O tartrate gel
precursor at 120 °C showed an amorphous character. Each peak of heat-treated
samples matches with the tetragonal phase CaMoQ, reference pattern (ICSD
62219) that is presented in the bottom panel. No characteristic peaks attributed
to impurities were identified throughout the entire temperature range. From
XRD analysis results it is clear that the crystallization of the final tetragonal
ceramic occurs from 350 °C. These results are in good agreement with thermal
analysis data that the crystallization process starts below 350 °C. The
characteristic peaks at the lower temperatures are broad. Increasing the
temperature resulted in the narrowing of the peaks indicating the growth of
crystallites.

In order to establish the same tendencies in all prepared samples, the XRD
analysis was performed. XRD patterns of Mo osEUo.0sCa0sM00Os (M=Lli, Na,
K, Rb, Cs) powders annealed at temperatures of 350 °C and 1000 °C are
presented in Fig. 33. In all cases, single tetragonal crystal structure
Mo.0sEU0.0sCao.9sM0QO4 ceramics were obtained. Additionally, it is important to
mention that these results are in good agreement with the thermal analysis
data. From Fig. 33a it is clear that in all cases the crystallization starts from
350 °C of temperature.

In order to show crystal lattice parameters and the dependency of crystallite
size growth from the temperature, the Rietvield refinement analysis was
performed. The detailed results are shown in Article 11, Table 7. The Rietveld
analysis revealed two types of crystallites in the synthesized ceramic samples,
which have a tendency to increase by increasing the heat-treatment in the
range of temperature from 350 °C to 700 °C. Such a tendency of crystallite
growth is well-pronounced for the NagosEuUo0sCa0sM0O, ceramic sample
(Fig. 34). In this case, the size of crystallites increases by increasing the heat-
treatment in the whole range of temperatures. It is also interesting to note that
other examples have shown different trends of crystallites growths, which
were particularly pronounced above the temperature of 700 °C. For example,
in the Lio.osEU0.05Ca09M00s and Cso.osEU0.0sCa0.9M00O4 ceramic samples, the
decrease of the crystallite size starts just above the temperature of 800 °C.
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Fig. 32 XRD patterns of the K-Eu—Ca—Mo-O tartrate gel precursor dried at
120 °C and heat-treated at 350, 400, 500, 600, 700, 800, 900 and 1000 °C of

temperatures for 5 hours in the air

Meanwhile, the decrease of crystallites for KogsEUoesCaosMoO, and
Rbo.0sEU0.0sCa0.sM00O4 ceramics starts just above the temperature of 700 °C.
Probably this anomalous effect of crystallites growth by increasing the heat-
treatment temperature is directly related to the crystallization of europium
Thus, depending on the nature of alkali metal in the
Mo.0sEU0.0sCa0.sM0O4 ceramic, the growth of crystallites takes place at slightly
different heat-treatment conditions.
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Fig. 33 XRD patterns of the M—Eu-Ca—Mo-O (M=Li, Na, K, Rb, Cs)
tartrate gel precursors for Mo.osEuo.0sCao.9sM0QO4 ceramics heat-treated at the
temperatures of (a) 350 °C and (b) 1000 °C for 5 hours in the air
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Fig. 34 Plot of crystallite size versus heat-treatment temperature

As seen from Fig 35, the dependency of lattice parameters versus heat-
treatment temperature shows almost identical character for all cases. This
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result confirms the statement that the size of crystallites is much more affected
by the heat-treatment temperature than the crystal structure of the
corresponding phase.
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Fig. 35 Lattice parameters versus alkali metal nature in the
Mo.0sEU0.0sCag.sM00O4 system heat-treated at 1000 °C

In order to show the possible changes in surface morphology according to
the heat-treatment temperature, the scanning electron microscopy was used.
The corresponding SEM images of KogosEUoosCaosMoOs and
Rbo.0sEUe.0sCa0.sM0Os ceramics heat-treated at the temperature of 800 °C are
shown in Fig. 36, respectively.

Flg. 36 SEM micrographs of (a) Ko.05EU0.05Ca0.9M 004 and
(b) Rbo.0sEU0.05Ca0.9M004 ceramics heat-treated at 800 °C of temperature

In both cases, irregular sphere-like aggregated particles have formed,

which sizes varies from 200 nm to 1.2 um and from 200 nm to 1.8 pum. It is
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seen that the morphology of both ceramic samples is almost identical and the
difference in crystallite growth tendencies is only related to the degree of
either agglomeration or aggregation of individual particles.

3.2.3 FTIR and PL analyses of MogesEUoesCansM0oO4 ceramics

The FTIR spectrum of K-Eu-Ca—Mo-O tartrate gel precursor sample
dried at 120 °C temperature is presented in Fig. 37. It is obvious that most of
the characteristic vibrations of functional groups could be attributed to tartaric
acid. An almost identical result was obtained from FTIR analysis of
Ca-Sr—-Mo-O tartrate gel precursors of which a detailed description is
presented in section 3.1.3.
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Fig. 37 FTIR spectra of K-Eu-Ca—Mo-O0 tartrate gel precursor dried at
120 °C of temperature

The FTIR spectra of K-Eu-Ca—Mo-O tartrate gel precursor for
Ko.0sEU0.0sCao.sM0O4 ceramic heat-treated at temperatures of 350 °C, 400 °C,
500 °C, 600 °C, 700 °C and 800 °C are presented in Fig. 38. The ceramic heat-
treated at the temperature of 350 °C possesses two broad bands in the FTIR
spectrum. The first one in the range from 3600 cm? to 2500 cm™ is attributed
to an O-H stretching band characteristic to chelates. As the temperature
reaches 600 °C and above, this band disappears. The second band in the range
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of 1700 cm™ to 1350 cm™ is related to the organic residue of metal tartrates.
This band disappears gradually as the temperature increases up to 800 °C.
Absorption bands in the range of wavenumbers from 1000 cm™ to 500 cm*
are attributed to the vibrations characteristic of metal-oxygen and remain very

similar throughout the range of heat-treating temperatures from 350 °C to
800 °C.
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Fig. 38 FTIR spectra of KgsEug.0sCaosM0O4 ceramic heat-treated at 350,
400, 500, 600, 700 and 800 °C of temperatures

In order to investigate the relation between the crystallite growth
mechanism and luminescent properties of prepared ceramic samples heat-
treated at the temperature of 600 °C, a photoluminescence analysis was
performed. The PL properties of prepared MosEuoosCaosM0O4 oxides are
described in Article I, PL analysis section in detail. These PL properties
showed interesting results — they are related to both the size of crystallites that
have grown at 600 °C and the formation mechanism of crystallites that have
been obtained at higher heat-treating temperatures. In other words, the
photoluminescence properties predict different crystallite growth tendencies
(Fig. 34) that have not yet been evident in the XRD analysis.
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3.3 Characterization of La,M0,0g ceramic

3.3.1 Formation mechanism and thermal decomposition of La—Mo-O tartrate gel
precursor

In this work, the synthesis of La—Mo-O tartrate gel precursor for
La,Mo,Og ceramic was prepared by an aqueous sol-gel synthesis using tartaric
acid as a chelating agent that interacts as a ligand at the molecular level with
the reaction mixture during both dissolution in water and sol-gel formation.
The preparation of sol and gel could be divided into several steps as follows.
At first, the dissolution of MoQs in a dilute ammonia solution (~0.263 M) was
performed as shown in Eqg. 12. Next to that, the tartaric acid is added to the
reaction mixture according to the Eq. 13 [169]. In the third step, lanthanum
oxide and nitric acid are mixed and added to the reaction mixture as shown in
Eq. 14. The final formation of La—Mo-O tartrate gel precursor is presented in
Egs. 15 and 16, respectively.

MoO; (s) + 2 NH; 2 H,O (aq) — (NH,),Mo0, 2 H,O (aq) (12)

p (NH4);M0O, (aq) + q C4HgOg (aq) —= (13)
[(M0O,),(C4H406)H, 1P 724" (aq) + 2p NH," (aq)

La,0; (s) + 6 HNO; (aq)— 2 La(NO3); (aq) + 3 H,O (1) (14)

[(M0O,),(C4H406)H,1?P™29" (aq) + p La** (aq) — (15)
— La,[(M00,),(C4H,404) H,1*P 3P40 (aq)

La,[(M00,),(C4H406)gH, P29 (aq) + 3p C4H404 (aq) —» (16)
Drying at 120°C o, Dark blue gel

In order to study the thermal decomposition mechanism a combined
TGA-DTG-DSC analysis was performed and the results are presented in
Fig. 39. The thermal decomposition process could be divided into at least six
parts. The first mass loss (4.3 %) occurs in the range of temperatures from
30 °C to 147 °C. This stage is related to the removal of absorbed water
molecules and loss of water molecules from tartaric acid (Eq. 4). The second
mass change is related to the decomposition of excess of TA and occurs in the
range of temperature from 147 °C to 300 °C (Fig. 40). This stage can be
divided into two smaller steps: the first occurs in the range from 148 °C to
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Fig. 39 Combined TGA-DTG-DSC curves of the La—Mo-O tartrate gel
precursor for La,M0,0g ceramic

220 °C and is related to the decomposition of TA dimer into CO, CO; and
acetic acid (Eg. 5).The exothermic peak at 150 °C in DSC curve is attributed
to the removal of CO and CO; molecules. Meanwhile, the broad endothermic
peak throughout this region is related to the evaporation of the acetic acid. The
second step starts from the temperature of 220 °C and ends at 300 °C. This
process of the dimer decomposition to pyruvic acid and CO, molecules is
characterized by an endothermic band and an exothermic peak, respectively
(EQ. 17). The total mass loss at this stage is 30.2 %.

16 La;[(M00,)o(C4H40¢);4H 5] = 160 La>" + 160 MoO,* + (18)
C7470454 + 149 CO, + 592 H,0

After the decomposition of the excess of TA the third stage starts and is
related to the decomposition of metal tartrates in the range of temperature from
301 °C to 520 °C. As can be seen from Eq. 18, this stage consists of two
processes. The endothermic band in the range of temperatures from 301 °C to
385 °C is attributed to the evaporation process of water molecules. The second
one with the exothermic behavior in the range of temperatures from 386 °C to
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520 °C is related to the removal of CO, molecules. The mass loss during this
stage is 12 %.
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Fig. 40 DSC curve of the La—Mo-O tartrate gel precursor for LaM02,0q
ceramic

In the next stage, the change of mass loss has almost stopped and is at about
0.8 %. This part is directly related to the endothermic crystallization process
that occurs in the range of temperatures from 521 °C to 570 °C and is
described in Eq. 19. The crystallization of La,M0.0s to a cubic -phase occurs
directly from the residue of the metal tartrate gel precursor.

160 La3+ + 160 MOO42_ + C7470454 — 80 LazMOZOg + C7470374 (19)

The last mass change (13.3 %) occurs in the range of temperature from
571 °C to 680 °C and is attributed to the burning of inorganic carbon, which
is formed from the tartrates. This exothermic process is presented in Eq. 20.
By the further increasing the temperature to 950 °C only 0.1 % of the mass
and no heat changes were detected in the DSC curve. This means that the
crystalline phase of lanthanum molybdate forms at the temperature below
680 °C.

80 L32M0209 + C747O374 + 560 02 —> 80 L32M0209 + 747 C02 (20)
A differential scanning calorimetry can also be used to analyze physical

transformations such as a phase transition. In order to investigate the phase
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transition of La,M0209 ceramic, the DSC analysis was performed and the
results are presented in Fig. 41. The phase transition to a cubic f-phase occurs
in the range of temperatures from 555 °C to 570 °C (Fig. 41 heating stage).
The phase transition from -phase to a monoclinic a-phase occurs in the range
of temperatures from 538 °C to 514 °C (Fig. 41 cooling stage). This leads to
the conclusion that the phase transition from a-phase to f-phase occurs in

higher temperatures than the opposite process.
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A detailed investigation of phase transition dependence on sample mass
and initial annealing temperature is presented in Article I11.

3.3.2 Structural properties and morphology analysis of La,Mo,Og ceramic

XRD patterns of the La—Mo-O tartrate gel precursor dried at 120 °C and
heat-treated at different temperatures are shown in Fig. 42. All characteristic
reflections from the XRD patters can be attributed to the monoclinic
a-La;Mo0,09 crystal phase and match well with the reference data of
lanthanum molybdate (ICSD 172479) that is presented in the bottom panel.
The gel dried at the temperature of 120 °C showed a fully amorphous
character. In addition, La—Mo-O tartrate gel precursor heat-treated at 500 °C
of temperature also showed an amorphous character. However, a small peak
characteristic of monoclinic La,Mo0,0Og phase at 20 angle of 27.7 ° (404)

reflection was observed. These results slightly differ from the thermal analysis
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data where the crystallization process started in the range of temperatures from
521 °C to 570 °C. This deviation might have been observed due to the
differences in heating ratio, heating time, sample mass and other conditions.
The pure monoclinic phase of lanthanum molybdate formed when the heat-
treatment was increased from 550 °C to 1200 °C of temperatures.

La-Mo-O tartrate gel heat-treated at 1200 °C
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Fig. 42 XRD patterns of the La—Mo-O tartrate gel precursor for La,Mo0,0g
ceramic dried at 120 °C and heat-treated at 500, 550, 600, 800, 1000 and
1200 °C temperatures for 5 hours in the air
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In order to investigate the crystallite size growth tendencies, the Rietveld
refinement analysis was performed. Detailed results are presented in Article
111, Table. 4. A graphical representation of obtained results is shown in
Fig. 43. It was found that the growth of crystallite size tends to increase in the
range of temperatures from 550 °C to 800 °C. These results have a significant
influence on the phase transition. In other words, the investigation of phase
transition should be done with samples heat-treated at the temperatures above
800 °C. Otherwise, the crystallite growth process could affect the onset
temperature of the corresponding phase transition.
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Fig. 43 Plot of crystallite size versus heat-treatment temperature for
La;M0,0g ceramic

SEM micrographs of the La—Mo-O sample for LaMo0,Og ceramics
annealed at 500, 550, 600 and 1200 °C are shown in Fig. 44. The obtained
results clearly show that the samples heat-treated at the temperatures of
500 °C and 550 °C consist of irregularly shaped agglomerates with smaller
sphere-like particles (200 — 500 nm) on the surface. Moreover, the
agglomerates are composed of well-connected sphere-like particles in size of
about 82 — 85 nm in the sample heat-treated at the temperature of 550 °C (see
Article 111, Fig. 14). By increasing the temperature up to 600 °C the sample
morphology changes completely. The tendency of growth of both the particles
and pores was identified. This result is in a good agreement with Rietveld
analysis data when the growth of the crystallites by increasing the heat-
treatment temperature was also observed. As shown in Fig. 44c, the surface
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morphology of the heat-treated sample is composed of the sphere-like or
elliptical particles, which size varies from 100 nm to 200 nm.

—
2.00 pm 2,00 pm

Fig. 44 SEM micrographs of La—Mo—O tartrate gel precursor for La;M0,0q
ceramic heat-treated at the temperatures of (a) 500 °C. (b) 550 °C, (c) 600 °C
and (d) 1200 °C in air for 5 hours at ambient pressure

It is well known that physical properties are strongly related to surface
morphology. Unfavorable effects could be caused by the enhanced porosity of
the sample and low connectivity between the grains. In order to eliminate such
kind of negative factors, the powders were additionally grounded, pressed into
pellet and additionally heat-treated at the temperature of 1200 °C. The
obtained results are presented in Fig. 44 (d), which show that the dense
ceramic surface composed from the irregularly-shaped 100 — 200 um well-
connected grains has formed. Besides, on the surface of the sample small
amount of pores, which diameter varies from about 2.8 um to 11 um were
identified. Though the density of the as-prepared ceramic remains relatively
high. It also should be noted that above the temperature of 800 °C the size of
crystallites stops growing, which is directly related to the specific phase
transition properties in the final ceramic.
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3.3.3 Impedance spectroscopy analysis of La,Mo,Og ceramic

Typical Arrhenius plots of temperature dependencies of standard deviation
for a- and B-phase transition processes in La;M0,0g ceramic are shown in
Fig. 45.
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Fig. 45 Arrhenius plots of temperature dependencies of standard deviation
for a- and B-phase transition processes in La;Mo0,Og ceramic

These results indicate that ionic conductivity increases by two orders of
magnitude in temperatures ranging from 517 °C to 537 °C. The activation
energy of the cubic B-phase (1.09 eV) is slightly higher than that of the
monoclinic o—phase (1.01 eV) and leads to a conclusion that the low-
temperature monoclinic phase is more stable.

According to the literature [16] available, the phase activation energies of
low- and high-temperature phases of La;Mo0,0Oy are at about 0.9 eV and
1.2 eV, respectively. The obtained results are in good agreement with those
found in the literature.
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3.4 Characterization of Cep.9Gdo.101.95 ceramic

34.1 Thermal analysis of Ce-Gd-O oxalate gel precursor and decomposition
mechanism

Combined TGA-DTG-DSC curves in air atmosphere of Ce—~Gd-O oxalate
gel precursor are presented in Fig. 46. The thermal decomposition of
Ce-Gd-O oxalate gel precursor could be divided into four stages. The first
mass loss occurs in the range of temperatures from 30 °C to 140 °C. The
endothermic effect is related to the removal of absorbed water molecules and
the mass loss consist of about 2.6 % of the total mass. The second mass loss
occurs in the range of temperatures from 141 °C to 320 °C and could be
divided into two parts: the first stage with the mass loss of 4.1 % is related to
a broad exothermic band and attributed to the decomposition of ammonium
oxalate into CO,, CO and NHs; (Eqg. 21) [170]. The second part is attributed to
the evaporation of water molecules from the ammonium oxalate
decomposition and water molecules from coordination sphere. The peak at
234 °C shows an endothermic process behavior with the mass loss of about
2.9 %. The total mass loss in this stage is about 7.0 %.

(NH4),C,04 (s) == CO (g) + CO, (g) + 2 NH;3 () + H,0 (g) (21)
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Fig. 46 Combined TGA-DTG-DSC curves of the Ce-Gd-O oxalate gel
precursor for Ceg9Gdo 10195 Ceramic
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The third mass change (38.0 %) is directly related to the thermal
decomposition of cerium and gadolinium oxalates (Egs. 22 and 23) [171]. This
exothermic effect creates a sharp and intensive peak at about 365 °C that
corresponds to the conversion of corresponding salts into carbon dioxide and
the final ceramics. By further increasing the temperature the mass of the
sample remains almost constant, which indicates full decomposition of all
volatile residue in the final mixture.

4 Cel—dex(C204)r (S)_>4 Cel—dexO2—0.5x' Cpoq (S) +6r COZ (g) + (22)
+1CO (g)
2rCO (g) + O, (g) = 2r CO, (g) (23)

Finally, further minor mass change of about 1.2 % in the range of
temperature from 396 °C to 650 °C corresponds to the burning of residual
inorganic carbon in the mixture of oxides, which formed during the partial
decomposition of oxalates at lower temperatures. The exothermic character of
the DSC curve confirms this conclusion. The corresponding chemical changes
are illustrated in Eq. 24, respectively.

2 Cel—dexOZ—O.Sx. Cqu (S) + (2p - Q) 02 (g) —>2 Cel—dexO2—0.5x (S) + (24)
+2p CO, (g)

The small exothermic bands in the DSC curve at the temperatures of
750 °C, 825 °C and 900 °C could be attributed to the growth of crystallites for
the final ceramic. It is interesting to note, that the same synthesis performed
in the sol-gel process using tartaric acid [153] showed the final decomposition
of volatile residue at a slightly lower temperature than previous one obtained
from the oxalate precursor.

3.4.2 Structural properties and morphology analysis of CeggGdo101.95 ceramic

The XRD patterns of Ce-Gd-O oxalate gel precursor dried at 100 °C and
heat-treated at the temperatures of 900 °C, 950 °C, 1000 °C, 1100 °C and
1200 °C are presented in Fig. 47. From the XRD pattern, it can be seen that
the Ce—Gd-O oxalate gel precursor dried at the temperature of 100 °C has an
amorphous character. No characteristic peaks for any crystalline compounds
were found. This means that the precipitates formed during the synthesis
procedure are insignificant because of the prepared precursor that acts like a
non-crystalline solid. Besides, XRD patterns of the metal oxalate precursor
heat-treated at 900 °C, 950 °C, 1000 °C, 1100 °C and 1200 °C of temperatures
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are well-matched with the cubic fluorite-type structure of Ce9Gdo101.95
(ICSD 28795) oxide. In all cases, a single crystalline phase of Ce9Gdo.101.95
ceramic was obtained and no characteristic peaks attributed to the impurities
were identified. It is also evident that the 900 °C temperature is high enough
to obtain a single-phase cubic Ceo9Gdo 10195 Oxide with the space group
Fm-3m.

Ce-Gd-O oxalate gel heat-treated at 1200 °C

U O

Ce-Gd-O oxalate gel heat-treated at 1100 °C

.

W O

Ce-Gd-O oxalate gel heat-treated at 1000 °C

| S

W O

Ce-Gd-O oxalate gel heat-treated at 950 °C

Y

Ce-Gd-O oxalate gel heat-treated at 900 °C

J .

Ce-Gd-O oxalate gel dried at 100 °C

A .-

Relative intensity/a.u.

Ce,sGd, 0, os ICSD 28795

T T T T T T T

10 20 30 40 50 60 70
26/°
Fig. 47 XRD patterns of the Ce—Gd-O oxalate gel precursor for
Ceo.9Gdo.101.95 ceramic dried at 100 °C and heat-treated at 900, 950, 1000,
1100 and 1200 °C of temperatures for 5 hours in the air
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In order to investigate the phase formation of the gadolinium-doped ceria
oxide in different atmospheric conditions, the measurements in air and
nitrogen atmosphere were performed and the results are presented in Article
1V, Fig. 3. It was found that in both cases single-phase Ce9Gdo.101.95 0Xides
were formed. In addition, it became apparent that the sample prepared in an
air atmosphere had a higher crystallinity due to the intensity of the peaks than
the one prepared in inert conditions. The amorphous character of prepared
samples could be caused by the sample preparation method on an amorphous
glass surface. Additionally, the peak width of the sample heat-treated in an
inert atmosphere was broader than that of the sample in an air atmosphere.
Besides, these results imply that in both cases a nano-crystalline ceramic was
formed. These results are in good agreement with the Rietveld refinement
results that are presented in Article 1V, Table 2 and 3.

The Rietveld refinement results of crystallite size dependence on heat-
treating temperature are presented in Fig. 48. These results showed that neither
the size nor the lattice parameter had any significant changes throughout all
the prepared samples. This leads to the conclusion that a prepared oxide has a
high thermal stability. According to the Rietveld refinement results it is clear
that the synthesis conditions slightly affect the lattice parameter and the size
of crystallites. These results let us conclude that oxidation atmosphere is a
more favorable condition for the crystallization of the final oxide.
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Fig. 48 Plot of crystallite size versus heat-treating temperature for
Ce0.9Gdo.101.95 ceramic

SEM micrographs of the Ce9Gdo 10195 OXxide heat-treated in the range of
temperature from 900 °C to 1200 °C are shown in Fig. 49. The surface of GDC
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oxalate precursor heat-treated at 900 °C is composed of irregular
agglomerated plate-like particles, the size of which varies from 100 nm to
1 um (Fig. 49a). Slightly different morphology appears in a sample heat-
treated at the temperature of 1000 °C. Agglomerates are composed of sphere-
like particles with a size of about 50 — 100 nm. Increasing the heat-treating
temperature to 1100 °C the surface morphology changes completely
(Fig. 49c). The ceramic surface consists of agglomerated irregular sharp-
edged particles with a size from 200 nm to 400 nm. The sample surface, heat-
treated at the highest temperature, contains agglomerated irregular shape
particles with a size varying from 100 nm to 600 nm. This leads to a
conclusion that particle size increases as the heat-treating temperature is
increased. Moreover, it has been observed that upon increasing the
temperature the particle shape changes from plate-like to sphere-like sharp-
edged particles.

R

SE(L)

Fig. 49 SEM micrographs of Ce-Gd-O oxalate gel precursor for
Ce0.9Gdo.101.95 ceramic heat-treated at the temperatures of (a) 900 °C. (b)
1000 °C, (c) 1100 °C and (d) 1200 °C in air for 5 hours at ambient pressure

In addition, the influence of synthesis atmospheric conditions has been
investigated and the results are presented in Article 1V, Fig. 5. In this case, no
significant changes in either the particle size or the shape were observed.
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The FTIR spectra of Ce—-Gd-O oxalate precursor heat-treated in the range
of temperatures from 900 °C to 1200 °C are shown in Fig. 50. The obtained
results showed that in the range of the wavenumber from 4000 cm™ to
1000 cm™ no characteristic vibrations of organic compounds were found
(Fig. 50a). The samples heat-treated at temperatures of 900 °C, 1100 °C and
1200 °C showed intensive absorption bands at 580 cm and 458 cm™. These
bands could be assigned to Ce—O and/or Gd-O stretching vibrations [153,
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Fig. 50 FTIR spectra of Cep9Gdo.101.95 0Xide heat-treated (a) at 1000 °C of
temperature in the range from 4000 cm to 450 cm and (b) at 900 °C,
1000 °C, 1100 °C and 1200 °C of temperatures in the range from 1100 cm™
to 400 cm'?

Meanwhile, the sample heat-treated at the temperature of 1000 °C showed
more absorption bands. Characteristic vibrations of tetrahedral groups were
identified at 838 cm™. The band at 820 cm is related to O-Ce-O and/or
0O-Gd-0O bonding nature of gadolinium-doped ceria nanoparticles [175].The
remaining bands in the range of 1000 cm to 400 cm™ could be attributed to
Ce-0 and/or Gd-O stretching vibrations [176]. These differences in FTIR
spectra could be caused by the increase of the surface area of sphere-like
particles that result in a higher concentration of oxygen-metal-oxygen and
metal-oxygen vibrations.

The results of TGA-DTG-DSC, XRD, SEM and FTIR analyses prove the
formation of single-phase GDC ceramic. These results revealed that the heat-
treatment at the temperatures above 1000 °C creates a great thermal and
chemical stability of the final ceramic. Such kind of investigations is useful
for further research due to their possible applications in SOFC as a solid
electrolyte.
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CONCLUSIONS

For the first time, the aqueous tartaric acid-assisted sol-gel synthesis
technique was successfully proposed for the preparation of La—Mo-0O,
Ca-Sr—Mo-0O and M-Eu-Ca—Mo-O (M=Li, Na, K, Rb, Cs) tartrate
gel  precursors for the La:Mo0;Og, CaixSrxMoOs and
Mo.0sEU0.05Ca09sM00O, multicomponent systems.
It was demonstrated that thermal analysis is a powerful technique,
which allowed the estimation of the decomposition process course that
enabled the creation of a possible reaction mechanism on the formation
of final multicomponent crystalline compounds.
By the comparison of different complexing agents during the sol-gel
process it was concluded that an oxalic acid assisted synthesis of
gadolinium-doped ceria produced a relatively pure amorphous powder,
initially enriched by the oxalate salts as impurities formed of both the
salts of metal precursors and the precipitating agent. Almost identical
thermal decomposition behavior was observed in the samples prepared
from the tartaric gel precursors, which mechanism mainly depends on
the coordination ability of the molybdate (MoO4?") anion.
Moreover, the DSC measurements clearly showed that the thermal
degradation of tartaric acid differs from corresponding metal tartrates
and takes place below 300 °C of temperature. According to the
enhanced thermal stability of metal molybdates, their decomposition
into the ceramic and volatile carbon-hydrogen-oxygen based materials
takes place at much higher temperatures than the fission of
corresponding tartaric acid residues.
The total mass loss of all gel precursors heat-treated in the nitrogen
flow well matches the results obtained in an air atmosphere, while a
prior mass change for M—Eu-Ca—Mo-O samples above 600 °C of
temperature has no sufficient influence on the results, which were
obtained through other heating conditions. Therefore, such an action is
important only in the inert atmosphere and it is determined by the
stability of final ceramics in a reducing environment. In this case, the
combustion process in the air at temperatures above 600 °C eliminates
any specific conditions created by elemental carbon present in the
sample.
The results of the PL studies revealed that the crystallite size and the
mechanism of their growing tendencies for the Mo osEU0.05Ca0.9M0O4
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compounds are closely related to the ratio R of intensities for
Do — 'F, and °Do — F; characteristic emissions.

Besides, the nature of alkali metal strongly affects the distribution of
Eu,0s in the CaMoO. host and the reasons of such behavior is basically
determined by the different chemical activity of alkali metals in the
range of temperature from 350 °C to 800 °C.

DSC investigation of La,M020g ceramic revealed that phase transition
from the a-phase to the f-phase occurs in the higher temperatures
(from 555 °C to 570 °C) than the opposite process (from 514 °C to
538 °C). Besides, slightly lower activation energy of monoclinic phase
(1.01 eV) formation than of cubic phase (1.09 eV) shows that low-
temperature phase is more stable.

The heat-treatment of the Ce-Gd-O oxalate precursor in nitrogen
atmosphere slightly more affects both the lattice parameter and
crystallite size of the final cubic Ceg9Gdo10195 crystal structure
comparing with the sample, which was prepared in air. This result
leads to the conclusion that an air atmosphere is a more favorable
condition for the crystallization of the final GDC ceramic.

Moreover, Raman analysis results showed that this technique is
suitable for the calculation of the exact molar composition of the
multicomponent Ca—Sr—Mo-O oxides from the Ag mode position. The
shift towards the lower wavenumber side occurs while increasing the
bigger ionic radius Sr** ion concentration that indicates the decrease of
covalent bonding between MoO.* tetrahedra and M2 ion. The
calculated deviation from the theoretical composition did not exceed
0.32 %. According to the infrared spectroscopy results, it is clear that
the sol-gel processing and heat-treatment temperature much more
affects on the morphological features than the initial composition of
final ceramics. Such a conclusion only enhances the uniqueness and
suitability of this preparation technique for the synthesis of the
multicomponent system for the metal molybdate based compounds.
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SANTRAUKA

IVADAS

Pastaraisiais  metais, daugiakomponentés oksidinés  medziagos,
pasizymincios unikaliomis cheminémis ir fizikinémis savybémis, pritrauké
daugelio mokslininky démesj. Selito tipo junginiai, turintys tetragoning
kristaling struktiirg, pasiZymi jdomiomis savybémis, kurios leidzia Siuos
junginius  pritaikyti jvairiose pramonés Srityse: optoelektronikoje,
scintiliatoriy, katalizatoriy, mikrobangy daznio prietaisy ir liuminescenciniy
medziagy gamyboje bei kieto kiino lazeriuose. [1-5]. Buvo pastebéta, kad
derinant tokias medziagas, gaunami misras oksidai, Kkurie pasizymi
patrauklesnémis savybémis nei individualts junginiai [6, 7]. Kita vertus, tokiy
mokslininky.

Tetragoninés kristalinés struktiiros kalcio molibdatas, suzadintas UV
spinduliuote 250 — 320 nm bangy ilgio intervale, pasizymi savybe skleisti
mélynos, Zalios ir oranzinés spalvos Sviesa. Tokie junginiai, legiruoti retyjy
7emiy elementais (Eu®*, Th®") [8, 9], gali biiti pritaikyti pazangaus ap$vietimo
ir ekrany gamyboje. Kalcio molibdatas legiruotas europio jonais pasizymi
intensyvia raudonos spalvos liuminescencija [10]. | tokia struktiirg jvedant
kriivj kompensuojanc¢ias Sarminiy metaly priemaiSas galima sustiprinti $iy
junginiy optines savybes [11]. Kita vertus, tokiy medziagy liuminescencinés
savybés yra taip pat glaudziai susijusios ir su daleliy morfologija. Sferinés
formos dalelés sumazina $viesos iSbarstymg ir dél tankios sanglaudos, leidzia
susiformuoti tankiems fosfory sluoksniams [12].

Kiekvienais metais dél labai jvairiy priezaséiy energijos poreikiai Zenkliai
did¢ja. Atsizvelgiant j ekologines problemas, naujy, efektyviy bei draugisky
aplinkai energijos Saltiniy kuirimas jgauna vis didesnj pagreitj. Pastaruoju
metu, iSskirtinis démesys yra skiriamas kieto oksido kuro elementams, kurie
jau dabar naudojami kaip ,,$varios* energijos 3altiniai. Sie kuro elementai
pasizymi auk$tu deguonies jony laidumu, cheminiu bei terminiu stabilumu,
maza tarSa ir dideliu efektyvumu lyginant su kity tipy kuro elementais.
Siekiant padidinti jy nasumg, kieto oksido kuro elementai gali bti
kombinuojami su garo turbinomis [13-15]. Lantano molibdatas ir cerio
oksidas legiruotas gadoliniu pasizymi auk$tu joniniu laidumu, tankia
keramika ir neigiamu elektroniniu laidumu [16-19]. Dél $iy savybiy, jie gali
biiti naudojami dujy jutikliuose, deguonies siurbliuose bei Kieto oksido kuro
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elementuose kaip kietieji elektrolitai. Yra zinoma, kad tokiy junginiy strukttra
ir pavirSiaus morfologija stipriai priklauso nuo sintezés budo, kuris lemia
skirtingas gautojo produkto chemines bei fizikines savybes.

Norint gauti aukStos kokybés homogeniskas medziagas, bitina atidziai
parinkti sintezés metoda, bei jvertinti jo parametrus. Mokslingje literatiiroje
yra gausu sintezés metody, kurie buvo taikomi daugiakomponenéiy medziagy
gamyboje. Net pazangiausi budai, kurie reikalauja griezty salygy ar
papildomy sintezés etapy dazniausiai lemia prasta medziagy homogeniskuma,
zema KkristaliSkumg, priemaiSy atsiradimg ir neleidZia susidaryti tankiai
keramikai. D¢l $iy priezas¢iy labai svarbu pritaikyti tokiy medziagy gavimui
pigy, greita bei ekologiska sintezés metoda, kuris leisty kontroliuoti galutiniy
medziagy fazinj grynumg, morfologijg bei daleliy dydj. Vandenin¢ zoliy-geliy
sintezé suteikia galimybe kontroliuoti jvairius jos parametrus tokius, kaip pH,
temperatiira, koncentracija, laikas ir kt. Toks platus metodo universalumas
atveria duris puikiai galutinés keramikos struktiiros bei morfologijos
kontrolei.

Atsizvelgiant | tai, Sio disertacinio darbo tikslas buvo vandeniniu zoliy-
geliy metodu susintetinti daugiakomponencius oksidus bei istirti gautyjy geliy
terminio skilimo mechanizmg. Siekiant jgyvendinti §j tiksla, buvo
suformuluoti tokie uzdaviniai:

1. Vandeniniu zoliy-geliy sintezés metodu susintetinti vienfazius
kristalinius daugiakomponencius Ca1.xSrxMoOs, Mo gsEUog,05CaosM00O4
(M=Li, Na, K, Rb, Cs), LazM0,0q ir CeeGdo 101,95 oksidus.

2. Termogravimetrinés ir diferencinés skenuojanciosios kalorimetrinés
analizés pagalba nustatyti susintetinty geliy terminio skilimo
mechanizmus.

3. Pasitelkiant Rentgeno spinduliy difrakcing analiz¢ (XRD),
skenuojancigja elektroning mikroskopija (SEM) ir infraraudongjg
spektroskopija (FTIR) nustatyti susintetinty junginiy Kkristaling
struktiirg bei pavirSiaus morfologijos pokycius esant skirtingoms gelio
méginiy kaitinimo temperatiiroms.

4. Ramano spektroskopijos metodu apskaiciuoti moling CaixSrxMoQOs
sistemos sudétj.

5. 18tirti Mo,osEUo,0sCa0,sM004 keramiky optiniy savybiy rysj su kristality
augimo tendencijomis.

6. Nustatyti LaxM0,Ogy keramikos elektrines savybes.
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7. Diferencinés kalorimetrinés analizés metodu jvertinti La;M020q

keramikos fazinio virsmo pradzios ir pabaigos temperatiras is
monoklininés a-fazés j auksStatemperattring kubing B-faze ir atvirksciai.

Darbo rezultatai, leidzia ginti Siuos disertacijos ginamuosius teiginius:

1.

Pirma kartg vyno riigtis buvo sékmingai panaudota vandeniniu zoliy-
geliy metodu  sintetinant  LaM0;0s,  CaixSrxMoOs ir
Mo,05EU0,0sCa0,sM004 (M=Li, Na, K, Rb ir Cs) daugiakomponencius
oksidus.
Terminés analizés (TGA-DSC) metodas yra tinkamas jrankis
La—Mo-O, Ca-Sr—Mo-O ir M-Eu-Ca-Mo-O tartratiniy geliy
terminio skilimo bei galutiniy La;M0,0y, CaixSrkMoQs ir
Mo,05EU0,0sCa09M004 (M=Li, Na, K, Rb, ir Cs) junginiy kristalizacijos
tyrimams.
Kompleksus su metalais sudarancio reagento prigimtis lemia gautyjy
kristaliniy junginiy morfologinius, struktdirinius ypatumus bei jy
optines ir elektrines savybes.
Geliy skilimo mechanizmas yra tiesiogiai susijgs su vyno riigsties ir
atskiry metaly tartraty termine degradacija.
Susintetinty geliy kaitinimo atmosfera neturi jtakos nei jy skilimo
procesams, nei galutiniy kristaliniy faziy formavimosi ypatumams.
Terminés analizés derinimas su papildomais medziagy apibiidinimo
metodais yra parankus jrankis jgalinantis tirti galutiniy kristaliniy
daugiakomponenciy oksidy cheminiy ir fizikiniy savybiy tarpusavio
rysius.

EKSPERIMENTO METODIKA

Visi Siame darbe aprasyti junginiai buvo gauti panaudojus vandeninj zoliy-
geliy sintezés metoda. Siuo atveju, pateikiamos tik optimizuotos sinteziy
salygos.

CaMo00s, SrM0O; ir misriy Cai«Sr«MoQO4 junginiy sintezé

Stechiometriniai Ca(NOs)2-4H>0 ir/ar Sr(NOs) kiekiai buvo istirpinti 40
ml dejonizuoto vandens. Tuo tarpu, kitoje stiklinéléje pasiruosta 30 ml
dejonizuoto vandens, 1 ml koncentruoto amoniako ir MoOs vandeninis
tirpalas. | reakcijos misinj su iStirpusiais drusky nitratais buvo subertas keturis
kartus didesnis vyno ragsties kiekis, lyginant ji su molibdeno kiekiu. Istirpus
vyno rugsciai, MoOs vandeninis tirpalas supiltas | pirmaja stiklinélg.

86



Susidares skaidrus reakcijos miSinys toliau buvo garintas ant magnetinés
maisyklés toje pacioje 70 °C temperatiiroje. Gautasis gelis dziovintas 120 °C
temperatiiroje dziovinimo spintoje apie 3 valandas. Sviesiai rudos spalvos
gelis sutrintas agatinéje griistuvéje, 0 gautieji milteliai papildomai kaitinti
350 °C, 400 °C, 500 °C, 600 °C ir 700 °C temperatiirose 5 valandas.
Temperatiros kélimo greitis — 1 °C/min.

Mo,05EU0,0sCa0,sM0O4 (MZLi, Na, K, Rb ir CS) junginiy sintezé

Pradinéje sintezés stadijoje, stechiometrinis MoOs kiekis buvo istirpintas
misinyje sudarytame i§ 25 ml dejonizuoto vandens ir 1 ml koncentruoto
amoniako. Tirpalas maiSytas magnetine maiSykle 90 °C temperatiiroje.
Keturis kartus didesnis vyno rigsties stechiometrinis kiekis subertas tiesiai j
reakcijos misinj siekiant iSvengti nuosédy susidarymo. IStirpus ragsciai, j
reakcijos mi8inj subertas stechiometrinis kiekis Ca(NOjs).-4H,0. Po to,
subertas reikiamas kiekis Sarminio metalo nitrato (LiNOs, NaNOs;, KNOs,
RbNO; ar CsNOs). Galiausiai, jdéta Eu,Os ir 6 ml koncentruotos azoto
rugsties. Susidargs skaidrus tirpalas garintas ant magnetinés maiSyklés
palaikant ta paciag kaitinimo temperatiira. Gelis dziovintas 120 °C
temperatiiroje apie 2 valandas. Sausas tartratinis gelis susmulkintas agatinéje
gristuvéje ir Kaitintas 350 °C, 400 °C, 500 °C, 600 °C, 700 °C, 800 °C,
900 °C ir 1000 °C temperaturose 5 valandas. Temperattiros kélimo greitis —
1 °C/min.

La;Mo0,0g keramikos sintezé

Pirmiausia, 80 °C temperatiroje stechiometrinis MoOs kiekis buvo
iStirpintas miSinyje, sudarytame i§ 25 ml dejonizuoto vandens ir 0,5 ml
koncentruoto amoniako. Vyno rugstis suberta tiesiai j reakcijos misinj
nekeiciant kity sintezés salygy. Pilnai iStirpus vyno riig§ciai, j reakcijos misinj
supiltas La;O3 kartu su 6 ml koncentruotos azoto rugsties. Gautas skaidrus
tirpalas toliau garintas ant magnetinés maiSyklés toje pacioje temperatiroje.
Skaidrus, gelsvos spalvos zolis dziovintas 120 °C dziovinimo spintoje apie 2
valandas. Susidargs tamsiai mélynos spalvos gelis papildomai kaitintas
500 °C, 550 °C, 600 °C, 800 °C ir 1000 °C temperatirose 5 valandas.
Temperatiiros kélimo greitis — 1 °C/min. Isdziovinti gelio milteliai, kaitinti
1000 °C temperattiroje, papildomai sutrinti ir suspausti | tablete. Ji kaitinta
1200 °C temperatiiroje 5 valandas. Temperatiiros kélimo greitis — 5 °C/min.
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Ce0,0Gdo 101 05 keramikos sintezé

Pradzioje, stechiometriniai kiekiai Gd(CHsC00)3-4H,0 ir
Ce(CH3COO0)4-H20 istirpinti dejonizuoto vandens ir acto rugsties misinyje
50 °C temperatiiroje. Oksalo riigStis suberiama tiesiai j reakcijos miSinj
nekeiciant sintezés salygy. Po to, misinio pH padidintas iki 9,0 létai sulasinus
koncentruota amoniaka. ISkritusios baltos nuosédos buvo atskirtos nuo tirpalo
gravitacinio filtravimo btdu ir dZiovintos 100 °C temperatiiroje 24 valandas.
Gautieji baltos spalvos milteliai kaitinti 900 °C, 950 °C, 1000 °C, 1100 °C ir
1200 °C temperatarose 5 valandas. Temperattiros kélimo greitis — 1 °C/min.

Tyrimy aparatiira ir metodai

Termogravimetriné ir diferenciné skenuojanti kalorimetriné analizé
(TGA-DSC) buvo atlikta naudojant PerkinElmer STA 6000 prietaisg. Tyrimo
metu méginio masé atitiko 10 mg. Temperatiros intervalas — nuo
30 °C iki 950 °C; kaitinimo atmosfera — oras arba azoto dujos; temperattros
kélimo greitis — 20 °C/min. Susintetinty junginiy Rentgeno spinduliy
difrakciné (XRD) analiz¢ atlikta naudojant Rigaku MiniFlex II difraktometra
su vario anodu (Cu Kq, A=1,5418 A). 6/20 difraktogramos uzrasytos matuojant
1,5 °/min grei¢iu intervale nuo 5 iki 80 °. Rietveld’o strukttros patikslinimo
analizé vykdyta naudojant X Pert HighScore Plus programa. Si analizé buvo
atlikta tikslinant kristaliniy gardeliy parametrus, fono kontiirus ir XRD
smailiy profilio parametrus. Siekiant jvertinti susintetinty junginiy pavirSiaus
morfologija buvo naudoti skenuojantys elektroniniai (SEM) — Hitachi
TM3000 ir Hitachi SU-70 mikroskopai. Infraraudonosios spektroskopijos
(FTIR) analizé atlikta su PerkinEImer FTIR Frontier spektrometru. Ramano
spektroskopija vykdyta su WiTec Alpha 300 R prietaisu naudojant 532 nm
bangos ilgio suZadinimo lazerj. Kalcio molibdato, legiruoto Sarminiais
metalais ir europiu, méginiy optiniy savybiy matavimai atlikti PerkinElmer
LS-55 fluorimetru. Galiausiai, lantano molibdato elektrinés savybés
iSmatuotos naudojant dvi skirtingas impedanso spektroskopijos jrangas naujai
sukurtu impedanso spektrometru [155, 156].

REZULTATU APTARIMAS
CaMo00s, SrM00O; ir misriy Ca1-xSr«MoQO4 oksidy analizé

Ca-Sr—Mo-O tartratiniy geliy terminés analizés rezultatai parodé, jog
skilimo mechanizmas iSlieka labai panaSus nepriklausomai nuo stroncio
molinés koncentracijos junginyje. Tartratinio gelio, kuriame kalcio moliné
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dalis junginyje — 0,5 mol%, TGA-DTG-DSC kreivés pateiktos 20 pav. 40 psl.
Pirmasis masés netekties etapas, kuris jvyksta 30 — 143 °C temperatiiry
intervale, yra susijes su absorbuoty vandens molekuliy pasisalinimu i$
méginio. Stebimas masés sumazéjimas svyruoja tarp 2,4 — 3,8 %,
priklausomai nuo molinés junginio sudéties. Didziausias masés netekties
etapas (~35 %) vyksta 144 — 295 °C temperatiiry intervale ir yra susijes su
perteklinés vyno riigsties dimero skilimu. Siame etape vyksta du dujy
i$siskyrimo procesai: egzoterminis, stebimas CO; iSsiskyrimo metu, bei
endoterminis, vykstant piruvato rtigsties garavimui. Plati endoterminé smailé
esanti ties 295 — 395 °C yra siejama su galutinio produkto kristalizacijos
pradzia. Taip pat, Siame temperatiiry intervale, prasideda metaly tartraty
skilimas iki CO- ir H2O junginiy. Nuo 520 °C iki 820 °C jvyksta baigtinis
metaly tartraty skilimas. Sio proceso metu likutinis (C2Hz)sq fragmentas
suskyla iki anglies dioksido ir vandens molekuliy. Visas terminio skilimo
mechanizmas aprasytas 4 — 11 formulémis ir yra pateiktas 39 ir 40 psl.

CaMoO; ir SrMoO,s méginiy, kaitinty skirtingose temperatiirose, XRD
analizés rezultatai yra pateikti 21 pav. 41 psl. Sie duomenys parodé, kad geliai,
dziovinti 120 °C temperatiiroje, pasizymi amorfine struktira. I§ gautyjy
rezultaty matyti, kad vienfaziai, tetragoning kristaling struktiirg turintys
molibdatai, susiformuoja jau 350 °C temperatiiroje. Sie rezultatai puikiai
sutampa su terminés analizés metu gautaisiais duomenimis, kurie jrodé, jog
kristalizacijos procesas prasideda 295 °C temperatiroje. Méginiuose,
kaitintuose aukstesnése temperatiirose, jokie faziniai poky¢iai néra stebimi.
Misriy CaixSrxMoOs oksidy XRD analizés duomenys patvirtino, kad
vienfazés, tetragoninés kristalinés fazés susidarymas vyksta tokioje pat
temperatiiroje, Kaip ir individualiy oksidy. Be to, buvo pastebéta, kad didinant
Sr?* kiekj okside, difrakciniai atspindZiai slenkasi link maZesnés vertés
kampy. Sis poslinkis yra tiesiogiai susijes su gardelés parametry ir jos tiirio
didéjimu. Pasitelkus Rietveld’o struktiiros patikslinimo analize¢ buvo
nustatytas tiesing priklausomybe atitinkantis gardelés parametry pokytis nuo
Ca®* molinés dalies okside (22 pav. 42 psl.).

Siekiant nustatyti gautosios keramikos pavirSiaus morfologija, buvo atlikta
SEM analizé, o rezultatai yra pateikti 23 ir 24 pav. 43 psl. IS Sios analizés
duomeny, buvo nustatyta, kad méginiy, kaitinty 400 °C, 500 °C ir 600 °C
temperattirose, pavirSius yra sudarytas i§ aglomeravusiy, netaisyklingos
formos, panaSaus dydzio daleliy. Apskaiéiuotas Kristality dydis svyravo tarp
11— 47 nm. Tokio mazo dydzio daleliy susidarymas gali biti siejamas su CO>
dujy i8siskyrimu, kuris galimai sulétina kristalizacijos procesa. Ryskus daleliy
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dydzio padidéjimas stebimas méginiuose, kaitintuose 700 °C temperatiiroje.
Sie rezultatai gerai sutampa su Rietveld’o analizés duomenimis, kuomet
pastebétas beveik dvigubas kristality dydzio padidéjimas (~80 nm). PanaSios
daleliy bei kristality augimo tendencijos stebétos visais susintetinty méginiy
atvejais. Atlikta daleliy dydZio pasiskirstymo analizé parodé¢, jog didinant Sr*
kiekj Cai-xSrxMoQ;s okside, daleliy pasiskirstymo intervalas platéja, o dalelés
didéja.

FTIR analizés metu gautieji rezultatai yra pateikti 26 pav. 45 psl. Geliy,
dziovinty 120 °C temperatiiroje, spektre stebimos absorbcijos juostos yra
budingos vyno riigsties funkcinéms grupéms. Misriy oksidy, kaitinty 400 °C
temperatiiroje, FTIR spektruose, srityje nuo 1750 cm™ iki 1000 cm?, buvo
stebimi organinés prigimties medZiagoms budingi virpesiai, kurie jrodo
metaly tartraty egzistavimg meéginyje.

Atlikus Ramano spektroskopijos analize pastebéta, jog Ag Virpesys,
budingas ry$iui tarp MoO.* tetraedro ir M?* jono, didinant Sr** kiekj
méginiuose, slenkasi link maZesnio bangos skaiGiaus. Sis smailés poslinkis
leido apskaiciuoti tikslig miSriy CaixSrkMoO, oksidy moline sudétj. Gautieji
rezultatai pateikti 28 pav. 48 psl. Apskai¢iuotas nuokrypis nuo teorinés
sudéties nesieke 0,32 %. Tai leidzia daryti iSvada, jog vandeninis zoliy-geliy
metodas yra tinkamas tikslios molinés sudéties junginiy sintezei.

Mo, 05EU0,0sCa0,sM0Q4 (M=Li, Na, K, Rb, Cs) oksidy analizé

Junginiy, atitinkanéiy bendra formulge Mo osEUo0sCa09M0QO4, terminés
analizés rezultatai parodé, jog terminio skilimo mechanizmas yra labai
panaSus | prie$ tai apraSytajj Ca-Sr—Mo-O tartratiniy geliy atvejj.
K-Eu-Ca—Mo-O tartratinio gelio TGA-DTG-DSC kreivés yra pateiktos
29 pav. 49 psl. Pirmasis masés netekties etapas, vykstantis iki 142 °C, yra
lydimas endoterminés smailés prigimties ir susijes su absorbuoty vandens
molekuliy pasisalinimu i§ gelio. Didziausias masés pokycCio etapas
(36 — 43 %) stebimas 143 — 295 °C temperatiry intervale. Sio proceso metu
pertekliné vyno ragstis skyla iki CO, CO; ir Zemesnés molekulinés masés
rigsciy [167]. Pastebéta, kad egzoterminis procesas vykstantis nuo 143 °C iki
177 °C temperatiiros, yra susij¢s su Sarminio metalo prigimtimi ir lakiy metaly
tartraty produkty pasalinimu. Suminis endoterminis procesas, vykstantis
295 — 510 °C temperatiiry intervale, Siejamas su baigtiniu metaly tartraty
skilimu iki CO; ir H,O junginiy. Sio proceso metu, masés netektis svyruoja
tarp 18,83 — 24,24 % priklausomai nuo Sarminio metalo prigimties. Svarbu
paminéti, jog 300 °C temperatiiroje, kartu su tartraty skilimu, prasideda
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endoterminis galutiniy produkty kristalizacijos procesas. Paskutinis masés
netekties etapas yra susijes su susidariusios neorganinés anglies degimu. Sis
degimas yra sudarytas i§ keliy procesy. Pirmasis procesas, lydimas
endoterminés smailés ties 627 °C, yra siejamas su vandens molekuliy
pasisalinimu. Antrasis — egzoterminis, ties 676 °C — susijg¢s sSu CO. molekuliy
i§siskyrimu i§ méginio. Galiausiai, 785 — 950 °C temperatiiry intervale
stebimas DSC kreivés kilimas (endoterminis procesas) jrodo tolimesnj
kristality augima. Aprasyti pagrindiniai skilimo aspektai buvo stebimi visuose
paruoStuose meéginiuose, nepriklausomai nuo Sarminio metalo prigimties.

Siekiant jvertinti skilimo procesus ir lakiy komponenty masés pokyciy
ypatumus, TGA-DSC analizé buvo atlikta inertinés azoto atmosferos
saglygomis. Gautieji rezultatai neparodé jokiy esminiy pokyéiy, vykstant
skilimo procesams iki 600 °C. Stabili méginio masé buvo pasiekta aukstesnéje
temperatiroje nei kaitinant oksiduojancioje oro atmosferoje.

M—-Eu-Ca—Mo-O geliy, kaitinty skirtingose temperatiirose, XRD tyrimo
rezultatai jrodé, kad visais atvejais, jau nuo 350 °C temperatiiros susiformuoja
CaMoO. budingos tetragoninés kristalinés strukttiros junginiai (32 ir 33 pav.
53 ir 54 psl.). Sie duomenys puikiai sutampa su gautaisiais terminés analizés
duomenimis, kuomet kristalizacijos proceso pradzia nustatyta esant 300 °C
temperatirai. Verta paminéti, kad atlikta Rietveld’o struktiiros patikslinimo
analizé parodé skirtingas bei jdomias kristality augimo tendencijas (34 pav.
54 psl.). Kristality dydzio nenutrikstamas augimas stebétas vieninteliame
Nap,05EU0,0sCapsM00O4 méginyje. Tuo tarpu, licio ir cezio atvejais, nuo 800 °C
buvo stebimas kristality dydzio maZéjimas, o kalio ir rubidzio atvejais — nuo
700 °C. Netikeétas kristality dydZio sumazéjimas gali buti siejamas su Eu,Os
kristalizacijos procesu [168].

Atlikta SEM analizé¢ neparodé jokiy esminiy pavirSiaus morfologijos
pasikeitimy. Tiek kalio, tiek rubidzio atveju, milteliy pavir$ius buvo sudarytas
1§ aglomeravusiy, sfering formag primenanciy daleliy, kuriy dydis svyravo tarp
0,2 - 1,2 ym ir 0,2 — 1,8 pm, atitinkamai (36 pav. 55 psl.). FTIR analizés
rezultatai parodé, jog nuo 800 °C temperattiros, néra aptinkami organiniams
junginiams biidingi virpesiai 4000 — 1000 cm intervale. Tai gerai sutampa
su terminés analizés rezultatais, kuomet nustatytasis tartraty skilimas vyksta
iki 785 °C temperatiros (38 pav. 57 psl.).

Idomiis rezultatai buvo gauti tiriant optiniy savybiy priklausomybe nuo
kristality dydzio. Nustatyta, kad apskai¢iuota *Do—'F; ir °Do—'F1 smailiy
intensyvumy santykio R verté, esant skirtingiems jterptiniams $arminiams

metalams, méginiuose kaitintuose 600 °C temperatiiroje, pasizyméjo labai
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panasia j kristality augimo tendencija. Taigi, galima teigti, kad i§ optiniy
savybiy duomeny, atlikty Zemesnéje temperattroje, apskaiciuotasis R dydis,
atspindi kristality augimo ypatumus aukstesnése temperattirose.

La;Mo0,09 keramikos analizé

Lantano molibdato terminio skilimo mechanizma galima suskirstyti j SeSis
pagrindinius etapus (39 pav. 59 psl.). Pirmasis masés netekties etapas, kurio
metu, méginio mas¢ sumazéja 4,3 %, vyksta iki 147 °C temperatiiros.
Uzfiksuotas endoterminis procesas liudija apie absorbuoty vandens molekuliy
garavimg i$ tiriamojo meéginio. Keliant temperatira iki 300 °C, jvyksta
galutinis perteklinés vyno riigSties skilimas iki CO, CO; ir mazesnés
molekulinés masés riig§ciy, kurio metu, méginys netenka 30,2 % likutinés
masés. Egzoterminé smailé, esanti ties 150 °C, yra susijusi su anglies
monoksido ir dioksido pasiSalinimu i§ méginio. Tuo tarpu, Siek tieck
aukstesnéje temperatiiroje jvyksta acto riigSties garavimas, kuris yra lydimas
endoterminio proceso. Temperatiiry intervale tarp 220 — 300 °C vyksta
pilnutinis susidariusiy vyno riigsties dimery skilimas. DSC kreivéje stebimas
endoterminis procesas yra susijes su piruvato riugSties garavimu, O
egzoterminis procesas rodo CO; molekuliy pasisalinimg i§ junginio.
Tolimesnis etapas, vykstantis 301 — 520 °C temperatiirose yra susijgs Su
metaly tartraty skilimu. DSC kreivéje yra stebimi du procesai: endoterminis
procesas susijgs su vandens molekuliy garavimu, o egzoterminis — su CO;
dujy pasalinimu i§ méginio. Sio etapo metu masé sumazéja apie 12 %. Virs
520 °C, prasideda galutinio produkto kristalizacija j aukStatemperatiiring
kubing faze. Paskutinis masés netekties etapas, kurio metu netenkama 13,3 %
masés, yra susij¢s su neorganines anglies degimu. Nuo 680 °C temperatiiros,
méginio masé nebekinta, ta¢iau DSC kreivéje stebimas egzoterminis procesas
rodo toliau vykstancius kristalizacijos procesus ir tolimesnj daleliy augima.
Formulés, aprasanc¢ios detaly La—Mo-O tartratinio gelio terminio skilimo
mechanizmg yra pateiktos 58 — 60 psl.

XRD analizés metu, gautieji rezultatai parode, kad vienfazis, monoklininés
kristalinés strukttiros lantano molibdatas susidaro jau 550 °C temperatiiroje.
AuksStesnése temperatiirose kaitinty meéginiy difraktogramos neparodé
esminiy pokyc¢iy struktiiringje srityje ir puikiai atitiko monoklininés lantano
molibdato fazés duomenis i§ ICSD duomeny bazés (42 pav. 62 psl.). Méginys,
kaitintas 500 °C temperatiiroje, pasizymeéjo amorfinéms medziagoms biidinga
struktira, taciau, buvo aptiktas (404) plokstumos atspindys, kuris jrodo, jog
Sioje temperatiiroje yra prasidéjusi galutinio produkto kristalizacija. Sis
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nuokrypis nuo TGA-DSC duomeny galéjo atsirasti dél skirtingos méginio
masés bei temperatiros kelimo greicio. Rietveld’o struktiiros patikslinimo
analizé parodé, kad kristality dydis auga iki 800 °C temperatiros. Gautieji
rezultatai yra labai svarbis tikslaus fazinio virsmo nustatymui, nes vykstantis
kristalizacijos procesas gali paveikti fazinio virsmo metu i$skiriamos ar
sugeriamos Silumos kiekj.

DSC analizé buvo panaudota siekiant nustatyti lantano molibdatui biidinga
fazinj virsmg. Atlikus rezultaty analizg, buvo nustatyta, jog fazinis virsmas i$
a-fazés | B-faze vyksta 555 — 570 °C temperatiiry intervale. PrieSingas
procesas yra stebimas 538 — 514 °C temperatiiry intervale. Sie rezultatai rodo,
kad fazinis virsmas } kubing faze¢ vyksta aukStesnéje temperatiroje, nei
griztamasis procesas.

Siekiant jvertinti gautosios keramikos pavir§iaus morfologija, SEM analizé
buvo atlikta méginiams kaitintiems 500 °C, 550 °C, 600 °C ir 1200 °C
temperatiirose (44 pav. 64 psl.). Buvo nustatyta, kad méginiai, kaitinti iki
600 °C, pasizymi panaSia morfologija. Gautoji keramika yra sudaryta i§
aglomeraty, kuriy pavir$iuje matomos 200 — 500 nm dydzio dalelés. Zenklus
morfologijos pokytis yra stebimas 600 °C temperatiiroje. Siuo atveju, porétas
milteliy pavirsius yra sudarytas i§ 100 — 200 nm dydzio, sferinés ar elipsinés
formos daleliy. Galiausiai, tirta keramikos, kaitintos 1200 °C temperatiiroje,
morfologija, kuri yra labai svarbi atlickant tolimesnius elektriniy savybiy
tyrimus. Gautieji duomenys parodé¢, kad tabletés pavirSius yra sudarytas i$
netaisyklingos formos, 100 — 200 um dydzio sukepusiy daleliy. Taigi, galima
teigti, kad vandeninis zoliy-geliy metodas yra tinkamas tankios La,M0,0q
keramikos sintezei.

Atlikta impedanso spektroskopijos analizé parodé, kad joninis laidumas
stipriai padidéja 517 — 537 °C temperatiiry intervale. Sie rezultatai puikiai
sutampa, su nustatyta fazinio virsmo temperatira i§ DSC analizés duomeny.
Mazesné fazinio virsmo aktyvacijos energija ] monoklining faze (1,01 eV)
rodo, kad $is virsmas vyksta Siek tiek palankesnémis sglygomis, nei prieSingas
procesas (1,09 eV) (45 pav. 65 psl.).

Cep,9Gdo 101 05 keramikos analizé

Cerio oksido legiruoto gadoliniu sintezé buvo atlickama panaudojant
oksalo riigstj, kaip kompleksus su metalais sudarantj reagenta. Gautojo gelio
terminé analizé parodé, kad Sio junginio skilimas yra sudarytas i§ keturiy
pagrindiniy etapy. Pirmasis masés sumazéjimas (2,6 %) jvyksta iki 140 °C
temperattiros. DSC kreivéje stebimas endoterminis efektas yra susijes su
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absorbuotos drégmés pasiSalinimu. Antrasis masés netekties etapas yra susijes
su pilnu priemaisiniy amonio oksalato drusky skilimu ir yra lydimas dviejy
greta vykstanciy procesy: egzoterminis signalas DSC kreivéje yra stebimas
dél CO, CO; ir NHsz dujy garavimo [170], endoterminis — dél vandens
molekuliy netekties. Siy procesy metu yra netenkama 7,0 % likutinés méginio
masés. Didziausias masés sumaz¢jimas (38,0 %) yra priskiriamas cerio ir
gadolinio oksalaty skilimui 234 — 395 °C temperatiiry intervale [171]. Siame
etape yra stebimi du, kartu vykstantys, egzoterminiai procesai, kurie 1émé
asimetriSka smailés formg. Pirmiausiai, oksalatai skyla iki CO; ir CO
molekuliy. IS karto susidarant anglies monoksido molekuléms, vyksta jy
pilnutinis degimas iki CO; dujy. Egzoterminis procesas vykstantis iki 650 °C
temperattiros susijes su paskutiniu masés netekties etapu, kurio metu
netenkama 1,2 % méginio masés. Sio proceso metu jvyksta viso skilimo metu
susidariusios neorganinés anglies degimas. Toliau keliant temperattra iki
950 °C méginio mas¢ islieka stabili, nors DSC kreivéje stebimas egzoterminis
efektas yra susijgs su tolimesniais kristalizaciniais procesais bei kristality
augimu (46 pav. 66 psl.).

XRD analizés duomenys parodé, jog 100 °C temperatiiroje dziovintas
méginys pasizymi amorfine struktiira. Méginiy, kaitinty 900 — 1200 °C
temperatiirose, rezultatai patvirtino, jog visais atvejais buvo gauti vienfaziai,
kubine fluorito tipo struktiira turintys oksidai (47 pav. 68 psl.). Sie gautieji
rezultatai leidzia teigti, jog 900 °C temperattira yra pakankama norint gauti
gryng Ceo9Gdo101,05 keramikg. Rietveld’o struktiiros patikslinimo analizés
skai¢iavimai parodé, kad visame kaitinimo intervale kristality dydis isliko
labai panasus. Tai jrodo, jog gautasis GDC oksidas pasizymi geru terminiu
stabilumu.

I8 gautyjy SEM nuotrauky matyti (49 pav. 70 psl.), kad méginio, kaitinto
900 °C temperatiiroje, pavirSius yra sudarytas i$ ploksteliy formos daleliy,
kuriy dydis svyruoja nuo 100 nm iki 1 um dydzio. Keliant temperattirg iki
1200 °C, stebimas aiSkus pavirSiaus morfologijos pokytis. Aukstesnése
temperatiirose kaitinty milteliy pavirSius yra sudarytas i$ sfering forma
primenanciy daleliy, kuriy dydis svyruoja tarp 100 — 600 nm.

Atlikus skirtingose temperatiirose kaitinty méginiy FTIR analize, aiskiai
matoma, kad 4000 — 1000 cm* intervale néra aptinkami organiniy junginiy
funkcinéms grupéms budingi virpesiai. Intensyvios absorbcijos juostos ties
580 cm™ ir 458 cm™ yra priskiriamos Ce-O irfar Gd-O cheminiy rysiy
savitiesiems virpesiams [172-174]. RysSkus skirtumas matomas méginio,

kaitinto 1000 °C temperatiiroje, FTIR spektre. Smailé, esanti ties 838 cm™ yra
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priskiriama tetraedrinéms grupéms budingiems virpesiams. Absorbcijos
juosta ties 820 cm™ atitinka O-Ce-O irf/ar O-Gd-O rysiy vibracijoms
budingus virpesius [175], o likusieji — priklauso Ce—O ir/far Gd-O rysiy
vibracijoms (50 pav. 71 psl) [176]. Sis skirtumas, tarp skirtingose
temperatirose kaitinty méginiy, yra susijes su morfologiniais daleliy
poky¢iais. Susidariusiy sferinés formos daleliy pavirSiaus ploto padidéjimas
lémé¢ didesng deguonis-metalas-deguonis ir metalas-deguonis virpesiy
koncentracija.

Apibendrinant galima teigti, jog TGA-DTG-DSC, XRD, SEM ir FTIR
analiziy metu gautieji duomenys jrod¢, kad vandeninis zoliy-geliy sintezés
metodas yra tinkamas vienfazio, kubing kristaling struktiira turincio
Ceo,9Gdo,101,05 junginio sintezei. Méginiai, kaitinti aukStesnéje nei 1000 °C
temperatiiroje, pasizyméjo geru terminiu bei cheminiu stabilumu. Gautieji
rezultatai yra svarbiis atliekant tolimesnius tyrimus, dél galimo Siy medziagy
platesnio pritaikymo kieto oksido kuro elementuose.

ISVADOS

1. Pirmg karta, panaudojant vandeninj zoliy-geliy sintezés metoda ir
vyno riigstj, kaip kompleksus su metalais sudarantj reagenta, pavyko
susintetinti homogeniskus La—Mo-O, Ca-Sr—-Mo-O ir
M-Eu-Ca-Mo-O (M=Li, Na, K, Rb, Cs) tartratinius gelius bei
daugiakomponencius La;M0,0q, Ca1xSrxMo0O4 ir
Mo,0sEU0,0sCan,sM0O4 junginius.

2. Parodyta, jog terminés analizés metodas yra galingas jrankis
leidziantis tiksliai jvertinti susintetinty metaloorganiniy junginiy
termino skilimo ir galutiniy neorganiniy faziy formavimosi
mechanizmus.

3. Palyginus skirtingy kompleksus su metalais sudaranciy reagenty jtaka
vandeniniam zoliy-geliy sintezés procesui nustatyta, jog gautyjy geliy
terminis skilimas akivaizdziai skiriasi, o tai nulemia galutiniy junginiy
struktiirines ir pavirSiaus morfologines ypatybes. Vyno riigsties jtaka
gautyjy geliy terminiam skilimui yra labai panasi nepriklausomai nuo
sintetinamos metaly sistemos. Akivaizdu, jog S$iuos panaSumus
labiausiai lemia molibdato (M0O4?") anijono koordinavimo geba.

4. Is DSC duomeny nustatyta, jog vyno rugsties skilimas gelyje jvyksta
iki 300 °C temperattros. Tuo tarpu, metaly tartratai, dél savo padidinto
stabilumo, suskyla auksStesnéje temperatiiroje susidarant stabilioms
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10.

neorganiniy junginiy kristalinéms fazéms ir lakiems organiniy
junginiy skilimo produktams.

M-Eu-Ca—Mo-O tartratiniy geliy terminis skilimas oro ir azoto dujy
atmosferose iki 600 °C temperatiros vyksta identiskai. Galutinio
junginio kristalizacijai kaitinimo atmosfera didelés jtakos neturi.
Nustatyta, kad aukstesnéje nei 600 °C temperatiiroje, deguonies
atmosferoje, grei¢iau sudega neorganinés anglies likuciai nei azoto
dujose.

Fotoliuminescenciniai  Mo,osEU0,0sCao,9sM00O4  junginio matavimai
parodé, jog kristality augimo mechanizmas nulemia gautasias galutinio
junginio optines charakteristikas ir yra susijes su europio jonams
biidingy peréjimy Do — F, ir °Do — ’F; santykinio dydzio R verte.
Nustatyta, jog Sarminio metalo prigimtis Mo 05EUo,0sCa0,9M00Q4 okside
nulemia skirtingg Eu,Os pasiskirstymag CaMoOQOs sistemoje, kuris gali
biti siejamas su skirtingu Sarminiy metaly aktyvumu 350 — 800 °C
temperatiiry intervale.

DSC analizés pagalba nustatyta, jog La,M0,Oy keramikos fazinis
virsmas 1§ a-fazés | B-faze vyksta Siek tiek aukstesnéje temperatiiroje
(555 — 570 °C) nei priesingas procesas (514 — 538 °C). Nustatyta
monoklininés fazés aktyvacijos energija buvo lygi 1,01 eV, o kubinés
fazés — 1,09 eV. Tai rodo, jog Zematemperatiiriné fazé yra stabilesné.
Nustatyta, kad Ce—-Gd-O oksalatinio gelio kaitinimo atmosfera turi
jtakos galutinés Ceo,9Gdo101,95s keramikos strukttirinéms ir pavirSiaus
morfologinéms ypatybéms. Remiantis gautaisiais duomenimis,
nustatyta, jog oras yra tinkamesné¢ kaitinimo aplinka GDC
kristalizacijai ir daleliy augimui.

IS Ramano spektroskopijos analizés rezultaty, pagal Ag virpesiy
smailés padétj buvo apskaiciuota tiksli Ca;xSrxMo0O; junginiy moliné
sudétis. Sios smailés poslinkis link maZesnio bangos skai¢iaus yra
susijes su kovalentinio rysio silpnéjimu tarp MoO4? tertraedro ir M?*
jono, kurj lemia didéjanti Sr?* jony koncentracija méginyje.
Apskaiciuotas nuokrypis nuo teorinés sudéties sieké ne daugiau nei
0,32 %. Remiantis FTIR analizés rezultatais nustatyta, jog zoliy-geliy
procesas ir kaitinimo temperatiira labiau veikia galutiniy junginiy
morfologines ypatybes nei jy pradiné faziné sudétis. Tai tik patvirtina
naudojamo vandeninio zoliy-geliy metodo unikaluma ir tinkamumg
daugiakomponenciy molibdatiniy oksidiniy sistemy sintezei.
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ABSTRACT

For the first time, nano- and micro-sized double-mixed Ca; 4<SryMoO4 (x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8,
0.9 and 1.0) ceramics have been successfully synthesized by an aqueous sol-gel synthesis method in the sol-gel
process using tartaric acid as a ligand. An additional novelty of this work was to show the pathways of chemical
reactions that occurred under the heat-treatment of the as-prepared Ca-Sr-Mo-O tartrate gel precursors. The
structural, morphological, textural and chemical properties of both the tartrate gel precursors and alkaline earth
metal molybdates were obtained by thermal analysis (TG/DSC), X-ray diffraction (XRD), scanning electron
microscopy (SEM), infrared spectroscopy (FT-IR), and RAMAN spectroscopy (RS). The mechanism of thermal
decomposition of both the tartaric acid and metal tartrates between all multicomponent Caj.xSryMoO4 samples
was established and qualitatively compared. Moreover, in support of data from the TGA/DSC curves the
quantitative distribution of intermediate products in the gel precursors during the heat-treatment was also
estimated. In addition, theoretically determined data of the carbon residues were compared with the corre-
sponding mass change from the TGA curve as a match by d reaction h By combining ther-
moanalytical investigation with the X-ray diffraction of samples heat-treated at a different temperature the
relation of a final composition and its crystallite size with the thermal decomposition process of volatile com-
ponents was estimated. Scanning electron microscopy was used for both the characterization of surface
morphology and estimation of the particle size in the ceramic. FT-IR spectroscopy was applied in order to es-
timate the possible differences between multicomponent Caj,SryMoO, systems taking into account the size of
crystallites and the nature of surface morphology. Finally, the Raman spectroscopic technique confirmed the
initial composition of the elements in the synthesized ceramic and clearly showed that the distribution of both
calcium and strontium atoms corresponds to the product, which is composed of a single-phase cr
compound.
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G. Gaidamaviciené and A. Zalga
1. Introduction

In the past decades, metal molybdates with scheelite type structure
attracted many scientists attention due to their unique structural [1-3],
electronic [3-6] and catalytic [7-9] properties. These specific charac-
teristics could be modified incorporating other ions to produce binary
solid solutions with better properties than individual compounds
[10-15]. The influence on the characteristic properties of such either
substituted or doped systems mainly depends on both the nature of el-
ements and their relation into the functional group of molybdate [12,
13]. From this point of view, it is clear that the greater the difference in
the nature of the metal, the more diverse the structure of the final
compound usually forms [2,16]. Besides, a metallic radius, ionic prop-
erties, valence and acid-base characteristics are the most important
factors that play an essential role in the association with oxygen atoms in
the molybdate group [7]. Thus, comparing two similar atoms as calcium
and strontium by the chemical properties there is clear that their mo-
lybdates (MMoO,) crystallize into the scheelite structure, which has
tetragonal crystal lattice with 141/a space group [2,3,17]. In such
structure, oxygen atoms are located by cubic close-packed array where
tetrahedral and octahedral units are formed. Each M?* ion (M = Ca, Sr)
is connected by eight oxygen atoms forming bisdisphenoid polyhedral
while Mo ions are surrounded by four oxygen atoms forming a tetra-
hedral unit. These tetrahedrals are completely isolated against each
other, but they are connected with MOg polyhedrals by sharing its
corner. Every MOg polyhedra shares four of its edges with four other
MOg polyhedra extending in the c-directions [2,3,6,17-19].

In despite the similar crystal structure of both calcium and strontium
molybdates, the mix preparation of these double oxides is a great
challenge for several reasons. From the concept of the first one, which is
mainly focussed on the synthesis of separate metal molybdates, there is
clear that after obtaining the pure components the critical stage remains
a mixing procedure that significantly affects the final properties of ob-
tained ceramic [3-5,13,20]. On the other hand, the synthesis of
solid-state reaction [3,5,7,10,11,15,17-19,21] usually is the simplest
and cheapest method for the preparation of most oxide-based ceramics.
The critical factors remain as follows: the mixing stage of the initial
powders and heat-treatment temperature, which should be higher than
the melting point of starting compounds. Other techniques [22-31],
which are based on the mixing stages at low temperatures between
many scientists attract lots of attention and the competition in this area
is always really high. Therefore, there is no surprise that the synthesis of
double calcium-strontium molybdate was done and published in several
articles [3-5,13,20], but detail studies on its formation and crystalliza-
tion are still rare. It should be also mentioned that the synthesis of the
final compound starts in a simple way, which is shown below in equation
(Eq.) 1.

(1=x)Ca*" +x 8" +MoO}—Cay_SrMoO, (€B)

The control of this Eq. depends on such factors as the nature of
starting compounds, pressure, temperature, solvent, voltage, sono-
chemical and microwave radiation, flux additives, coordination agents
and etc.

The choose of the desired controlling stage depends on the resultant
phase and its properties. Therefore, the crystallite growth dynamic,
surface morphology features, in addition, the purity and homogeneity of
the obtained ceramic should be clearly predicted. In the case of sol-gel
synthesis, the control of Eq. (1) is concentrating on the enhanced solu-
bility of initial salts, which reveals the quality of final ceramics already
after gel formation. The use of tartaric acid as a ligand in the sol-gel
process [32-36] enhanced the solubility of all initial salts in the water
and sustained it until the removal of all solvent molecules from the re-
action mixture has occurred. Besides, the tartaric acid assisted synthesis
technique is quite simple, cheap and environmentally friendly compared
with other methods.

Materials Chemistry and Physics 241 (2020) 122339

It is also well-known that an aqueous sol-gel synthesis method is
mainly based on the dissolution of either metal oxide or its salt in water,
which is used as a solvent. The drawback of this preparation way
emerges when water molecules start to react with metal ions after their
dissolution by composing corresponding hydroxides, which usually
possesses low solubility. The removal of this hydrolysis process consists
of replacing the hydroxy groups by other anions. Such competition effect
of ligand reduces the level of hydrolysis with solvent and enhances the
solubility of metal ions, which are strongly coordinated by ligand mol-
ecules. In this case, tartaric acid molecules coordinate similarly both the
calcium and strontium ions, therefore, the synthesis process of
CaySr1_xMoO4 compound goes identically as occurred in separate double
oxides.

In addition, it should be mentioned that this technology is quite
rarely used and the synthesis of the Ca,Sr;_yMoO4 system using tartaric
acid as a ligand is published for the first time in our knowledge. In order
to verify the uniqueness and flexibility of this synthesis technique in the
case of double mixed metal molybdates, the thermal decomposition
process of as-prepared gel precursors was performed. From the obtained
results the mechanism of the formation of final ceramic materials was
proposed. Moreover, the structural, morphological and spectroscopical
investigations revealed that all obtained compounds showed a single-
phasic character and possessed a high level of homogeneity.

2. Material and methods

In the first stage of this synthesis, the calcium (II) nitrate tetrahydrate
(Ca(NO3)2-4H20 99% Alfa Aesar) and strontium (II) nitrate (Sr(NO3)»
99,0% Alfa Aesar) were dissolved in deionized water. Next, the powders
of molybdenum (VI) (MoOs, 99.95% Alfa Aesar) oxide were mixed with
aqueous ammonia (NH3-H20 25% Penta) solution. This dissolution
process is shown in Eq. (2).

MoOs(s) +2NH; - H0(ag) — MoO?~ (aq) +2 NH; + HO(1) )

In order to reduce the possibility of a precipitate of molybdates under
the acidic conditions, an excess of the tartaric acid (L—(+)-Tartaric acid
(C4HeO6) (TA) >99.5% Sigma-Aldrich) into the reaction mixture was
added, as follows in Eq. (3), respectively.

Mo0? (ag) +4C,HyOs(aq) — [MoOL(C:HyO5),., )" (aq) + gCiHOs(aq)

3
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Fig. 1. Mass change vs. molar ratio graph of tartaric acid during the evapo-
ration process for Ca-Sr-Mo-O tartrate gel precursors.
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After that, under continuous stirring and heating, the obtained clear
solution of the reaction mixture was mixed with the source of calcium
and strontium ions. An obtained clear aqueous solution of ions-mixture
was evaporated and this way as-formed gel precursor was dried in an
oven at 120 °C for several hours until no solvent molecules remain in the
obtained gel powders. The corresponding chemical processes are shown
in the scheme of Eq. (4).

2NO, ()

Materials Chemistry and Physics 241 (2020) 122339

q C4HsOg(aq) — (g —r)CsHgOg(s) +r CsHgO1o(s) + 2r HO(g) 6)

The value of a coefficient r slightly depends on the nature of alkaline
earth metal, when the decomposition of tartaric acid generates the
carbon monoxide, carbon dioxide and two molecules of acetic acid (Eq.
(7)), the mass loss differs by 2% comparing Sr-Mo-O gel with the
Ca-Mo-O tartrate precursor, respectively.

(1-%) Ca™ (aq) + x S* (aq) + [M0oO4(C4HeOg)a ol (aq) + q C4HgOg (aq) + 4 NO5 (aq) >

2NO (g) 4~
(q-1) C4H4Og (s)

rCO(g) + rCOz(g)\ c
r

HgO, (s) +2r Hy,O (g)
2r CH,COOH (g) «~ = * "° :

The gel precursor, with an initial composition as given in Eq. (5), was
ground in an agate mortar and obtained powders were used for the
thermal analysis, which performed with TG-DSC, STA 6000 Perki-
nElmer instrument using a sample weight of about 10 mg and a heating
rate of 20° min~' under the continuous airflow (20cm®min~') at
ambient pressure from room temperature to 950 °C.

drying
at 120°C
Cay_.Sr, [MoOJ(CAHf,Oﬁ)HI] (s) + (g —r)CsHgO4(s) —  Gel precursor
(%)

The rest of gel powders was divided into equal pieces, additionally
heat-treated in the range of temperature from 350 °C to 700 °C for 5h in
the air atmosphere and investigated by x-ray diffraction (XRD) analysis.
The XRD patterns were recorded in the air at room temperature with a
powder x-ray diffract meter Rigaku MiniFlex II using CuKa; radiation.
The patterns were recorded at a standard rate of 1.5 26/min "', In order
to evaluate the trend of crystallization, the Rietveld refinement of the
obtained XRD patterns was performed using X'Pert HighScore Plus
software. Besides, the characteristic vibrations of functional groups in all
heat-treated samples were estimated using a PerkinElmer Frontier FTIR
spectrometer. Finally, Raman spectroscopy was successfully applied for
the estimation of phase composition in the obtained ceramic materials.
The Raman spectra at the room temperature were recorded with a
combined Raman and scanning near-field optical microscope (SNOM)
WiTec Alpha 300 R using a 532 nm excitation laser source.

3. Results and discussion
3.1. Thermal analysis

Thermal analysis is a powerful technique that enables the progress of
such investigation fields as phase changes, reaction mechanism,
decomposition of volatile components and chemical stability in both the
starting materials and the final multicomponent compounds (See Ap-
pendix A). Moreover, this analysis explores the influence of temperature
trough either heat consumption or its release from the sample, which is
the main indicator that confirms possible changes in the material from
its energetical and structural variations that usually takes place at higher
temperatures.

According to Eq. (6), there is clearly the amount of tartaric acid
removal during the evaporation process occurs in all cases in relatively
small quantities.

4NO5™ (aq) + q C4HgOq (aq) + Cay_Sry[MoO4(C4HOg)4.q] (aq)

4)

r CsHgO19(s) = r CO (g) +r CO(g) +r CO,(g) + 2r CH;COOH(g) 7)

This relation is shown in Figure (Fig. 1), where the difference be-
tween strontium molybdate and calcium molybdate is well defined.
Besides, it is worth to mention that despite the tendency of weight loss
growth during the evaporation process, the influence of this effect is
much higher in mixed Ca; _xSryMoOy system than in separate alkaline
earth metal molybdates. This behaviour is explained by the common ion
effect when two different cations create weaker coordination power
than was observed in separate cases. By this reason, the loss of tartaric
acid increases from 3wt% to 5wt%, respectively, and it is directly
related with the first mass change in the range of temperature from 30 °C
to 143°C as is shown in Fig. 2.

In this case, the opposite process of mass loss is observed, when the
case of Ca-Mo-O gel precursor losses less weight than corresponding
Ca-Sr-Mo-O and Sr-Mo-O samples. However, it also should be
mentioned that the differences between all samples are really negligible,
and the thermal decomposition of gel precursors is more affected by the
temperature than by the initial composition of elements. This range of
temperature is explained by the evaporation of water molecules from the
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Fig. 2. Mass change vs. molar ratio graph for Ca-Sr-Mo-O tartrate gel pre-
cursors in the range of temperature from 30 °C to 143 °C.
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sample according to Eq. (6).

The further increase of temperature from about 143 °C shows the
decomposition process of tartaric acids dimer as is presented in Eq. (7),
respectively. This heat-treatment stage and the whole decomposition of
tartaric acid was well described by Chattaway in 1920 [37], besides, the
proceeding of this process adjusted to the current synthesis conditions is
presented in Fig. 3.

It is also important to note that the decomposition of tartaric acids
dimer into the carbon oxides and acetic acids competes with another
process, which shown in Eq. (8), especially at a higher temperature.

(r— k) CsHsO1(s) = k CO5(g) + k C;HsO5(s)—2k CHyCOCOOH ®

As a result, after both decomposition steps, two different heat effects
were observed in the DSC curve respectively. The first one, which starts
at about 185 °C of temperature, is attributed to the release of carbon
dioxide as shown in Eq. (7). Slightly after that, the tendency of DSC
curve changes into endothermic character, which indicates the evapo-
ration of pyruvic acid from the tartaric acid residue. This endothermic
process dominates until the temperature reaches the value of 220°C,
after that the emission of heat that produces after the release of CO; is
observed again. The broad exothermic peak continues in the whole
range of temperature from 220 °C to 293 °C with a small interruption at
285 °C. This is the main reason why the peak position of this process
changes into 271 °C and it is slightly less compared with the cases for
corresponding metal molybdate precursors as shown in Fig. 4. Such ef-
fect of competition for both CO; release and pyruvic acid evaporation
processes reveals interesting features of the decomposition of interme-
diate products when at the same time two different kind of actions
taking places. In the case of the decomposition of metal molybdate
tartrate precursors, this exothermic effect is much more elongate pro-
nounced and no changes of heat trend were observed at all. This means
that an action of the presence of metals in the gel precursor weakens the
heat consumption effect during the evaporation process of the pyruvic
acid from the sample.

The broad exothermic band in the DSC curve proves this process and
schematically this effect is shown in Eq. (9). Additionally, also should be
noted that this burning of the residue of tartaric acid only really slightly
depends on the heat-treatment atmosphere because of the decrease of
mass change near to zero from the precursor itself according to Eq. (10).
In such cases, the slightly different burning mechanism was observed,
but the result remains the same.

(k= $)C:Hs O5(s) + 02(g) = 35 CO>(g) + 45 H20(g) ©
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Fig. 3. Combined TG-DTG-DSC curves of the tartaric acid precipitated from
the acidic water solution by the evaporation procedure.
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Fig. 4. Temperature vs. molar ratio graph in the point of complete decompo-
sition of tartaric acid.

(k—s)C7HsO5(s) +5 CO1(g) = 25 CO(g) + 4s H,0(g) 10)

Such a conclusion shows that in this aqueous sol-gel synthesis
method a tartaric acid plays not only the role of complexing agent but
also acts as a self-oxidizing fuel during the decomposition of the gel
precursor.

The almost identical situation is observed in the gel precursors when
the decomposition of tartaric acid coincides with the previously exam-
ined case. Fig. 4 shows the temperature of the complete decomposition
of tartaric acid for the Ca-Sr-Mo-O tartrate gel precursors. The similar
values of the decomposition temperature of tartaric acid for CaMoO4
and SrMoOj4 systems were registered because of unequal mass change
during the evaporation procedure whereas the metal mixed tartrate gel
precursors for Ca;_xSryMoO4 composition clearly showed the tendency
of growth by increased the degree of substitution.

This result only confirms the previously made conclusion about the
different influence of separate metals and their mixture to the formation
of gel precursor during the evaporation procedure. Besides, the
connection between the amount of tartaric acid in the gel precursor and

Sr/xmol ®  Tartaric acid (q)
® Tartrate (4-q)
1.0 0.8 0.6 0.4 0.2 - Alinear fit of
T 1 —— A linear fit of (4-q)
|
214 1
! |
. Ca,_Sr MoO, |
2.0 | 1
! 1
| 1
! 1
19 + 1
= ! 1
S Sriyl AN
E | i
= 1.8 T I
1 |
* |
! |
L7 !
|
|
1.6 !
|

g
=

0.2 0.4 0.6 0.8 1.0
Ca/xmol

Fig. 5. Amount of substance vs. molar ratio graph of the tartaric acid and
tartrates in the gel precursors.
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it lost during the gelation process is also well seen in Fig. 5 when the
amount of substance of tartaric acid for the separate metal molybdates
well fits with the results placed in Fig. 1. However, the amount of tar-
trates in the coordination sphere of metals shows similar characteristics
independently from both the nature of alkaline earth metal and the
substitution degree in the corresponding molybdate.

Such a result indicates that the initial amount of tartaric acid, which
was used during the synthesis procedure, does not significantly affect
the complexation of metal cations in the gel precursor. In this case, it is
only important to estimate the minimal amount of ligand in the reaction
mixture in order to the dissolution of initial salts. On the other hand, an
additional amount of complexing agent reduces the possibility of pre-
cipitation process during the gelation procedure, which makes a sig-
nificant influence on the homogeneity of the as-prepared gel precursor.

Moreover, the end of the decomposition of tartaric acid creates
favourable conditions for crystallization of the final ceramic. This pro-
cess is confirmed by the endothermic character of the DSC curve in the
range of temperature from about 295 °C to 395 °C. Further increase in
temperature leads to the decomposition processes of the corresponding
gel precursor, which determines the characteristic properties of ob-
tained ceramic. These results of crystallization and decomposition are
presented in Eq. (11).

Cay_,Sr, [MUOQ(CAH{;O(,)47‘I:| (s) = Ca,_Sr, [MOOA(Csz)a,q] (s)+ (8 —29)
COx(g) + (8 = 29)H:0(g)
a1y

The amount of volatile compounds that remain in the gel precursor
depends on the number of tartrates, which coordinates the cations of
metals. The last mass change corresponds to this residue that is shown as
a fragment of (CoH2)(4.q) in Eq. (11). The corresponding q and r co-
efficients are given in Table 1, which directly related to the data of the
substance amount according to Egs. (3) and (11) and synthesis scheme 4.

The number of hydrogen, which remained in the ceramic sample,
had an influence on the errors that appeared comparing both, the data
obtained from the experimental results and the calculated values as
shown in Fig. 6.

The tendency of mass changes remains the same in both cases and the
intersection of the straight lines lies near the centre. Such a result proofs
the logic of the suggested decomposition mechanism for investigated
metal tartrate systems. Moreover, this residual composition of carbon
and hydrogen in the ceramic sample (eq. (11)) explains the mass change
of such multi-component system at somewhat higher temperatures in
the nitrogen atmosphere. This way of possible mass changes is shown in
Egs. (12) and (13), respectively, realizing both oxidative and inert
conditions.

Table 1
Substance amount for corresponding gel precursors.
Sample name Amount of Amount of Amount of Sum of TA
tartaric tartrates/ decomposed TA and
acid (TA)/ mol (4-q) during the tartrates/
mol(q-r) evaporation/mol mol (4-1)
()
CaMoO4 2.09 1.59 0.320 3.68
CagoSro.1MoO4 174 1.67 0.590 3.41
CapgSroMoO;  1.84 1.63 0.530 3.47
Cag;SrosMoO;  1.71 1.70 0.590 3.41
Cag6Sro.4Mo0s 177 1.69 0.540 3.46
CapsSrosMoO;  1.81 1.66 0.530 3.47
Cag4SrogMoO;  1.94 1.63 0.430 3.57
Cag 3Sro7Mo0,  1.87 1.69 0.440 3.56
Cap,SrosMoO;  1.88 1.69 0.430 3.57
Cag,SrooMoO;  1.97 1.64 0.390 3.61
SrMoO4 2.03 1.74 0.230 3.77
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Fig. 6. Mass change vs. molar ratio graph for Ca-Sr-Mo-O tartrate gel pre-
cursors in the range of temperature from 520 °C to 760 °C.

Cay_Sr.[MoO4(C,H,), q} (s) + (10 = 2.5¢)(0,)(g) = Cay_.Sr:MoO4(s) +
(8=29)C0O,(g) + (4 —q)H20(g)
12)

Ca,_Sr, [M()O4(C2HZ)4 q} (s) = Cay_Sr:Mo04(s) + (4 — q)C2Ha(g)  (13)

3.2. X-ray diffraction

The room temperature XRD patterns of Ca-Sr-Mo-O tartrate gel
precursors annealed at 700 °C are shown in Fig. 7. As can be seen, in all
cases single-phase crystal phase for the mixed Ca;_4SryMoO4 ceramic
was obtained. The well-expressed shift of the main peak was also
identified. Corresponding Rietveld analysis of all investigated samples
(See Appendix B) heat-treated in the range of temperature from 350 °C
to 700 °C was done and presented in Table 2. The X-ray diffraction data
of remaining ceramic materials are presented as supplementary
material.

This analysis confirms the conclusion that was made from the TG—
DTG-DSC curves about the beginning of the crystallization process.
Moreover, it is also clear that the formation of the final compounds lies
in the temperature of the start of decomposition of corresponding metal
tartrates. Depending on the investigated case, the onset temperature of
this process slightly varies according to the initial composition for final
ceramic.

3.3. SEM micrographs

Scanning electron microscopy (SEM) is an important technique that,
combined with thermal analysis and X-ray diffraction, enables the
observation of growing tendencies of crystallites as well as particles.
Fig. 8 shows the pictures of the surface morphology of the Ca-Sr—Mo-O
tartrate gel precursor that was heat-treated at different temperatures.
From there is well seen that the range of temperature from 400 °C to
600 °C (Fig. 8 (a), (b) and (c)) only slightly affects the particle size.

According to the data from Table 2, in this case, the size of crystal-
lites increases from 12nm to 35nm. Similar growing tendencies of
particles could be identified from corresponding SEM micrographs,
presented in Fig. 8. The changes in surface morphology for analysed
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Fig. 7. XRD patterns of the Ca-Sr-Mo-O tartrate gel precursors heat-treated at the temperature of 700 °C for 5h in the air.

samples are minimal and no significant structural rearrangements were
observed. Such a result means that thermal decomposition of the cor-
responding metal tartrates follows the emission of carbon oxides,
depending on the heat-treatment atmosphere as shown in Egs. (12) and
(13), which slightly slows down the crystallization process of the final
multicomponent ceramic compounds. By further increase of heat-
treatment temperature to 700 °C, the burning and decomposition ef-
fects lose them energy and this gives the possibility rather for both the
growth of crystallites and particles. In the case of CaggSrg2MoO4
ceramic, the size of crystallites increases almost twice to 74 nm and the
dimensions of particles change from nano-to micro-size.

A similar observation of the tendency for morphology according to
the heat-treatment temperature was found in the Ca-Sr-Mo-O tartrate
gel precursor for CagsSrosMoOy4 ceramic. As is seen from Fig. 9, the
significant change in particle size also takes place above 600 °C of
temperature. This is well seen in Fig. 9 (d) when the size of particles
increases almost twice, compared with the previous case, and the indi-
vidual fractions of particles were not identified.

This result suggests a conclusion that by increasing the strontium
amount (Figs. 9 and 10) in the corresponding multicomponent oxide the
homogeneity of the system also increases. Such an effect is directly
related to the slightly different onset point of crystallization of strontium
and calcium molybdates. Moreover, the thermal stability of corre-
sponding metal molybdates also plays an important role in the frame of
both the crystallization and the growth of particles.

Fig. 10 presents the surface morphology of the Ca-Sr-Mo-O tartrate
gel precursor for the Cag 2Srg gMoO4 ceramic, which is really similar to
that shown in Fig. 9. Nevertheless, from the SEM images of lower
magnification (in the left bottom corner), it is clearly seen that the
surface of less substituted systems (Fig. 8 (d) and 10 (d)) composed of
the spherical particles, which fully cover the visible surface.

Meanwhile, the morphology of the Ca-Sr-Mo-O tartrate gel pre-
cursor for Cag 5SrgsMoO,4 ceramic mainly consists of smooth surface
with several islands of well-defined spherical particles. Such a result
makes an important conclusion about the dominance of either CaMoO4
or SrMoOy system, which means that the influence on the growth of the
particles at the temperature of 700 °C is the biggest when the smallest
degree of substitution by alkaline earth metal is realized.

3.4. FT-IR analysis

By continuing, further studies on the Ca-Sr-Mo-O tartrate gel pre-
cursors heat-treated at different temperatures the infrared spectroscopy
(IR) was performed (See Appendix C) as an important investigation
technique, which enables the fixation of the vibrational frequency of
bonds for the crystalline ceramics with the initial composition of
Cay_xSrxMo0Oy. Generally, the infrared bands for inorganic materials are
broader, fewer in number and appear at lower wavenumbers than those
observed for organic materials [38]. The most interesting region of the
characteristic vibrations that have the same vibrational frequency of
bonds in the Ca; xSryMoOy crystalline structure is in the range of
wavenumber from 1000 cm ! to 500 cm ™. This range of wavenumber is
not detailed studied, therefore, its qualitative relation according to the
final composition of obtained ceramic materials is also rarely examined.
Nevertheless, as seen in Fig. 11 (a) the Ca-Sr-Mo-O tartrate gel pre-
cursor heat-treated at 400 °C for Cag,5SrosMoO4 ceramic possesses two
broad bands in the FT-IR spectrum. The first one in the range of wave-
number from 1750 cm ™! to 1000 cm™? is attributed to the vibrational
frequency of bonds, which corresponds to the organic residue of metal
tartrates. By increasing the heat treatment temperature, this band of
characteristic vibration disappears (Fig. 11(b-d)). Taking into account
the data obtained from the thermal analysis of the corresponding sam-
ple, such a result lets make a conclusion about the decomposition of
organic kind products into the carbon oxide gases at temperatures above
400°C.

Thereafter, the second band of the vibrational frequency of bonds
corresponds to the metal-oxygen vibrations, which create a complex of
atoms in the crystal structure of Cag 5SrgsMoO4 ceramic. The intensity,
width and shape of this band depend on several factors such as the de-
gree of crystallinity, surface area and crystal structure of the ceramic
precursor. The number and size of crystallites usually are defined as the
degree of crystallinity. By increasing the heat-treating temperature, the
crystallinity of 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. The influence of
these factors determines the size of the area (Peak area) for the band of
characteristic vibrations in the range of wavenumber from 1000 cm ™! to
500cm~!. Fig. 12 corresponds graphically to these effects and
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Table 2
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Agreement indices, crystallite sizes and lattice parameter for the Ca; 4SryMoO,4 ceramic heat-treated at different temperatures.

Sample composition ~ Heat-treating Weighted R profile  Goodness of fit  Crystallite size/nm  Lattice parameter (a=b)/pm  Lattice parameter (c)/pm
temperature/°C
CaMoO4 350 9.03070 1.70161 2.79 519.1552 1136.8330
400 8.00789 1.02980 19.62 522.4100 1144.2870
500 8.70444 1.20424 34.45 522.5589 1144.5930
600 11.36286 210192 54.59 522.6251 1144.5690
700 11.34951 1.88364 76.55 522.7625 1144.3230
Cag,9Sro.1M004 350 10.70766 2.52509 279 513.9407 1141.39407
400 8.24800 1.45024 13.11 523.2491 1147.9940
500 7.73238 1.23551 21.12 523.3171 1148.2050
600 9.59967 2.01608 35.52 523.4093 1148.8310
700 12.34855 3.29645 48.65 523.5107 1149.5380
Cag gSrp2MoO4 350 - - - - -
400 9.16016 1.86361 12.24 524.8412 1154.0160
500 7.45806 1.16842 21.22 525.0697 1154.3440
600 9.20278 1.91847 34.63 525.0998 1154.9500
700 13.13632 3.83775 72.79 525.4389 1155.5160
Cag.7Sr9.3M004 350 - - - - -
400 7.66417 1.22728 12.00 526.7002 11.60.1720
500 7.62366 1.29860 20.83 526.7130 11.60.5480
600 9.46512 2.02849 38.20 526.8537 11.61.2130
700 11.38996 2.88429 62.39 527.0233 1161.6880
Cag,6Sro.4MoO4 350 - - - - -
400 8.27202 1.56947 12.22 528.1176 1166.2550
500 8.15853 1.35968 22.80 528.5681 1167.0810
600 9.29906 1.97344 35.72 528.5277 1167.5930
700 13.21026 3.70580 102.71 529.0508 1167.6080
Cag.5519.sM0Oy4 350 - - - - -
400 7.25980 1.12391 10.44 530.5035 1172.9540
500 8.00231 1.38954 20.45 530.4146 1173.6350
600 9.46282 2.02884 36.06 530.2272 1173.7320
700 13.03338 3.34058 76.00 530.6589 1173.1200
Cap.4S19.6M004 350 7.48980 2.59112 2.79 521.027 1167.428
400 7.44161 1.24404 10.01 532.3578 1179.3040
500 8.78488 1.64735 19.46 532.2154 1179.8150
600 8.88975 1.80848 34.61 532.0759 1179.8670
700 11.68023 3.01354 53.25 532.0723 1179.9390
Cag,3Sro.sM004 350 6.30053 1.89928 3.38 531.967 1182.327
400 7.53253 1.15408 11.53 533.912 1185.219
500 6.97944 1.16852 17.68 533.7233 1185.2830
600 9.18326 1.79048 35.11 533.7805 1185.9950
700 10.52613 2.48622 49.40 533.6454 1186.4190
Cag2SrosMoO4 350 - - - - -
400 7.47882 1.15896 11.16 535.651 1191.774
500 8.03231 1.34033 20.07 535.4813 1191.7080
600 10.27405 2.35936 47.71 535.4473 1192.2580
700 12.06726 3.08418 80.50 535.6157 1191.7510
Cao,1Sr0.0M004 350 8.29466 1.75462 2.79 535.8577 1181.0230
400 7.20916 1.10094 12.90 537.3528 1197.2000
500 8.23016 1.63363 29.90 537.1782 1197.5820
600 10.47861 2.69856 55.31 537.0697 1197.8300
700 11.98377 3.34126 63.01 537.0390 1197.8890
SrMoO4 350 7.30471 1.26084 6.63 539.3264 1200.4890
400 7.90881 1.28802 12.02 538.7699 1202.6080
500 9.00312 1.50032 29.94 538.4937 1202.6620
600 10.52758 2.72813 53.64 538.6781 1203.2830
700 12.72914 3.62930 75.62 538.9070 1202.4940

quantitatively describes the influence of heat-treatment temperature to
the sum of these factors.

From the data points presented in Fig. 12, it is clear that the highest
peak area worth was observed at the heat-treatment temperature of
500 °C. This result was mainly determined by the degree of crystallinity
whereas the surface area and crystal structure of the ceramic material in
the range from 400 °C to 500 °C of temperature did not change signifi-
cantly. By further increasing the heat-treating temperature the size of
the peak area decreases especially in the sample that was heat-treated at
700 °C of temperature. This effect is directly related to the surface
morphology of the sample, while the rapid growth of crystallites and
particles, seen from Table 2 and SEM micrographs, makes the tendency
of decreasing of the peak area in the FT-IR spectrum. The influence of
the crystal structure to the changes in the peak area is better seen in

Fig. 13. In this case, it is well seen that strontium molybdate and the
samples with a lower degree of substitution have a higher crystallinity
and surface area at the temperature of 400 °C than those with the higher
amount of calcium in the corresponding metal molybdates. The domi-
nance of crystal structure effect continues and at 500 °C of temperature.
In the FT-IR spectrum of SrMoOy4 sample, the peak area even decreases
by the increasing the heat-treatment temperature to 500 °C. Such
behaviour confirms the difference in the crystallization point of calcium
and strontium molybdates at elevated temperatures. Meanwhile, the
increase of heat-treating temperature from the 600 °C-700°C shows
similar peculiarities of the changes in the size of peak area, which were
concluded in earlier cases.

It is also important to make attention to the fact that the crystal
structure effect of strontium molybdate plays only until the degree of
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Fig. 8. SEM micrographs of Ca-Sr-Mo-O tartrate gel precursor for Cag gSrgM0O4 ceramic heat-treated at the temperatures of (a) 400 °C, (b) 500 °C, (c) 600 °C, and

700 °C in air for 5h at ambient pressure.

Fig. 9. SEM micrographs of Ca-Sr-Mo-O tartrate gel precursor for Cag 5SrosMoO4 ceramic heat-treated at the temperatures of (a) 400 °C, (b) 500 °C, (c) 600 °C, and

700°C in air for 5h at ambient pressure.

substitution x=0.7. Further increase of calcium amount in the
Cay_xSryMoOy system determines a similar curve shape comparing all
later cases. Especially taking account into the curves of Cag 3Srg7MoO4
and Cag 4Srg.sMoOy4 ceramics, which completely differs from the stron-
tium molybdate case and show behaviour that is characteristic to the
tendencies of the peak area changes for pure calcium molybdate.

Fig. 14 shows the graph of peak area vs. heat-treating temperature
for the Caj_xSryMoO4 ceramics (x = 0.0-0.4). Similar to the cases, which

were studied in Fig. 13, the most distinguished curve belongs to the
sample that is close to the Cag 5SrgsMoO4 compound (Fig. 12). Besides,
the curve of pure calcium molybdate also shows exceptional behaviour,
especially at the temperature of 400 °C, when the size of the peak area
was the smallest comparing with all cases. By increasing the heat-
treating temperature the size of peak area also increased and this
change of growth was the biggest between all samples placed in this
Fig. Moreover, a similar change of growth was observed from the XRD
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s

Fig. 10. SEM micrographs of Ca-Sr-Mo-O tartrate gel precursor for Cag »Srg gMoO,4 ceramic heat-treated at the temperatures of (a) 400 °C, (b) 500 °C, (¢) 600 °C,

and 700 °C in air for 5h at ambient pressure.
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Fig. 11. FT-IR transmittance spectra of the Ca—Sr-Mo-O tartrate gel precursors
for Cag sSro.sMoO, ceramic heat-treated at (a) 400 °C, (b) 500 °C, (c) 600 °C,
and (d) 700 °C of temperature for 5h in the air atmosphere.

data presented in Table 2, when the size of crystallites increased from
19.62 nm (at 400 °C) to 34.45 nm (at 500 °C). Comparing this case with
the peak area changes of the SrMoOy curve it is clear that in despite the
similar tendencies of crystallites growth the crystallization mechanism
of both systems slightly differs. This difference could be explained by
means of the different radius of alkaline earth metals, which creates an
almost identical crystal structure of corresponding metal molybdates
with well-pronounced different distances in all directions inside the
crystal lattice.

In conclusion, it is obvious that, in despite similarity that came
analysing results, the factors, which most affect the crystallization pro-
cess act differently at the desired temperatures. The reduce of their ac-
tion is the main task for further investigations, but one is clear that this

temperature (AT)
terp of AT

2,6x10*

24x10"

2.2x10"

2,0x10*

Peak area/normalized

1,8x10"
400 450 500 550 600 650 700

Heat-treating temperature/°’C

Fig. 12. Peak area vs. heat-treating temperature graph of Ca-Sr-Mo-O tartrate
gel precursor for Cag 5Sro,sMoO4 ceramic heat-treated at different temperatures.

tartaric acid assisted synthesis approach expands the possible control of
production for such mixed crystalline systems.

3.5. Raman spectra

In this work, the Raman spectroscopy was also used in order to
expand the obtained results from FT-IR analysis and XRD diffraction. As
is clear from the previous sections the calcium molybdate, strontium
molybdate and ternary Ca;_xSryMoOj4 oxides crystallize to the tetragonal
scheelite crystal structure (space group 14;/a, symmetry C$p). In this
kind of multi-component system, the molybdenum atom is surrounded
by four oxygen atoms that form a tetrahedron. In the complexes, created
from tetrahedrons, the metal ion is surrounded by eight oxygen atoms
creating a pseudocubic configuration. As a result, the crystal structure is
composed of the tetragonal lattices, which each contain only 12 atoms.
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Fig. 13. Peak area vs. heat-treating temperature graph of Ca-Sr-Mo-O tartrate

gel precursors for Caj 4SryMoO, ceramics heat-treated at different
temperatures.
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Fig. 14. Peak area vs. heat-treating temperature graph of Ca-Sr-Mo-O tartrate
gel precursors for Ca;,SryMoO4 ceramics heat-treated at different
temperatures.

According to group theory calculations in such crystal lattice exists 26
different vibrations [39,40].

I'=3A,+5B,+5E,+5A,+3B,+5E, (14)

In this case (Eq. (14)), the Ag, Bg and Eg vibrations are Raman active
modes while 4A, and 4E, are IR active modes. The B, vibrations are
silent modes and the remaining modes (1A, and 1E,) are assigned to the
acoustic vibrations. The crystal structure of alkaline earth metal mo-
lybdates mainly composed of MoO3~ groups in which the strong cova-
lent bonds between molybdenum and oxygen atoms are realized.
Meanwhile, the cations of either calcium or strontium interact with
these groups by a weak covalent bonding. This is the reason why all
vibrations in the Raman spectrum could be divided into two main
groups. The first set is directly related to the internal vibrations that
oceur inside MoOF ™~ molecular units with a stationary mass centre. The
second one corresponds to the motion of M?" cations in the rigid mo-
lecular units [41]. In order to apply the rules of group theory for the
Caj_xSryMoOy system, the Raman spectroscopy was performed for the
Ca-Sr-Mo-O tartrate gel precursors. The corresponding Raman spectra
are presented in Fig. 15, respectively.

According to the group theory, the Raman spectra consists of 13
modes, but in this case, only 11 modes were identified. Besides, in some
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Fig. 15. Raman spectra of the Ca-Sr-Mo-O tartrate gel precursors for
Cajy_xSryMoOy4 ceramics heat-treated at 700 °C of temperature for 5h in the
air atmosphere.

cases, even 12 vibration modes were found. The main reason for such
results could be caused by both the low vibration intensity or over-
lapping of modes. In the Raman spectra, a dominant intense mode is
observed at 877 cm ™! for x = 1.0 compound and at 887 cm ™! for x = 0.0
system. This mode is assigned to the symmetric vibrations of Mo-O
stretching mode Az of vs(Mo-0) and antisymmetric stretching mode of
Vas(Mo-0) at 847 cm ™! for CaMoO, oxide and at 845 cm ™ for StMoOy4
compound [3].

The corresponding modes that were identified from the Raman
spectrum of SrMoOy4 oxide, which are common and for the rest ceramic
samples are presented in Fig. 16. In addition, Table 3 shows the values of
lattice parameters and unit cell volume for the CaMoO4 and SrMoO4
powders obtained in this work and compared with those reported in the
literature [42-45]. According to the obtained results, the negligible
differences that occurred between the Raman active modes could be
related to the nature of used synthesis technique that slightly affects the
crystallite sizes and the degree of structural order in the crystal lattice

Internal modes vi(A)
Rotational modes

Translational modes M**/M**
I'ranslational modes Mo/Mo

Raman Intensity

0 200 400 600 800 1000

Raman shift/cm

Fig. 16. Indexes of the vibrations modes for the Raman spectrum of Sr-Mo-O
tartrate gel precursors for SrMoO, ceramic.
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Values of lattice parameters and unit cell volume for the CaMoO, and SrMoO, systems.

Active Raman modes for Wavenumber/cm ! (this work) Ref. Active Raman modes for Wavenumber/cm ! (this work) Ref.
M — M
Camo0s L2 s a4 MO 441 (451
v1 (Ag) 877 878 878 879 v1 (Ag) 887 887 886
3 (By) 847 844 847 848  13(By) 845 845 845
v3 (Eg) 793 797 793 794 v3 (Eg) 795 796 795
va (g 402 401 402 403 v4(Ep) 383 382 381
v4 (Bg) 392 393 391 392 14 (By) 368 367 367
12 (Ag, By 323 333 323 323 1, (Ag By 327 327 327
Eg 267 263 267 269 K, 234 234 234
" 204 205 205 205 A, 180 182 180
MM By - 219 - 219 M*/M* By 163 163 163
Eg 190 189 189 191 Eg 139 139 138
Mo/Mo Eg 143 145 145 145  Mo/Mo Eg 112 12 112
By 112 110 111 112 B, 96 96 95
shown in Eq. (16).
= v, ed  =Vcamoo, — AV 16
S x=0.0 o Velctared = VCabtos (16)
L —wmbe— x=0.1
_’/m;'N x=0.2 For the Cag gSrp.2MoO4 sample, the calculations follow further in the
- same way as shown in Eq. (17), respectively.
186.870 x=0.3
2z Vealeulated = VCaMoO. —Av 17
% 189.420 =04 Jor CansS1o2Mo0s  for CagySro 1 MoOs
g 191.970 - This operation of calculations is following further until the value v
= 8 x=0.5 . . .
= for strontium molybdate is reached. Meanwhile, the calculated molar
E 194,518 =06 composition for the corresponding compound is related to Eq. (18) as
g X
] =kt follows.
s x=0.7 X7
Hestotied = ﬂmm.z/mvd Tinitial 18)
198.339 x=0.8 caleulated
=09 The rest values obtained from Raman spectra and recalculated ac-
2151 - cording to the Av intervals are placed in Table 4, respectively. The
204,701 x=1.0 graphical view of the data placed in Table 4 is illustrated in Fig. 18.
T T T T In conclusion, it should be noted that the Raman spectrosco
180 190 200 210 220 g P Py

Raman shift/cm™

Fig. 17. The shift of A; mode in Raman spectra for Ca;_,Sr,MoO, system in the
range of interval from 175cm ! to 220 cm ™.

[40].

In order to define the decrease of calcium amount in the multicom-
ponent oxide, the Raman spectra of Ay mode for the Caj_,SryMoO4
system in Fig. 17 is presented. From the spectra, it is clear that by the
substitution of calcium by strontium ions in CaMoOy4 oxide the small
shift of the A; mode is observed in the range of wavenumber from
205 cm ™! to 180 em ™. This shift into the values of lower wavenumber is
determined according to the changes of the ionic radius in the alkaline
earth metals. The A; mode corresponds to the interatomic distances in
the MoO3 ™~ tetrahedra, which are strongly affected by the decrease of the
covalent bonding between the molybdate and M?" ions. As a result, after
the replacement of Ca®* by Sr?* ion the volume of crystal lattice for the
Caj_4SryMoO4 oxides tends to increase [3]. A set of these effects de-
termines Ag shift, which values define the distribution of calcium ions in
the Ca;_xSrxMoOy4 system.

In an ideal case, the dependency for the Ca;_xSryMoOy4 system from
x= 0.0 to x = 1.0 measuring the peak position of A; mode is a linear. The
interval of this line is divided into ten equal sections of Av according to
Eq. (15).

_Vcamoo, — Vsmoo,

= 15
number of intervals as

The points at the ends of each section correspond to the Ag mode,
which characterizes the relevant multicomponent oxide. For example,
the theoretical value of Cagg¢Smg1MoO4 compound is defined as is

significantly supplements the determination of elemental composition
in the multicomponent Ca;_xSryMoOy4 system. The dependencies of the
values for A; mode vs. molar part of alkaline earth metals, shown in
Fig. 18, clearly reveal that the deviation from the ideal case is small and
it is caused mainly by the unexpected measurement errors, which could
be eliminated by estimating the whole range of the analysed samples.

4. Conclusions

Thermal analysis of the Ca-Sr-Mo-O tartrate gel precursors for the
Caj_xSrxMoOy4 ceramic allowed the estimation of the decomposition
process course that enabled the creation of a possible reaction mecha-
nism on the formation of final multicomponent crystalline compounds.

Table 4
Values of the Raman mode A, and molar composition for Ca;_,SryMoOy system
measured and calculated.

Initial sample it/ Ramanmode Ay feaicuates/  Raman mode Ag
composition mol (measurea)/ mol (Veateatared)/
em cm

CaMoOy, 1 204.701 1 204.7010
Cag,9510,1M0O4 0.9 202,157 0.89945 202.2797
Cag.sSt0.sM0O4 0.8 198.339 0.79392 199.8584
Cag.7Sr0.3MoOs4 07 197.065 0.69868 197.4371
Cag,6510.4M0O4 0.6 194.518 0.59487 195.0158
Cag.5S10.5M0O,4 05 191.970 0.49838 192.5945
Cag.4St0.6MoOy 0.4 189.420 0.39842 190.1732
Cag.3510.,M004 0.3 186.870 0.29859 187.7519
Cag.2S10.sM0O,4 0.2 185.594 0.20028 185.3306
Cag.15r0.0MoOy 0.1 183.042 0.10007 182.9093
SrMoO;4 0 180.488 0 180.4880
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Sr/xmol Appendix A. Supplementary data
1.0 08 0.6 04 02 0.0 ; o . .
- Thearciodl Tepeniiney . Supp . ary data to this article can be found online at https://doi.
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Abstract

Nano-sized M) osEu,, ;sCa, gM0O, (M=Li, Na, K, Rb, Cs) ceramics have been successfully synthesized by an aqueous sol—gel
synthesis method using a tartaric acid as a ligand. In order to reveal the influence of the peculiarities of the nature of dopants
effect into the crystallization of CaMoO, double oxide, the thermal analysis of the as-prepared gels was performed. In addi-
tion, infrared spectroscopy was used in order to identify the functional groups from the characteristic stretching vibrations in
the M—Eu—Ca—Mo-O tartrate gel precursors. Besides, to confirm the dynamics of growing crystallites in the final ceramics
and to reveal the morphological changes on the surface, the x-ray diffraction and scanning electron microscopy were applied.
Finally, photoluminescence measurements were used to estimate the optical properties of europium oxide as a dopant in the
samples according to the nature of alkali metal. Therefore, according to the obtained results, it was estimated that lumines-
cence intensity of Eu’* ions is mainly affected by the chemical reaction, which takes place at about 973 K of temperature.
This effect was partly confirmed from the results of the thermal decomposition of M—Eu—Ca—Mo-O tartrate gel precursors
with an endothermic behaviour in the DSC curve, which indicates the crystallization mechanism of the CaMoO, double oxide.

Keywords Sol-gel synthesis - Thermal analysis - X-ray diffraction - Rietveld refinement - Optical properties

Introduction

CaMoO, is a well-known and important material. For its
unique chemical and optoelectrical properties, it has been
used in various fields as a luminescent [1], optical fibre [2],
magnetic [3] and solid-state laser [4] material. Additionally,
it can be used in humidity sensors [5], photocatalysts [6],
scintillators [7] and cryogenic detectors [8]. Predominantly,
CaMoO, has scheelite crystal structure [9] responsible for
luminescence in blue and green parts of the spectrum [10],
when excited with UV rays in 250-310 nm wavelength
interval [11]. Calcium molybdate is also characterized by
its strong physical and chemical resistances, which make
it the preferred over its predecessors like Y,0,S:Eu®*,
YVO,:Eu*", Y,Si05:Tb** or Gd,0,S:Tb>* [12]. In this
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structure, the Mo atoms are bonded to four oxygen, forming
the [13] clusters [14], which can absorb ultraviolet region
with high absorption cross section [15]. Charge transfer
between can be observed between [13] cluster and dopant
ion [16], thus making it possible to achieve luminescence
in different parts of the spectrum by doping CaMoO, with
rare-earth elements (RE). This peculiarity allows this mate-
rial to be used as a matrix incorporated or saturated with
dopant elements. By doping calcium molybdate with euro-
pium (IIT) ions (Eu’), strong red luminescence is achieved
[17], while doping with terbium (III) ions (Tb“)—strong
green luminescence [18, 19]. It was observed that doping
CaMoO, with two or more ions: rare-earth element (RE*H)
and charge-compensating element, for example Bi** [20]
or alkali metal (Li*, Na*, K*), luminescence intensity, is
significantly improved without increasing RE** ion amount
[21]. However, previously reported studies utilize ineffi-
cient or complex methods of synthesis, such as solid state
or hydrothermal. Additionally, those methods require high
annealing temperatures above or at 1173 K.

In recent years, microstructure and surface morphol-
ogy have been proven to be essential part for achieving

@ Springer

117



G. Gaidamaviciené et al.

characterizing desired material properties [22]. Therefore,
it is crucial to adequately choose a method and conditions
for the synthesis of the desired material. There are several
published methods, among which are: pulse laser ablation
(PLA) [23], mixed oxide [24], molten salt [25], solid state
[26], hydrothermal and its variations [13, 27, 28], Czochral-
ski [29] and precipitation [30], but generally, scheelite-type
phosphors are synthesized by conventional solid-state reac-
tion method [31]. This approach usually requires annealing
at high temperatures for several hours and subsequent grind-
ing. This crushing process changes the phosphor surfaces,
resulting in the loss of emission intensity. Therefore, demand
for alternative synthesis methods such as hydrothermal
method or sol-gel process arise, as it was also shown that
phosphors prepared via an wet chemical routes have higher
uniformity in particle-size distribution with high crystal-
linity and exhibit higher photoluminescence intensity than
those prepared by the solid-state reaction [32]. Therefore,
sol—gel is an important method for its simplicity, repeatabil-
ity, mild synthesis conditions, potential industrial applica-
tion and desirable achieved product morphology.
Moreover, we provide a simple aqueous route for syn-
thesizing high-purity scheelite CaMoO, phase substituted
with RE element and a charge-compensating alkali ion. To
our knowledge, such scale research was not published yet, as
most of the published material presents solid-state or hydro-
thermal synthesis, and none of it compares the effect of all
the substituted alkali ions (Li, Na, K, Rb, Cs). Additionally,
thermal characterization of these materials is very scarce.
While previous materials used Eu(III) ion hosts have been
reported to have poor thermal stability [33], similar struc-
tures, such as Ho**/Tm>*/Yb**-codoped CaWO,, have been
reported to have very high thermal stability, with only phase
transition/organic impurity decomposition below 773 K after
which the mass remained constant [34]. On the other hand,
it gives this work an extra novelty and relevance, because

of this synthesis technique that is based on the use of tar-
taric acid as a ligand during the sol-gel processing, which
is powerful enough to prepare pure calcium molybdate with
stabile crystal structure, uniform surface morphology and
identical properties [35, 36]. Besides, our proposed synthesis
procedure does not have any side effects to the final ceramic
product and there are no typical undesirable consequences
for the environment because of uses of tartaric acid that is
found in food industry. According to that, it is obvious that
this research enables to estimate the influence of the nature
of alkali metal to the luminescent properties of Eu** ion in
the host of CaMoO,.

Materials and methods

The samples of M osEu o5 CagoMoO, (M=Li, Na, K, Rb,
Cs) were prepared by the tartaric acid-assisted synthesis
(TAS) approach during the mixing stage of the initial salts
employing an 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.

Lithium (I) nitrate (LiNOs, 99% Alfa Aesar), sodium (I)
nitrate (NaNOs 99,5% Alfa Aesar), potassium (I) nitrate
(KNOj3, 99,5% Alfa Aesar), rubidium (I) nitrate (RbNO;
99.9% Alfa Aesar), caesium (I) nitrate (CsNO3, 99,8% Alfa
Aesar), europium (IIT) oxide (Eu,03, 99.99% Alfa Aesar),
calcium (II) nitrate tetrahydrate (Ca(NO;),-4H,0 99% Alfa
Aesar) and molybdenum (VI) oxide (M0oO;, 99.95% Alfa
Aesar) were used as starting materials and weighed accord-
ing to the desired stoichiometric ratio (Table 1).

Nitric acid (HNO; 66% Reachem), distilled water and
concentrated ammonia solution (NH;-H,O 25% Penta)
were used as solvents and reagents to regulate the pH of
the solutions. Tartaric acid (L—(+)-Tartaric acid (C,HOy)
(TA) >99.5% Sigma-Aldrich) was applied for escalation

Table 1 Stoichiometric amount,

. . Chemical formula ~ Amount/mol  Molecular Melting point/K  Solubility* in water/g L™

molecular weight, melting weight*/g mol™!

and boiling points for the

corresponding salts, which LiNO, 0.05 68.946 528 522at293 K

were used during the sol-gel NaNO, 0.05 84.995 581 912 at 298 K

synthesis procedure
KNO, 0.05 101.103 607 242 at 293 K
RbNO, 0.05 147.473 581 650 at 298 K
CsNO; 0.05 19491 687 270 at 298 K
Eu,04 0.05 351.926 2623 Negligible
Ca(NO;),-4H,0 0.9 236.15 320 1290 at 293 K
MoO, 1 143.95 1075 0.490 at 301 K
HNO; 0.4431 63.0129 231 Miscible
NH;-H,O 0.01336 17.031 195.4 310 at 298 K
C,HO 4 150.087 446 575 at 293 K

“Information about the physical properties of reagents was gathered from the supplier

@ Springer

118



Aqueous sol-gel synthesis, thermoanalytical study and luminescent properties of...

of solubility via coordination of starting compounds in the
reaction mixture, especially, during the pH changes and
evaporation before sol-gel formation. The synthesis scheme
for the preparation of M—Eu—Ca—Mo-O tartrate gel precur-
sors is shown in Fig. 1.

At first, MoO5 was dissolved in a solution that consisted
of 25 mL of distilled water and 1 mL of concentrated ammo-
nia by stirring at 355-360 K of temperature. Then, after
continuous stirring at approximately 355-360 K as long as
the excess of ammonia had been evaporated, the tartaric acid
was added to the reaction mixture. The amount of tartaric
acid is directly related to the concentration of molybdenum
oxide according to their molar ratio of Mo/TA =0.25. After
the dissolution of tartaric acid in the reaction mixture, the
required amount of alkali metal nitrate was added. Then,
under the continuous stirring and heating, the europium (III)
oxide and concentrated nitric acid were poured to the beaker.
A clear yellowish solution was obtained and subsequently
concentrated by slowly vaporizing the reaction mixture at
360 K.

In the following stage, a yellow transparent sol was
formed after nearly 95% of the water had been evaporated.
After drying the sol precursor in an oven at 393 K, the fine-
grained light brown gel powders were obtained. The well-
dried gel powders were used for the thermal analysis in order
to estimate their decomposition mechanism. Meanwhile, the
residue of gel precursors was additionally heat-treated at
the temperatures of 623 K, 673 K, 773 K, 873 K, 973 K,
1073 K, 1223 K and 1273 K for 5 h in the air.

Thermal measurements were taken with TG—DSC,
STA 6000 PerkinElmer instrument using a sample weight

Addition of MoOg,

water and ammonia Addition of tartaric acid

Stirring, heating
of the reaction
mixture (355 — 360 K)

pH increa:

of about 10 mg and a heating rate of 20° min~' under the
continuous air flow (20 cm® min~') at ambient pressure
from room temperature to 1223 K. The Fourier transform
infrared (FT-IR) spectra for the M—Eu—Ca—Mo-O tartrate
gel precursors were recorded with a PerkinElmer Frontier
FT-IR spectrometer. The corresponding gel precursors heat-
treated at different temperatures, and the residual powders
that were left after the thermal treatment were additionally
investigated by x-ray diffraction (XRD) analysis. The XRD
patterns were recorded in air at room temperature with a
powder x-ray diffract meter Rigaku MiniFlex II using CuKe,
radiation. The patterns were recorded at the standard rate
of 1.5 26/min~". In addition, the Rietveld refinement of the
obtained XRD patterns was performed using X’Pert High-
Score Plus software. The scanning electron microscope
(SEM) Hitachi SU-70 was used to study the surface mor-
phology and microstructure of the obtained ceramic sam-
ples. Finally, the measurements of photoluminescence (PL)
and photoluminescence excitation (PLE) spectra were taken
by using a PerkinElmer LS-55 spectrometer.

Results and discussion
Thermal analysis

The TG/DTG/DSC measurements of the M—Eu—Ca—Mo-O
tartrate (M=Li, Na, K, Rb, and Cs) gel precursors, which
were taken up to 1223 K at a heating rate of 20° min~! in
flowing air (20 cm® min~') at ambient pressure with a sam-
ple mass of about 10 mg are shown in Fig. 2, respectively.

Addition of calcium
nitrate tetrahydrate

Addition of MNO5

Stirring, heating
of the reaction
mixture (355 — 360 K)

upto11.5

Evaporation of water and
removal of nitrogen oxide (N Ox)

Removal of the solvent
molecules residue

Stirring, heating
of the reaction
mixture (355 — 360 K)

Stirring, heating
of the reaction
mixture (355 — 360 K)

¢

pH

Addition of Eu,04
and nitric acid

Stirring, heating
of the reaction
mixture (355 — 360 K)

Fig.1 Synthesis scheme of the sol-gel preparation for the M-Eu-Ca-Mo-O tartrate gel precursors and M osEu ¢sCagoM0O, (M=Li, Na, K,

Rb, Cs) ceramics
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Fig.2 Combined TG-DTG-DSC curves of the Li-Eu—»
Ca—Mo-O tartrate gel precursor for LijsEu,(sCayoMoO,
(@), NaggsEug psCaggMoO,  (b), Ky gsEugsCagyMoO,  (c),
Rb osEu osCay ¢M0O, (d) and Csy osEu sCa, 9MoO, (e) ceramics

Tables 2—6 show data, which were deducted from Fig. 2
and supplements quantitatively the general view of thermal
decomposition processes in M—Eu—Ca—Mo-O tartrate gel
precursors.

In addition, it is also important to note that in the frame
of this study a new investigation approach to the analysis
of the thermal processes was applied during which it is
possible to reveal and to calculate the overlapping chemi-
cal and physical changes. In this case, the nature of alkali
metal plays a very important role, taking into account that
all synthesis procedures were made in similar manner,
and the way of the thermal decomposition of initial gels
was not identical. These discrepancies allow us to esti-
mate the influence of both the initial composition to the
crystallization for the final ceramic materials and thermal
decomposition of intermediate organic parts from the gel
precursors. Especially, an important role goes to the exo-
thermic effect in the DSC curve between 400 and 450 K
of temperature, which thermal behaviour tends to increase
by changing the nature of alkali metal in the sample. This
exothermic effect was identified from the slope of DTG
curves, which gradually converts into the peak by chang-
ing the nature of alkali metal in the initial composition.
In our previous report, [37] we suggested a stage between
the temperature of 421 K and 493 K assign to the thermal
decomposition of tartaric-acids dimer (CgHgO,) into car-
bon monoxide (CO), carbon dioxide (CO,) and two acetic
acid (CH;COOH) molecules. Meanwhile, by investigat-
ing this case, it is clear that the decomposition effect of
tartaric-acids dimer is not very well pronounced and this
process is closely related to the evaporation and removal
of volatile components from the M—Eu-Ca—Mo-O tar-
trate gel. Besides, an enhanced ionic character of the alkali
metal reduces the coordination of unreacted tartaric acid
molecules, for that reason their decomposition into the
carbon oxides occurs at much lower temperature than was
expected. Nevertheless, the decomposition of unreacted
tartaric acid occurs up to 568 K in all cases with the mass
loss of about 36-43%. The mass of the gel precursors
during this decomposition stage, in the range of temper-
ature from 300 K to 568 K, decreases by 36-37%, and
this is typical for Lij osEug o5 Cag gMoO, and Na, osEuy o5
Caj oMoQ, initial composition compounds. Meanwhile,
the mass change for K-Eu—Ca—Mo-O and Rb—Eu-Ca—
Mo-O tartrate gel precursors increases to 40.261% and
41.176%, respectively, indicating enhanced ionic char-
acter of corresponding alkali metals. Moreover, the ther-
mal behaviour of DSC curve clearly shows several heat

@ Springer
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Table 2 Thermoanalytical data of the Li-Eu—Ca—Mo-O tartrate gel precursor for Lij osEu, osCag 9MoO, ceramic

Stage No. Range of temperature/K Mass Heat
Change/% Onset/K Residual/% Flow/mJ Onset/K End/K Enthalpy/J ¢!
I 299.15-567.71 36.340 - 63.660 13417.3295I - - 1338.6415|
299.15-423.68 1.179 300.20 98.821 365.822 301.55 404.32 36.2513
335.15-472.24 5.800 447.99 94.068 —524.763 383.35 464.31 -52.0016
423.68-567.71 34.997 545.60 63.660 1757.492 435.12 555.62 174.1593
476.16-651.87 38.937 553.25 54.645 —1538.505 516.39 619.13 —152.4586
I 567.71-837.64 20.243 - 43.417 15595.698| - - 1554.50745|
567.71-706.09 14.506 569.37 49.554 1987.493 578.00 702.20 196.9512
651.87-745.76 7.222 690.09 47.226 —1263.800 680.80 739.16 —-125.2367
706.09-837.68 6.021 757.92 43.417 512.477 715.29 826.02 50.7841
752.76-899.13 6.165 872.98 40.680 -2125.351 - 884.56 -210.6123
-1V 837.64-1047.87 12.858 - 30.559 111,965.847| 11185.75945|
837.64-938.93 6.281 901.72 37.235 1630.386 853.23 933.35 161.5636
899.13-1016.58 9.677 964.84 30.940 —2001.290 909.78 966.97 —-198.3185
938.93-1047.87 6.673 975.40 30.559 4262.548 943.70 1039.35 422.3986
1016.58-1214.46 0.408 1016.65 30.559 —6017.895 1023.88 1209.91 —596.3452
v 1047.87-1219.40 0 - 30.559 13008.9475| - - 1298.17261

Bold values denote important points which summarize and relate obtained results in each stage of the thermal decomposition of the gel precur-
sors

Table 3 Thermoanalytical data of the Na-Eu—-Ca—Mo-O tartrate gel precursor for Na, osEu osCay gMoO, ceramic

Stage No. Range of temperature/K Mass Heat
Change/% Onset/K Residual/% Flow/mJ Onset/K End/K Enthalpy/J ¢!
I 298.54-566.54 36.662 - 63.338 11262.226! - - 1123.58265!
298.54-419.54 1.719 300.50 98.281 226.062 302.31 406.41 22.1304
366.02-447.46 3.612 433.19 95.978 -93.623 388.65 439.89 -9.1653
422.23-519.29 19.718 487.93 78.200 684.940 - 517.40 67.0524
457.87-538.74 22913 492.14 71.294 -28.362 505.18 537.85 -2.7765
519.29-566.54 14.981 532.95 63.338 16.569 - 549.07 1.6220
538.74-634.95 15.954 541.68 55.573 —425.340 539.29 604.06 —41.6387
I 566.54-791.67 19.756 - 43.582 12340.106! - - 1229.0853|
566.54-671.01 11.361 676.73 51.753 854.829 572.39 669.81 83.6837
634.95-685.80 4.960 668.36 50.284 -26.063 662.24 672.43 -2.5515
671.01-705.97 3.620 671.92 48.668 32.084 - 694.64 3.1409
685.80-733.87 3.863 697.88 46.464 -286.833 686.37 726.13 -28.0796
705.97-791.67 4.947 733.62 43.582 71.851 720.17 774.70 7.0338
733.87-909.17 6.279 734.87 40.293 -1711.552 741.97 849.23 -167.5529
-1V 791.67-1081.89 12.944 - 30.638 129,800.0545| - - 12917.27405|
791.67-964.67 8.895 960.52 34.637 9905.070 795.43 958.53 969.6593
909.17-997.02 8.959 961.69 31.491 -5755.782 927.70 988.22 -563.4637
964.67-1081.89 3.878 971.69 30.638 9153.367 970.79 1067.04 896.0614
997.02-1.204.68 0.769 1004.57 30.670 -8260.119 1020.85 808.74 —-808.6264
\% 1081.89-1223 0.047 30.591 14130.0595| - - 1404.3132|

Bold values denote important points which summarize and relate obtained results in each stage of the thermal decomposition of the gel precur-
sors
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Table 4 Thermoanalytical data of the K—Eu—Ca—Mo-O tartrate gel precursor for K osEuy sCay ¢M0O, ceramic

Stage No. Range of temperature/K Mass Heat
Change/% Onset/K Residual/% Flow/mJ Onset/K End/K Enthalpy/J ¢!
I 300-566.72 40.268 - 59.732 1833.988I - - 182.66305!
300-363.15 0.257 300.45 99.743 41.258 302.29 - 4.0894
320-363 0.412 358.34 99.588 -37.501 - 357.54 -3.7170
363.15-417 2.357 407.07 97.485 75.906 349.83 - 7.5237
363.14-443.15 4.557 426.84 94.967 —115.882 386.74 437.04 —-11.4859
417.15-470.15 7.755 442.80 89.448 192.597 423.94 467.02 19.0898
443.15-496.15 11.268 448.49 83.068 -18.070 455.73 - -1.7911
470.15-520.15 14.713 491.53 74.26 54.380 - 514.74 5.3900
496.15-566.72 13.003 508.91 59.732 —29.444 - 498.42 -2.9184
566.72-643.15 17.560 563.50 51.746 -537.900 537.38 615.67 —-53.3155
i 566.72-784.73 19.452 - 40.28 16133.3665I - - 1607.926!
566.72-695.34 13.529 651.38 46.22 1175.772 - 687.73 116.5399
643.15-729 6.807 655.42 44.018 —475.431 661.97 720.51 —47.1237
695.34-784.73 6.153 760.87 40.28 1574.903 - 771.32 156.1010
729.15-883.15 7.088 799.64 36.795 -5276.621 750.70 829.90 —523.0073
-1V 784.73-1058.52 12.079 800.83 28.201 128,301.855| - - 12805.2191
784.73-950.46 7.425 800.83 32.848 9286.744 789.37 944.07 920.4821
883.15-991.64 7.889 906.92 28.683 -5329.557 913.90 983.01 —528.2542
950.46-1058.52 3.780 973.53 28.201 7400.922 958.42 1044.15 733.5635
991.64-1196 0.514 1100.94 28.092 —7292.643 1001.77 1157.00  -722.8311
\% 1058.52-1223 0.142 - 28.059 13646.3215| - - 1361.41555|

Bold values denote important points which summarize and relate obtained results in each stage of the thermal decomposition of the gel precur-

sors

changes, which are less defined in the range from about
450 K to 550 K of temperature. Finally, the last, fifth case
is characterized by the biggest mass change, which is equal
to 43.323%; however, the DSC curve has similar behaviour
to those cases, which are shown in Fig. 2a, b.

As shown in Tables 2-6, stage II corresponds to the
decomposition of metal tartrates. The mass of the gel pre-
cursors during this decomposition stage, in the range of tem-
perature from 563 K to 803 K, decreases by 18.8-22.7%,
except Lij osEug osCay oM0O, case, when the mass loss of
about 20.2% ends at 837.5 K. The heat-treatment tempera-
ture of about 573 K is important because of the beginning of
crystallization for the final CaMoO, double oxide. Further-
more, this endothermic process is competing with gradual
decomposition of metal tartrates, which takes place until the
partial stabilization of TG curve at about 873 K of tempera-
ture. By further increasing the heating temperature from 823
to 973 K, the mass change of the samples varies from 11.1 to
12.9% and is directly related to the burning of carbon-based
residue, which is formed from the tartaric acid and metal tar-
trates at lower temperatures. Finally, the last mass change of
the M—Eu-Ca—Mo-O tartrate gel precursors in the range of

@ Springer

temperature from 1047 to 1223 K does not exceed 0.1%, and,
except endothermic behaviour because of further growth of
crystalline phases, no significant changes in the DSC curve
were identified. Besides, it is important to note that in all
cases, except for Lig osEug osCag oMoO, ceramic, the ten-
dency of slight mass changes above 973 K was observed.
The main reason of these changes is directly related to the
partial releasing and evaporation of molybdenum oxide from
the multicomponent oxide.

In order to show both the decomposition process of tar-
taric acid in the gel precursors and the overall mass change
peculiarities of volatile components in the gels according
to the gas atmosphere, the thermal analysis of as-prepared
samples was also performed under inert flow. In this case,
the TG/DTG/DSC measurements of the M—-Eu—Ca—Mo-O
tartrate (M=Li, Na, K, Rb, and Cs) gel precursors, which
were carried out up to 1200 K at a heating rate of 20° min~'
in flowing nitrogen (20 cm® min~') at ambient pressure
with a sample mass of about 5 mg, are shown in Fig. 3,
respectively.

From these results, one is clear that the decomposition
stages of tartaric acid only slightly depend according to the
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Table 5 Thermoanalytical data of the Rb—Eu—Ca—Mo-O tartrate gel precursor for Rby osEu osCag gMoO, ceramic

Stage No. Range of temperature/K Mass Heat
Change/% Onset/K Residual/% Flow/mJ Onset/K End/K Enthalpy/J ¢!

1 299.65-566.19 41.176 - 58.824 1968.5145| - - 196.70655!
299.65-341.30 0.191 33247 99.809 21.426 301.89 309.68 2.1394
311.49-362.61 0.658 359.52 99.342 -76.810 318.40 356.71 ~7.6695
341.30-419.11 3.123 411.80 96.78 184.814 346.82 403.29 18.4537
362.61-443.88 5.967 412.08 93.451 -89.368 392.30 437.43 -8.9234
419.11-467.32 8.872 449.18 87.89 182.701 423.33 466.79 18.2428
443.28-462.24 4.444 447.68 89.078 14.545 443.31 462.11 1.4524
452.06-488.34 8.733 469.46 82.715 -14.978 455.42 - -1.4955
467.32-513.95 13.153 507.30 74.796 58.483 473.33 513.86 5.8396
488.34-540.30 17.470 512.51 65.47 —44.617 507.34 - —4.4550
513.95-566.19 15.676 514.07 58.824 23.612 521.77 551.35 2.3577
538.58-636 16.082 534.84 51.387 -514.321 537.12 602.70 -51.3551

I 566.19-800.49 18.842 - 39.982 14880.842| - - 1487.35315|
566.19-697.16 12.879 694.33 45.884 1415.820 573.47 693.07 141.3699
648.68-737.53 6.915 691.67 43312 -678.975 668.83 729.14 -67.7958
697.16-800.49 5.841 701.52 39.982 847.161 708.83 779.09 84.5892
708.83-883 7.419 722.70 37.712 —-3363.451 751.14 847.33 -335.8414

-1V 800.49-1066.81 11.314 - 28.668 129,664.8425| - - 12962.04135|
800.49-949.68 7.338 943.04 32.567 7739.260 814.75 944.69 772.7669

883-988.42 8.647 940.99 29.120 -6127.124 913.50 980.54 -611.7948

949.68-1066.81 3.998 981.70 28.668 7613.912 957.72 1041.22 760.2508
988.42-1219 0.524 1045.41 28.596 -13,005.642 995.33 1115.96 —-1298.6163

\% 1066.81-1223 0.072 - 28.596 16502.821I - - 1649.30815|

Bold values denote important points which summarize and relate obtained results in each stage of the thermal decomposition of the gel precur-

sors

heating atmosphere. The heating range in case of inert gas
flow from 303 to 770 K (Fig. 3 left side) is almost identical
compared with the cases presented in Fig. 2. Moreover, the
behaviour of TG curves remains the same up to 873 K of
temperature, and this concludes about similar heat-treatment
effects, which are confirmed by DSC curves. Finally, the
last mass change of the M—Eu—Ca-Mo-O tartrate gel pre-
cursors in the range of temperature from 873 to 950 K is
attributed to the decomposition of a mixture from carbon
and oxygen atoms, which are composed from the gel resi-
due. This effect is confirmed by the results obtained from
the K-Eu—Ca-Mo-O sample, where the behaviour of TG
and DSC curves reiterates only in a more stretched range
of temperature compared with the measurement in air flow.

In conclusion, it is also important to note that the total
mass loss of all gel precursors well matches with the results
obtained in an air atmosphere, while a prior mass change
for the K-Eu-Ca—Mo-O sample above 873 K of tempera-
ture has no sufficient influence on the results, which were
obtained in other heating conditions. Therefore, such an

action is important only in the inert atmosphere and it is
determined by the stability of final ceramics in a reducing
environment. In this case, the combustion process in the air
at temperatures above 873 K eliminates any specific condi-
tions created by elemental carbon present in the sample.

FT-IR analysis

In order to show the characteristic group frequencies for
the gel precursors in the mid-infrared region, the infrared
spectroscopy (FT-IR) was performed. Corresponding FT-IR
spectra are shown in Fig. 4, respectively.

According to the initial composition of the obtained
M-Eu-Ca-Mo-O tartrate gel precursors, it is obvious
that the stretching bands, which belong to the functional
group frequencies of tartaric acid, in the infrared spectra are
expected. It is well known that carboxylic acids (RCOOH)
exist as dimers due to strong intermolecular hydrogen bond-
ing. These compounds show a strong broad O—H stretching
band in the 3300-2500 cm™! range. The C=0 stretching
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band of the dimer is observed near 1700 cm™!, while the free
acid band is observed at higher wavenumbers (1760 cm™h.
In addition, carboxylic acids show characteristic C-O
stretching and in-plane and out-of-plane O-H bending bands
at 1240, 1430 and 930 cm™, respectively [38].

The range from 1660 to 1620 cm™! is characteristic to
the nitrate NO, asymmetric stretching. This band overlaps
with the intensive stretching of the C=0 group at 1700 cm™!
in the carboxylic acids. Moreover, the weak band of nitrate
NO, symmetric stretching in the range from 1300 to 1270 am™"
is also observed. In addition, barely visible characteris-
tic peak of nitrate N-O stretching in the range from 870
to 840 cm™! was detected. Meanwhile, the characteristic
stretching for the nitrate NO, bending (710-690 cm™") was
not found [38]. Such a result explains the emergence of a
peak in the DSC curve at 413.37 K, which tends to increase
from the Li—-Eu—Ca—Mo-0 to Cs—Eu—Ca—Mo-0 sample.
This exothermal effect is closely related to the decompo-
sition processes of the nitrate residue that left in the gel
precursors after the evaporation procedure. The amount
of corresponding nitrates in the gel precursors increases
negligible and slightly influences the decomposition of the

Fig.3 Combined TG—-DTG—-DSC curves of the Li-Eu-p
Ca—Mo-O tartrate gel precursor for LijsEug5CayoMoO,
(@), NaggsBugsCaggMoO,  (b), Ky o5Eug0sCapoMo0O,  (c),
Rb, osEu, 0sCay gMoO, (d) and Cs,(sEu 4sCayoMoO, (e) ceramics.
The overall view of the curves is shown on the right, and the high-
lighted temperature range from 303 to 770 K is presented on the left

tartaric-acids dimer in the range of temperature from 416.55
to 455.48 K.

The characteristic infrared bands of five-atom inorganic
molecules, as well as for CrOﬁ’ group, commonly are at
the 890 cm™" and 378 cm™! of wavenumber. In all cases,
the band at about 890 cm™' observed in the FT-IR spectra,
which is attributed to the vibrations of MoOj3~ functional
group [38]. Moreover, the vibrational frequencies of tet-
rahedral MoO2™-type compound for their M—O vibrations
are observed at 897 cm™! (v) and 837 cm™! (v3), respec-
tively [39]. Finally, the metal-oxygen characteristic vibra-
tions similar to those observed in the crystalline Powellite
structure of CaMoO, are attributed to the range from 800 to
500 cm™" [40].

Table 6 Thermoanalytical data of the Cs—Eu—Ca—Mo-O tartrate gel precursor for Cs, osEu, osCay oMoO, ceramic

Stage No. Range of temperature/K Mass Heat
Change/% Onset/K Residual/% Flow/mJ Onset/K End/K Enthalpy/J ¢!
I 299.79-561.54 43.323 - 56.677 14359.42351 - - 1428.23425I
299.79-343.22 0.223 311.10 99.771 75.404 300.10 342.06 7.4071
307.22-380.70 1.122 366.67 98.878 —47.110 333.49 361.68 —4.6277
343.22-416.55 1.795 366.93 97.945 284.770 348.44 408.20 27.9735
380.70-437.25 5.754 428.13 93.151 598.481 380.91 432.13 58.7899
416.55-455.48 10.374 448.27 87.592 —720.661 420.79 449.57 -70.7919
437.25-501.66 18.169 484.88 74.974 1301.827 440.10 501.07 127.8809
455.48-561.54 30.676 486.13 56.677 326.086 455.71 533.85 32.0320
487.08- 655.99 32.384 487.97 47.016 -2010.169 513.30 654.22 —197.4625
11 561.54-800.77 18.833 - 37.844 18610.0095I - 1584.026!
561.54-704.83 13.810 688.15 42.964 2799.474 - 513.86 274.9975
655.99-747.23 6.571 691.16 40.471 —1469.809 668.70 735.49 —144.3820
704.83-800.77 5.409 710.50 37.844 1676.101 710.10 786.61 164.6465
747.23-879.37 6.480 842.71 34.237 —3319.082 760.05 844.12 —-326.0395
-1v 800.77-1007.27 11.152 - 26.692 114,321.867I - - 11406.86315|
800.77-958.45 9.360 936.22 28.315 6359.627 808.79 954.96 624.7178
879.37-981.29 7.226 937.04 27.068 -3761.429 919.90 978.40 —-369.4920
985.45-1007.27 1.528 969.50 26.692 2027.409 963.81 1002.90 199.1561
981.29-1042.75 0.185 983.51 26.721 -1027.722 986.96 1039.12  -100.9550
A% 1007.27-1220.77 0.169 - 26.523 15297.426| - - 1520.376l
1007.27-1121.24 0.085 - 26.683 220.355 1028.07 1050.37  21.6459
1042.75-1188.61 0.094 - 26.635 —4061.851 1045.16 1179.22  -399.0031
1121.24-1220.77 0.090 - 26.523 501.359 1151.11 - 49.2495

Bold values denote important points which summarize and relate obtained results in each stage of the thermal decomposition of the gel precur-

sors
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Fig.4 FT-IR transmittance 100 T
spectra of the M—Eu-Ca-Mo-O 4
tartrate gel precursors dried at
393 K of temperature
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X-ray diffraction

The powder x-ray diffraction (XRD) patterns of the
Li—-Eu—Ca—Mo-O tartrate gel precursor heat-treated at dif-
ferent temperatures shown in the top nine panels of Fig. 5
are well matched with the standard ICSD card of CaMoO,
that is presented in the bottom panel.

No characteristic peaks attributable to the impurities by
increasing heat-treatment temperature from 623 to 1273 K

@ Springer

{ Li-Eu—Ca—Mo-O tartrate gel precursor
T T T T T v T

3000 2500 2000
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were identified. In addition, it is important to mention
that drying of Li-Eu—Ca—Mo-O tartrate gel precursor for
Lig gsEug ¢5Cag ¢Mo0O, ceramic at 393 K showed fully amor-
phous character and no characteristic peaks to any crystalline
compound from the XRD pattern were found. Besides, these
results are in a good agreement with the TG—DTG—DSC
data, when the crystallization of the final tetragonal phase
below 623 K of temperature was estimated. Moreover, an
important conclusion was made, by comparing these analysis

126



Aqueous sol-gel synthesis, thermoanalytical study and luminescent properties of...

30 40 50 60

70

Sample heat-treated at 1273 K for 5 hours

| T U SO

A A

Sample heat-treated at 1223 K for 10 minutes

Sample heat-treated at 1173 K for 5 hours

, b o

Sample heat-treated at 1073 K for 5 hours

LS VY

A A A

Sample heat-treated at 973 K for 5 hours

Sample heat-treated at 873 K for 5 hours

Sample heat-treated at 773 K for 5 hours

JJL_JL,\J\A____,\___K

Sample heat-treated at 673 K for 5 hours

n

Sample heat-treated at 623 K for 5 hours

Gel .dried at 393 K for 24 hours

Fig.5 Standard ICSD card of 10 20
CaMoO, and XRD patterns of A
the Li-Eu-Ca—Mo-O tartrate
gel precursor dried at 393 K for
24 h and heat-treated at temper- A
atures of 623 K, 673 K, 773 K, "
873 K,973 K, 1073 K, 1173 K
and 1273 K for 5 h in air
A
A
S A
g i
2
‘@
c
2
£
> 2
=
k&
[0}
« A_
v T
10 20

techniques that the crystallization of the final ceramic starts
from about 568 K immediately after the initial decomposi-
tion of unreacted tartaric acid molecules into the elemen-
tal carbon and carbon oxides. According to above subject,
the experimental and analysis results of other samples
showed almost identical peculiarities. The end of the initial
decomposition of tartaric acid for Lij ysEu (sCay oMoOy,,
Nag gsEug g5Cag gMo0O,, Ky gsBug o5Cag yMoO,,
Rby ¢sEug o5Cay oM0O, ceramics was similar and equal to

20/°

566 K of temperature, respectively. Meanwhile, the start of
crystallization for Cs (sEuy osCay oM0O, compound began
at slightly lower 561 K of temperature. This effect was
assigned to the increased ionic character of caesium, which
plays a much more important role during the sol-gel forma-
tion stage, comparing it with other cases.

In order to prove that the crystallization of the final
ceramics plays crucial role not only for the thermal decom-
position of metal tartrates, but also strongly affects the

@ Springer
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Table 7 Crystallite sizes, lattice parameter and density for the M osEu osCa; ¢M0O, (M=Li, Na, K, Rb, Cs) ceramics heat-treated at different
temperatures for 5 and 0.15 h in air

Sample Heat-treating Duration/h Crystallite size/nm Lattice parameter/pm Density/g cm™
temperature/K —_—
a c

Lig osEug gsCag gMoO, 623 5 10.49 522.373 1143.005 4.26
Na osEuy osCap gMoO, 623 5 10.83 522.397 1143.158 4.26
Ky.0sEug 0sCag gM0oO, 623 5 8.20 522.358 1143.056 4.26
Rby osEug ¢sCay gM0O, 623 5 8.30 522.270 1142.526 4.26
Csp 0sEug psCag yMoO,, 623 5 8.98 522427 1142.807 4.26
Lij sEug gsCay oMoO, 673 5 13.54 522.102 1142.770 4.26
Na,) (sEu, 4sCay yMoO, 673 5 13.17 522.202 1142.855 4.26
Ko.05Eu0,05Cag oMoO, 673 5 11.29 522.307 1143.094 4.26
Rby sEu; ¢sCay oMoO, 673 5 11.37 522.298 1143.269 4.26
Csp 0sEug psCag yMoO, 673 5 13.89 522.285 1143.098 4.26
Lij osEug osCay oMoO, 773 5 30.77 522.301 1142.666 4.26
Nay osEug osCay oMoO, 773 5 26.78 522471 1142.881 4.26
Rby g5Eug gsCag gMoO, 773 5 25.61 522.429 1142.851 4.26
Cay9Rby sEug osMoO, 773 5 22.61 522.540 1143.104 4.26
Csy 05Eug gsCay oMoO, 773 5 20.48 522.509 1143.229 4.26
Lij osEu ¢sCag oM0oO, 873 5 49.35 522.060 1142.922 4.26
Nay osEug osCay oMoO, 873 5 42.79 522.101 1142.953 4.26
K 05Eug 0sCag oMoO, 873 5 39.58 522.462 1144.031 4.25
Rby sEu; o5Cay oMoO, 873 5 41.06 522452 1143.169 4.26
Csg,95Eug,05Cag oMoO, 873 5 47.10 522227 1142.464 4.26
Lig 5Et,0sCa94M0O, 973 5 69.49 522.193 1142.434 4.26
Nay osEug osCag oMoO, 973 5 62.38 522292 1142.858 4.26
Ko.05Eug 05CagoM0O, 973 5 69.92 522.776 1144.652 4.25
Rby sEuy osCay gMoO, 973 5 72.52 522.545 1143.326 4.25
Cs05Eug 95Cay oMoO, 973 5 53.48 522.464 1142.756 4.26
Lij gsEug sCay oMoO, 1073 5 96.87 522215 1142.095 4.26
Nay psEug osCag oMoO, 1073 5 78.51 522.498 1143.205 4.26
K 05Eug 0sCag oMoO, 1073 5 52.55 523.019 1145.099 4.24
Rby osEu; y5Cay oMoO, 1073 5 54.78 522.707 1143.638 4.25
Cs05Eug 95Cay oMoO, 1073 5 90.49 522.514 1142.921 4.26
Lij gsEug sCay oMoO, 1173 5 71.10 522.246 1142.217 4.26
Nay osEug osCay oMoO, 1173 5 81.91 522.492 1143.019 4.26
K 05Eug 0sCag oMoO, 1173 5 78.28 522.749 1143.999 4.25
Rby ysEug o5Cag 9MoO, 1173 5 135.13 522.668 1143.655 4.25
Csy05Eug 95Cay oMoO, 1173 5 84.42 522.481 1142.981 4.26
Lig ¢sBu ¢5Cap gM0O, 1223 0.15 110.36 522.939 1144.544 4.24
Nay osEug osCag oMoO, 1223 0.15 336.88 523.020 1144.328 4.24
Ko.05EUg,05CagoM0O, 1223 0.15 141.21 523.385 1145.669 4.23
Rb ysEug g5Cag 9MoO, 1223 0.15 190.14 523.227 1145.105 4.24
Cs,95Eug05sCag 9MoO, 1223 0.15 105.76 523.113 1144.228 4.24
Lig gsEug ¢sCay oMoO, 1273 5 85.81 522.351 1142.570 4.26
Nay osEug osCay oMoO, 1273 5 146.74 522.586 1143.192 4.25
Ko.05EUg,05CagoM0O, 1273 5 57.37 522.564 1143.153 4.26
Rby y5Eug gsCag 9MoO, 1273 5 53.45 522.482 1142.924 4.26
Cs,95Eug05Cag oMoO, 1273 5 76.37 522.497 1142.939 4.26
@ Springer
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Fig.6 Plot of crystallite size versus heat-treatment tempera- »
ture  for  LipgsBugsCagoMoO,  (a),  NagosEug sCaggMoO,
(b), Ky o5Bug0sCagoMoO,  (€),  RbygsEug sCagyMo0O,  (d) and
Csy 05Eug 9sCay 9MoO, (e) ceramics

physical properties, the Rietveld refinement analysis of
XRD patterns for the synthesized multicomponent oxides
was applied. The crystallite sizes and lattice parameter
for the Lig osEug osCagoMoOy,, Nag osEug osCagoMoO,,
Ko.05Eug95Ca99M0O,, Rbg gsEug 5Cag gM0O,, and
Csg05Eug 95Cag gM0O, compounds heat-treated at different
temperatures are shown in Table 7.

The dependency of the crystallite size versus temperature,
collected from the Table 7, is shown in Fig. 6, respectively.

From these curve graphs, it is clear that by increasing
the sintering for M osEuy ¢sCay gM0O, ceramics from 623
to 973 K, the values of crystallite size tend to increase;
however, at somewhat higher temperatures their decreasing
trends were observed. It is important to take attention to the
fact that for Lij nsEug osCag gM0Oy, Nag (sEuy osCag oMoO,
and Cs ysEu ¢sCay ¢Mo0O, ceramics, the decrease in the
size for crystallites starts only above 1073 K of temperature.
Meanwhile, the crystallites for K, (sEug (sCayoMoO, and
Rby ¢sEug osCay oM0O, ceramics start to decrease already
above 973 K. This effect is directly related to the crystal-
lization of europium oxide [41], besides, depending on the
nature of alkali metal in the ceramic, the growth of crystal-
lites takes place at a different temperature.

SEM micrographs

According to such quite unexpected results obtained from the
Rietveld refinement of XRD patterns, the surface morphol-
ogy of K ¢sBug ¢5Cag 9M0O, and Rb osEu osCay ¢MoO,
samples sintered at 1073 K for 5 h in air was also investi-
gated. Corresponding SEM micrographs of these ceramics
are shown in Fig. 7.

As shown in Fig. 7a, the surface of the K-Eu-Ca—Mo-O
tartrate gel precursor for K osEuy osCag Mo0O, ceramic heat-
treated at 1073 K consists of spherical-like aggregated parti-
cles, which size varies from 200 nm to 1.2 ym. Meanwhile,
the surface morphology of the Rb—Eu—Ca—Mo-O tartrate
gel precursor for Rby osEu osCay oMoO, ceramic (Fig. 7b)
consists of similar particles to those observed from the case
shown in Fig. 7a, which sizes varies from 200 nm to 1.8 um,
respectively. In conclusion, it is clear that surface of both
samples is almost identical and the difference that comes
into existence is only related to the degree of either agglom-
eration or aggregation of individual particles.

129

—
()
-

Crystallite size/nm

(

o
=

Crystallite size/nm

(

(2)
-~

Crystallite size/nm

(

(=)
-

Crystallite size/nm

(

()
=

Crystallite size/nm

200

150

100

W Crystalite size vs. Temperature
——8-Spline interp of Cryst vs. Temp|
—— B-Spline interp of Cryst vs. Temp)

—— B-Spline interp of Cryst vs. Temp)
—

600 700 800 900 1000 1100 1200 1300
Temperature/K

@ Springer



G. Gaidamaviciené et al.

Fig.7 SEM micrographs

of M-Eu-Ca—Mo-O tar-

trate gel precursors for
Ko.05EUg,05Ca9 9M0O, (a) and
Rby gsEu 0sCag oMo, (b)
ceramics heat-treated at 1073 K
temperatures

PL analysis

In order to show the relation between the growth mechanism
of the crystallites and luminescence properties of the ceram-
ics prepared at 773 K of temperature, the photoluminescence
(PL) measurement were applied. Corresponding PL excita-
tion spectra of the M ysEu osCay yM0oO, (where M=Li, Na,
K, Rb, Cs) ceramics are shown in Fig. 8. The characteris-
tic bands were registered with a fixed excitation at 395 nm
of wavelength with emerged transitions from "Fy— L to
"Fy— °D,. This result matches well with UVLED and blue
LED, respectively [42].

The PLE spectra (Fig. 9) show characteristic D, — F;
(3=0, 1,2, 3, 4) Eu** emission lines, which are summed up
in Table 8 [43].

From the data displayed in the Table 8, it is clear that
D, — "F5 transition is forbidden, which is observed
only in Naj osEug 4sCay gM0Oy, Cs osEu gsCaggMoO,,
Rb osEug osCay gM0O,4 samples, and such phenomena are

Csn nsEUD nscaﬂ QMOOA
— KysEUygsCay Mo,
— Lig 05U, 05Cay gMoO,
~ Nag Uy Gy MoO,
— Rb, o .EU, ,-Ca, ;MoO, |

Fo—Lg

Relative intensity/a.u.

400 420 440
Wavelength/nm

460 480 500

Fig.8 PL (4,=395 nm) spectra of M-Eu-Ca—Mo-O tartrate
(M=Li, Na, K, Rb and Cs) gel precursors for M osEuy (sCayoM0O,
ceramics heat-treated at 773 K

@ Springer

explained only as J—mixing [43]. The characteristic emis-
sions of Eu** from °D | are less common case; however, the
peaks of D, —"F, and °D, — F, transitions were observed,
which intensities are comparable with °D,— ’F characteris-
tic emission. Meanwhile, the °D,— "F, transition is strictly
forbidden according to the standard Judd-Ofelt theory;
however, as was mentioned before, it could be explained
by assuming that this transition is due to J—mixing [43].
Moreover, this transition is also an indicator of C,,, C, or
C, symmetries, because other symmetries do not produce
observable spectral line. According to the results obtained
in this work, a comparative study of the substitution effect
on the intensity of luminescence by comparing intensity of
D, — F, transition was also performed. Despite the fact
that this transition of 4f configuration is hypersensitive to the
symmetry and crystal field of Eu* ion, the ratio R of inten-
sities for "D — 'F, and D, — 'F, characteristic emissions
was used instead and expressed as I°Dy— "F,)/ID,— 'F)),
respectively. Figure 10 shows the before-mentioned ratio R
distribution and its dependency from the crystallite size for
M osEug sCag 9MoO, ceramics.

From Fig. 10, it is clear that either growing or decreas-
ing correlation cannot be observed. However, these results
showed an interesting trend, which is directly related to
both the sizes of crystallite that grew up at 773 K and the
formation mechanism of obtained crystals at higher heat-
treating temperatures. It is well known that smaller crys-
tallites produce higher luminescence intensity. This is due
to the fact that smaller crystallites would have less surface
imperfections quenching luminescence and less energy
would be wasted in bulk material as heat dissipation. On
the other hand, this study also proved that further growth of
crystallites at much higher temperatures completely differs
according to the nature of alkali metal. This effect mainly
depends from the distribution of metal salts in the gel, which
formation, during the sol-gel processing, was influenced by
interaction of individual ion. By the way, such conclusion
shows that the optical properties of prepared ceramics are
strongly affected by several factors, and the correlation is not
always expected. Moreover, the tendencies of differences of

130



Aqueous sol-gel synthesis, thermoanalytical study and luminescent properties of...

Fig.9 PLE (1., =616 nm)

spectra of M—Eu—Ca—Mo-O
tartrate (M=Li, Na, K, Rb )
and Cs) gel precursors for ) i
M o5Eug,05Cag yM0O, ceramics o | s
heat-treated at 773 K / ’ l ‘B
v/ g
7 / A Na,.Eq,4Ca,,MoO,
/ / /
/ 2 a K gsFlyCa, MO,
/ / / Rbm/Eu/ (Ca,,MoO,
// A / Cs, €t Ca, MoO,
¢ 7 R T P
TS T T
E mD a /E [=] / mU / E /
500 550 600 650 700 750

Wavelength/nm

Table 8 Overview of the

B N N Transition Dipole ‘Wavelength Remarks
tran§1tlons observed in character
luminescence spectra of
europium (I1I) compounds [43] Dy—F, ED 570-585 Only observed in C,, C,, and C symmetry
Dy—F, MD 585-600 Intensity largely independent of environment
Dy—F, ED 610-630 Hypersensitive transition; intensity very strongly dependent
on environment
SDy—'F; ED 640-660 Forbidden transition
Dy—"F, ED 680-710 Intensity dependent on environment, but no hypersensitivity
32 Conclusions
Ko 5Eu0 05caﬂ QMOO‘
3.1
Rb, Eu,Ca, MoO, .. .

0 = Summarizing the results obtained from the TG/DTG/DSC,
= XRD, SEM and PL measurements, it can be concluded that
~, . . . .

1, 29 the tartaric acid-assisted synthesis of M—Eu-Ca—Mo-O
@ 28 tartrate (M=Li, Na, K, Rb, and Cs) gel precursors for nano-
EE“ 07 Ly o l5{Ca, M0O, sized M, ysEuy osCay 9MoO, ceramics is suitable preparation

1 - technique, which enables the detail investigation of mul-
£ 26 CBo0loxs 000, ticomponent metal oxides in the frame of their chemical
T 25 and physical properties. According to the thermal analysis,

N Eu C: 0, I
o4 R the decomposition of metal—tartrate gel precursors occurs
’ in similar manner. Meanwhile, the emerging differences

38 40 42 44 46 48 50
Crystallite size/nm

Fig.10 Plot of R versus crystallite size for M sEu osCa; oM0O,
ceramics

both the physical properties and structural features for each
ceramic sample remain even by increasing the heat-treating
temperature.

that mainly focus on the thermal decomposition of unre-
acted tartaric acid molecules, which mechanism depends on
the coordination ability of the corresponding alkali metal.
Besides, in all cases, except for Lij ysEu, osCayoMoO,
ceramic, the tendency of slight mass changes above 973 K
was observed. The FT-IR spectra of the M—Eu—Ca-Mo-O
tartrate gels revealed that a small number of nitrates were
left in the precursors. The XRD patterns correlated with
the results of thermal analysis perfectly do not indicate any
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characteristic peaks attributable to the impurities by increas-
ing the heat-treatment temperature from 623 to 1273 K. The
dependency of the crystallite size versus temperature clearly
showed that by increasing the heat-treating temperature from
623 to 973 K for M) ysEu osCay yMoO,, ceramics, the values
of crystallite size tend to increase; however, at higher tem-
peratures the decreasing trends of crystallites were observed.
The reason of this behaviour directly depends from the start
of the crystallization of europium (III) oxide. The study of
surface morphology indicated the almost identical trends of
morphological properties for the analyzed samples with the
spherical particles, which size varies from 200 nm to 1.5 um.
The results of the PL studies revealed that the crystallite
size and the mechanism of their growing tendencies for the
M, o5Eug sCag gM0O, compounds are closely related to the
ratio R of intensities for >Dy— ’F, and Dy — 'F, character-
istic emissions. Finally, it was concluded that the nature of
alkali metal strongly affects the distribution of Eu,0j; in the
CaMoO, host and the reasons of such behaviour are basi-
cally determined by the different chemical activity of alkali
metals in the range of temperature from 623 to 1073 K.
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Abstract

Nano- and micro-sized La,Mo0,09 ceramics have been successfully synthesized by an aqueous sol-gel synthesis method
using a tartaric acid as a ligand. Thermal analysis of both as-prepared La—Mo-O tartrate gel precursor and La,M0,Og
double oxide heat-treated at different temperatures was performed. The high-temperature phase transition from o to -
phases was additionally investigated by broadband high-temperature impedance spectroscopy techniques. The o <

phase transition was characterized by monitoring the conductivity and a transfer of heat with respect to temperature. The

crystalline phase stability of monoclinic La,Mo0,09 compound was confirmed by x-ray diffraction measurements, while the

dense nanoscale surface composed of the particles, ranging from 50 to 100 um, was confirmed by scanning electron

microscopy.

Keywords LAMOX - Sol-gel processing - Thermal analysis - Electrical properties - Phase transition

Introduction

Multicomponent crystalline oxide materials that exhibit a
high electrical conductivity associated with the phase
transitions and an anomalous mobility of oxide anions
attract both a fundamental and practical interest, in par-
ticular, owing to the prospects of their use in many solid-
state ionic devices, i.e., as a solid-state electrolyte in solid
oxide fuel cells, oxygen pumps and membranes for oxygen
separation, oxygen sensors, etc. [1, 2]. From this point of
view, yttria-stabilized zirconia (YSZ) is an excellent solid
electrolyte and commonly employed as an oxide ion con-
ductor in technological applications [3]. Besides, several
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authors reported an ionic conductivity enhancement of the
yttria-stabilized zirconia films and bulk materials when
decreasing crystallite size to the nano- or sub-micrometer
range [4-9]. Nevertheless, the contemporary enhancements
to improve the ionic conductivity are not sufficient;
therefore, there is a need for new oxide ion conductors that
have higher ionic conductivity compared with YSZ at
intermediate temperature. In recent years, the La,Mo0,0o-
type compounds, known as the LAMOX family, which was
originally reported by Lacorre et al. [10], have attracted
great interest due to their high oxygen-ion conductivity at
medium temperatures [11]. La,M0,0Og undergoes a rever-
sible transition from monoclinic o to cubic B structure at
~ 853 K, leading to an increase in the ionic conductivity
up to two orders of magnitude and reaching values higher
than those corresponding to YSZ [12]. Depending on the
rate of cooling of the sample after its preparation, La,.
Mo,04 can exist at room temperature as a stable mono-
clinic o phase, metastable cubic B, phase, or a mixture of
these phases [1]. Besides, the reasons how the temperature
affects the transition from cubic B to monoclinic o phases
are not fully clear. It is obvious that this phase transition of
non-substituted La,Mo,0q into the pseudo-monoclinic o-
phase is detrimental for practical applications due to a
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drastic drop in the conductivity below 833 K and
mechanical failure caused by the high thermal expansion
between the high- and low-temperature polymorphs [13].
The possibilities of reducing the structure changes in La,.
Mo,09 by the influence of temperature remain a great
challenge in today’s science. In addition, the applicability
of La;Mo0,0y is also limited due to its lower stability under
reducing atmosphere, because of the presence of Mo®",
which is likely to join electrons by causing structure
changes that strongly affects the conductivity as well as
performance of used device [2]. Despite the above-men-
tioned drawbacks, La,Mo,09 remains interesting because
of its unique crystal structure and elemental composition,
which allows the possibility of the substituting and doping
that leads to the stabilization of high-temperature cubic
phase and low decrease in conductivity at room tempera-
ture. For example, the substitution of molybdenum by
tungsten significantly increases the resistance against the
reduction environment impact, while replacing lanthanum
side by Sr**, Y>*, Zr** and Nb" ions stabilizes the B-
phase and in some cases even increases the conductivity,
which has an excellent characteristics only for high-tem-
perature metastable cubic B,; phase. Nevertheless, in order
to explain in detail the possible influence of nonessential
structural changes according to the substitution or addition,
the further investigation and comparative study of non-
substituted La,Mo,09 ceramic by different techniques are
required. It is also well known that the preparation tech-
nique has significant effect on the chemical and physical
characteristics of final material; therefore, the relation of
phase transition in the range of temperature between 783
and 853 K during the initial formation from starting com-
pounds and reversible changes of annealed ceramic has
additional motivation and is highly desirable.

Currently, there are various ways to synthesize LAMOX
compounds. One of the most common is a solid-state route,
where the initial ingredients are mixed and heated up to
high temperatures [14]. However, this method does not
allow to obtain directly dense ceramic samples, since a
milling step is necessary before sintering. Indeed, even if
this step leads to the decrease in the grain size and thus to a
higher sinterability, it also leads to the apparition of
impurities, especially when the milling balls/jar are made
of zirconia. For instance, in 2011 a study was published
claiming that La;Mo0,04 ceramic samples were obtained by
solid-state synthesis in the temperature range of
1233-1373 K [15]. Other, more classical ways have been
used, such as the citrate method [16], a Pechini or modified
Pechini route [6, 17-19], the microwave-assisted method
[20] and the EDTA complexation method [21]. Another
popular way obtaining the sample of interest is a polyol
process. The polyol process concerns the preparation of
metallic powders by reduction of inorganic compounds in
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liquid polyols. A general reaction on model has been
established with a reaction via the solution: dissolution of
the solid precursor; reduction in solution; homogeneous
nucleation and growth of the metallic phase from the
solution [22].

From this point of view, in this work we have success-
fully synthesized La,Mo0,0q ceramic via rather rarely used
aqueous tartaric acid-assisted sol-gel synthesis technique,
which allowed to obtain monophasic crystalline compound
at relatively low temperature of 823 K. In addition, it is
important to note that the crystallization of high-tempera-
ture metastable cubic B, phase started from 783 K.
Moreover, it was also showed that the increase in annealing
temperature to 1473 K does not change the position of
characteristic peaks for La,Mo,0q ceramic as presented in
the XRD patterns. These obtained results are very impor-
tant for showing the highest capabilities of this synthesis
technique, which was used in this work. The reason of
selecting tartaric acid as a chelating agent lies within a
couple of essential features that overcome some of the
problems arising during the synthesis with citric acid. One
of the improvements is the potential reduction of toxicity.
This effect is justified regarding the study of thermal
decomposition of a citric acid, which reveals that at 448 K,
citric acid is converted into aconitic acid. Further heating
results in formation of methyl maleic anhydride (III).
Aconitic acid may also decompose to acetone [23], while
the decomposition of tartaric acid mainly produces carbon
dioxide and monoxide [24]. Also, citric acid has a higher
molecular mass which causes a higher expansion of the gel
precursor when it is being heat-treated to obtain a gel.
During the sudden expansion, a part of the sample might be
dropped out of the crucible. Finally, tartaric acid has been
found to be a more effective chelating agent for LAMOX
ceramics when the calcination is carried out at tempera-
tures above 1323 K [25].

Experimental

The synthesis of La-Mo—O tartrate gel precursor for La,_
Mo,0g ceramic was prepared by an aqueous sol-gel syn-
thesis 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. Lanthanum (III) oxide (La,Os3, 99.99% Alfa
Aesar) and molybdenum (VI) oxide (MoOs, 99.95% Alfa
Aesar) were used as starting materials and weighed
according to the desired stoichiometric ratio. Nitric acid
(HNO; 66% Reachem), distilled water and concentrated
ammonia solution (NH3 - H,O 25% Penta) were used as
solvents and reagents to regulate the pH of the solutions.
Tartaric acid (L—(+)—tartaric acid (C4HgOg) (TA) > 99.5%
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Sigma-Aldrich) was applied for escalation of solubility via
coordination of starting compounds in the reaction mixture,
especially, during the pH changes and evaporation before
sol-gel formation. At first, MoO; was dissolved in a
solution that consisted of 25 mL of distilled water and
0.5 mL of concentrated ammonia by stirring at 353-363 K
temperature.

Then, after continuous stirring at approximately
353-363 K as long as the excess of ammonia had been
evaporated, the tartaric acid with a molar ratio of Mo/
TA = 0.25 was added during the continuous stirring to the
reaction mixture at the same temperature.

Secondly, the lanthanum (III) oxide and concentrated
nitric acid were added to the beaker. A clear solution was
obtained and subsequently concentrated by slowly vapor-
izing the reaction mixture at 333 K.

In the following stage, a yellow transparent sol was
formed after nearly 95% of the water had been evaporated
under continuous stirring. After drying in an oven at 393 K,
fine-grained dark blue gel powders were obtained.

Next to that, the La—-Mo-O tartrate gel precursor for
La;Mo,09 ceramics were heat-treated for 5 h at 823, 873,
1073, and 1273 K. Finally, the powders were pelletized
and ceramic sintered at 1473 K for 5 h in air. In addition, it
is also important to note that all values related to the
selection of heat treatment temperatures, duration time, and
pressing conditions had been developed empirically by
performing numerous tests to ensure the formation of a
dense ceramics with no cracks or cavities.

The thermal analysis was performed with TG-DSC, STA
6000 Perkin-Elmer instrument using a sample mass of about
5 mg and a heating rate of either 20° min~"' for a gel pre-
cursor or 40° min~" for sintered ceramics under airstream
(20 ecm® min~") at ambient pressure by raising the temper-
ature up to 1223 K. The sample mass, heating rate, atmo-
sphere and its flow rate were selected empirically during
numerous tests to ensure the best signal peak efficiency and
to minimize the noises and background signals, which occur
because of the influence of corundum crucible and equip-
ment limits. X-ray diffraction (XRD) patterns were recorded
in air at room temperature by employing a powder x-ray
diffractometer Rigaku MiniFlex II using Cu K, radiation.
The spectra were recorded at the standard rate of 1.5 20
min~". The sample was spread on the glass-holder in order to
obtain maximum intensity of the characteristic peaks in the
XRD pattern. The Rietveld refinement of the obtained XRD
patterns was performed using X’Pert HighScore Plus soft-
ware. The scanning electron microscopes (SEM) Hitachi
TM3000 and Hitachi SU-70 were used to study the surface
morphology and microstructure of the obtained ceramic
samples. The measurements of electrical properties were
performed using two different impedance spectroscopy
techniques by newly developed impedance spectrometer

[26, 27]. Sintered ceramics were processed, obtaining
cylindrical samples of around 1.5 mm height and up to 3 mm
diameter with Pt paste electrodes.

Results and discussion
Synthesis

The dissolution process of molybdenum (VI) oxide in
water and ammonia solution is given in Eq. 1:

MoOs (s) + 2NH;3 - 2H,0 (aq)

— (NH,),MoOy - 2H,0 (aq) (1)

According to Ref. [28], the formation of [(M0O4),(Cy.
H4O(,)qH,](2p+2"7r)7 coordination compound is most likely,
in this synthesis stage. Generally, the chemical reaction
that occurred after this procedure can be written as shown
in Eq. 2:
p(NH4),Mo0(aq) + qC4HeOs(aq)

2p+2q—1)—
— [(MoOy),(C4H406) Hi] 4™ (aq) + 2pNH] (aq)
2)
By slowly vaporizing the final reaction mixture, the

chemical reactions that took place in this synthesis step are
listed in Eqgs. 3 and 4:

La,05(s) + 6HNOs(aq) — 2La(NOs),(aq)

excess

+ 3H,0(1) (3)
[(M0Oy), (C4H106) H,] ®*7 (aq) + pLa** (aq)
— La,[(MoO,), (CsHy06) HJ 7247 (aq) (4)

After drying in an oven, the dark blue gel powders were
obtained, as illustrated in Eq. 5:

La,[(M0O4),,(C4H4O6) JHi] 3=(2p42470) ()

+ 3pC,4H406(aq) IVIELROC Jark blue gel (5)

Thermal analysis

In this work, the thermal analysis as a powerful tool was
properly used for both the detailed investigation of thermal
decomposition of La-Mo-O tartrate gel precursor and the
crystal phase transition from monoclinic o-phase to cubic
B-phase for La,Mo0,0q ceramic. As can be seen in Fig. I,
the analysis of TG-DTG-DTA curves, which reveal the
thermal decomposition of as-prepared La—Mo-O tartrate
gel precursor, is rather complicated as expected, but one
fact is clear, due to the relatively high amount of tartaric
acid in the reaction mixture, the final mass loss of about
61% occurs up to 953 K. Further increase in heating tem-
perature does not change the sample mass significantly,
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Fig. 1 Combined TG-DTA curves of the La—Mo-O tartrate gel
precursor for La;Mo,0q ceramic

which gives the conclusion that the decomposition of all
volatile organic parts in the gel precursor occurred below
953 K. Besides, it is also important to note that the subli-
mation of MoOj3 does not start above 1073 K of tempera-
ture, which concludes about high stability of final
crystalline compound. This result also confirms that above
1173 K the melting point of the final double oxide shifts to
the higher temperatures, while in the case of La,Mo030;,
ceramic, as reported in our previous work, such behavior
was not observed [29]. In addition, the mass of the sample
powder tablet, sintered at 1473 K for 5 h in air atmosphere,
has not changed and this fully satisfies the conclusion about
the formation of really high stability of the final La;M0,0¢
ceramic. Table 1 shows the data, which were deducted
from Fig. 1, and supplements quantitatively the general
view of thermal decomposition processes in La—Mo-O
tartrate gel precursor.

Therefore, the decomposition processes of the La—Mo—
O tartrate system could be roughly divided into at least five
stages that clearly indicate all mass losses and heat flow
transformations occurring during the sample heating in the
appropriate range of temperature. The first stage of the
sample mass loss is closely related to the complete
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decomposition of residue tartaric acid, the excess of which
has been added to reaction mixture in order to avoid pre-
cipitation during the gelation process. It is well known that
the decomposition of tartaric acid usually occurs in three
steps [24]. At first, tartaric acid loses one molecule of water
and this dehydration of water molecules starts during the
both final aqueous sol solution evaporating procedure on
the hot plate and drying process in the oven at 393 K for
24 h in air atmosphere. It is also important to mention the
fact that complete decomposition of nitric acid during the
evaporating process allowed to improve the initial tartaric
acid decomposition and also accelerated the dehydration of
water molecules from the gel precursor. Besides, the tem-
perature of hot plate was increased to 523 K, which
enabled the tartaric acid removal process, before gel for-
mation, in which the mass loss was of about 18.9%. This
amount of tartaric acid loss was calculated taking in
account the additives of starting compounds and residue of
the sample mass from the reaction mixture before and after
gelation process. According to the data presented in
Table 1 and Eq. 6, the first mass loss of the as-prepared
La-Mo-O gel precursor in stage I consists of 4.3% and this
step may be formulated, as follows:

2C4H606(S) — CgHgOlo(S) +2H,0 (g) (6)

In the range of temperature from 303 to 420 K, a broad
endothermic band with heat flow of 1078.1 mJ and
AH =106.7J g~' on the DSC curve corresponds to the
first interval of the mass loss in the stage I. In addition, this
combination of tartaric acids (TA) in the beginning of stage
I, as presented in Eq. (6), is in a good agreement with the
total amount (34.57%) of unreacted TA with molybdate
ions (MoO,%7), which mass loss contains of 34.5%
(Table 1, Stage No. I, row 2).

By further increasing the temperature from 421 to
493 K, the decomposition of tartaric-acids dimer
(CgHgO,p) into carbon monoxide (CO), carbon dioxide
(CO,) and two acetic acid (CH;COOH) molecules starts.
The removal of these molecules from the gel is carried out
simultaneously, and it is characterized by a broad
endothermic band (110.6 mJ; AH = 11.0J g_'), which
attributed to the evaporation of the acetic acid from the
sample. The exothermic behavior of the DSC curve at
about 423 K of temperature is related to the removal of CO
and CO, molecules. Next to that, at somewhat higher
temperatures, the dimer of tartaric acids already breaks
down into two molecules of pyruvic acid (CH;COCOOH)
and one molecule of carbon dioxide. Quantitatively, this
decomposition process is characterized from 494 to 573 K
of temperature and presented in Table 1 stage I row fourth.
The last third endothermic band of stage I is attributed to
the thermal evaporation of pyruvic acid; meanwhile, the
exothermic behavior in the DSC curve is directly related to
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Table 1 Thermoanalytical data for the La—Mo-O tartrate gel precursor

Stage no. Range of temperature/K Mass Heat
Change/ Onset/ Residual/ Flow/mJ Onset/ End/ Enthalpy/
% K % K K Jg!
1 303-573 345 - 65.5 2702.6 - - 267.4
303-420 43 321.2 95.7 1078.1 3203 419.4 106.7
421-493 79 463.3 87.8 110.6 428.1 488.4 11.0
494-573 223 499.5 65.5 260.2 499.5 553.9 25.8
I 574-793 12.0 - 535 12153 - - 120.2
574-658 7.2 617.7 583 250.8 609.2 649.4 24.8
659-793 4.8 681.6 535 -964.5 668.4 785.6 -95.4
1 794-843 0.8 823.2 52.7 52.9 812.1 842.7 52
v 844-953 13.3 866.7 394 15,4734 - - 1530.8
844-953 - - - -13,531.7 872.3 931.0 -1338.7
891-938 - - - 1941.7 891.6 939.9 192.1
v 954-1223 0.1 - 39.3 - - - -

Bold values indicate the begining and the end processes of the first stage, which summarize below listed the decomposition and the transfor-

mation processes

the releasing of carbon dioxide from the gel precursor.
After the thermal decomposition of the free-tartaric acid in
the La-Mo-O tartrate gel precursor with the mass change
of 34.5%, the second stage of the partial breakdown of
corresponding metal tartrates, as shown in Eq. 7, takes
place:

attributed to the releasing of carbon dioxide molecules
from the residue of the gel precursor. In addition, it is also
important to mention that after this range of temperature all
hydrogen atoms were escaped in the form of water mole-
cules. This is the main reason why after the second
decomposition stage the changes of sample mass almost

16 Lajo[(M004)19(C4H406)141H s —3>

160 La*" + 160 MoO,% + Cy74704s4

+ 149 CO, + 592 H,0

{r

Homogeneous solid mixture

As shown in Table 1 stage II row one, the initial
decomposition of metal tartrates La;o[(MoOg4)i0(-
C4H40¢)14]H;5 begins with the removing of oxygen excess
from the gel precursor. These oxygen ions are eliminated
with the carbon and hydrogen atoms according to the
amount ratios of carbon dioxide and water molecules, as
seen from Eq. 7, respectively. The mass of the gel pre-
cursor during this decomposition stage, in the range of
temperature from 574 to 793 K, decreases by 12%, and the
transformation changes of this process could be divided
into two different thermal effects. The first one, with
endothermic character, starts at 574 K of temperature and
is attributed to the evaporation of water molecules from the
sample residue. Meanwhile, the other change of mass, from
the 659 to 793 K of temperature, is related to well-ex-
pressed exothermic behavior in the DSC curve and is

stopped and the crystallization of B-La,Mo0,0y cubic phase
has started. This endothermic effect in the DSC curve is
taking place from the 794 to 843 K, as shown in Fig. 1 and
Table 1 stage III, respectively. This crystallization process
is presented in Eq. 8:

160 La®* + 160 MoO2 + C74,0455| —m[80 La;M0,04 + Cy470574

)

Homogeneous solid mixture
(black powders)

Homogeneous solid mixture

®)

It is also important to note that the heat consumption
(569.5 mJ, AH = 5.2 ] g~") during the crystallization of
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metastable ceramic is similar to those values that were
obtained and calculated according to the follow-up inves-
tigations of o <> B phase transition in the La,Mo0,0q
powders.

Finally, the last mass change (13.3%) of the La—Mo-O
tartrate gel precursor in the range of temperature from 844
to 953 K is attributed to burning of inorganic carbon,
which is formed from the tartrates at lower temperatures.
This combustion process is presented in Eq. 9 as follows:

80 La,M0,0p + Cry70574 [+ 560 0, _s 80 La,Mo0,0, + 747 CO,

i) )

Homogeneous solid mixture white powders

©)

This exothermic process is overlapped with both the
growing of crystallites and the size of individual particles,
which are characterized by the heat absorption. This is the
reason why the symmetry of the exothermic peak in this
range of temperature is not regular, and after abrupt
increase is being observed the decrease with tendency into
endothermic behavior. Before calculating the total release
of the heat during the burning of organic residues in the
sample, it is important to estimate the endothermic effects
into the overall process. As seen in Table 1 stage IV row 1,
the total heat is equal to the sum of exothermic and
endothermic processes, which have occurred in the same
time.

By further increasing the heating temperature from 954
to 1223 K, the mass change of the sample is extremely low,
does not exceed 0.1%, and no significant changes in the
DSC curve were identified. It means that after the sintering
of the La—Mo-O tartrate gel precursor, the homogenous
substance was formed with the thermal properties similar
to those of La,Mo0,0q ceramic.

In order to confirm the phase transition at elevated
temperatures in sintered La—-Mo-O tartrate samples, their
DSC measurements were performed. Table 2 shows the
thermoanalytical data of the o — [ phase transition for the
La,Mo,09 ceramics, which compare the influence of the
sample mass and initial annealing temperature into the
onset of this action.

The corresponding DSC curves of the La—-Mo—O tartrate
gel precursor, which was heat-treated at 873, 1273 and
1473 K temperatures, are shown in Fig. 2. From these
results, it is clear that different surface morphology, which
much depends on the heat treatment temperature, signifi-
cantly affects both the onset temperature and the end
temperature of the phase transition. Besides, it also influ-
ences the peak position, heat flow and enthalpy similarly as
end temperature, which illustrate the state of monoclinic
phase at room temperature and its relation to the surface
properties.

Figure 3 displays the onset temperature of the phase
transition of La,Mo0,0q ceramics as a function from sin-
tering temperature. In this case, it is well seen that the
initial mass, which was used for the measurement, slightly
influenced the beginning of the phase transition from the
monoclinic crystalline phase into metastable high-temper-
ature cubic phase shown in the plot as the black curve and
blue curve, respectively. The red dashed curve shows the
linear dependency of the initial mass of LAMOX ceramic
from the onset temperature, which is somewhere in the
middle of analyzed samples. On the other hand, it is
obvious that the onset temperature depends on the surface
structure of the analyzed sample and this dependency is
nonlinear.

The dependency of the end temperature, peak position,
heat flow and enthalpy from the sintering temperature of
the LAMOX ceramic is shown in Figs. 4 and 5. From these
curve graphs, it is clear that by increasing the sintering
temperature of LAMOX ceramic from 873 to 1473 K the
values of end temperature, peak position, heat flow and

Table 2 Thermoanalytical data of the o — [ phase transition for the La,Mo,0q ceramics under the influence of the sample mass and sintering

temperature
Measurement conditions Sintering Sample mass/mg o — P phase transition peak properties
temperature/
K Temperature Heat
Onset/  End/K  Peak position/K Flow/ Enthalpy/
K mJ Jg!
Heating from 573 to 1073 K at 40°/min 873 5.448 826.02  843.55 834.23 28.894 5.3034
1273 5.023 827.38  850.06 839.53 40.291 8.0213
1273 20.627 827.86 84528 837.70 107.909 5.214
1473 5.460 82845  843.64 836.87 21.172  3.8776
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Fig. 3 The onset temperature of the phase transition of La,M0,0q
ceramic as a function from sintering temperature

enthalpy tend to increase and at the higher temperatures
start to decrease again. This phenomenon is explained by
the two competing effects, like the surface area and degree
of crystallinity. The LAMOX sample heat-treated at 873 K
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Fig. 4 The end temperature and peak position of the phase transition
of La,M0,0y ceramic as a function from sintering temperature
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Fig. 5 The heat flow and enthalpy of the phase transition of
La;Mo,0q ceramic as a function from sintering temperature

of temperature usually composed of particles with size
from 100 to 200 nm, which is characterized by a large
surface area. It means that in such conditions the area of
grain boundary is either larger or similar to the surface,
which is created by the particles itself. By increasing the
thermal treatment, the surface area tends to decrease, but
the degree of crystallinity increases. In other words, the
surface area of grain boundary decreases, but the area of
particles surface increases and this leads to the increase in
energy of phase transition. From the temperature of
1273 K, the surface area decreases further, but the crys-
tallinity increases much slower and this leads to the
decreasing of energy of phase transition, as is shown in
Figs. 4 and 5.

In order to show how this behavior of the onset tem-
perature, end temperature, peak position, heat flow and
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Fig. 7 DTA curve of the La,Mo0,04 ceramic heat-treated at 1473 K

enthalpy depends on the amount of monoclinic phase,
which have formed after several heating and cooling pro-
cedures, the LAMOX ceramic was additionally investi-
gated by DSC analysis, as shown in Figs. 6 and 7,
respectively.

From the first view, it is clear that the tendency of
o — P phase transition for the La,M0,0q ceramic is sim-
ilar to both samples heat-treated at 873 and 1273 K,
respectively. The formation of cubic phase starts from
about 843 K and ends at about 845 K. This stage was more
or less similar in both cases during the additional thermal
treatment, as seen from DSC results (Figs. 6 and 7).
Meanwhile, the reversible phase transition from cubic to
monoclinic phase started at lower temperature and its range
was slightly different comparing the two cases mentioned
above. In other words, the transformation of cubic phase
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starts from about 789 K and ends at 773 K for the case of
LAMOX sample initially heat-treated at 873 K. Mean-
while, the initial formation of monoclinic phase in the
range of temperature from 812 to 783 K was identified in
the case of LAMOX sample initially heat-treated at
1473 K. This difference of reversible phase transition
shows that the stability and surface structure of the ceramic
heat-treated at 1473 K is better, because the heating range
from 573 to 1073 K during the measurement slightly
affects both the morphology and crystallinity of LAMOX
sample that was heat-treated at 873 K.

Table 3 shows the thermoanalytical data of the o —
phase transition for the La,Mo,0Oo ceramic under the
influence of the sintering temperature and the amount of
measurement. The graphical view of the data collected in
Table 3 is presented in Figs. 8—12. From these results, one
is clear that onset temperature of differently heat-treated
samples after the first heating procedure tends to increase
slightly from 826.84 to 830.32 K and during the second
heating stage the opposite change direction of onset tem-
perature from 829.39 to 828.22 K was observed. Such
change in onset temperature is directly related to the
transformations of surface morphology and the size of
crystallites in the sample heat-treated at 873 K because of
measurement that was performed in the range of temper-
ature from 573 to 1073 K. This elevation of temperature
made a lot of changes to the size of crystallites, which
influenced the increase in T, from 826.84 to 829.39 K.
In this case, almost identical effect was observed com-
paring the samples which were heat-treated at 873 and
1273 K (Fig. 3). Besides, after the second heating stage of
the same sample the onset temperature only slightly
decreased, this suggests only minimal changes in surface
morphology and crystal structure, which were caused by
phase transition during the cooling procedure.

After the analysis of phase transition during the cooling
the sample (Fig. 8), it is clear that the onset temperature
tends to increase regardless of the amount of measure-
ments. Nevertheless, the values of T, remain almost
identical of both samples.

Similar behavior was observed analyzing the results
from the values of end temperature and peak position
during the cooling procedure, as shown in Figs. 9 and 10. It
confirms that the phase transition from metastable cubic
phase to monoclinic room temperature phase during the
cooling of the sample is only little affected by the surface
morphology. In this case, the values of onset temperature,
end temperature and peak position increased only because
of the change of crystallites, which tend to decrease during
the cooling. On the other hand, though the values of end
temperature and peak position during the heating procedure
show both declining nature and increasing character,
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Table 3 Thermoanalytical data of the oo — [ phase transition for the La,M0,0q ceramic under the influence of the sintering temperature and the

amount of measurements

Measurement conditions Sample Sample Heating/cooling o < {3 phase transition peak properties
mass/mg stages
Temperature Heat
Onset/  End/K  Peak Flow/mJ]  Enthalpy/
K position/K Jg!
Heating from 573 to 1073 K at LAMOX-  5.282 First stage 826.84 845.08 835.65 28.301 5.3580
40°/min 873 Second stage 82939 84422 83553 27529 52119
LAMOX- 5.581 First stage 830.32 84320 837.10 32.011 5.7357
1473 Second stage 828.22 843.81 838.09 30504 5.4656
Cooling from 1.073 to 573 K at LAMOX- 5.282 First stage 788.69 769.06 778.82 —15.546 —2.9431
40°/min 873 Second stage 79242 77434 78456 ~15.163 —2.8706
LAMOX-  5.581 First stage 811.64 787.59 802.16 - 17.827 -3.1943
1473 Second stage 811.91 78355 802.71 —25745 -4.6130
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Fig. 8 The onset temperature change trend of the phase transition of
La,Mo,0q ceramic depending on the temperature of sintering
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Fig. 9 The end temperature change trend of the phase transition of
La,Mo,0y ceramic depending on the temperature of sintering

Fig. 10 The peak position temperature change trend of the phase
transition of La,Mo0,0Oy ceramic depending on the temperature of
sintering

however, their numeric values are more or less similar
comparing with the changes in onset temperature.

Figures 11 and 12 show the identical character of heat
flow and enthalpy of both samples, which is expressed by
Eq. 10.

Q=AHxm (10)

where Q—heat flow [mJ], AH—enthalpy [J g’l]; and m—
sample mass [mg].

As shown in Fig. 3, the sample mass slightly influences
the onset temperature and especially the heat that is
released during the phase transition. The recalculation of
heat into the enthalpy lets to avoid sample mass influence
to the value of energy that is released or absorbed during
the transformation of the explored crystal structure.
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Fig. 11 The values of the heat flow change trend of the phase
transition of La,Mo0,Oy ceramic depending on the temperature of
sintering
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Fig. 12 The values of the enthalpy change trend of the phase
transition of La,Mo0,Oy ceramic depending on the temperature of
sintering

Figures 11 and 12 show almost identical dependency,
because of really similar mass of the samples, which were
used during the measurement. The heat and enthalpy values
in the case of ceramic which was heat-treated at 873 K are
similar independently from the amount of measurement.
This result can be explained by the crystallization and
structure rearrangement during the heating, because
specific conditions were created when achieved relatively
high 1073 K of temperature. In such case, the crystalliza-
tion and morphological changes in the ceramic compen-
sated each other and either heat or enthalpy remains
similar. From this point of view, a completely different
dependency was estimated in the sample that was heat-
treated at 1473 K. Comparing with the ceramic that was
prepared at 873 K, in this sample the heat as well as
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Fig. 13 Standard ICSD card of La,Mo0,Og and XRD patterns of the
La—Mo-O tartrate gel precursor heat-treated at 823, 873, 1073, 1273,
and 1473 K temperatures

enthalpy tends to grow depending on the amount of mea-
surements. This tendency is directly related only to the
recrystallization processes during the phase transition in
the final ceramic. The minimal surface changes, caused by
its increased density, affect only really slightly on energy
transformation in this case.

In conclusion, it is clear that the additional heating of
obtained ceramic influences significantly the phase transi-
tion processes and could potentially affect the final physi-
cal properties expressed by ionic conductivity in this
material. This is the main reason why further investigations
of ionic conductivity of this system related to the crystal-
lization and changes of surface morphology under elevated
temperature must be explored.

X-ray diffraction

The powder x-ray diffraction (XRD) patterns of La—Mo-O
tartrate gel precursor heat-treated at different temperatures
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shown in the top five panels of Fig. 13 are well matched
with the standard ICSD card of La,Mo,0y that is presented
in the bottom panel. No characteristic peaks attributable to
the impurities by increasing of sintering temperature from
823 to 1473 K were identified. These results led us to
conclude about the high stability of obtained ceramic
material, because no crystallization of the side crystal
phases in whole sintering range was estimated. Besides, in
contrast to our previous work with La,Mo30;, [29], no
melting of the LAMOX sample has not started above
1273 K. In addition, it is also interesting to mention that
sintering of La—Mo—O tartrate gel precursor for La,Mo0,0q
ceramic at 773 K showed fully amorphous character and
no characteristic peaks of any crystalline compound from
the XRD pattern were found. Besides, this result is in a
good agreement with the TG-DSC data, when the crys-
tallization of the final cubic phase from about 813 K of
temperature was estimated.

In order to prove that the crystallization plays crucial
role in phase transition for La,Mo0,0q ceramic, the Rietveld
refinement analysis of all samples was also performed. The
agreement indices and crystallite sizes for the La;Mo0,09
ceramic annealed at different temperatures are shown in
Table 4.

From the data placed in Table 4, it is clear that by the
increasing the sintering temperature the size of crystallites
also increases. The crystallites size in the room temperature
monoclinic phase is about 70 nm independently from the
final sintering temperature above 1073 K of the final
ceramic. It means that the investigations of phase transition
of the samples heat-treated below 1073 K should be done
with great care, because of growing of crystallites can
dramatically affect the heat of phase transition. In addition,
one may identify a formation of a pseudo-amorphic state in
a sample, heat-treated at 1473 K. This kind of behavior
could be clarified given the rather small surface area of the
powder resulting from an insufficient amount of the sample
being measured with x-ray diffractometer.

In conclusion, it is clear that the formation and crys-
tallization of the final ceramics mainly depend on several
factors like aqueous sol-gel processing conditions, sinter-
ing time and temperature.

SEM micrographs

In order to show both the crystal growth and densification
of obtained ceramics by increasing sintering temperature,
the surface morphology was investigated. Corresponding
SEM micrographs of the La-Mo-O sample heat-treated at
823, 873, and 1473 K are shown in Fig. 14. From the x-ray
diffraction studies, it is clear that the crystallization of the
La,Mo,09 ceramic starts at 823 K by the formation of
well-agglomerated spherical particles in size of about
82-85 nm, as seen from both the above right micrograph
(Fig. 14b) and the enlarge picture in Fig. 14a. In addition,
there is well seen at least several layers of differently
arranged spherical particles, which differs mostly by its
density. In the less dense layer, the surface mainly com-
posed of both well-agglomerated particles and the pores
between them, diameter of which reaches more than
100 nm. Unlike porous layers, the surface of dense sheets
mainly consists of well-aggregated spherical particles, size
of which varies from 82 to 85.5 nm. As shown in the lower
left part picture of Fig. 14c, by increasing the sintering
temperature to 873 K the surface morphology of the ana-
lyzed sample has changed completely. In this case, due to
thermal decomposition and melting of the aggregates and
agglomerates the growing of both the particles and pores
was observed. It is also important to note that the surface,
in this case, is mainly composed of spherical and elliptical
particles, size of which varies from 100 to 200 nm.
Besides, the size of pores also increases and varies from
100 to 400 nm. The formation of porous surface mor-
phology of the synthesized LAMOX sample is the critical
stage due to the thermal treatment and can be a serious
problem in order to obtain final dense-structured materials.
This is the reason why additional measures like careful and
meticulous powder grinding and pressing are needed.
Therefore, the LAMOX powders heat-treated at the
required temperature, well-grinded and properly pressed
were additionally sintered at 1473 K. The results of
obtained surface morphology and internal structure are
shown in Fig. 14d, respectively. In this case, the formation
of really dense structure with the circular shape crystals of
size varying from 100 to 200 pm was achieved. Such
surface morphology and single-crystal structure, confirmed

Table 4 Agreement indices and

LS Annealing temperature/K
crystallite sizes for the s P

Weighted R profile Goodness of fit Crystallite size/nm

La,Mo,0g ceramic heat-treated

. 823 9.37840 1.45016 31.76
at different temperatures
873 10.47023 1.65312 53.98
1073 10.30845 1.63767 72.49
1273 12.23407 1.99644 74.49
1473 11.61758 2.15370 71.56
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Fig. 14 SEM micrographs of La—Mo-O tartrate gel precursor for
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Fig. 15 Arrhenius plots of temperature dependencies of standard
deviation for o and B crystal phase transition processes in La,M0,0q
ceramic

by XRD, of the obtained LAMOX-type material is very
important because of the interpretations of its electrical
properties, which are done with great care. Moreover, the
relatively large crystals with dense structure allow to
eliminate all factors that usually significantly affect the
physical properties of the sample.

@ Springer

Impedance analysis

The typical Arrhenius plots of temperature dependencies of
standard deviation for o and B crystal phase transition
processes in La,Mo,Oy ceramic are shown in Fig. 15.
According to these results, the ionic conductivity starts to
increase by two orders from about 790 K and ends at about
831 K of temperature. These onset and end temperatures
slightly differ compared to the values (Tonser = 829.27 K,
Tena = 811.78 K), which were estimated using DSC anal-
ysis and are presented in Table 3. The resulting initial and
final temperature differences can be explained by the dif-
ferent heating rate of the sample during measurement. In
this case, the heating and cooling rates of the analyzed
ceramic were chosen with great care and equal to 3 degree
per minute. Despite this assumption, when the difference
between onset temperatures reaches 40 degrees and the
difference between end temperatures is equal to 20 degrees,
only one conclusion is suggested that the formation of
cubic beta-phase needs more energy and this process is
less favourable than corresponding crystallization of
monoclinic phase. Besides, the slightly higher activation
energy of 1.09 eV of beta-La,Mo0,0q phase formation also
confirms that cubic crystal structure is less stable compar-
ing with monoclinic one and its stabilization at room
temperature is rather complicated as expected. Moreover,
the nature of fixed signal, like heat changes and values of
electrical current, also plays an important role in identify-
ing the onset and end temperatures of phase transition in
La,Mo,0y crystal system. The combination of this broad-
band high-temperature impedance spectroscopy and dif-
ferential scanning calorimetry techniques led us to find
both the explanation and the relationship between electrical
properties and structural changes in investigated material,
especially, in the case of large particles with size of about
100200 pm and small crystallites whose sizes do not
exceed 72 nm.

Conclusions

For the first time, to our knowledge the aqueous tartaric
acid-assisted sol—-gel synthesis technique was successfully
proposed for the preparation of La-Mo—O tartrate gel and
La,Mo0,09 ceramic materials. The detailed TG-DSC
analysis of La-Mo-O tartrate precursor clearly revealed
that its thermal decomposition mainly consists of three
stages during which the fully inter-oxidation of tartaric
acid, partial decomposition of metal tartrates and the final
burning of residue of inorganic carbon were occurred. The
formation of the final ceramic with the initial composition
of La,Mo,0q cubic phase was established from the 793 to
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844 K of temperature. The further DSC investigation of
La,Mo,04 ceramic revealed that heating and cooling rates
play an important role in both onset and end temperatures.
Besides, comparing the results obtained from the detailed
investigation of La—Mo-O tartrate gel precursor and La,.
Mo,0q ceramics, it is clear that by increasing the heating
rate the onset temperature also increases. With the help of
DSC and IS analyses, it was concluded that the phase
transition from cubic to monoclinic crystal system occurs
under more favorable conditions and its activation energy
is slightly smaller.
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Abstract

The aim of this paper is to investigate the thermal behavior of as-prepared Gd—Ce-O acetate—oxalate (GCO-AO) precursors
and their affinity to the decomposition processes of the starting materials by means of thermogravimetric and differential
scanning calorimetric analyses (TG/DTG/DTA). Moreover, the influence of the temperature, heating atmosphere, and heat
treatment time on both the morphology and crystal structure of the Ce—~Gd—O gel precursor were additionally investigated
in detail using a scanning electron microscopy (SEM), X-ray diftraction (XRD) and Fourier transform infrared spectroscopy
(FT-IR). The obtained TG/DTG/DTA results revealed that the formation of the gadolinium-doped ceria (GDC) ceramic was
closely related to the thermal decomposition processes of the initial compounds: gadolinium (III) acetate and cerium (IV)
acetate. The powder XRD patterns of the heat-treated GCO-AO sample revealed that the crystallization process for the GDC
ceramic starts at 1173 K, whereas the temperature and heat treatment time significantly affected on the surface morphology
and the size of the obtained particles. Besides, the spectra of FT-IR analysis showed that the vibration modes of the oxy-
gen—metal-oxygen (O-M-0) in GDC ceramic heat-treated at different temperatures were equivalent, although the sample
heat-treated at 1273 K demonstrated a completely different optical behavior. In that case a strong absorption outspread in the
region from 1000 to 500 cm™! was observed, which could be attributed to the initial formation of the nano-sized spherical
particles in size of about 50-100 nm.

Keywords Co-precipitation synthesis - Sol-gel processing - Thermal analysis - X-ray diffraction

Introduction

During the last decade the solid oxide fuel cells (SOFC’s)
have been intensely investigated as a next generation green
energy system as they exhibit high ionic conductivity, chem-
ical and thermal stability and also have a high efficiency
as well as generate low pollution emissions (Arabaci and
Oksuzomer 2012; Firmino et al. 2017; Myung et al. 2012;
Priya et al. 2018; Zalga et al. 2018; Zhou et al. 2006). To
develop a commercially attractive SOFC, it must be able to
operate at a relatively low temperature range of 573-1073 K,
also to demonstrate a long-term performance stability, high
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conversion efficiency and low assisting material cost (Hong
etal. 2011; Liang et al. 2011; Milcarek et al. 2016; Pumiglia
etal. 2017; Suetal. 2017; Zhu et al. 2011).

Nowadays, a high performance SOFC is limited to work
only under a relatively high temperatures. The most basic
SOFC design consists of three components: an electro-
lyte, an anode and a cathode (Escudero and Fuerte 2017;
Molero-Sanchez et al. 2017). The electrochemical reaction
uses oxygen gas, which is reduced to oxide ions at the cath-
ode, and a fuel that is oxidized at the anode. The cathode is
typically a perovskite-like material (Kivi et al. 2017), while
the anode is a cermet (i.e., a composite material consisting
of a ceramic constituent and a metal) (Le et al. 2018; Nurk
et al. 2016). In addition, an electrolyte used in this process
is generally a doped solid ceramic oxide that eases the gen-
eration of oxygen vacancies and carries the charge between
the cathode and the anode. SOFC electrolytes must possess
mechanical properties that are sufficient to survive the rigor-
ous environment (Accardo et al. 2018; Daza et al. 2018). The
most widely used ceramic in SOFC is an yttrium stabilized
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zirconium (YSZ) ceramic (De Marco et al. 2017; Gerstl et al.
2016). It is a traditional fuel cell electrolyte which exhibits a
necessary ionic conductivity and low electrical resistance at
high temperatures, but lacks all these properties at relatively
low temperatures. Also this ceramic exhibits a metastable
tetragonal phase which is essential for the structural harden-
ing during cooling (Diaz-Parralejo et al. 2011; Fenech et al.
2011; Morales et al. 2010). As a potential low operating
temperature replacement for YSZ electrolyte a gadolinium-
doped ceria (GDC, Ce, ¢Gd,, ;0 ¢5) is considered (Accardo
et al. 2016; Batista and Muccillo 2016, 2018). Ceria-based
electrolytes have a relatively large unit cells compared to sys-
tems based on zirconia and, as a consequence, ceria-based
systems have larger channels through which oxygen ions can
pass during the conduction (Chourashiya and Jadhav 2011;
Zalga et al. 2011). Moreover, decreasing the temperature of
operation for Gd doped ceria to 873 K appears to minimize
the reduction of the electrolyte; however, lower temperatures
result in the greater loss of power density due to the decrease
in the ionic conductivity. To address the significant prob-
lem with ceria based materials a number of approaches have
been taken, such as looking for the ideal doping ratio and an
appropriate ion to balance stability with adequate oxide ion
conductivity to decrease the operating temperature, improve
materials processing, etc. (Chourashiya and Jadhav 2011).
A great success overcoming the challenges could be
achieved using so-called solution-based synthetic methods,
which play a crucial role in the design and production of fine
ceramics and have been successful in overcoming many of
the limitation of the traditional solid-state, high-temperature
methods. For example, the metal complexes with organic
ligands have been used for the preparation of ceramics and
metal oxide thin films by both co-precipitation synthesis and
sol-gel process, using metal nitrates, chlorides, acetates, and
oxalates as starting materials. Besides, metal salts are very
useful, inexpensive, and very easy to handle compared to
metal alkoxides, hence they are good alternatives for the
conversion to oxides by thermal decomposition. They can
be also dissolved in many kinds of organic solvents in which
metal complexes are formed. This is the main reason why
these wet synthesis routes are attractive compared to other
techniques as they possess the advantages such as a good
control of the starting materials and the processing param-
eters, a high purity of the raw materials, and a low tem-
perature of the process. A good homogeneity of the product
could be achieved by controlling the stoichiometry of the
starting solution (Braziulis et al. 2014; Zalga et al. 2011).
In this study, we report the aqueous oxalic acid assisted
syntheses of Ce—Gd—-O acetate—oxalate gel precursor for
Ce9Gd, 0, ¢5 ceramic, which was additionally heat-treated
at 1173 K, 1273 K, 1373 K and 1473 K of temperatures.
Besides, Ce-Gd-O acetate—oxalate precursor powder was
also sintered at 1223 K in air and nitrogen atmospheres for
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10 min at ambient pressure to proof the possible differences
according to synthesis condition and heat treatment time on
both the surface morphology and the crystallite sizes of the
final ceramic.

The main novelty of this work was to obtain stabile
Ce(¢Gd, 0, o5 ceramic in the range of temperature from
1173 to 1473 K and to investigate its effects of morpho-
logical changes to the characteristic vibrations of func-
tional M—O (M=Ce and Gd) groups using scanning electron
microscopy (SEM) and FT-IR spectroscopy.

Materials and methods

The sample of Ce, ¢Gd, ;0 5 Was prepared by the oxalic
acid assisted synthesis (OAS) approach during the mixing
stage of the initial salts employing an oxalic acid as a pre-
cipitating agent at higher pH values. Gadolinium (III) ace-
tate tetrahydrate (Gd(CH;COO0);-4H,0, 99.9% AlfaAesar),
cerium (VI) acetate hydrate (Ce(CH;COO),-H,0, 99.9%
AlfaAesar) were used as starting materials and weighed
according to the desired stoichiometric ratio. Acetic acid
(CH;COOH, 99.8% PENTA), distilled water and ammonium
hydroxide solution (NH,OH 25% PENTA) were used as sol-
vents and reagents to adjust the pH of the solutions. Oxalic
acid (C,H,0,-2 H,0 (OA), 99.5% Sigma), was applied as
an agent both to increase of the solubility via coordination
of starting compounds in the reaction mixture and to form
the precipitates of initial salts at higher pH values. At first,
gadolinium (IIT) acetate tetrahydrate and cerium (VI) acetate
hydrate (OAS) were dissolved in a mixture of acetic acid
and distilled water at 323 K. Then oxalic acid was dissolved
in a small amount of distilled water separately and added
to the reaction mixture by continuous stirring at the same
temperature. Moreover, after several hours of mixing in a
closed beaker with a watch glass the pH of the reaction mix-
ture was increased to 9.0 by adding ammonia. The obtained
white precipitate was separated from the solution by filtra-
tion and dried at 373 K for 24 h in air. Moreover, the oxa-
late precursor powder was additionally sintered at 1173 K,
1273 K, 1373 K and 1473 K of temperatures for 5 h under air
atmosphere. Furthermore, the as-prepared Gd—Ce—O oxalate
precursor sample was also heat-treated at 1223 K for 10 min
at an ambient pressure in air.

Thermal measurements were performed with TG—DTA,
STA 6000 Perkin-Elemer instrument using a sample weight
of about 10 mg and a heating rate of 20° min~' under the
continuous air flow (20 cm® min~") at ambient pressure from
room temperature to 1273 K. The residual powders that were
left after thermal treatment were additionally investigated
by XRD analysis. X-ray diffraction (XRD) patterns were
recorded in air at room temperature with a powder X-ray
diffract meter Rigaku MiniFlex II using Cu Ka;, radiation.
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The Rietveld refinement of the obtained XRD patterns were
performed using X’ Pert HighScore Plus software. The spec-
tra were recorded at the standard rate of 1.5 26/min~". The
scanning electron microscope (SEM) Hitachi SU-70 was
used to study the surface morphology and microstructure of
the obtained ceramic samples. Finally, the Fourier transform
infrared (FT-IR) spectra were recorded with a Perkin-Elmer
Frontier FT-IR spectrometer.

Results and discussion
Thermal analysis

The TG/DTG/DTA measurements of the initial salts and
Gd-Ce-O oxalate precursor, which were carried out up
to 1273 K at a heating rate of 20° min~! in flowing air
(20 cm? min~") at ambient pressure with a sample mass of
about 10 mg in Fig. 1 are shown, respectively. At the ini-
tial stage of explanation of the results, presented in Fig. 1,
it is important to note that the thermal decomposition of
both cerium and gadolinium acetates slightly differs from
the corresponding oxalates, which formed after addition
of oxalic acid into reaction mixture. Nevertheless, the final
mass change of about 40% in the TG curve (Fig. 1b) has a
closely linked manner in terms of quantitative change of
mass with the thermal decomposition of the initial acetates,
residue quantity in the sample and the onset temperature of
the final decomposition stage. In general, the decomposi-
tion processes of the starting compounds and GDC oxalate
precursor could be roughly divided into three periods that
clearly indicate all mass changes and heat flow transforma-
tions occurring during the sample heating in the appropriate
range of temperature. The first mass change of about 2.6%
in the TG curve (Fig. 1b enlarged picture at the right top
corner) is identified from 303 to 413 K temperatures and
is related to the removal of surface absorbed water from
the precursor powder as confirmed by both a small peak in
DTG curve and an endothermic effect of about 344.3 mJ
(AH=34.21/g) in DTA curve.

The further increase of temperature from 414 to 593 K
followed by the mass change of about 7.0% leads to the
broad exothermic process and to the second well-defined
endothermic effect simultaneously. In this case, the emission
of heat is attributed to the partial decomposition of ammo-
nium oxalate that formed in a small amount as an impu-
rity during the precipitation of GDC precursor powder by
ammonia solution. Meanwhile, the sharp endothermic peak
of about 187.8 mJ (AH=18.7 J/g) at 507 K of temperature
is related to the evaporation of water molecules from the
coordination sphere of corresponding metals in the precursor
powders. The further increase of temperature from 594 to
668 K indicated by the mass change of 38.0%, as presented

(@) >
100 I1G =
/ \ E
°
904 1
@
N DTG A
< =
@ , &
S0 80 2 8
£ O}
=
= 2
o 3
4 -
7] =
g @
4 -
60 g
5
5
50 A
d
N z
<
S £
1) =
£ H
s 2
o 350 400 450 500 550 =
- 704 Temperature =
@ «
= 0 2
60 -
20
N
50 4
(©) 100 T
w—A7 'E
%0 <
g . %
1
T 80 DIG -]
) a
=1 =
2 =]
3
S 2 2
2 -
2 =
= 8
3 g
50 5
a
400 600 800 1000 1200
Temperature/K

Fig.1 Combined TG/DTG/DTA curves of the cerium acetate hydrate
(a), gadolinium-doped ceria oxalate precursor (b), and gadolinium
acetate tetrahydrate (c) in flowing air

in Table 1, corresponds to the thermal decomposition of
cerium and gadolinium oxalates, which formed after pre-
cipitation by ammonia solution in the last synthesis stage.
The sharp exothermic peak of about —7515.4 mJ
(AH=-1746.5 J/g) well matched the formation of carbon
dioxide from the corresponding oxalate with a relatively
high heat flow compared to other decomposition processes
in the sample. By further increasing the temperature from
669 to 923 K, the mass of the residue decreases slightly up
to 1.2%. In this stage, the mass change is closely related to
the final burning of elemental carbon that formed during
the partial decomposition of the initial salts in the precursor
powder. This conclusion was confirmed by the exothermic
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Table 1 Thermoanalytical data

. Range of Weight Heat

for the Ce-Gd-O oxalate gel temperature/K - =

precursor Loss/%  Onset/K  Residual/%  Flow/mJ  Onset/K  End/K  Enthalpy/J g
303413 2.6 309.55 97.4 3443 32225 395.75 342
414-593 7.0 506.15 93.3 —264.5 415.55 582.65 —26.3

90.4 187.8  474.75 528.55 18.7

594-668 38.0 615.55 524 -75154 61095 650.15  —746.5
669-923 12 683.15 51.2 - - - -

behavior of the DTA curve in this range of temperature. 10 20 30 40 50 60 70 80

Moreover, the thermal decomposition of gadolinium acetate (e) GDC sample heat-treated at 1,473 K]

tetrahydrate also shows a similar character in the TG-DTG

curves after the greatest mass change up to 673 K, as shown

in Fig. lc. This is the reason why the final mass change in

the TG curve is attributed to the decomposition of residue @ GDC sample heat-treated at 1,573 K|

that came from the gadolinium oxalate in the sample pow-

der. Finally, from 973 K the mass of the sintered ceramic

remains constant while the exothermic nature of the DTA :: LL

curve makes a suggestion about crystallization process of = © T TP N e

the final material at the temperature higher than 1173 K. Z,

Besides, the consolidation and stabilization of the GDC 8

crystal phase occurs above 1273 K, therefore, as-precipitated E ] N

Gd—Ce-0 oxalate powder were additionally heat-treated at £

1173 K, 1273 K, 1373 K and 1473 K for 5 h in air at ambi- = [(b) SRCemgleheatmabd stLIA K

ent pressure. ~

X_ray diffraction (a) GDC precursor dried at 373 K]

The XRD patterns of the gadolinium-doped ceria oxalate

precursor and GDC ceramic powders heat-treated at 1173 K,

1273 K, 1373 K and 1473 K are presented in Fig. 2, respec- Ce,,Gd,,0,,ICSD 28795|

tively. As seen in the XRD panel (a) of Fig. 2, the drying of

the as prepared gadolinium-doped ceria oxalate precursor

at 373 K of temperature causes no characteristic peaks to ’ ‘

appear. This result gives the conclusion about the low crys- T T T T r T :

tallization of the initial salts during the precipitation process. 10 20 20 40 20" 50 60 7 50

Meanwhile, the characteristic peaks in the XRD patterns
of all GDC powders heat-treated at 1173 K, 1273 K, 1373 K
and 1473 K are well matched for the standard ICSD card of
Ceg9Gdy 10, o5-

To show the tendency of the crystallization for
CeoGd, 0, 95 ceramic, the Rietveld refinement analysis
of all samples was also performed. The agreement indices,
crystallite sizes and lattice parameter for the Ce(, ¢Gd, ;0 o5
compound heat treated at different temperatures are shown
in Table 2.

This result let us conclude that the crystallization of gad-
olinium-doped ceria above 1173 K has occurred. It is also
noticed, that there were no significant changes between all
the estimated samples. This compliance between the char-
acteristic peaks of four separate GDC samples is confirmed

@ Springer

Fig.2 Standard ICSD card of Ce,Gd, 0,45 and XRD patterns of
gadolinium-doped ceria oxalate precursor dried at 373 K and heat-
treated at 1173 K, 1273 K, 1373 K and 1473 K temperatures for 5 h
in air at ambient pressure

by both high stability of the final crystal structure and a lack
of impurity phases in the final ceramic powders.

To show a single-phase formation of the gadolinium-
doped ceria under the synthesis conditions the XRD meas-
urements and the Rietveld refinement analysis of the final
ceramic heat-treated at different atmospheres were per-
formed. The corresponding results are presented in the
Table 3 and the Fig. 3.
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Table2 Agreement

L : L Heat-treating ‘Weighted R profile Goodness of fit Crystallite size/  Lattice

md}ces, crystallite sizes and temperature/K nm parameter/

lattice parameter for the pm

Ce(4Gd, 0 g5 ceramic heat-

treated at different temperatures 1173 9.50443 1.57092 55.01 541.883
1273 9.66036 1.62627 55.44 541.893
1373 9.55569 1.59464 55.34 541.891
1473 9.70284 1.63989 55.03 541.898

Table 3 Agreement indices, crystallite sizes and lattice parameter for the Ce, yGd, ;O o5 ceramic heat-treated at 1223 K in different atmospheres

Heat-treating Duration/min

temperature/K

Heating atmosphere

Weighted R profile

Goodness of fit Lattice
parameter/

pm

Crystallite
size/nm

1223
1223

Air 10
Nitrogen 10

9.10234
7.45141

1.44141
1.01236

40.78
26.98

541.666
542314

40 50 60 70 80

GDC sample heat-treated at 1,223 K in nitrogen|

GDC sample heat-treated at 1,223 K in air|

Relative Intensity/a.u.

Ce,,Gd, 0, , ICSD 28795

019105

20°

Fig.3 Standard ICSD card of Ce,Gd, 0,45 and XRD patterns of
gadolinia-doped ceria oxalate precursor heat-treated at 1223 K in air
and nitrogen atmosphere for 10 min at ambient pressure

As seen from Fig. 3 top two panels, no characteristic
peaks of the potential impurity phases could be identified.
Besides, it can be clearly seen that the intensities of the
characteristic peaks are quite low as well as their width,
which implies the formation of nano-sized crystals. It is also
important to note that the synthesis conditions have no effect
on the crystal phase composition of the investigated samples.
However, despite the fact that the obtained results suggest
identical crystal phase formation in both cases, the view of
XRD patterns though slightly differs. It must be noted that
the peak width of the sample heat-treated in nitrogen atmos-
phere is broader compared to the ceramic heat-treated in air.

As can be seen from Table 3, the heat-treatment of the
Ce—Gd-O oxalate precursor in nitrogen atmosphere slightly
more affects both the lattice parameter and crystallite size of
the final cubic Ce;, yGd,, ;O o5 crystal structure comparing
with the sample, which was prepared in air. This result let
us to conclude that an air atmosphere is a more favorable
condition for the crystallization of the final GDC ceramic.
Such conclusion confirms the fact that in air the sintering of
Gd—Ce-O oxalate precursor leads to the better oxidation of
the intermediate products, which is the critical stage creat-
ing more favorable conditions of the crystallization of the
final ceramic.

SEM microscopy

To understand the crystal growth of the final products, we
investigated the influence of the temperature, heating atmos-
phere, and the heat treatment time on the morphology of the
Ce—Gd-O gel precursor. The SEM micrographs of the GDC
sample heat-treated at 1173 K, 1273 K, 1373 K and 1473 K
for 5 h are shown in Fig. 4, respectively.
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Fig.4 SEM micrographs of
GDC acetate—oxalate precursor
gel heat-treated at (a) 1173 K,
(b) 1273 K, (¢) 1373 K, and
1473 K temperatures at ambient
pressure in air for 5 h

As seen from Fig. 4a, the surface of the gadolinium-
doped ceria oxalate precursor heat-treated at 1173 K con-
sists of plate-like particles that vary in size from 100 nm to
1 um. By increasing the sintering temperature to 1273 K,
as displayed in Fig. 4b, the formation of spherical particles
less than 100 nm was observed. Besides, it is interesting to
note that in this case the conglomeration of the aggregates
tends to increase from 1-2 to 3—4 ym in comparison with
the previous case, but the size and shape of the individual
particles can be better defined. The size of spherical par-
ticles varies from 50 to 100 nm. Meanwhile, a completely
different surface morphology of the sample heat-treated at
1373 K is shown in Fig. 4c. Further increase of heat treat-
ment temperature up to 1273 K leads to the agglomera-
tion of close-packed crystals with well-defined edges and

Fig.5 SEM micrographs of
GDC acetate—oxalate precursor
gel heat-treated at 1223 K in air
(a) and nitrogen (b) for 10 min

@ Springer

1.00um

shapes, varying from 200 to 800 nm. Finally, by increasing
the heat treatment temperature up to 1473 K the tendency
of crystal growing remains (Fig. 4d) and the size of crys-
talline structures increases by both the individual particles
up to about 1 um and its close-packed agglomerates up to
4-5 pm.

The SEM micrographs of the GDC sample heat-treated
at 1223 K for 10 min in air and nitrogen atmosphere are
shown in Fig. 5 in this case, it could be clearly distin-
guished that the heating atmosphere has no significant
influence on the crystal size and surface morphology of
as-prepared ceramic samples at 1223 K.

In both cases the formation of irregularly shaped plate-
like crystals in size of about 1-5 pm were observed and no
changes in the surface morphology were identified.
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Fig.6 FT—IR transmittance spectra of GDC sample heat-treated at
(a) 1173 K, (b) 1273 K, (¢) 1373 K, and (d) 1473 K of temperatures

FT—IR analysis

In despite of several articles (Arabaci 2015; Arabaci and
Oksuzomer 2012; Chavan et al. 2012; Choolaei et al. 2018;
Pezeshkpour et al. 2017; Tao et al. 2009; Zarkov et al.
2016, 2018) published in recent years about investigation
of the characteristic vibrations of functional groups using
FT-IR spectroscopy for GDC ceramic, there is a clear
lack of data, especially in the region of 1000-400 cm™".
To investigate the characteristic vibrations of functional
groups of the as-prepared ceramic at different tempera-
tures and relate the similarities and differences between
the obtained XRD and SEM results the FT-IR spectros-
copy was applied. The infrared spectra of the synthesized
GDC sample heat-treated at 1173 K, 1273 K, 1373 K
and 1473 K for 5 h are shown in Fig. 6. FT-IR curves
of the GDC specimens heat-treated at 1173 K, 1373 K
and 1473 K qualitatively are very similar as they exhibit
a well-defined absorption bands centered at around
580 cm™! and 458 cm™! in the region of 650400 cm™!,
whereas the absorption bands of the sample heat-treated
at 1273 K take place from the 1000 to 500 cm~! with a
well-defined dispersion at 942 em™!, 914 cm™!, 838 cm ™!,
820 cm™', 736 cm™!, 712 ecm™!, 586 cm™!, 577 cm™! and
458 cm™.

The reason of these differences could be defined as
an interconversion and agglomeration of plate-like par-
ticles into a close-packed spherical particles that are less
than 100 nm in diameter, because of crystallites size that
remains constant irrespective of the heating temperature.

Conclusions

Summarizing results obtained from the TG/DTG/DTA,
XRD, SEM and FT—IR measurements it can be concluded
that an oxalic acid assisted synthesis of gadolinium-doped
ceria produced a relatively pure amorphous powder, ini-
tially enriched by the oxalate salts as an impurities formed
of both the salts of metal precursors and the precipitat-
ing agent. According to the thermal analysis, the reaction
product reaches a thermodynamic equilibrium under the
conditions of 1273 K, when the final consolidation and
stabilization of the crystal phase occurs, therefore, the
compound heat-treated at the temperatures above 1273 K
exhibits a great thermal and chemical stability. The XRD
crystallography correlated with the results of thermal
analysis perfectly, indicating no essential differences in
crystal structure of the sample from the point of thermal
equilibrium. Moreover, to account for the structural inter-
conversions at relatively low temperatures, the study of
surface morphology indicates the crucial transition of
irregularly shaped plate-like crystals to the spherical nano-
sized particles, which subsequently conglomerated into a
close-packed agglomerates, hence uniformity was obtained
necessary to reduce the ohmic voltage loss and increase
the potential efficiency of a ceramic electrolyte. Finally,
it must be noted that the dramatic increase of surface area
of the spherical nano particles at 1273 K causes the higher
concentration of different characteristic vibrations of oxy-
gen—metal-oxygen bonds at the surface of specimen, how-
ever, at different sintering temperatures the deviation of
optical properties is lost indicating nano-sized particles
being a metastable phase in the process of crystal growth.
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